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This stress pattern Is presented for one sector of ;he analogue
by loU defining the magnitude, type an 4direction of the principal and
shear stresses. This close correspondence between the experimentally
determined and finite element analysis residual stress pattern allows
use of the finite element analysis In estimating the residua, stresses m
the surface of the sintered carbide compacts and those generated prior to

and after the martensitlr. transformation of the EN VI.I steel.



VI

TABLE OF CONTENTS

Title

Unduituking

Acknow ledgi'tnen ts

Syno p«io9

Table of Contents

List of Tables

intnoduc tion

1.1 Residi: 1 stresses in IDown-the—Hol3' drill bits

1.2 Selection of method of stress measurement

1.3 Development of the X-ray strain measurement
technique

X-ray Diffraction Technique - Theoretical Aspects

2.1 Principles of X-ray diffraction strain measurement

2 Mechanical elastic constants versus stress
Factor K

2.3 The angular scatter of Diffraction Data

X—sav Diffraction Technique — Practical Aspects

3.1 Location and construction of diffraction peaks

3.2 Correction of diffraction data for 9 dependent
intensity factors

3.3 Focussing implications of varying the angle *

Apparatus

/,1 Philips Diffractometer

L, Alterations to the standard diffractometer

,3 Attachments - Metallurgical Kit and Stress
attachment s tor the vertical Philips Goniometer

A Alterations to the: Metallurgical Kit and Stress

ftt, t ACD1110111

Cal ibra lion Kxj>« r iment on FM 3)JH Steel

5.1 Speci men pieparation

5.2 CoProl.ilion between elect tical resistance strain
gal?< data and X—d'av diffraction strain data.

3.3 Measurement of Polsson’s Ratio v

If Moa8Urerneill of stress constant K of the (211)
d-snacin/ for hardened 1N 301) steel

9 o



Table of Contents (continued)

6. Dot orminnt Ion »!' Str.iins ii Tun”?ston Carbido-Coball
Sintered Compacts

6.1 General characteristics of sintered WC-Co
compacts

6". 2 Measurement of strain :. WC grains introduced **
by surface finishing operations on sinterea
WC-Co compacts

6.3 Surface roughness introduced by surface
preparation of sintered WC-Co compacts
6 . « The effect of heat-treatmont on the surface
strain of sintered WC-Co compacts
6.5 Summary
7. Nos idii,i1l St ro.ss Pallern iui_.ho Surface of a 1Down-

the-Hole1l hit Analogue

7.1 X-ray measurement of residual strains in the
analogue surface

7.2 Derivation of the residual stress pattern in the
analogue surface from X-ray strain data *>3

7.3 Finite element analysis of the analogue surface
plane.

7.4 Finite element analysis versus the X-ray djffrac
tion residual stress pattern.

7.5 Discussion ~J4
7.6 Summary

8. Conclnsi ons 7%
KoferonCle Kl
Appendiav- A - El ctropolishing of hardened A

EN 3013 steel

B - The calculation of particle size
and lattice strain if atyelectro-
lytically ground sintered coirpact

¢ —Sample calculation of strain from
X-ray data in direction < in the $6
steel

) - Construction of x-direction traver-
ses of y-diroction strain data AT

E - Mohr's circle of strain 0j0

F - Calculation of error Aa associated
with angle a for low and high ejg.

levels of residual strain

/- Vil -






L3ST 01 1Am.i S

TABLE I DIFFRACTION DATA AND DERIVED RESIDUAL STRAIN AND
STRESS VALVES ON EN 'JOB STEEL AFTER METALLOGRAPHIC
POLISHING AND GRINDING

TABI.1 [1 A COMPARISON OF STRAIN AS MEASURED BY SR U STRAIN
GAUGES AND X-RAY DIFFRACTION

TAB1 1 111 X-RAY MEASURED ELASTIC STRAINS AND THEIR CORRESPONDING
STRESSES IN THE SURFACE OF SINTERED VC-Co COMPACTS

TAPEI iV STRAIN VALUES AND PARTICLI SIZES DETERMINED .ROM THE
INTEGRAL BREADTHS p OF DIFFRACTION PEAK PROFI11ES

TABLE V X-RAY MEASVRLMI NT ON THE SUREAVI OF WC-Vo SINTERED
COMPACTS HAVING DIFFLR1 NT LEVELS OF SERFAGE ROUGHNi -

TABLE VI EFFECT OF HEAT TREATMENT ON THE LEVEL OF R! SID' AL
STRESS IN SINTERED CARBIDE SURFACES

TABU VI) RESIDEAL STRAINS IN X-DIRECTION ACROSS THI SIITEL
SECTOR SURFACE CALCULATED FROM X-RAY DIFFRACTION PI AK

SHIFTS

TABLE VIM RESIDUAL STRUNS IN THE ~5 Di KECTJON ACROSS THi ST! )
SECTOR SERFAC) , CALCULATED FROM X-RAY DIFFRACTION
PEAK SHIFTS

TABLE IX RESIDUA! STRAINS IN Till Y-DIRI eETitoN Across THE STU I
SECTOR SERFAt I, CALCELATJD IR"M X-RAY DIFFRACTION

PEAK-SHIFTh

TABlI 1 X PRIN<‘IPAI STPF.SSI S AND ASSOCiAIM I) STRESS LOCI, Di RIVED
FROM MOHR'S EIREElI O STRAIN (Al CI EXTIONS USING X-RAY

DATA

TABU XI PRINCIPAL SI HISSES AND \SSO< IATI D STRESS LOCI, DERVED
FROM MOHR'S CIRCLE OF STRAIN ('ALCUEATIONS USING X-RAY

DATA



mm

i. Ini Xoduct i

1.1 Hes iduii 1 Strpssos in *T)own—the-Hoi61 Drill Hit

Reaidual, interna 1 or lockt'd—in stresses may be del ined
as the s 'stem of’ stresses which can exist in a body when it is
free fx*t external fort os. Those residual stresses are to be
considered as purely elastic stresses. There are two distinct

types of thwe'se stresses, a tmaf ro—and a micro—stress .

The mu,ro-—residual stresses, with which this project
is concerned, vary continuously through the volume ol the ’-ody
and act over regions which are large compared with atomic

dimensjons.

Micro—stresses act over dimensions as small as several
:mi< cells, although their effect may extend throughout most o
a grain. A major contribution in thx” field was made by Il.asz!
and has been review; J by Nabarro I. He attributes these
stresses to the failure of neighbouring grains to fit togetb-,
due to anisotropic thermal expansion. This .s t?u* sl all
crystal structures of low symmetry, in contrast with the igh
symmetrical cubic lattices, which behave isot op.colly during

thermal expansion.

Tin- residual atresses to be measur 4 in this project
occur in 1Down—t'il-Hoi< .1 ill hi I.-, c<m only abbreviated to
D/H bits. 1he drilling machine is lower 9 into the dril 1 hoi
with this dmill. o that the drill bit i Vvery compact, as tio

extensions at

my 1n dienls of thl hit df< d 8t0O(?1 8t
antd crown; in vin crowit Tour h<l

ocfitod in erme iioi'iii p ilions ¢



The basic function of the shank is as a connection with
the drilling machine, and it 1is designed such that the powor-
drive can rotate the L)H bit in conjunction with the percussive
motion. This motion is transmitted to the drill bit via sp inos

machined on the shank, on which the power drive is located.

The crown tapers outward from the shank to the desired
gauge width and consists of four wings separated oy flutes. 1 *ch
wing contains one radj 1 lot to accommodate t hard metal ineei t.
The smaller D/H bits have wings at angles of 90° to each other ,
while the larger units are in the shape of a cross with an acute
angle of 8o". The flutes provide a cooling effect and allow the
removal of grit from the drill faces. The hard metal inserts
are located in the centre of each wing, radiating out !rom the
central ferrule. The wings are tapered from the flutes towards
the inserts, so that the latter occupy the exti >me position* in

the drill face and conmn act as cutting faces.

The steel body of the 1/1' t is turmed, drilled, milled
and machined to the right dimensions p ior to the brazing ol the
hard metal inserts into «lie wings. w pending wupon tin type of
D/H bit, flushing channels are drilled into the I <dy. ITheae

flushing channels consist of one central channel through the
shank into the crown, where four other channels radiate out into
the four flutes or the wing faces, providing internal cooling ti

the drill by air or water.

The co. 'plexlty of construe, ion ol the crown, 1. , the
presence of flutes and flushing ch.mu 1 in the stool, in addition
to the hard metal inserts, whi.h .-re r zed into the wings, in-
dicates the exi tone of many variaM which may inf lu in. the

service life of a D/l bit .
The loading condition of u D/Il bit luring '1 3,1 ’*c
life consists of fatigm loading perpendicular to the 'ace of tin

drill bit and a radial compr- slvo stress acting on the aides ot

the ciown / - 3
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the crown of the drill bit.

Fatigue failure 1is usually initiated at the surface ol
an object under load and hence the surface condition oi the bit
is of extreme importance. Notches present by virtue of the
geometry of design, surface roughness and surface residual
stresses may affect the fatigue life of the drill bit consider-
ably. Surface roughness is frequently an adverse factor in a
sample exposed to loading, as it introduces numerous physical
defects which seriously reduce the fatigue strength by acting
as stress raisers. Surface residual stresses, as introduced
by shotpeening, grinding and Quenching after heat—treatment can
either contribute to or dotract fnm the service life ol a drill
bit. Shotpeening usually introdn*'*,s a favourable compressive
\esidual stress pattern, but excessjve shotpeening damages the

surface, introducing localised stress raisers and reducing the

. 2
fatigue per oraiance. Tarasov, Hyler and Letnor (2) have louno’
that grinding of hardened 1 can produce either tensile or
compressive sur tresses, depending upon grinding

conditions.

3. most fatigue investigations, it has been recognised
that compiessi»e residual stresses in the suriace are lavourat>ie
factors for an increased fatigue 1ift?, hence it is very important
to assess whether compress ive oi tensile residual stresses ore
present in the surface ol a diill bit. lhe tinal gtind iiu, iti
the cutting faces in the crown of a D/H bit after the bra?mg
operation will usually introduce compressive iosidu.il @mtiess<
However it is pos >jbl< to initiate sub-suriace iatigue iai I 11i
if a very stoop sli » gradient eximis leading towards a tensile
residual stress hel W the surface. It is therefore extremely
important to detorrr N0 the residual stress pattern Just below
the drill bit surfa € underneath the sliess pattern introduced
by grinding. Any <sidual stre- present not originating from
these machining all wh§es is dee to therm.il shrinkage effects
between the hard moial in ©l ts brazed joints, and steel sections

of the crowne These res duul stresses arc generated by

di ffejentia

§



differential thermal contraction ol the components of the drill

crown when cooled to room temperature from the brazing tempera-

ture .

During manufacture of cemented carbides from their

chemical constituents in powder form, seveial restraints in the

body of the compact generate residual stresses. These are the

foil owing
1. Thermal stre es right throughout the body of the
compact caused by the differential shrinkage ol *he
cobalt binder and the tungsten carbide grains.
Mechanical stresses in the surface layers of the
compact, caused by grinding aud shoteblasting opcia tio*
during manufacture. These latter stresses are
partially relieved by heat-trea tment during D/H bit
assembly, but are of great importance in relation to

the brazing charactvi isties of the bard metal compact.

After brazing of the inserts into the slots of the dri

bit crown, further grinding stresses are introduced in the sur-

face of the hard metal compacts by the final sharpening opera-

tion. These stresses will ta present in the cutting sun ac®

only, and will modify my residual thermal sties” =s.

hiring the cooling cycle of tho bra*mg Pcration the

foil owinc lerieh of events generate residual sti, es near the

tungston irbide/braze metal and steel braze metal intorfaces.

a) The tungsten carbide inserts ore brazed into th” steel
slots at a temperatun of H70"< . The braze metal
solidifies over the temperature range 65< - b u

When at 63~ C all ilii<m 1fferent components ot t

crown are solid, Interaction is expected i occur
betwf on them upon cooling to room temperature, due to
their different specific thermal contractions,

mat i<>-stress. so generated iv the braze, the sintore

cat bide and the steel are only partially relieved by

piasti



plastic deformation of the relatively soft braze alJloy.
b) rhe stool section of a I)/U bit is made from IN JOF
steel, which is an airhardening steel. AJ ter austen—
isation of the steel at 8?0'C, tlie brazing temperature,
the steel is martempeied, this heat —tfreatment being
described in Section 5.1. The austenitic struct ire
transforms to martensite and possibly some lower
bainite, this transformation generating volume-stresses.
inside the steel , which are part of the residual stress

pattern in the composite D II drill.

A survey of the modes of failure of all drills
returned over ¢ period of four months indie.-.ed that more than
sixty per cent of all failures were initiated at the braze-steel
and braze intered carbide interfaces and had propagated through

either th steel wing or the sintered carbide insert. ,

smaller number ai had failed by excessive shank and spline
wear and f <ilu of til jze m it ilself.

there select and establi
etre ss mt tec mlliue w 11. intention of deter
the ma ype an I distri of the residual str
the su dril with the ultimate a
inves t between residual s
failur
with fi i rue:ior meratmi our *m<
cooljng temp imintroduced
addi tion is on the surf;
the tun{ ts and the st
crown ot I bit i

tion
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1.2 Selection of Method of Sti'oss Meusel'enient

All sti’esH moaaurement methods ure bused upon experi-

mental measurement of the correspond in," strains*

Several methods of measuring mucro—residual stresses
exist and these fall 1into three broad classes, i.e., mechanical —

deflection- and X-ray techniques,

Using mechanical methods the residual stresses are
calculated from the measurements of strain that are obtained when

thO body 1is sectioned and the locked —4n residual st,iesses aie

progressively released- These strains may eithei bo measuiew
by electrical resistance strain gauges or by a micrometei. This
technique is rather laborious and therefore methods which are
more rapid have been developed. These methods involve the
mechanical slitting of the specimen and measurement of the

dcflOct*ion ol "tic slit ©10Om©Ci11

rti© X-r«‘v inee111on is noii*dl©Os tnictiivO e »h© ©x 11 Cnc
hardneea of the sintered tungsten caj
to a lev- or degroe of the martensitic steel, make mech
Inflection methods extreme.lv difficult to
ii-inovmor. . the values of strain measure
these two methods will ue ttitX avera
[*ioims litlei*ed carbi di
metnoos useless. since the <

in ,1ilffoi’ont extents to these



This feature makes the technique particularly suitable

for measurements of steep stress gradients extending

over a limited region.

c) The X-ray method makes it possible to measure elastic

strains directly and to measure line broadening oi
diffraction peaks yielding information on plastic

straining.
tit Technique

The underlying principle of the method is the detei

mination of the change in interatomic spacing (v.) of a particul.u

set of crystallographic planes vhen tie crystal or polycrystallin

aggregate is strained in a homogeneous manner. These atomic

strains are calculated from the d .ltraction data relating to the

specific set of crystallographic planes. The5 diffraction

data are obtained from X-ray diffraction ,.<uks, which are a plot

of diffracted X-ray intensities versus d t action ang.l> "

Monochromatic X-radiation will yield a unique diffraction peal

for each set of crystallographic planes and when the crystal 1is

strained the angular shift oi such a peak is a measure ot the

change in interntomi< sp&i

The initial experimental work establishing this
technique was performed using X-ray powder cameras, anid th<

stiins were measured from the displacement of the diffract ion
linos on the X-ray films with respect tothe X-ray lines of

unstressed material. Thi® technique is only acceptable when

the diffi action linos are sharp and well defined, which is not

the cas« foi hardened steels.

deve topm ent of u diffractometer technique by

Christenson and Rowland ( 0 has promoted the X-ray technique of

strain measurement on hardened steels to a practical tool. Thj

method makes use of Gelgoi uulother radiation counters to

mcasure the intonsity {roflles of tli'" diffrac tion peaks.



Thu relative nktits of each technique have been
reviewed previously 7~ ') The X-ray sub-committee of the

Society of Automotive Engineers has ftlso reviewed the diJ(rac —

tometut technique and has consolidated the fundamentals oi X-ay

strain measurements on hardened steel ()

Initially most i, ic.Lcal use of Christenson's and

Rowland's contribution was .tiaoe by the aircraft industiy 1loi the

measurement of surface stress*o0s in aluminium alloys and high

tensile strength steel components ~ 1' - Subsequently thiv A

technique was used on other steel and pure iron specimens

Further sophistication, but no essential imporvements

have been developed concern!ng computerisation ol the X-r<iy

diffraction data-collee tion and evaluation procedure (10)

One further step in the development of this technique

was the me: nt stresses within a body, in contrast with
the surface tr on id<>red up till now, and this has been
. 5,11,12 :
described by sev< iuthor ( ) It necessitates the
sectioning oi tin ns but corrections have to be made for
, . * l1 (5)
the stress ioliol bv' removal of layers oi materia .

Sorno &x oi’itntril 11 r<e-ultl of intornal es.ldua l s vri

ureclod for lavox removal stress relief, have ©€¢€n tub—

1jah T part jar the mensuremon yt#'o98 S X

11
curb d metal surfac ( )

1. X-ray

Fll
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X—fay Diffract Lon i'*@lmiqu-< heoi etical A foctH
2 1 Princiu]os of X-ray Difl raclion Strain Measurement

The diffraction of X-rays from the atomic planes in 4

crystalline material is expressed by Bragg's Law

n X = 24d sin 8 (i

where = wavelength of incident X-rays
n = order of reflection, which is always an integei
d = interplanar spacing of (hkl) planes which are

diffmetlog

6 = Bragg angle oi r« flection

This derivation of this equation is described in all standard

scicnci text books.

Fundamentally the X-ray diffraction technique measure*,

the elastic strain from the change in the average interplanar

.pacing (IU of a particular set of cry,tallogrophic planea (hkl)
The plastic strain present is a function of the change in

diffraction peak profile when stress 1is applied. The incident
X-ray beam originates s the characteristic radiation of a

pure ch'mical ole mont x<it'd by a high voltage, hence the
wavelength, X lies in a narrow range. A fter di; iravt ing
from the specimen the beam is further monochromated by a mctat
f 1tet with i smiimlln absorption edge wavelength, which filters
out the KP radial ion piui mnm- of the background radiation.

The diffracted X-rays wnit I finally ionise the gas molecules in

the counter coni-i1l oj Kq radiation, plus a background
radiation of large* wave I<i Dot/ (* .

Teng I af the element 1s the wvalue for
X Used in in a 1 aw X % a constant , which

9

impli fii this law t
s II

wilere K al taut .

Tlr1 b
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This relationship imJicul oJ that for a amiil variation

i1 interplanar spacing (d) the diffraction an il 8 will show

the grea t variation fo the higher order of (iikl) reflections

i.e., those whieh have largo angles <f diffraction. Christenson
and Rowland (3} have shown that the X-ray diffraction technique
is usciul only when diffraction angles in the jsutige7o —®

are ust>d. The maximum value, 6 )'s which may be used is

imposed by the mochaui al limitation of the X-ray goniometer

The minimum value of 0 = 70 is chosen so that small change!

(d) may still lie as iated with appreciable change in

diffraction ang o O

Therefore a set o rystalloarapn &11€s and wave

length of radiation aje Hoscn in sucn a av that the diffractions

angles fall within the accepted ran on comdition that the peaksft

to background intensity ratio of the diffracted radiation 1is

sufficiently high, i.e. at lea st of the order < ; 1
The X-ray method, for & elaatic strains on.iy,
is fundamentally a measuremen t of intorat omic spacing
which are altered by ela? . Lc resses. The theory ol
" ttitto of firresS is i
elis
measur be elastic, homo< i j otroplc . assumption;
which mfl'lly t I"it 111 T.I)< vstal line metals.
Itom tn theo '01(151)9\7
tress-strain --Tat

@ @ i (2a)

1t GI I
12b)
nriu 1n<
( 3)

11

»
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Whore d, and d. are the interatomic spacings ol the

N
planes (hkl), which respectively subtend angles a < ana

-0 to the specimen surface and O aand

er are rospoci v *
the stress and strain

in direction 4 in the sui e . (1* '*(
specimen.

Often, when X-ray diffractometers are used instead ol

cameras, it is convenient to express the stress in equation (2Db)

in terms of angle 29 rather than intoiplanar spacing d.

To this end, differentiating Bragg's Law (equation 1 )

vields
A d —cot 0 .AO (4)
rliich is equivalent to
Al S cot b . ARY (5)
Now A d S ~ -*-and A2 0 = 20- - 20A
: tiji

and substituting these re 18lionsbips in equation (=) yield!

~ (JLOa—Z—JLOiL I « cot O_ K (6)
- 1+ V

If the stress irdened steel, and the s
angle A is u,ed in every measurement, then all the terms on
the right hand of equation (6) excépt those involving the

0 angle, are c ustant, that equation ft1 may ho written a:

o cot 0 ( 20A 0*) (7)
0 -1 in raur

11 vuriation in 0 for any one material 1:

i ed a constant hem
very srria 1 0 may also bo considor ’
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(8)

<r “ A arrg!

the constant K bni1if]; tho stress factor. It is convenionl to
determine this constant K during culibration experiments* so
that the mechanical elastic constants t and do not have
to be used when calculating stresses from X-ray strain measure-

ments .
Mechaaical Elastic Constant > veTHus Stress Factor K

Any conventional (other than X-ray method) strain
measurement method will yield values of strain averaged over all
the grains and all the crystallographic planes in the direction
of strain measurement. In contrast, the X-ray technique
measures the strain on a unique set of crystallographic planes

in grains with a specific orientation.

Therefore calculations of stress in a body from X-ray
diffraction data using the stress factor K arc only comparable
with values of stress from conventional techniques using

me chanical el.-stic constants like Young's Modulus, E, and

Poisaon *s Ratio v NEEIRE. material under examination 1is
complete I> isotrop This is not the c¢a for most crystalline
miterials. Iron foi instance iS anisotropl —amo ITs clastic
properti s vary with crysia Lrm 1 vton.

Account m taken of this anisotropic effect by
calculating eceparat tress factors or specific crystallographi
planes from a cor:* ion of the intof -anar spacing strain and
the average strain measured respec I clv by th*l X-ray method
and a conveni ion. e dmiqu* using mot nic.tl ela; tic constants .

Th DI 1(1 ). f LUl
it oqun t f0il 1) 1o ict”™ fi utiiquo ciiffraction
+vs 1al lo;,iaph 1c plane-*, when using mono-
b " TlJio deviation from this* uniqueness aa
chromn t

f>b Me J*V e d



observed fo1r diffi“ction traces of a po] ivstdlline aggrogote

it

a)

due

to the following lactors:

The range of orientation ofthe grains in a poly-
crysta lline aggregate causes u variable reaction to
an applled stress trom grain to grain, resulting in
a range of diffraction angles.

Consider the unique set of crysiallographic pianos (hkl) e
A uniaxial stress imposed on the aggregate will cause
strains on the (hkl) planes, which vary in a limited
range from grain to grain, depending upon their oriental
in the aggregate. A aingle crystal, elastically stressed
in the annealed state, will yield a (hkl) diffraction
line for a unique Bragg diffraction angle 9 . ihe
polycrystalline aggregate also elastically stressed in
the annealed state, will diffract the X-ray beam over a
small range of angles, This can be represented by a
distribution curvt of reflected intensity versus
diffraction angle 9 , commonly taken as either a
Gaussian or Cauchy distribution mrve. The specific
diffraction angle associated with such a distribution
and taken as representative o’ the (hk!) planes is t K
diffraction angle 9 the apex the parabola w
appioximaic iximum in 1insity section ol the
distribution curve.

Veiv sfimll crystal* ave insuffir lent resolv.trq
power and tend to broaden a diff; a' tion 1irn’. Tho
extreme situatton m 1rm when the crystallites arc so

. > i
fine that the considered amorphous

and wiit not yield any d-fi I diffrat tion lines. 1i

broad on in., di#e to the part i . nize-e ffeet is com-
piot «1> symmo t r:il about t poS it I ind begin
I,mte<t.il Jdicit 1 rtirI< reduced t
about on Ih >110t
1n1°C< VI' er pu 1v monorhr
i.e. 1 mall i mi ve leng th v.i lu of the in<Idout
X-rnys il'ouul 11 rni fMruution an<

d ) N\ hi'ii ia



d) When a stress is imposed on a polycry! talline aggregate
plastic deformation is present, associated with the
elastic strain if the proportional limit is exceeded.
This may be due to local stress concentrations, which,
when an external stress 1is applied, can result in
localised h gh stress levels resulting in plastic
deformation. Plastic strain causes broadening of the
base of the original sharp diffraction peak, and
reduces its peak to background intensity ratio, while
an elastic strain shifts the diffraction peak profile

by interval A6

e) The austenite to martensite transformation is the main
contributor to the lino *enint phenomenon in the
hardened steel. Th it, ,e ascribed to the micro-

scopic residual stresses as wall as the high dislocation
content associated with the martensito transformation.
This low temperature transformation reaction 1is a
diffusionloss process. The face centred cubic
austenitic crystal structure transfer' v to a body
centered structure, but since the mourn carbon
present is one hundred times more than i J< hold in
solid solution, this carbon super-saturated body
centered cubic lattice is distorted to a tetragonal
structure, characterised by severe lattice strain.

f) Instrumental broadening. .The response of the propor-
tional counter and other electronic parts introduces

deviation from unique diffraction angles.

X-ray Dif frad im, Tool mirue - Waction 1 Aspects

I'he accuracy of th*» method depends upon the location
and cons true tion of diIlcactjon peaks which s the iundoii'ent.i 1
al] p in the str« if doterm’natlon procedure. The work Involved

in subsequent steps 1i; t liiie-cojiiiuming » but hasie.i.l ty mathe mutjra,l

Christen.-on / - 13 -



Christenson and Rowland ( * .54 others (4°5:°2:10) pove
demonstrated the superior accuracy of a diffractometer for the
examination of diffuse 'iffractlon lines. As the present work

is concerned with the examination of diffuse diffraction peaks

of hardened steel and tunest,n carbide—eobalt compounds, the

diMiactometer was selected as the X-ray tool.

A diffractometer provides the facility for automatic
construction of diffraction peaks on a recording chart during a
continuous scan over a range of diffraction angles. This method
is useful for the determination of the approximate location of
a pai ticular diffraction peak. The precision of the method,
however, is low tine to the tiim. lag introduced jy the components

intermediate to and including the counter and the recording pen.

*he more precise construction method used, is the
foilowing

a) The specimen is irradiated and Jiffracticti data are
collected ovoi the range of diffraction angles
in which the apex diffraction angle occurs as has
beer located by the gnphical method.

b) The specimen is irridiated at angle v for n fixed
period of time and the diffracted X-ray intensity is
recorded as tin number of pulses per unit timo,

c) The diffract ion angle is increased by a small
increment A and the procedure is repeated until

intcm /i) data for alJ angles n the range are obtainl

By using extended pei Is of counting time accurate
values of the intensi tiea of 11 liffvact ed beam can be obtain
for each iiact, ion an in the i tatis ticall
this redu th percentag< oii*ot, .is it 1is related to the
number of sc counted by tt;o e'ectronic circuit , and is
inverse ly iioi iiona Il to the eutiarv root of the total muchei

of counts

ic K radio tion / —1b
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a isolation of the source has the two distinct
wavelengthu (01lnI,0,u nts, Ka” and Kw fwhich for a well resolvedj
diffraction trace will oggyr as two distinct peaks close to one
another Tin tlosses present in the specimen, and particular]
AN Jim IHo.0i ilng duo to the rnartensite transformation in stee
¢'"1 ' ¢ ' o all! , peaks to merge in such a way that they
allnl " losolvet), except by algebraic means. Therefore the
tin*i gvd diti saction peaks are treated as one single diffraction
peak ol KQ radiation and for calculations the KO0 wavelength,
which i °l composite value incorporating the K and K, wave—
lengths is used. Th  apex angle oi this diforlactionopeaki can
be calculated algebraically by fitting to a hypothetical par.ibo

the diffraction data for all intensities more than eighty der

cent of the maximum intensity recorded '* ( See Figtpre 2)
rnatix the apex angle may be constructed graphically by

extrapolat the iinear sections on each side of the peak and

identifyiE th oi inter tion the ang t the <p

The latter method is very useful for sharp diffrac
traces, as these exhibit peaks with linear sections of conji
able length. Fhe former parabola method is selected for b,
ened steel diffraction traces, us those exhibit no distinct

linear sections.

It irtir ' the intensity dm# i
the three do dLflrection an, 9- and 2b separated
equal interv A*0 where xhibits the highest
intenaity xa >A, have intensities vb
are at least nt oi 1l , Using these o i
the all ibio dir iction ui calculated from tb

re lotion (r iing a parabolic
iffraction profil

0 (9)

where
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where a = intensity differ§yn,ee betwnon 20 » and 2 0,
¥ = intensity difference between 2 6., und 2 0
c = A2o

The intensity values used are the periods of time required ¢,

accumulate the same number of counts for each angle 20

At this stage it is important to point out that it is
net essential to determine the true and absolute angular positior
ot the apex. An arbitrary position may oe used, as the strain
is oniy calculated is the difference between two relative apex
angles. Hence accuracy of the method will hinge on the
pi (.cis ion ol iopeating api x—eonstru' 1ions und not on their

absolute positions,

3-2 Coirection of DilTr,. tion Da'a ior Intensity Factors

tain amount is introduced into ever
ndent intensity factors
ore clo m Tl ion and measuring?

proc oss

ry slightly witli diIfiovtio:1 angle 0

but bccom it i({iii tudi foi <j1fii e peaks, a” these
extend ov 2 0 fdiffmet antetor angle) range.
All inton lcorrected for these facto a print to
con true't best fit and the location of the

aunarent

ill in iJi'tail in

s tand < identi ti>d us the l.orontz

polar rp factor. The first
facto | 6 dependent .uv tors,
whiJe he n pi upon mo.in p iih 1loltgth of the
X-ifiy 111 in  tin s only a fuivt ion of diffraction
angl o othe im 11

Viilu
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Values for those two factors are readily calculated
and a combination of these (wo a5 a single correction factor was
used in this projigp«> g computed by Ricklefs and ShipJoy

The mathematical e\pt< salons for these factors are as follows;

L.P. = Lorentz Polarisation Factor = 2 e« —siu*A— )

. . ) (10)
A = Absorption Factor Relation =1 - tan cot Q |
Corrected factor from Kicklofs and Shipley =T (b.P.)(A). (n)
33 Focussing Implications of Varying the Angle <

i'oi the mnormal difi ractonie ter geometry, i»e. when
4#=0°f the X-ray beam diffracted from the (hkl) planet , will
alway tocus on the circumference of circle, defined by tin
gon iome fej axis as centre, and tlie source to specimen-—surface

distance as radius ( igure la).

As soon as the spocimen sui face plane is rotated about
the goniometer axis independently of the receiving slit posit

i.e. whcie 4 / 0 , the rays diffract fi*om the (hkl) planes

which subt. the in 1le Y to the specimen surface, and will
focus at a distance ¢t ittier greater smaller than the rad
of the circle, for rtspectiv«ly il ise and anticlockwis
rotation of the apc-1 imen surface ( r< ?). Hence the s
receiving >111 asm at the focussing po
and conseCfitont 1} h iallv to n different

nosi t ion H for e\
jix 1)), the iccci

muv b< t<d

who i 0

foeul i,in

a. Apparatus lo

F1
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4.1 I'iiJin? Dil’frjnglornetoj’

A stgqiiiJ;ifJ Phil ipH diffrue tometer with a long shield
vertical itnode tube and a vertical goniometer with a horizontal
specimen rotation axis was used. The specimen rotation and the

counter rotation were g*ared to a J to 2 ratio, i.c. the 0

to 2 0 relationship.

The counting tube used was a propoptional counter,
which has the *dvantape of a linear response between the ioni-
sation in the gas chamber and the intensity of radiation for a
considerable range of X-ray intensities. The voltage signals
from the counter were fed through a voltage discrimination unit

before reaching the electronic counting unit.

For Is. a chromium X—4ay tube with Vanadium foil
filter wa lect stead of the usual cobalt tube iron
filter combinat ion, because of the former’s superior peak to
background intensity ratio of the diffraction peaks of the
specific crystallographic planes under examination. The
wavelength range of th cobalt tube causes fluorescence of iron
K radiation by the spi cimen* which increases the background

radia tion level .

Foi tungsten iarbide diffraction, the cobalt tube was
selected on the bash- of obtaining a diffraction trace in the
requited range 140 — 2 0~ 160 having, a sat is ftictory peak to

background Intonmity iatio.

/t.2 Alterat i tandard Diffruetomel, :
The di\ =rgent i1it embJy wm teplared by a pinpoint
coll tmator ol ih* 1 Debvi>S«hereel powder <amt'ia
design. the Sollev bal II ia lhe tlivergent slit
assembly, which pre: ent for col 1[mating purpose

were also >>mov

Ilimatoi
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The collimator roduccd the beam cross section from a
rcctangle of approx imatcly one hundred sqilare milli—
me1 1™H to a circle with a diametor of aPProximateiy
two and a huif mil limetres,
The collimator xvs usod primarily to reduee the area
from which diffracti on data were obtained, and hence
to improve tho 1oculisation of the strains mensured,
i.e. , diffraction datn could be obtained fi'om areas
richt next to the brazo metai, which were not just a
average of the strain over the whole adjo in ng secti
The receiving slit aHaombly was replaced by a unit f
which the Solier baflies were r(‘iiovod. This improv
the intensity of the diffracted radiation which
rea chod the countipe tube. The pinpoint collimator
reducod the intcnsity of the incident 1)eam proportio
to its rednction in cross—sectionul aiea to a narrow

ular be The Sol ler baffles in the recuiving
slit aaserobly were uperfluous, os tlioy were intendei
to collimate the i'octanguiar diffiacted beain.
Inc ident intenaity arid coll imat 'on of the beam wore
improvod by changing the X-ray tube from 1ine to

t focus Thi WHS (Cilieved by rotating the

@1 gla portioin of the tube, containing the
onode., thro h nin y degree& with resp
hous Thio meaiiis that the X-+ay beam fi'om the

»onr CO WIS entical with that of the standard Dobyv

Sclie I S t«up* i.emradiatjon from t
X-ra cmittod throu”h the pinpoint coll imator
now 6 IMBTd t Gt @ I alhvAr ThJs
impr t conuS1(1<fab.ly as the Dobye-
Schej'i'oi' co WdH (J<sigm-d for pinpoint radi it
chme diciil K ttitchmvn i
tho X*iti*d« wtor

1lies jiininent ,iry aitachments, ttuinu factu red by

,tniM 1?2 onrrh (oIDOiation for Noroico, were

3ICavj, o





















obtain X-ray diffraction data. On this basis it way ass* ned
that the strain values recorded by the SH 4 type strain gaage
and tliDNc¢ dci ived from X-—ray diffraction are two measurements

ol the same strain. t'tiese strain values may differ as the SR 4
type stiiarn gt.uge measured the average strain of the specimen,
while the X-raj method measured only the strain on ihe d spacings
of < pai Liculur set ol crystallographic planes. Hence aniso-
tropy o1 tbe crystal lattice may cause a variation in aerain
with CrysialJlographic direction, which can become apparent as

a dilterent strain value when measured from the unique set of
planes used in diffraction. As is shown next, tnis proved not
to be vhe case lor the specifLc set of crystallographic planes

selected ,

For hardened EN )oii icimens the (211) d spacing w
selected, which diffracted a* >roximatoly 6~ = 153 * when
using chromium K radiatici; this is well within the
required 140 N 20 rt-o range

SR e« type strait, gauges were at tached to the four
KN JOB strips used for experimentation in the previous section
and these stripf were stressed piogress iv<.l> in tens ion. At

every increment the strain on the specimen as reasured by a

Huggenber( str inmeter. X-ray diffraction strain values wore
also recorded at every sir iin increment. Fhe relationship
between the stmt,. »auge measurements and t ie X-ray diffraction

strain values are presented 1ill figui o o.

it should be noted that the strain measurements from

the SK 4 typo strain gauges yielded \ ilues, which aic indict)t .vw<

of the externa I1\ a ¢ losidun I strain
present was ml moasu)J ed by th< Sli 4 t\ train gaug.e, and this
stINlin level tually t ii>) iiai. reference from wliich
the exturn tensile strains werc moasure< In

cont * '.at with this, tlit- X—4 <y Liain utoa iii ihn( at any stago

repiasent the total strain !a J in the specimen, meaauring tin

sum of the internal tee u-:J sl1ra in and tin sIrain induc<d by
the externaliy nppl i<d . Any residual strain present
before / —2M —

-w-fi
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before applying the external tension w»s revealed as a
discrepancy in magnitude of the < spacin 1 the (211)  janes

which subtend different angles to the specimen surface.

The increments of strain between two levels f applied
tf.11-iion ithiisui iij y either technique are both a measure of the
§allk 1h,u ,,€ in tension, lhere *ore it was necessary to determine

cor *it ion b-tween these two types of strain measurement.

Fable Ji1+ presents the data from which the graphs in
Figure ¢ were constructed. The relationships between the
strains as measured by X-ray and SR 4 type strain gauges,

o
4 N°

depicted by these graphs, are linear «cid have slopes of
i.e., for each increment of applied external tension, the

X-ray- and strain gauge-measured strains vary by an identical
amount. iliis indicates that the coriciation between the two

types oi measurement is not only linear, but has a one to one

correspondence, i.e., the proportionality constant necessary t<
equate tin.'! two strain v-isureint nts is uni ty*

J( Fm Value.' qu n fal 11. 1 tent elie t
strain in th<s specimen surfa d by the preparat
technique and cox*re.- pond wit he int pts of tin linear
graphs oi' I igure 6 with tin those values are th
sum of the rear dunl **% inf e specimen bofore

applying an oxternal strain.

1< each cxierna j
strain level appl icd to 1 feu* specimen
and eqtifils A L0003 . ii wdino i*iii M+ (QIiVv
with a double Ljir,/ atq i A 6 L07° Hvnc t* tlil
vu lue limit*’ the pi<(iXi (none* s imijfiv itui/vmitut!i
tTecision hove been pub] <141 1ltvv. ¢ 1 I\loym (P)

disp dd b
Iiain ill ni in 11 i>%t.il st fin: ture,
311 it

F1
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but it 1is far more probable that it is <iuo to the surface

preparation. When electropoliah.ing, it was impossible to auta i

a perfectly level surface free of etch pits.

A tor-*bm lcii] re] at ions ol i'i“jure 6 again point out
the removal of residual surface strain by electropolishing.
Specimens I, and 3 have undergone a final diamond polishing
finish and illta1 etch treatment only, while specimen 4 has under-
gone an extensive electropolishing treatment, which had removed

the strained surface layers.

Iltom tlii> dita in Table ij. and.the graphs in Figure 6,
it is concluded that the strains calculated from the X-ray data
iciat ing to the (-’11 ) interplanar spacings are in close agree-
ment with the values of average strain as measured by SK 4 type
strain gauges. .t would appear the. efore that the displacement
ol these i! d spacings as measured by X-ray diffraction, is
representative of the strain in the whole specimen. Therefore
anisotropy and lack of homogeneity, characteris tic of poly-
crystalline materials, do not appear to <xert a significant
influence on the particular (i'll) d-apa<iugs selected from X-ia\

strain measurement.

furthermore, tliis direct corrolat on justifies th* use
of mechanical 1ly determined values for Yoitifg *s Modulus F and
Poisson's Hatio in ovalual ing the t -sidu. 1 stresses from

residual stiajns i> hiea 1l1i ) b\ X—dniy dif Irat i ion,

5.3 Measuioment of Pol 1ion1i Patio v
A further imil<iti mt: bet
type strain piuge tina uremnn nd th I1) d
measurementi is the <lose ae 3ii tin [<ILS S0t
Patio as cal(ula ted both sets Of ia

Q) Tm ei
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a) Thr specimens were milled to tensile test specifi-
eyt Lon ITtom fuN 30B stj'ips and lieat —treated in idont icti
niciinn.i to the KN JOB strips as used in four point
bonding (Section 5.1.).
ihe lateral positioning of SB 4 type strain gauges on
the tensile specimens yielded atress-strain data, from
which Poiseon’e Ratio v could be calculated and it
was *"ovimd that vV =0,27.
U1 Voisson's Ratio was also calculated from (211)
d spacings as measured by X-ray diffraction. To this
end the relationship between diond d, from equation
(2a) was used, substituting d d (1 - -%) ;
E
[T Ay S0 )hin' i+ d (1 - -ver) (]
where d. — interpi f (211) planes wu¢ tingi
to the specimen surfa
unstress(J int.orpiana. pacing J of (211)
Poisson ’a Ilatio
in; Ol 11 x 10 MX/m
the surface at angle m
interplanar spac 1 of the set of (211) plain
is calcul«l m data obtained at variouj
levels of < inding stress, Tlie graphical
reii n of n 1ds a set of 1 1near graphs
( Figure ; wni ue poini of intersection. The
value of in ip nt of intersection 1is related 1
the value of
is the wuns ti
angle, chos<n such that the l1aill Irttn
verse 1.0 Hit ba I
stroln in 11 ndi ction of

F1

tore 10r
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1lit*i'cJoi'v i”oisson ’H Hatio could bo calculated ti'ofm

eqiia tion (1 ™)

When d' d , ©quat ion (14 ) yields the foirJowjnfj relation
sin’ ip v
1 +V
From Figure 7» siiT'vp - = 0.22 Hence V = 0.28

1™+V
The two "a luos o1 1Boisson*s Katio as calculated in Section (a i

and (b) respectively V = 0.27 and v - 0.28, agree very
well with the average engineering value quoted for steels, which
is V. —0- I» IThia agreeuient 1lso enhances the acceptabilit ;
of the (111) 11 spacing as a guuge length representative of the

whole EN 30H specimen.

5.4 Mea s iii of the (211) piein
for Ha

r’om eqt. t 8) t tress constant K ol the ( 1!
d-spacing foir hardon* el can be culcul «tod . Con
two stresst o . of different magnitudes I
in the same direct espond ing strains produce®

and (,,1 with 1 action alifeic ( 6], 6;)
( 0,. 0.)c°
Now subs titut n (3)
c4

in (2a) yield

0 t1
lent < u@i11 t.)on 1)
( Ch O*
nhstit 0
72 0;: v O
> itiH Iculate h from

(1 uv. Mur

tia 1

1 0

anis
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(.i1J ) d-spacing ur hardened EN 3013 steel 1is directly
representative of the elastic strain in the specimen,
and the use of uiechnnicaii1} detolmined values for
Young *s Modulus t and Poissoni1® Ratio v is justified,
3. X-ray and mechanical measurement of Poisson's Rut io v
for hardened I-M 3015 steel yield values of 0«27 and
0.28 respectively. These u”ree with the average
enginec/ing \aiu> quoted for steels, which is v = 0.29
The stress constant K for EN 3015 hardened steel 1is
calculated from X-ray data and electrical resistance
sti'ii in gauge data , the .average value beings
K = 12.4 MN/m /.0] '9
term ina ti trains in Iuni arhlde alntor
<0
0.1
if a DI bit aie iFiritered compacts
oA ATt i cobalt binder, also known as har
metal comi tun, ten carbide, both s powd< s
are mixed d to the required particle size,
All the ii re suitable as binding agents, bu
cobai1 has uj.1 t idit® ljecause cold woiiti1 1 tiv
milling cii Ial hang' to the hexagonal structure,
and the ti t 1les the breakdown of particle#.
Dawihl *s Vv Iic» t*'$ that cobalt can bo milled
about 0.001 U, I- nickel ano 1t
the subset) Als Th  V<—1
effect i - intcvi Tin
incrves®™s ilh ii nd reach<
betw«»on 1 j ase in p
those temp h t proi
aill o urnoun phe

thour Iit th

3'j

1an Etttent —5
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contraction. Measurements of those strains are reported in the
next section and yield an indication of tin ioventy oi each

surface treatment operation.

b. Measuron rt <1 Streiun in W0 Grains introduced sun ace
Pin ishin O]>eiatiuna on Siutej'ec] WC—€o Compact.

The iadiation ; ;d for the diffraction of sintered
10 per cent cobalt—PC sp< imells alt K , with an iron
radia t ion iltor. Tin (hk3) reflection in the desired
range l4o0 " 6 fz 160 for strain measurement is that of the

(202) planes < WC; their peak position is approximately
0 43 C.
P

fo moa ure lhe strain in tlie surface WC grains of a
hard metal compa t as induced by various finishin loperations,

diffia. tion meat ,rements wore made oi' tiic as ¢ t I'ei and surfa

treated compacts To measure the actual sl resent, no
polishing or oth raphic surfa —p- aration was
app.1 ied, On the f the sampieos tlie surface even untier
different condit lion is suff iciently smooth to
permit successlu tion moasuremonts to be mudo.

Th e the residual strain

nta five of a maximum

depth ftf I0 sintered compact is
negl gibl irea 1 linens .
These hac propalat Lon operations,
like grit tuinhlinn , mochan ical
grindi ug exhibited very high level.

of surfac grind iug proved to be tin

surfac 11 imm htraining of the
ins in tii

ty of plit blast mg ain

, (22,5
pollsh hod also DI’V Franch
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the 40 per cent discrecuncy between X-ruy stress value, and
stress valuea from other techniques, aa observed by Kochanovska
and co-workois f could bo duo to an unfortunate selection of the

value of the modulus of elasticity 1 -

The diffraction peak shape for most of the sintered
hard meta3 compacts was investigated F t low and high angles of
diffraction. The compari on of those pecks with tnose ol an
unstressed specimen has yield'd information on the inhomogeneous
straining and particle size which resulted in the phenomenon

of peak—-broadoning.

To evaluate thi inhomogeneous strti ining the dif Itac-
tion peaks of aton c¢c planos with Mil er Indices (Goi),(1b0)]j
(101) 1 (201), and (112) vei investigated. The first tiirec
jtan s diffracted in the angt ar range 35 < 28 < 60 and in

rcrf fre@ condition had a narrow base with a veiy liigli
r, ,t 1 1ito background intensity. Diffraction of the last
tv 41 >i, 112) occured vith in the range 200 20< 120 ,
tinu ven in the unstrained condition these peaks were iul.ilj\ely
broad at the base, with lower ratios of peak to background
intensity. 3n* profiles of the diffraction peaks ore required

to calculate the magnitude of the inhomogeneous straining and

the diffracting crystal size.

All reflection trace: were recorded on the difltacto-
meter chart, both for a forward and a reverse scan. IThe inter-
polation of the forward and reverse traverses was assumed to be
the most reliable representation of a particular diffraction
peak, as it eliminates the Ine:. tin! lag of the recording unit.

These interpolated peaks are represented in Figure

Al and 12.

The diffracting crystal si/ > of ihe VC groins is

the defoxmation of the surface, . imposed slre

will Tra gmenl



wil] fragment tlie WC particles into u mosaic strue lure with
smaller areas of crystal perfection. Only crystallites smaller

than 10 in will give rise to peak broadening.

In all dil'fi action perk profile analyses, the actual
profiles are assumed to follow <eithor a Gaussian or Cruchy
distribution curve. These profiles arc defined as follows

Gauss profile =1 exp ( - kzx'z)

Caurh> profile 1 + k2x )

cC ="o / (
This assumptic ii constitutes an inherent weakness of
these 1 «Jculations as tlie shop) of the experimental diffraction
peai profile is generally intermediate between these two. In
the next calculation it is assumed that both the non-hotnogeneous
plastic deformation and the mosaic particle size independently

give rise to peak broadening,

Stokes * expressed the di ffraction peak profiles
for broadened 1in< s and reference lines of annealed samples as
a Fourier series to obtain line width values tor del ormativn and
particle hir.e only. In tliis project the KQ] doublet, as
presented by tie K Q profile in Figures s to 12, was separated
by the graphical method of Raohingor At ter this separation
the breadths of the Q peaks f r tlie reference specimen of
annealed MC powder and ttie sintered compacts were calculated as
the quotient >f the area, X a j, under the 2 " peak (wiiic.h has
been corrot Led for bark< round intensity) and the maximum
intensity, i 0 ,» °%* *10 a ) peak. Next the integral brt idth,
p ( oi n broadened peak, 'ee. tin <iil fer<-nce in peak biead th
between tin bioadene-' peak and the reference specimen peak, is

calculated Jjom the following 1«;lationshi ps!

Gauss S B - b
Cauchy S B - b
where p = jntogral peak breadth

B R peak breadth of » specimen with peak broadening
b : peak breadth of anttonledVC powder

If the / -ho -



11 the diffraction peak profiles are assumed to be of
the Cauchy type intensity distribution, then the following

relation'( ) has been derived

1 cos O l6c sin 0
( (13)
where D - Mize of diffiacting crysta3 ite
C = a measure of strain
X = wavelength in um
Table j V. cont,-. int ttie values for integral breadth,
p , [article size, D, and strain, E , as derived from the

diffraction peak profiles and equation (18).

Using the Hachinger a# a doublet separation construc-
tion the subsequent, calcullation of D and c is given in
Appendix H. Values for (-°§' and Ip are obtained from the
intercept and slope respectively of the linear relationship

. 16 iru’
between ( — --——- and s1r}1Q

as presented in Figure 13. It has hem possible to calculate
) and E only for the tumbled, electrolyt leally ground and grit
blasted sintered compacts. The (201) and (112) diffraction peak
profiles of the other specimens are not easily dietinguiehabl
from the background radiation, due to the extremely lot ratio
of peak to background intensity. Hence only the 0 values for
the (001), (100) and (101) diffraction peaks were obtained for
these compact:, and this lack of data prohibits the const?ucllon
of the linear relationship of ( P(=>sQ ) versus 16 sin 9
X A"

Values of C in Tab!.; 1V. indicat that the electro-
lytical Jy round and tumbl <d compact M have the lowest value for
non-homogoneous plastic strain. Finishing operations based on
physical erosion, e.g. grinding and surface blasting by several
media, introduce a far gr«. iter dcgt-r of plnst «c deformation of

the WC grriuM In the sinterod compact surface.

The surface , - ~3 -



Jho surface rou('hnoas of the specimens can also con-
tribute to the reduction in ratio of peak to background intensity
and this 1s discussed 1in the next section. However, surface
roughness measurements across the surfaces of the specimens, of
which the strain data are quoted in Tables III. end IV. indicated
similar roughness profiley for all specimens. Therefore, we may
attribute the reduction of the intensity ratio to the surface

strain alone.

The three low angle reflections of the fresh tungsten
carbide powder (figures 8,9 and 10) have well defined narrow
peaks with very high ratios of peak to background intensity.
This powder is almost completely strain free, as confirmed by
the fact that the high angle (201) and (112) reflections show
well resolved a “and a peaks. (See Figures 11 and 12). The
slightest strain would destroy this resolution and merge the
particular Qj and Q peaks into the usual compound Q peak.
Hence the tungsten carbide powder data can be used as a

reference, representing material with virtually =zero strain.

The diffraction peaks of the sintered only compacts
show even better definition than the fresh powder peaks, having
a narrower base and higher iatio ot peak to background intens.ity.
This is most probably due to *rain growth of the tungsten carbide
particles during the sintering process; large particles will
always yield sharper diffruction lines than smull particles exen
of similar <ryst.nl porfe tion. Prom \alues of n i« Table IV.,
compared with those ol the reference k1l powder, if 1is con' ludeii
that the sintering process does not introduce strain on the

surface layers of th<- compa'ls.

The diffraction peaks of all the other compacts,
which have undergone one of the surra< tre.itm.nis, as outlined
in Table IV., < owed increas'd bro dening at tli peak and also

a reduced intio ol peak to bacKgroun intens itj, ,

The difference / - k2 -









I1IH phyaicu.l p.rol.iJe o] a surfaco is measured liy a
surface roughness tester, which yields values for surface rough-
ness in terms oi the number of peaks and troughs on the surface

an<l 11.'}) i height or depth with respect to an intei niodiat

reference line

The suilaces of identical z ntcred compacts were
abraded t\ b3asting them with a variety of media for different

periods of time.

fable V. ineludes the values of X-—ray strain meusurc
ment on those parvicu speciit luese data show a Iev
surface roughness for Samples 5»6 and 7 which 1is so high that r
strain data could fa calculated. The amount ol matei ial ie+move
from these three s) imens was also far greater than that of th
first four -sapecimen this factor and the surface roughness

level are pj'obab lm tujre lated.

X .meus O on

WC compacts iiich have 1 c tivastmen
The levels surface st el0ien
and the fir four streci

of the same

shotbl asti-d
77
1 on | (22,

n n MN

biil cannot 1

m
ilno !n ia
crysta llopra j> tin h

cryata 1 3ulli
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xntoiuul uC*-Co (Omp

During the brazing cycle in the D/H bit

the tungsten carbide compacts an heat-treated

Sec tion > i, and tiiis may have a beneficial

the surface stress level.

Severn .l chi si

undergone normal surface

Ibit tungsten carbide

treatment operations

high level oi suri ace stress won annealed

atmosphere at different

betore and altor hoatwsftreu tnient wore measured

in Table VI.

Specimen No.

stress of the compact prior to any heat treatment

taken as representative

temperatures. The levels

I, in Table | 1. indicates

of the stress introduced by

surface Il*eatmont operation.

increasing r*
grains in the surface o
at increasingly higher
1 hour at 900 ( in a hy
to drop off to very lov.
is only slight 1) higher
measurement on W by X-
startling reductton in
when heut-110at in( comp
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the sintty»i <y compact surface ur ted to have been
removed by tii liea t —tJ’eit tme tit.
6.5 Summary

The pre>-Lous results how 11 t different finishing

operations introduce various detrrcecs of surJace damairo and

various levels oi e”idual stress 1in the suifaces
pacts.
1. An analysis of the (ool), (100), (101),

(1J<) 1 difiiaction peak profiles yields

of the com—

(201) and

on the relative surface distortion introduced by the

various surface finishin; operations.

Electiolyi Lc indin® , which is an <lectrochemi c<tJ

erosive process, Imposes a far lower level

of residua

stress and non—-homogeneous plastic delormation in the

skin of the sintered compacts than any

mechanical finishing treatments.

of the other

3. Biff] action data on vai Lous specimen.] indicate that

high levels of surface
of the surface causes ilrac 11on
with the background ra
stra in inv.iisurt mvnt .

4. Heat-t ie.itment of abj a ot
ihot a large decrease in residual st
during the brazing ol the inserts

crown. Anneal in/ t’mmp )i

11vo

uce 1111

tn

iV
ti Ml i
tHo noi mll
i I, \

inf olitia t 1 on
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cohcj 1i compact 3, as used in 1Down-the-—Hole I drill bits, are
des 1ihe,! utul t iscns.si d in Sect ion 6.2, Any stresses introduced
pi'ioi to the brazing operation are reduced to very low levels

by tne annealing operation implicit in the brazing cycle
(Section 6.4., Table VT.).

Residual stresses introduced In the 'urface of the
steel section oi the II/Il bit crown prior to brazing are also
removed during brazing, us the KN 3013 steel is austenitisod

during this process.

Post brazing grinding of the crown surface introduces
considerable stresses in the uurfaoe, which are extreme ly
difficult to assess quantitatively but experimental work
described earlier has revealed that the residual stresses
associated with the preparation of the hardened steel surface
by emery paper and diamond po'ishing are 414 MN/rn'2 in comp-

ression ( Table 1. Section 5.1.).

Grinding stresses in the hard metal compacts of th >

(22)

same magnitude have been reported by D.N. French at approx-
imateiy -393 MN/m'Z. The reason for the unsuccessful measure-
ment of grinding stresscy in hardened IN 30B steels in these
tests in contrast with French's successful measurements is tliat
the diffraction peaks of the hud nift.il compacts in the s-
sintvt ed condition ire clearly defined with an excellent peak

to backgi'ound intensity ratio, while the diffraction peaks of
hardened bteel, prior to any externally imposed stiess, ore
already very broad and h ve low iatics oi peak to Iliackgroum

intensity. This 1is due to the distoition of the lattice of

the steel matrix following hardening.
Aa a consequence, the gr. nding iircsses nearly
obliterate the broad martens ite diffnet ion peaks but not the

sharp, well d<rim d tungsten carbide diffraction peaks.

In order to / - 50 -



In order to muasure the thermal residual

pattern In the surface of the D/H bit
was prepared Ly the polishing

stress

uialoeue, this spec imi»

technique do” .'ibed in Section

5.1. The analogue has foor identical sectors o) wh.icl; on* Vvas

elcctrolyticul ly pol ished. The X-ray
obtained from this

selected and >au lto
sector are considered to be

reprcHont«« 1 1xr
of all four sectors.

The analogue si luated

in position loi
X-ray diffraction or the

electropolished surface can bo observed

on the photograph onthe next page.

Bee uso of the size

polisher, three

limitations of theelectrolytic

adjoining areas on the

sector surface had to bo
polished. The boundaries

between these three polished areas

.train.measurement, as they
edges of metal between the

present problems in exist a>

polished areas. Th o

centre pmt of the polish.
surface.

is in <outro- t
with the Croat, —

s. which has

smooth brieh The positions of the ole.

tro-po ished
shown in Hgure i-
the unevenly

areas on .he analogue sector surface ore

his diagram itis noted the, clectro-po., ished

an Ih.

areas are represented by theshaded areas A

x-ray data were collected for u gri- of positions in
the surface of the analofue sector, as depicted in iigures 16

of all attain Jaeea t .ken in the y-dir.-Ot,on.

Th. calculated

..rain vein... To. each po.Mion in the

from / - 5-1



PrOTOGRAt-'H 1 The modified X-r-iy unit u ed for t * mea”ii.ancnt of

residu-il stres ei in the drlV-bit analogue.



PHOTOGRAPH 11 The modified X-ray unit used for the measuremei

of re ldual stresses in the drill-bit analogue

close-up view.



from lal'le »II. Figures 76 to 34 represent the X-ray strain-
data measured en the 15 direction along the 45 traverses, 1i.e.
data from Fable VIli!. Finally Figures '35 to 43 represent the
X-ray strain-data measured in the y-direc tion along the y—
traverses, i.e., data from Table IX.

All the data of these Figures 17 to 43 are plotted as
strain versus distance along the respective traverse. Each
calculated strain value is an average of the strain across the
width (2.5 mm ) of the X-ray beam and is plotted along the
respective traverses at the respective co-ordinate of the
centre point of the X-iviy beam. Next the curves or lines of

best fit were constructed to fit these data points*

Figures 1/ to 2,5 and 35 to 43, the x- and y-strain
traverses respect vely, indicate the decay of strain with dis-
tance from the x = 0 and y = 0 interfaces respectively. Figures
26 to 34, representing the 45" traverses do not indicate any
similar strain decay as these traverses start and end at the
two stress initiating interfaces, i.e

and fa '.

., the two interfaces fe

From Figures 26 to 34 it may be seen that the strain-
di.stance relationship 10or each traverse varies over a small
range of strain values only. Th« decay of strain for the 45
traverses can only be observed when comparing the mean value
of the lines of best fU for each traverse. This value de-
creases for each succ rive 45° traverse, whose distance »
from point f increas s. S is measured as the length of
the normal from point ( onto the 45" traverse, i.e., along

the lino fm (figure 1t> (b)).

It may b observed that the difference between the
maximum and minimum vulues of .Wsurvd "trains grunt, T for

the x- and y. tinveiacs <n figure* 17. '".d 13 to 1,1 lhon

for the x- and y-traverse "train rolation»hlp. in figure" 21 to

21 ..M 30 1io 'il. Therefore the proclaim, of "train measurement

MH —_
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act in directions which subto ul os oV s to tho x— and

y-uxes.

im1 1 1' x '1x!s» the efi"oct of the stress 1initiated

at I1IM' 1ns" 11 No* '+ becomes important, and the effect of the

stresses generated at insert No. J. (the y-axis) becomes

IH~'"14, it 1' . Hi in « ili( principal stresses in this region act

in direct Lons parallel and normal to the brazed interface of
insert NO <s 1s imlic tod jp I?2 uw'OT ()j and 66. Similarlv
along tho j-axin the principal stresses rotate from 45° to

1 (1 *1'eus 1 ‘rl!mlet anc! normal to the brazed Interface of insert
No. 1.11 ili tin ther along the y-axis the direction of tho

pi inc Lpa1 =»>tlosses rotates away froni these ingles. )urthonnore,
in the area del In d by x - 10 to 15 mm, y = 10 to 13 mm the
directions in which tin piincipal stresses act are erratic.
These two anoma !ios are ussociatud with those merit oned previous-

ly lor the O ”~ isoban and are discussed later in this sect Lon.
3% [ florae hie
Figures 67 and 68 represent t isopachies in tlio

surface of the ana logu >, ill \es show the magni tud<

of the sum of the prixn pal fltr« saes (o0 > 0O.), and in

the areas ol ten;lon and comprc ;i tho steel sector suria
Near point f, wliert* tlio two compi e <tresses geneci'oted at
the two brazed Joints ai © int.ei act the stool sector is in

Considerable c¢ >ni re;-mton, to ( * O —2312 MX,in , Away fvom
tli Ls area tho comuresAion iA i tho stresses decoy wit

djhtanco rom the Ir points of initiation and the temnsile stress

initiatod Pa&iauneil toc the brazed interfaces become! significant

in magnitude. In so# dated areas, part icularjy along tie
V-cl an an rs to exist, iit the uren del inod by
e s mm to 32 Hm s1ifsht titus ton exists odjacen

to the braze 1 irmml . \\hi' h wunoiuiiJ.ousl\ increases in

magni ttide wi.i1

(Tie zer



The* zcim 9
ves .. )
ret’, 1 'ji extend wvei r considera

distance aloii/: e #f i . . . .
mid a £ indication that tin tension generated

ara llei and i . - . .
) i to the braze ' j,¢ ;i jces has a ccnpi essive
counternart of ,t?ni tudt- normal to these jntertaces.

Ibe FfJect thi *ditforent ,,,e width; is apain
apparent when considering stream dat dJt. cent to the brazed

iiitcrfa oOvS. Aroi, the 7—axis the (®I * &j) tr<ss values deca

more quicxly and eventuulJly rtach tensl values m contrast with

the /I owe” decoy a10ip (,e x-axis, where the (O + O ) values

only appi oi,eh zero—st] iho diffei. 1:0 ill nj uiitudr* iy agaln
appi o? imar ® )\ = . 1iiis phenomenon jy of coin se expected
as it is direct] ated to the diffore jces in magnitude of
prini cpnl -tress ong the x—and v—a)

n o;u id v istribution it
disrupted a t with the
conilL nuod s and of. Th*
factt that s as 1
with the di ain 1>oints to

the differe

of avmm.‘11 v

imor iin.
in thi
Ttv
in. HI
il, hi
c It he 1
of n



case. Symmetry about the bisector fm i* apparent, porticularly

in the area close to the unbrazed edges ci end af. However
alon,, <" -v-axjs an.l y-axia, beyond x = 15 mm and y - [/j mm
11 pestivs  » -.'i.'fiv between these two axea is less apparent.

Alone tin* x-axis there exists a large area of Q= o", whilo
along tin- y-axj.3 a decreases to zero and then changes even
lurthe r to n.-gative values, A consideration of tiie precision
involved ci1it1 .. i. this anomaly which is assoc ii*ed with the
euqall; anomalons principal stress values in tt is area and the
dil fei<n' Ia e widths. lhe precision of strain measurement,
e ~ .tttn'l , 1 1vimines the precision of the angle Q at high
and low values o0. stress. Near point f, in the steel sector,
where bo h pr tncip.i1 stresses are large and compressive, this
precision is 60 - 1b" (Appendix F ). Along the y-axis at
jower value <o stress, this precision in the determination of
Q detei ioi itcs to 6 Q= 2j . Consequently mot t uf the nega-
tive value for angle a alJong the y-axi- are within the limits
of precision of the calculalion, assuming 71h- true angle Q to
be zero degrees. Therefore, wue to the large possible error in
angle O at distances along tie x- and y.axes, the isoclinics

in these areas lose most of tin ir significance.

A similar reasoning explains the erratic values of
angle Q at positions beyond point 1 along the line fm»
Here the direct i ue ot the prlmip.il stresses vary widely, which
may be due to the >reviouslydiscussed low pvec ihion, which is

associated .ith areas of lowresidua 1 tress.

S5 I["7>cji11°ma “ 1

The ...hear st rnsHOs associated with the siressea
generated a ong thex- and y axes, arecalculated from the
principal si re c¢ . The i.-orb.vom.it.jes in Figures ?J and
depict the < isi- ibution of double the maximum shear stress -

#* 1 max - ( Cf,- 0 ) £ in the surface of the Sieel sector.






0'>

angles arc calculated from the isoclinics of Figures ., and ;.
similar erratic angles arc present In the area beyond point |
along the line fm. Hero, near the line fm, the maximum shear
stress directions deviate from the pal tern observed in the
remiinder of the .u.ilogue sector.

AH 1lhe previously discussed Joci of Figures 61 to 7b
have been calculot -d from tho same experimental data and hence

aimil.tr inomaHes.

19

will show

in areas to )2 mm along tho x-

tho bisector fm

the*

along (Figure

steel secctor, observed

than in .he aifij close to point

rel.itiv i stress measurement ,

a larger percentage error in thet-

important with regard to thv calc

principal stresses md maximum sh

The anomalies

') .

residual

being

have been observed
and y-axes

At

and beyond point 1

these positions in the

stresses are far smaller

f , and hence the

A 5 MX/m

precision of

, will introduce

* jusults. This is particularly

iJat.ion of the direction of the

*ar stresses” The procisiou

of measureme angle* u dociea: i fiom 16° near point f to
23 a.on* tin y -ax j.

Theief >e th * trends ot tho 1ioci discussed in the
area close to point 1, i.e., tho sect or surface within radius
10 win from point I , havi the hight v precision anil ato wore
signifleant.

I. Sill icsidual etres pattern ..s measured in
the hud"a of t cl cctor an< presentvd by figures <1 to
7b, the . 1owin
i Bot princ I WOoy=th di -

po int and aroaiier ™S inoip.i1 stresses are presen

ttie b ed interTnces aa and ee , who.1 tJ~*

] #ng o, remains compress ive but
Jlor magnitude. This symmetry is disrupted
and 10 mm dec to the vnriatjen in
(hi tioil hy tl» <i .t, it lu ia thicknesses,
The atr (e rime*trie about the bisector fm
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The streaa-strain characteristics of an element ajre
represented by the relationship between forces applied to the
nodal points and displacement of these nodal points, resulting
from these Jorcos. This relationship may be expressed by the
flexibility or stiffness matrix of the element. The stiffness
matrix of a nodal point is derived from the element stiffness
matrices of those elements that share that nodal point. The

equilibtiinn of the sot of elements can be expressed by the

following matrix equation
M= [*].[*]

where [p] is the matrix of all nodal point force component
matrices

[K] is the matrix of all nodal point stiffness matrices

[r] is the matrix of all nodal point displacement
component matrices.

The above matrix equation is divided into e series of
simultaneous equations, one for each nodal point, and these
equations are then solved by an iterative techn quo using a

computer program.

The structural idealisation of the analogue surface
is presented in 1igure 8”. Triangular elements were selected
and the size of the smallest elements was determined by the
thickness, O. ) mm, of the brazed joint between the si..terod
carbide insert and the steel. The element size across tbe
length of the brazed joint remains constant and a row of the
same size eclements, was selected for the immediately adjoining
sintered carbide and steel. At the location, where the thennaa
stresses are generated, 1i.e. at the braze, it 1is very important
to have a ver> small element size, because ho smallei the
element size the more accurate the analysis 1is. ViLh distance
away from the braze into the steel and the sintered carbide,
the element .-i/o 1is less critical and was increased to reduce

the total number of elements in the whole structural assemblage



This retluces 1'1u <-oinpU! mg time required to complete the analysis;

withour 'm'i 1 a I> aiiectlng tlio accuracy of the results. >

the program used to evaluate the structural analysis
war adapted irom an existin program v ~, which computes thermal
stret> ¢cs from t ic material properties of the elements, the
ttMiip-'ratui ¢ intei'va1 ol cooling and the co-ordinates of the

nod i points.

The critical teps in id)is finite element analysis are
the :election of the element size and the assumptions required
to allow fot the three 1 aien<ional analysis. Even though the
X-r.ty strain measurement are of a plant stress system, these
ril esses had been generat<u by the thermal contraction of the
throe dimensional analo ,ue ind the positive volume change of
the steel luring the a, .tunite to martens!te transformation
reaction. The fi. te c¢c ement malysis is two-dimensional by
selection and th io ,,ore fundamental ly disregards the three-
dloutnr ion.-1 origin of the thermal stresses and corrections to

tne anal\ J w-aiv therefore made. Duo to the lim ting int 3un.-. v

or Uv hr /e hicknt o th selection of the smallest element
aizr Ithree-=imens lon i1 finite element analysis ofthe ana1 *~ -
Was not: attempted, because the comput ing t w1 -' 1iJ

pi ahibit \
p..sill, a1 stresav: in the analogy, are on'y generat..;

,i..1U- dec- VI- cool inr bolo, this ,rnnpcrstur®*. the elastic

2

lin t o. th. bras. .' .-xtrrm. 1> Hrnll in ..agnttud. aed any s-res.

THli: t. . lament analynl i« W- nssumcd th... the sttcso. _ ©
generated .>vrv the first on. hundred degr, “ m T

th, b -z, solidification tomperutnvi arc Im>gfw

pleati flow .iisd henc e h iVe
be th< temperature b-Ios

)

I’es idua
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bisec tor, the me (I'm in Figure 14 which is a twofold axis of
Bymnir t ly, earl, 13 scctoi is equivalent to the next and the

finite eieii,. it atwi1y <18 may therefore he res dieted to the one

45° sector.

Ihe centre o1 the analogue surface plane is u void and
is locate ! in l)etwcen the fov'v sintered carbide inserts (Figure
1> iejcl 0j o a 9 1lviictural analysis of the 5 sector does not
incorporate the 71.ict that the analogue is a steel continuum in
the volume below the sintered carbides and the centra:1 void.
This presence of the steel continuum will influence the dimen-

sional contra fion of the central void.

It wa attempted toincorporate the indirect effect
ofthe steel continuum >n the shrinkage of the surface plane by
including olcm nts in the surface sector of the contra: void,

area Cled (Figure 14), with material constants

Q= Qsteel‘ - V7 Visimal

R E = £ steel
10 -

The lattei reduced modulu 1 of elasticity was so selected that

the contraction of the st el continuum affect* tin central void

and surround in material n areduced mam or, i.e. .1 specitic
strain in the s ; -e1 cent nuum would in the su."<ace piano genera 1.
only one tenth of the tress it would gen< ] the plane ot

the steel continuum,

Tht houndiu eon [ilion oJ the nnlysAa, <.e. tin
nodal point, hit ¢ have 1< J001 one degree of freedom are the
foJlowing.

i Point f (1 if n « 14) 1is taken as the origin of the

COOrdinat iystom md in del mod to bo filc*d in both
the x andy diicciiom , i.e. it has zero degrees of

freedom. in actual <cooling <\< its, C is the geometric
cent 1e o1 i1IK >ai fa« < pian* aho it wliith the at.o1ognv
Miir-aec cent, < < and hence ho* no degree of freedom.

2. The nodal points on I1In line Cd ) have one degree of

‘'reedoth y - f>9 -
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sintoi e,! <ni'l.jtle e«rre,.,, are concentrated parallel end
adjacent to the brazed joint, having a value of 100 m/m 2.

in the centre of the c.tblde Insert, the magnl nde baa
decreas<d to 4) M\/rn

Figure 83 presents the direct Iona of the maximum
principal alress in the an Jugue surface. The s. ond
principal stress acts in a dire, tion of 90° to the arrows
in Figure 83, a per definition of thi , principal tress.
From this diagram it .ppear> ..s if the tensile 0 | stresses
act maini1\ 1im >Ilc wi.nnit direct ion ot the sintered cazhide ;

tho o, stiess.s tend to ait in a direction aiong the 1ength

of sintet ed carbide.

The overall residual] etre-c pottea U ierteiiti I by finite
element analysis of tin* analogue room temperature, appears
closely mimila to the expoi iment ,11y d te n.nod one.

The residual stresses in tin sinteecd carbidv, which have
not been determined exp. rimental; 1> on the analogue .ui fAte,
are found to have maximum ten i1° tr. «*«<*< necar mm 2 edges
across the width of thesinter, d carbide f complemented by u

concentration of eompii> ive sties e” adjacentto th» brazed

joint , Thi*s ¢ i . .it i* max inially 0 -00 " \/S air

O0 e - 300 M\/m . Tin'" miI\imum he %(res ¢ art Iso

concentre t«d adjacent 10 the hr « over the length of the

sintered carbide and hive a mox imum valieoi T O .
hocail ¢« lhe ftuii el inill m. ,lysiw. pt>i' «*» red in fen

discreet COO ling top ovr separate teu et attve-.nt« vols the

atre-, H pat toin at tb< end of <ach tep wi *vlott- g to ana! 1
cliung. in stro di tiilu ion a < »tod wiMl each .otltta. tan
or McpallejOn over ra.hleinpeiotlire intmiial.

Tile ies idu 11 stre < generated over th" ' ' 1 <omptiatui

interval , 63-V 6 to 53W f were a erilUi#od to he mnog.i ANEax
riKurr. 7, m. I 77 iir.evnl the finl'O ivt.-iii.I’l **>*“11-1 11

air,..,.. i,, nil u, ,.t 2'K>°C, Hr vml of «e»e lempe. nti r«-

Into; val / - ’m”



intc vii >)* (- w§ ’"O C, during which the atee] is completely
buston iii1e line O~” uitd o isobai’s (Figures Jb and 77) 'ire
found to 10 distributed siniitarty to those in Figures 8() end
81, the magnitude of the isobars in Figures 26 and 77 are

however found to be far in excess of those in Figures 80 and 83,

9

with max ;mum values of o( = 600 MN/rnp and a = - 1200 MX/m ,

higurc 78 and 79 present the o and Ofl isobars ot the
residua 1 1rest pattern from the finite element analysi of

the analogue after cooling to 170 "¢, at; which temperature almose
ail the ausienite ia transfoimed to martvneito and as a result

the steel ov'oi the temperaturo-intej'Val 290 0 to 170 C ha a

P< >lume change, which first cancel*® the resiuuai
stre present t 290 C and at 1/ ( has its m» 11 re stil tant
residua 1 sir assess . This cancellation and new si11 ess pattern
impvdit ion ’s shown by tin fart that the O, is<bars oi gu
78 have a .ia'iiar disi1 ibution to the isobars of Figure
and the a isobars of Figure 79 have a distribution simil.r

to that of tin o0 x rKir of Figure 7b.

For all three 71« ,1,l stress patterns at room temperature
170°C and 290°<; r< poutively, the dit « 1ion in which the
principal stresses ict wove found to be very similar and i 'i<
83 is valid for ell. tin ee1trt -s putleriv
is, as expectod, th it the arrow? 1ind ie ite directions of
principal .-ire . O foi the str<-n p.itorns at FOU and

t< .poiMtin <, but ii.dlent, dire, tlon < of princ ipul «ees

#*
for tin ( tresr patie; n 11 '"/1 i «
A .ummn.y of eVonto la'.vvnt g, the -+«+-id....! ED»>e»-"e durl'

t,, ,-00Hmnis IhU rv..] I'rom b , . , temp,', mthro <" ’oor te« pur ...

in to b< to! low; 1

thermal contra lion & two. n '"' 1, bra/e ,nd sint red

Cjrhld, hv 1b, orbed by pi8, 1i' d< foim:.1 ion of the braze

whi-h is / 3



|3 _

which is extrvmely plastic at these te

rnpera
At lower tompcnature* dowu to 290°C, the auslonitic
t 1 tal j.nt< tf . .
stoel , braze metal and j.n " irbide contract
differentially, which , ) ) )
the . ‘“tvmg distribution
Lfitir +1* < and 83 Vei® large
itr© so

generated, greater 1ip magnitude than

those of the »tr<
pattern at room temperature.

From the M temperature *1 1» to 1/(J C the steel

trailsi’orms to mai tens it.< . .. . .
with ®miv aasociatod vo 1 uitx

increase, while the braze an, Sinterod carbide continue

to comti i t. *is causes the cancellation of the
A g<nerated by the contraction of the
. . - I o
rusteni te, and this i by the es t.<ibl isbrnent ol

> secolu) sti*oss rjbution which is in effect the

inverse of the former, with O. isobars resemblinr ttje

former Oo i Th  magnitude ol these sti'vsses
are also in ose pr. sent at room temp »atui’e.
This stress ttern t the austcnite to martens ito
posilive vol as a tensile state of sii'ess
near point and 1 s a 1algo area of the steel,

scetor, Illhis is easily seen from the two graphs 7® and
791 whor the tensiie .stress is far greater in magnitude
than ttie catmpressivO stresa at the same positions vithin

a radius of 10 miiti1im 1res from point f in the st "

Hence tho st ned by tli c
ie Qivlon mf;i 1cv in charactor in
to the if stress for the o1re:
at 290
FPom 1 taiur te<e1 Brain
as do© he Itd hio
Initin he s t t Up
Lo ma *t ii- Huid /M 11?711l 1 bv tl
ic stiosys pal torn defined
material . As a result
stresm llern era lurr v-eaembles That ftt
G Linl i f mat itud<.

ussg 10n
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The reduction in the magnitude of the residual stress

attern with an increase in t 'inperature above room temperature

can occur in practice, when under drilling conditions the drill
head heats up. If the temperature of the drill head increases
consid erah] y dut log dril ling the compressive nature of the
residual stresses a1 the centre, near point f , may change

to a tensile nature . IThis type of stress distri bution is not
favourable 10or iaiti1guv loading con jitions, which are present
during drilling, and hence elevated temperatures during drilling

should bo avoided to prolong the- working life of a drill.
7.6 immai \

It is antlclpated that machining stresses in the steel
surface of the drili-crown, introduced prior to brazing,
are substart Lully removed by the austenitisation of the
EN '30B steel during brazing.
grinding stresses of considerable comprcssrvc nugnjtude
are imposed on the drill crown surface si ter biazing.
These stxesses de>troy the thermal residual stress patten
in the surface layers of the drill crown. This thermal
residual :tress pattern is generated during the cooling
period from the brazing tempo ture and is present in the
surface layers underneath the post—brazing grinding
stresHts *

e jflocalf)i' of tdDe hit an, 1c between the two
htec? 1 ¢ *d9 udjo in <1 1 i interfaces is a two-10ld

axis of symmetry in tIn S€€ tol surfacee This may be

deduceit from p<fomoii ' iderations and is substantiated

by the X-ray strain hd t. Symmetry of the residual

strosi pattern is 1 complete about this line but i

pro liriy1y Upled by unequal stress reinx&tion .in tlO
iat<@ with the diJferent braze widths.

e riy)o

Toward th rie centre of the analogue the precision

Of L11e? tll' 11 ot 1Hu sii*<<iius 1 Iti t ario hence the

loci iii trti



(f

loci m 1his area are the more significant indicators of

the stre HS pa11orti.

"rooA *M*MN -11*J smc!sses in tlie steel are compressive
and ata maximum near the centre of the analogue, the
value being O” = - 70 MN/n and o- - .:, MNm*.

b. in the steel, away from the centre of the analogue
and parallc-1 to the two brazed interfaces, the
pj inc ipaJ stress O™ is tensile, the maximum value
being O" — + 90 MN/m . Normal to the brazed inter-
laces the principal stress O, remains compressive,

decreasing in magnitude towards the circumference of
the anulofiH

c. The principal sti in tdie steel area adjacent to
the two-fold axi* mmetry are parallel to this
line. These dire ions change to 45° to the bisector

i,e. notina1 and { wullcl to the brazed interfaces, in
positions furthei way iroiu the axis of symmetry,
d, The state of stress in the steel sector area varies

I'tesstve to stress free, as indicated by the

o O, ) isop.irhic »
1 he d tion of th maximum siieai’ stress 1in the
steel tor varies from paruilot to the brazed

at til?* two—told axis ol s\mmetr>, i.e.
with the l)iazed interfaces, with increasing

Fion) (Lo Dis<<tt)1 #

adjacent to the brazed

int % .H to 12.7 mm along the
X—i 11 mn Hione the v-Interface
11 I'm 1
(< * | *iiitii 1 il late tlie tiierma
a1l stre? 1 pat #UC M o1 geometry and
£i poiVIUt s . This
1n tbe 1 iiJ cons In
. : n hich *s
.1"01 ana 1Vs if I'i » WAL

iy11 torn ol



The tho SUI'face of tiie hal’d metal
sidua1 Stlosses in the steel
inteifaces, are as sullied to be

ed by the finite ei1ement

n i madc on the strength of

€ stress pallurns in the steel

as strain daita and from finite
ih he sintel'ed carbide are
t O = - 300 MN/m ,

is convaltrated at the two
its width, a,, is coneentrat
to the brazed jolnt, T 1s also

mu X
diiti adjacent to the brazed joint.

istribution in ttie analogue surface
res is thou”nt to be similar to

ini te clement analysis on the
spondenee between tlie two stress

mental and from finite element

esitivual strain measurement
hardened steel* 1110

by experiments using

\ comparet
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introduced during the post-brazing grinding. Underneath
these grinding stresses, the residual stress pattern,
generated by the differential thermal contraction,
persists. An increase in operating temperature of the
dril T is thought to decrease the magnitude of the latter
type of stress pattern, changing it to a tensile

chara et,ei . lh.it could be detrimental to drill performance,
as a tensile type of stress pattern is generally not
beneficial under fat igue-loading conditions present during

driliing.
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APPENDIX 'A'

"QJMmiSiLLNG_OF HAHDFNRn km -mn *Trvj

a
/ Electrolyte used
> volino per cent H, 0

18.3 wvoliino pi r ce nt HCIO® 70 per cent
76 .3 volume per cent (CH, CO),,0

Current density on surface of approximately 600 nmd"

2
349 - 5¢<'t m\mp/mm



APPENDIX 'B'

"LCle"L-1__ U am) Im ,ice stra jp

oLiliL »*i*~1I*"1ILIILViy**Jg”nn”“intored Comnact

The Ka profiles of (OOIl), (100), (10J), (201)

and (31) dil traction peaks ateused to calculate thelattice-
stra in t and part i<te size I

The values for p are taken from Fable IV. The
lodliow ingai- tilt (Lit i joquiredto evaluategraphically the
Cauchy relationship.

( . (A . if-i U u!:fL (i,

, Bees 0 V

(hk1)
( X
001 49. < .018
100 63.1 .100
101 112,4 .181
201 302.0 273
112 388.5 177

The 1in081 t«lationship oi tlie equation (1) >
defined bs the d it t ii .dbovi Luhje. IIn cons 1l w<< tion o 111

locus i« j e outud is 1lim (1) An li*urc 1®» !“ch h.i«
fi. 10 0.00033 C >t=0.018
s lope 300

o = * 1 e
inter< pt 0,08]im D =3*p~|in
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Samp lo (-a lcui,iii

in Diroctj.

X-ray dntons Lty data nit

and ifr.45 in direct ion

\ mn 1i<
I1tlLSO~ 1T1C
countei
S20, 6 3i4<
i4

from th
count iii 1. in
over wli
the mm

of 80()(!

000



A£1L ndiV 'C

Data in Column lime (ill) ik the
A

in Column Time (II)., divide , tho
/1x
factors of Ricl;lofa and Shinlev ' */

. ny >
tion dependent

ft

of the diffract!

time ;riods as recorded
N

-dependent correction

, 4

-vhic.i correct the absorp-

etry fn peal
The last Colun?n,. o/ TEPTESEN 1o the intensity ratios of
the J and poclitjon ative to the position, which
is taken to be | Hrved nsity ratios are next used in thi
algebiaic ovaluiiions of 1 parabola equation to obtain the
peak position UQ
\a + h>
whei
0 .2 0.256 1.0° 20
hence r.c = o
( 0.215 + 0. ) 155.656
and for
1.0
m (1)
inAj, (3)
(1)
X
iuch tli
fl.vV
77.828° - .9775
77.925° = 9779

)=(1.02260-1.02302)(.9775)

1°*>§ | v< strain.
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At t.,j, point it 1is liece.saory to comment that tho
transposition of tho strain date us described above .
introduces

now errors. Ilosidos the expo, imontal error, duo to equipment
and surface preparation, tho subsequent use of tho curves of

best fit through tho transposed strain data may introduce an
additional error.

Example - of x-djroction vnr.n 0f y-direction

The 1i'oJ lowing construction is an example of the X-ray

strain data transpositions#

Considi ' the y -1 , nmi, traverse, 1.e. the traverse of x—

direction s'rain data (I Lgure 17) along the traverse y = 1,27

It is the aiin to construct the Ijci of the y—direction

and U5 —direct ion strain data along the same y — 1.27 Hinwv
traverse. I'o construct these i%o traverses, the y—direction
and 5 —direction strain data at Ay = 1.270 mm, of curves
in Figuros to #3 and Figures 26 to ja respectively are

acquired and plot ted versus their respective A x values along
the y = 1.27 mm. travers <& lionet' now for this traverse there
exist throe curves of strain in x, ta anfl y-direction respec-
tively vo1 its distance in the x—#t liectione The data acquired

from Figures 26 to w3 are quoted be lot/.
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bar nt'ert (2): 0.24 mm ‘w0.35 nr
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X-HA> MI.ASK'K!n EI ASTI  STRA IN

STRESSES IN THE SPR1ACC 01

[

S AND THEIW ".(iIKRFSPONDTNC;

SiNTIH I) UC-C< (:('MPACTS

— cinion e Compressi on
Compresstvr O MN/n"
1. An eintorcd 0001
2. Tumblod 0014 770
3. Grit b3asted .0035 825
4. Electroly tica 11y Gitiund .0004 i 220
5 Mechanically Giound 0032 660
6. Vapour blasted 0014 770
7 Alundum iud Xupour blast* J 0014 770
A, Tumbled «ad \ ipoux « 8 1<< .003 4 770
9. Vibratory tumbled (1) 003 4 770
Vibratory tumbled ( ) 0017 933
30, Sintered and oritbla tod 3311
(D.N. French) ‘
e —
The va'ue of Younc*» Modulue u»od w,» obtained r. on

6 2

9
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tabu yu

RESIDUAL STKAIVS IN X-Dn”KATIOM # '[u>SS THE STEEL SECTOR
SUREACE CAIC'.EATLD EEON _ X 'RAd IONT M\K SIiLITS

The r<levant X-ruy data aj'e quoted as the double diffraction

angles 29p for the two angles of specimen surface rotation
i = Ql —and (¢ = 48
dx = distance from point f along insert (2).
g
dy = distance from f along insert (1).
POSITION 45 STRAIN
dx dy o° ] o
mm mm Qb 9 267 p A20 p c
0.64 1.27 155.597 155.814 -0.217 - .000s5
1.27 1.27 155.600 155.800 -0.256 -.00099
1.91 1.27 155.544 155.793 -0.249 -.00097
3.28 1.27 155.642 155.74 3 -0.101 -.00039
4.45 1.27 155.663 155.741 -0.0738 -.00030
5.82 1.27 155.666 155.778 -0.112 -.00044
8.3b 1.27 135.725 155.790 -.00025
10.90 1.27 155.759 155.739 +0.020 +.00008
13.44 1.27 155.789 155.691 +0.0938 +.00038
15.98 1.27 155.839 155.714 +0.125 +.00049
24.14 1.27 155.774 155.600
26.00 1.27 155.714 155.653 +0.001
27.96 1.27 155.750 155.654
20.82 1.27 155.764 155.65b +.00041
31.75 1.27 155.738 155.682 +0.0 56
33.64 .27 155.727 155%630 +0.00? ,.00038
35.58 1.27 153.726 155.647 0.079 +.00031
3.81 155.65%% 155.871 -0.217 -.00085
11;; 3.81 135%733 153.815 -0.082 -.00032
3.28 3. wl 155.633 :35.77%* -0 -1411 :.888252
4.45 3.81 155.673 -0.06 A
5.82 3081 155.720 135.730 -0.010 & 00(L1 8
8.36 3.81 155.71°» 155.673 +0.046 YR
10.90 3 . hi 155.8u8 155.69 ) +0.115 .
13.44 3.81 153.7%%7 195.681 % 063 Lo
15.98 3.81 155.781 155.726 o0 F.00022
1,,55. . .
gg'ég 5.21 199733 e +0.055 +.00023
27 9b 381 155 71 1 155 660 +0.0 51 +.00020
29 .82 381 165.710 +0.06 3 +.00033
3173 381 135.726 135.6b! +0.063 +.0002 5
33.44 ' +0.020 +.00008
. 3.8
35.38 3.81 155.698 +.00020

con tinued



TAUPE VIi.

(continued)

POSITION 4 = (°
dx dy
mm mm <
1.91 5.82 155.811
3.28 5.82 155.662
k.45 5-82 155.709
5.82 5.82 155.721
8.36 5.82 155.698
'0.90 5.82 155.733
13-44 5.82 155.780
15-98 5.82 05.798
0.64 8.00 155.852
1.91 8.00 155.693
3.28 8.00 155.677
4.45 8.00 155.653
5.82 8.00 155.712
8.36 8.00 155.724
10.90 8.00 155.743
13.44 8.00 155.725
15.98 8.00 155.801
21.60 8.00 155.827
24.15 8.00 155.747
26.68 6.00 155*%783
. 8.00 155.782
31.70 8.00 155.751
34.30 8.00 155.725
0.64 9. 53 155.734
1.91 9.53 155.751
3.28 9.53 155.7)8
4.45 9.53 155.724
5.82 9.53 155.808
8.36 9. >3 155.760
10.90 9. 53 155.710
13.44 9. 53 155.680
15.9% 9.50 155.776

4 =45°

<

155.851

155.830
155.777
155.752
155.736
155.750
155.700

155.952
155.810
155.768
155.853
155.790
155.7/2

155.771
155.726

155.689
155.731
155.652
155.723
155.740

155.720
155.746

155.860
155-849
155.894
155.890
155.851

155.819
155.842
153.799
155.838

(2 <02945>
A20°
P

-0.04

-0.11b
-0.121
-0.056
-0.054
-0.003
+0.030
+0.098

-0.100

-0.117
-0.091
-0.200

-0.078

-0.028
-0.001
+0.112
+0.096
40.095
+0.060
+0.042
+0.031
-0.021

-0.106
-0.098
-0.176
-0.166
-0.043
-0.059
-0.132
-0.116
-0.062

Page 2

STRAIN

°x

.00016
-.00045
-.0004°
-.00022
-.00721
—0 )01
+.rjoi2
+.00038

11
(=X
[—R=—]
=X
=W
[— W]

+.00023
+.00016
+.00012
-.00008

.0004]
.000 38
.001 69
.00065
00017
00022
00052
.00045
.00024

vonti noel
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POSITION

.64

91
.28

.45
.82
.36
.90
.44

.60

.64
.91
.28
.82
.36
.90
.44
.24

64
28
.82
36
.90
44
24

.64
9)

28
.82
36
.JO
44

[\CT SR T O SR ST S R S I

.70
.70
.70
.70
.70
.70
.70
.70
.70

.86
.86
.86
:'. 86
.8b
.86
.86

.8 b

.94
.94
.94
.94
7.94

.94
.94

.75
.75
.75
.75
7>
.75
.75

TABLE

VIii.

(continued)

= (°

29°p

155.753
155.769
155.741

155.767
155.764
155.757
155.776
155.693
155.757

155.733
155.735
155.728
155.728
155.737
155.738
155.745
155.753

155-689
155.689
135.748
155.7/0
155.723
153.709
155.720

135.730
154.725
135.708
135.729
133.718
155.700
155.724

4= 45°

20°
P

155.772
155.852
155.846
155.787
155.780
155.793
155.763
155-829
155.811

155.754
155.766
155.748
155.733
155.746
155.771

195.728
i,5.720

155.754
155.802

I155.7V5
155.743
155.739

155.711
155,684

155.783
I55.759
155,815
I35.791
155.763
155.735
153.741

(200 - 2045)

629°,

-0.019
-0.083

-0.103
-0.020
-0.016
-0.036

+0.013

-0.136

'-0.054

-0.021
-0.031
-0.020
-0.005
-0.009
-0.033
+0.017
+0.033

-0.065
-0.U3

*0.003
+0.027

-0.016

+0.0 3

-0.053
-0.028
-0.107
-0.065
-0.045
-0.0 95
-0.01?

STRAIN

°x

.00007

-.00032
00041
-.00008
-.00006

.00014
+.00005

-.00021

.00008
00012
.00008
-.00002
-.00004
-.00013
+.00007
+.00013

-.00025
-.00044
+.00001
+.00011
-.00006
-.00001
+.00014

-.000 21
-.00011
-.0004 2
-.000

-.00018

-.0001*
-,00007?



SECTOR SURFACE CALCCLATII) I'ROM X-KW

Pare t

TAPLP VIII,

RF.STDTJA1. STIv A1\ I N TUl s#5° PIHPCTinN ACROSS THE STEEL

DIFFRACTION PEAK SHIFTS

The relevant X-ray data are quoted as the double diffraction

an,“Te 28 y for the two angles of specimen surface rotation

il= O and &l = *5
b - distance along traverse, measured from the y-axis
a - distance of 45° traverse line from point f, measured

along the normal fm

p O STTTIO N = 0° t =45° A2e°p STRAIN
> b dx dy <280 -2¢45) 45
mm mm mm mm 26°p 29°p €
1.27 0 0 1.90 155.520 155.965 -0.455 -.00174
1.22  1.27 0.95 0.95 155-604 155.972 -0.368 -.00144
127 2.54 1.90 0 155.535 155.999 -o0.464 -.00181
2.54 0 0 3.81 155.593 155.883 -0.290 -.00113
254 1 a4 0.95 2.86 155.602 155.825 -0.223 -.00087
534 2 c4  1.90  1.90 1ss.o1o 155-940 -0.330 -.00129
534 381 286 095 155.592 155949 -0.357 -.00139
2.54 %.08 3.81 0 155.597 155.874 -0.277 --00108
1 1 1 1 1 1 1 1 1 1 #
8§.90 O 0
8.90 2 54 1 78
8.90 5. 08 3 .56
8.90 7 62 5 34
8.90 10 16 7 11

90 12 70 8,90
8.90 13 .24 10

.90 17 .78 12.70

og)

continued



10.79
10.79
10.79
10.79
10.79
10.79
10.79
10.79
10.79

12.70
12-70
12.;0
12.70
12.70
12.70
12.70
12.70
12.70

17.78
17.78
17.78
17.78
17.78
17.78
17.78
17.78
17.78
17.78
17.78

TABLK VIM .

(continued)

STHAIN
(28 -28 )

0 0 15.87 155.763 155.715 +0.048 +.00019

2.54 1.78 14.35 155.696 155.760 -0.064 -700025

5.08 3.56 12.58 155.693 153.790 -0.097 - .00038

7.62 5.34 10.80 155.732 155.796 -0.064 - 00025
12.70 8.90 8.90 155.700 155.816 -0.116 -.00045
15.24  10.80 5.39  155.679 155.794 -0.115 -.00045
17.78 12.58 3.56 155.693 153.782 -0.089 -.C0035
20.32  14.35 1.78 155.672 155.786 -0.114 -.00045
21.59 15.87 0 155.729 155.757 -0.028 -.00011

0.64 0.64 18.40 155.712 155.747 -0.035 -.00017

3.18 2.28 16.63 155.738 155.697 +o0.041 +.00010

4.06 14.86 155.758 155.742 +0.016 +.00006
.26 5.84 13.08 155.721 155.778 -0.057 -.00022
13.33 9.40 9.40 155.720 155.831 -0.111 -.00043
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