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ITTRODTICTT 2N

This thesis gnhall atteant to describe the methods of
analysis of fabric=tlion deforanities in zetals. Both the
theoretical and »ractical descrirtions will be given, and
wherever -ossible sketches which show analyses of such
deformitice will be included.

Discovery of diffraction and interference effects
assoclated with the passage of x-rays through matter very
soon led to the recoenition that studies of these effects
are useful in deterainine the structure of matter. Work
on the diffraction of x-rays by crystals was initiated 1in
1912 with the discovery made by von Laue and his assoclates.
The result of their exwneriaents will be dealt with later
in the sectlon on methods of analysis. |

X-ray analysis orovides a new toosl for sslving indust-
rial oroblems. It found its e2rliest annlication in the
study of crystalline structure, the pat£ern of the atomlc
arrangenent in the verfect crystal. The results of these
analyses have had nrofound influence on fundamental concceots
of the nature of chemic2l conbination. Such work ultimetely
influences technical ao»nlication because it clarifies ideas
that had previously been in question.

The nrogress of an x-ray analysis is far fron being a
direct method. Instead, the results are a series of clues
which pnoint to soue »nogsibilities and exclude others until
finally enoush evidence 1is accumulatzd to make one confident
that he has arrived at the correct solution. 1Instead of

logically deducinc a solution, intellicent rue=zces have to
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be made and tested a~ainst the obsservatiosns. The sziae 1is
true for x-ray analyses of all ty»ss. 'The clues afforded by
the nore or less 4iffuce s»ote, arcs, or lines o5n an x-ray
nhotorzravn of some aysterions taterial aust be conbined
with a wealth of other znowle.ucz 1f they are to be followed
up. Xuch of the fas-ination of x-ray analysis 1s due to its
takin~ one into s> many other fiells of science. The x-ray
exorert must not only unidergtend the onticel nrincinles on
wnich his science 1s founded; he :just at the samne tiae be
a chenist, a blocheailst, or a metallureist. The ontical
nrincinles cen be locicelly deduced, but izasination,
con.non-sense, and a wide gcneral kwowlelre lead hia to
maze his intellircent suesses.

Zach crystalline s»1id gives a characteristic diffrac-
tion pvattern and can be recognized jJust 2z an eleaent can
be recoesnized by sn»nectru: analysis. Zxtreuely small saxples
measured in fractions of 2 millicranm ore sufficient, and
ne constituents are deteriined without destruction of the

smecinen. Avnlications are found in the structure of alloys,

1dentification of interuediate nroducts during nrocesses,
deteraination of crystal size and orientation, and subzicro-
gcovolic changes within ini'vidual crystals such as occur in
ave-hardening. Such structures »rofounily iniluence physical

nronerties and hence are of orcat interest and lanortance.



THE2RY 2F DIFFRACTION PRITCITLXS

The diffraction orinci-les are, in reality, a
combination of two theories; the theory of crystsl
gstructure, and the theory of x-ray diffractisn from such
crystal structure. A fundanental understanding of these
theories 1s necessary to thorouchly understand the

working orincinles of x-ray diffraction analysis.

THEORY 2F CRYSTAL STRUCTVURE

Previous to the discovery of x-rays in 1897, invest-
lcations had shown that all crystalline b>dles could be
considered to be built uon of molecules nlaced at the polnts
of a gnace-lattice, such as th-t shown; the szallest com-
vonent uﬁit of this svace-lattice naving a regularity of
structure bein~ known as the unit cell. Different kinds

of crystals have different tyres of svace-lattice.

Fiz. 1. The crystal snace-lattice.

Since, in effect, the different tyves of snace-lattices
are deter iinel by the differences between the akial len~tus
and the angles between the axes, it 1s necessary to know the

lengths of the axes of thez untd cell uvon which the space-

-
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lattice 1s founded and the ancles betwe:=n these axes. Taus,
in the gnace-lattice shown ( iz. 1.), the unit cell has

the axes, ¥, ¥, Z, 2nd the orli~in being at O. The angles
between these axes are «,‘B, ¥, resnectively. The nossible
nuaber of combinationsg of axes and angles unon which a
snace-lattice can be built 1is 1limited, and altiourh uany
thousands of crystals are known, tney can be classiflied

into only 14 tynes of snace-lattices havine these coabin-
ationg of axes and angles, these gnace-lattices beins based
uonon 7 different systems of crystal symmetry.

Althouesh crystals of all these svace-lattices are .et
with, by far the grcztest m2jority of them have structurcs
of the higher foras of symnetry, nanely the cuble, tetragonal,
ani hexagonal. Anong these three, the substances with which
the metal industry most often deals, fall iInto the cublc and
tetragonal clasgificationg 2nd it is these two which will be
described aore fully.

There are threc forans of the cubic lattice, the simnle
cublic, the body centered cublc, and the face centered cublic.
They derive thelr nanes from the location of the atoms in
the lattice. These three are shown in Fieg. 2a, b, and c.
The body centered cublic has an aton at each corner and one
et the center >f the cell, and the face centered cublc has
an atom at each corner and one in the center of each of the
six faces. Because sone of these atoas are shared by
neighboring unit cells, the nuiber of atoms ner unit cell

is one, two, and fo:'r reswnectively.
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(a) Simnle cubic
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Fig. 2. Arrangenent of atoas in cublc lattices.
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(a) Sianle tetraeonal . C. tetragonal

Filg. 3. Arrancenent of atoms in tetraconal lattices.
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Tre tetragonal swmace-lattice ras two foras, the sianie
a»d the body centered lattice. Thne differences between
these and tne corres-ondin~ cublc lattices 1In that one of
the three axes 1s longer thian the other two. ©See rie. 3.
If this avial length is designated as "c¢" and the length of
the edce of tne unit cell ac "a", then the ratio g is
terned the axial ratio.

In Fig. 4, it can be seen thet on ths nlanes markéd
A3C and ADEF mnascine throush the unit cell, there lle
certain ato:s. These nlanes also nass throuch all the
sther unit c:lls nma'rin~ u»n the svace-lattice of the crystal
and 2n tn<a lie the corresnoniiar atoas of eacn cell. The
nuaber of such atoualc »lanes that can be nas:zed throu~a

the sw»nace-lattice in different directions is very grect.
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Fie. 4. Atomic Planes

To distin~ulsh the iifferent sets of nlanes fro.l one
another, they are disi~n2tei by the recinroczl of the inter-

cente nade by eacih ~l=ne >f esacn set on the axes of its
-6-



resnective unit cell. Thus, in Fie. 4, the plane A3C cuts
off a unit interce»nt on escn »f three aves and the

reci-rocals of thece are 1, 1, 1, 3imilarily, the recinrocals
of the intercent=~ na2de by the nlane ADEF are 1, 0, O, since
the interceots are 1, 0,0, The blgeer the iIntercent, the
smaller the index, and vice versa.

These'reciorocals are termed ''iller indices and are
enclosed in round brackets, thus (111); (100).The general
form 1s written (hkl), h beilng the recinrocal of the X axis
intercent; %, the recinrocal of the Y axis interceot; and
1, the recinrocal of the Z axis intercent. Ths llller
indices are always the least whole nuabers, never fractions.
If any of the intercents are negative, the nezative sign

is shown above the indice as, (2I1).

THEDRY OF X-RAY DIFFRACTION IV A CRYSTAL

The sianlest form of x-ray diffraction 1is that
arisine from the imnineenent of x-rays u»on a ruled
gratine. The theory of this diffraction is the same as
von Laue oronosed for the diffractiosn of x-rays froa a
gingle atoznlc vlane. Fig. 5 1s an examnle of such a

diffraction. ,

Fir. 5. X-rey d4iffrsction from einele atoaic plane.
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Froa this diarsram, it nay be seen that 1f the two
diffr2cted beans =re to reinforce each otner at N'N, the
difference in the lencth of »ath of the two beawms nust be
a whole nuzber of wevelensths of the imninein~ x-ray beaa.
In oﬁher woris, CB - Ad = nA ; where "n" is d=sienated as
the order of reflection; "A™ 1is the wave lensth in ca.
of the x-ray beaa. Troa the fisure, C3 = d cos 6, ;

AD = 4 cos 6. Puttins thess identities ints the above
equatiom, von Laue's equation is established.
nA = d(coée, - ¢c286;)

For the crystal von Laue really used tnree siamiliar
equations; each de2line with a directional vlane of the
crystal.

. H. and W. L. Brage were the foremost »nhysicists who
turned tuelr attention to x-ray diffraction after vo~ Laue
had »ublished his discoveries. They soon pronosed a siuvler
method of analysis that made the three-dimensional geouetry
involved easlier to visualize. Instead of dealing with just
the surface layer of atons, or a single layer of atoas as
von Laue 4id in hls analysis, the Bragegs based their analysis
uoon a number of successive parallel »lsnes as 1s shown by
Fie. 6.

This uethod is simnlified by the fact that 6, uust
equal 6% In order thst the scattered beans reinforce each
other for all wavelencths. Then as2in set the difference in
nath length equal to a whole nuiaber of wrvelengtns. The

difference in vath length 1s BC + (D. BC = 4 sin§,,
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Fig. 6. X-ray diifraction fro.i varsllel atoalc planes.

CD = 4 sin€, BC +CD = 4( <in6,+8in6,). But 6,= 63 ,
therefore, RBrage's law 1s e-~tablished.
nA =24 sin

Tris exnression is the fundaznental equation of x-ray tech-
nigue. The equation c¢=nnot be s~tisfiled if n 1is greater
than 24 and thouzh several planes can reflect the beam in
several orders, for a given wavelength and a certaln lattice,
the nunber of vossible reflectiosns 1s 1limited.

Fig. 7 shows the action of nuaerous ato.iic nlanes of
a crystal uoon the imningin~ x-ray beam. It 1is the baceis

for later discussion of x-ray diffraction analysis methods.



N (:20)

o’ (130

Fig. 7.

Reflected x-ray beams from nunerosus
atoaic nlanes in a crystal.

Imninsina x-ray beam - nolychromatic
Reflected x-ray beaan - monochroaatic
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X-=AV DITERACTICN LIETIDTS

A lozical division of diffracti~-n amethods is by the
three different ways in which the diffrcction vpatterns
may be nhotosranhed. S5oa2 2uthors have senarated the
nethode into the work of vorlous ex»nerimentors, but under
earh of thece divisions coue the threé baeic nethods of
vaotoeranhy,; direct transnission, reflecti-m, and nowder
methnde. It 1e this Zivision that will be followed in
this thecis.

No matter wnich metnnd »f diifraction is uszd, each
crystal has a certain difiraction nattern and thrt crystal
may be 1dentified and anclysed to 2scertain 1lts netur.,
whetnher it is nerfectly formed or deforaed in soue manner.
Thus, it may be secen thst the veriosus zethods for x-ray
difir=ction lead to a study of crystal size, stress and

straln, and deformation.

DIR™CT™ TRANS'733ID " ET7OD3 2F X-RAY DITFRASTION

This meth~d of x-ray diffraction is most coaionly
referred to as the Laue metiod for it fol'lows the manner
In which his investiesationsg were carried out. This is
egpecially true for the stationery crystal amethod.
Although this 1s the oldest nethod of cryst2l analysis by
x-rays, it is still —s.d today by some of the foremost
crystal analysts. It differs from other methods im thet

continuosue ra2diztion, or »olychromatic x-ray beam 1is used.
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Fic. 3 illustr-te~ 2 gia-ls ty-e >f "Lzue camerz".
The bean 2f v-roye, usually froa a tunssten tarest, nag-es
throush a slit systen onto a2 fixed snecizen wn'ch consists
of a =272all <ginrle crystal. Froa the x-r2y be=a, the

different sets of @t-o1lc »nlanzs »ic

e

r out tne o ronriate
wavelencth accordin~ to Bracs's law and sive risc to
r<flection s»>ts »n trhe ~hotosre-~hic filmn. The t.o aain
featur:e of the Laue diarsram are, (1) the reflection s»nots
lie on ellinses, the snots on each ellivnse bulng due to
reflection of the x-rey beam by the vlanes beloncinc to

one mnarticular zone, onc end of the nalor axis of the
ellivse beinc at the central aonot of the fila, and (2)

all the s»note »roduced by reflection froa one wavelength

lie on a circle with its center at the central s»H>t.

CaysTaL Frem
X—-—-=-= - =~ - S |

Fi~. 8. 3ianle Laue camera.

As an exannle of j3ust what hannens to create a Laue
~hotoecranh, Fis. 9 i3 included in the hovpe that the orocess
may be made aore clear. The x-ray action is like th-t

gshown in Fie. 7.






Unless requir.d for s-ie srecisrl nurnosz, Laue
protorrovhs ere tavven with tne x-ray beaa trevelinz in
glaole cry=t2llo~ranhic dirsctioms. In such circuxn-
gtances the »mhdioeranh will be sy maetric:l. Several
method8 c2an b2 used to obtein this condition. They are:

(1) ™itn well-develined crystels, the vositions of
the aves can be deterainedl by me~suring the ancles between
the cryst2l frces with a gonioneter.

(2) Photoeranhs ars taten with the crystal at
diffzrént gettines in order to obtain those with the
hichest symaetry.

(3) With 7053 reflectine crystale, the sveclien can
be adjusted by obe rvine the Laue nattern on a fluorescent
gcreen.

There are various other zetnods which are correlated
with the Laue x-ray diffraction. One of these is the
cryst2l rotation methsd in which the crystzl 1s rotated at
a constant angular velocity. Thls creates a different
diffracti-n pattern that, for sone study, 1s more ad-»ntable
than the stationary methosd. Three such ohotoeraphs around
the orinci-al axes make it voseible to obtain alasst
coanlete crystal informatiosn. Usually the film 1is vlaced
differently alss. It consists of a cylindrical filn,
enclosing the s»necimen as a center. Filg. 10 is a sketch
of such a Laue camera which allows for samnnle rot=ti-n. For
this method a monocrnromatic beam of x-rays is used. Crystal

analysis by the rotation method w=s not used extensively

14~



until 1222, but since h2-~ been used for the analysis of

nore different substancsz than any other method.

Suits & FiLTer Fiem

l l SampLe
X--3-4-L¥ 4 8.

Fizg, 10. Crystal Rotatio-n Camera.

St111 another »nooular variation of the Laue method
5f x-ray d4iffraction analyeis is the use of a sweciien
consistin~ of 1ore than a sincle cryastel in the fora of
a vmowder. Thals 1is more »ractic2l {or a laree nuaiber of
substances sinc: the sinrle crystsls 2re go alnute. Thls
gives a diffraction -~attern that 1s connletely different
fron that of the single crystal. As the nu.ber of rrains

increagse, tho g»ots become aore nu.ersus 2nd saaller, all

.

@

traces of the zone ellingeg for ~ne grain bein= obscured.

At the same time the intensity decreascs, and loncer tluies
of exnosgure are requirei. The condition of ainute size is
finally reached where on a Laue diar-r7 i there a2vnears an
alaogt continuous darzened rinc. Fufther dis-usczion of such
continuoug rince will be found in the section o~ the powder

nethod of x-ray diffraction.
-15-
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RATLECTIM E7™D3 OF X-RA” DIFFRLCTION

Peflection fron the suriasce of sazinles too thic:
- far -enetratisn by x-rays can be useld, 2s 1llustreted in

e, .11,

Fie., 11. Diarraa 2f eurface reflection aetnod.

In industrial »r--tice it 1s frequently cdesired to
ow the ultinaate crystalline condition -f a finisned
vroduct or of a larce snecimen that cennot be samvled.
For exa:nle, in very lorse ste<l structures, sucn an
examin2tion of a finished unit before installation would
he iavalucble.

This 13 the nethod theot 1ls con:donly used in a study
of surf=ce stress and strain deforaities in the aetal
under comeldcration. The ressons for its use will be
‘described with the aethods for strese analysis.

Photocranns of the relectione uay be taken at al.ost
any voslition with rcs»ect to tiie s-mole, but the two aodst
comaon »oslitions are at thie oin hole 2<¢ snown in fig. 11,
or 2t a n»ogition where the r=flectiong arise froa erazing
incidence. The choice of =nositio-ns dewnends entirely unon

the stndry that is desir:d.
-16=
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Fig. 12. Diffraction vattern; Grazing incident method.

See Fig. 1l6¢ for back-reflection method.

Fig. 13. ©Sketch showing the formation of pattern.

X

Fig. 14. Method of accurate determination of
film to specimnen distance.
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Fle. 13 12 aluoet e21lf evnlanatory. “"he oriuary
gource of x-rays is locoted 2t X. The s»oeclaen 1s design=ted

nce is

[}

28 3, 2ni the fili as F. The s~eclien to filn diet
D, and 6@ 1is the usi2l Bra~c ansle of rsflection. Tais
flaure shows thot the dist-nce D nust be obtzlnel very
accurately in order that the corrcct values of reflection

ar

8}

escribed to the variosus rings on the diffraction oattern.
There are two conion metnois Lor accurate measure.ent
of the fili to snecinen dist-nce. One com.on methdd is the
use of a very thin film of elther #old or silver on the
surface of the snecinen. This wroduces ths diffraction
nattern -f the ¢o0ld or silver along ith that of the
snecinen and mowing the values for the standhfd, the
correct v2lues of the unknown may te deterained. The
gccond aethod 1is one of echanic2l meacsureient. This 1is
shown in Fiz. 14, The oointer I i= held to the slit system
by the lock-nut sleeve L and the whole uailt is moved until
X Just -res=es the feeler N to the oveclia:n. The thicliness
of M ig of the order 0.001% in. When the adjustaent has

been nade, the nin-hole P 1isg exchanqed#or L and L before

|-

the —hotoeranh is naie.

-18-
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DPONDER LUETTDDS OF X-RAY DIFEFRACTICY

Such diffraction meth>sds are coa.only terned the
'Hull-Debye-Scherrer nowder nethads for 1t was thece men
wno 4id tme initial =ork in esta“»lishing this netuod of
nractical x-ray diffraction analyeis. These aen worked
indenendently but their wor't was so alile that all thfee
are referred to in such work. This new aethod, first
uged successfully i~ about 1916, madie it vos<ible to
deduca the crystal structure of netals and >ther solids
of commercial ilmmortance.

To the =nerson intere-ted in the nractictl an»nlications
of x-rayvs, the -owder nethol is feor iore then a method of
crystal analysis, 1li%e the Brz~ez umethod, the Laue nethod,
or the rotation method. Since the samvle may be in 1ts
ordinary natural polycryst2lline condition, the x-ray
pattern is able to revsal Information reqarding three
characteristics of the ¢-'1d tnhat have as much »nractical
imnortance as the structures of the individual crystals
that comnose it. These three <=wortant characteristics
are (1) the aversge size of thé crystals, comaonly called
the "erain size"; (2) the absence or ovresence of eny
tendency for the crystals to orient themselves in a
preferred menner; (3) actual bendins, twisting, or
gimilar mechanic2l distortion of the crystols, coxaonly
called "grain distortion" or strain.

Flzg. 15a, b, and ¢ show vari-us ways in which

nowder-sanvle piotogranhs may be taken.
-19-



Flat cassette »nowder camera.

Fig. 15b. Cylindrical powder camera.

film
S I
S "*-. ;pc:iﬂ'en
shit L 2
------ ) --.~—---—----) \ \
xray beam ' s

schematic diagram of back-reflection camera

Pig. 1505,

Baclkz-reflection powder camera.
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The prenarcti-n 2and mountine of a nowder saanle 1is
an exactins task. Iletals may be reduced to a fine vowder
by using li~ht oressure on a fine, clean file. The oowder
or filines should be sieved tanrourh a 200-mesgh screen or
cloth. Care nust be uszd in obtainine thece filines so
that no unwanted war&iﬂq of the netal tzkes vnlace to gilve
incorrect results in tne followine analysis. Having
obtt~ined the nowder, one may coat it with Canada balsam to
nroduce a trnigt naste, which is coated onto a human hair;
this 1is then mounted taut in a 1line vernendiculzr to the
prinary beam. For this tyne of saanle, a camnera having a
vertical axis is onrefirable, so th2t one may susvend the
hair end hans a snall weilchit on it to keep it taut ani
vertical., If the axis of the camera 1s not verticzal, a
clags tube or rod drawn down to a dlameter of about 0.01 in.
may be substituted for the hair. Still another manner of
vrenarine the snecluaen is esnecially useful for substances
that are hygroscovonic. TFor this iet:0od the nowder 1s loaded
into a thin-walled <lass tube having an inside diameter of
% mn. If a commarison test is to be taken, one half of the
tube may be filled with a nown substance ani the rezaining
half with the unknovn. The tube 1s then rotated while the
anzlyals 1s bein~ carried out and from the resultant vatterns,
the »ronerties of the un'mown may be dlscernei.

The powder méthod of x-ray diffraction analysis 1is
most useful when the analysis is a study of grain size. In

cases where the study is one of stress or distortion

-21-



analyslis, this method falters for it is oractically

\

lmpossible to oroiuce a nowder svecimen without adding
more stress or dlstortion to the material, thus giving
rise to erroroneous results. For such studles, the two
nrevlious methods of analysis are more satisfactory.
Figs. 162, b, and ¢ are, resvectlvely, the type of
photogranh as obtained with the three tynes of powder

diffraction cameras as snown in Figs. 12a, b, and c.

Each clrcle is due to the diffraction of the x-ray beam

by one certain series of atomic vplanes.

Fig. 1l6a. Diffractiosn rings Fig. 16c. Diffraction rings
of transmission photo- of back reflection ovhoto-
graph. granh.

Flg. 16b. Diffraction rinecs of cylindrical vhotosraph.
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X-RAY STULY OF GR'IY SIZT AND PRTFERRID ORIZVTATION

The oblective of this thesis, diffraction énalysis
of fabrication deforanities, s»nlits itself into two
natural grouvninegs. They are; a study of grain §ize and
nreferrei orlentation, and a study of strecss and etrain.
Snce these often taoke different methods of x-ray
diffraction for analysis and the techniques developed at
different tines, they will be dealt with senarately.

The nmatter of x-ray diffraction studies of grain size
has little sienificance until the size of the crystel falls
into the resion of 1074 ca. All ~rain or cryst-l sizes
larger then this fileure are neasured more convenlently and
more accur~tely with stand=rd microsconic methods of etching
°nd narnifyine. However, at this noint the x-ray nethod
becomes an ianortant factor in such measure:ients for as the
crystal eilze becomes siaaller, the diffraction vattern rings
become orosressively broadened, esnecially at 1072 cu. or
smaller. A neccurcasnt of this broadenines 1s a moderate
indlcatisn of the grain eize. (See Fiz. 17)

In the x-ray exaainatlion of these nartléles, the
nowder method 1s usually adooted. As well as beino
demendent unon the varticle size, the wiith of the
Aiffraction lines is 2leo influenced by the following
factors.

(1) The dlazetsr of the coaers and of the snecimen.

(2) The silze and shave >f the slit systeam of the
canera.,
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(3) The abcorhsisn of x-r-ys by tre snecl .en.

{(4) The size of the focal s»ot' of ths x-ray tube.

In view of the variation in these foctors froa one
c-iera .to another, it nmieht =--ear to be extreue :ly
4iffichlt to det-r.ine the n2article size. However, soue
success hag been achievsd in tnis iircction, elthoush in
so.1e cassg, the vazlues obtained are to be re-arded uore as
relative than absolute.

For crystals of cublc shane belonzine to the cubilc
eysteu, Scherrer, 3ra-~z, ani 3Sel ja-ow éive ths [ollowings
gxnreg~ion connecting tre line *r.adth and tuc narticle

gizes

K A
ﬁ = a Ccog

where ﬁ 1s the bre~dth in raiiang of the Intensity neak

ml -~

mezsured at the »oint where the intensity fzlls to halfl 1its
maxinum value (see Fie. 138), A the wavelenzth of the
x-ra2diation, % = @ , the Brageg reflecti-n angle of the
line that is beinq neasured, and a 18 the cube length of

tte crystal.

]
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Fig. 13. The "half-v-lue
maximun.



T™h- values >f 7 ran~e hetv:en 0.2 211 1.) g5 taet for
most mrablens the valnue of unity 1s ussd in tle -revious
equation. Tae v=1lue of P 1s easlily calculated when a

anbtenied

b}

z tn

¢l

cylinirical c/mera is used, for in tnisz c2
ancle of »q is eaval to> _©d , where r ls the radius of
the cylinger. Thne half-vaiwe points of intensity are found
by use of esn 1ionization chazber or by densitoaietry of the
nhotoeranhed nattern.

In using the »revious foriula to calculate ~rain slze
from a nattern, there is sone donbt whether p ghould be
called "bre=2dth" or "brosdeninz", for e refers only to
tne extra bre2dth »f tus lines due to the zrain size being
legs tnan 2 X l:)'4 an. Then the orzin size 1s of the order
of 1275 or 107° nh., tiais moint is not ianortsnt, but if
the size is of the order of 10~ mi1., SO thet taoe line
broaienine ig only Just detectable, allowance nmust be maide
for the bre2dtn of the line due ts causes other than‘SAall
nartical size. Tuls c2n te accoivlicshed exnerinentally bj
nadotoeraphines on the same film the nattern of a substance
havineg a erain size known to be of the order of 1072 aa.
For accurate work, a sianle subtracztisn of the tre-dth of
one »f tneqe‘refererce lines from the obgerved breadth of
one o»f the lines of the unknown is not ver:issible. For

2 2 >
a fair estizate, one nay use the relation B = @m" 60
where pmis the measured hreadth and @o i1s the breadth of
the reference line.

The frccuracy 1o be exwected in the nmeasursaent of the
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glze by the 2bov: exnres-ion 1g in th=z orier of 20 »er cent.
As well as »"ricle eize, stroin that ary be ~re-ent
in 2 petal will =»ro> nmce brocdenin~ of the difirection lines.
For this reeon, the stroin sust bz readved froa the
emeclinen either by anmealin~ or dther .aeans. Any 20 tus
above netnoig, on the oSther hand, c2n a»n-zrently be annlied
to 2ann’es in which sone docres of -referrsl orientation
1e »resent.
Another 27nner in which the line broadenins .2y be
attri~uted to crain size i»ste=d of defora-tion or strain
1s accozarlished by studyin~ the ef-ects of Acnd 6 uodon
this line brozadenine. Since a broadening due to grain
gize is »nronortional to A and sec © , and, due t» strain
ig rronortional to only tan @ , the true source of the
broadening can be deterained,
The aqgreement between tne amnwmar-nt vparticle size as

viven by the different lines is as 0503 as can be exvected,

of the sane gize. It has been susc~csted that the dilscren-
ancy between tne necrticle gize 238 eclven by the diffcrent
diffrection lines ig tizd u»n witn the non-uniforan sha»e of
the narticles. 3Becaucse of the eff«ct of this factor on the
gnane »f the intensity curve=s, th. ontical dimensiosns .aust
be varicsble. For exaanle, if the narticle aize 1is larre,
x-rays of lone wavelenocth shd>uld be en~oyed and the ratio
of the swecilzen delcaeter to ttat of tie criaera shoulid

be small.



In »rocegees involvi-o the plastic deforaation of a
metal, such as drawlineg a rod dovm to a wire, rolling a

" a sheet to form

billet down to a sheet, or "deen drawine
a cu»n, the aetal crystals cieave and clide or slin along
cert2in crystnallograonnic nlanes »arallel to certaln
crystallographic axes in those nlanes. 3uch vlanes of
gliv arc usually ausong the most densely vpopulated sets,

nat 1s, sets of »nlanes havin~ adr= -<t>as »ner square
angstrom unit than other crystallozranhic »nlanes.

These »rocecsses obviovsly will reduce the crzin size
by frocaentation; in addition, the special direction of
the fragaent-tion and slip results in the fragients
acquirin~ nreferred orient2tions with rezrect to the
drawing or ro17line axis. 1In a few instances such a
vreferred orilent<tion is desirable or beneficial. For
examnle, 1t has becn found thot the electriczl nronerpies
of silicon sheet steel for transformer la iinations are
1noroved by allowine it to retain its »nreferential
orientation. Such steel has a considerably higher maznetlc
nerneabllity in the direction of roll than in other
directions. Also, 1t nas been found that the recistance
of nickel esteel to corrosion lmvroves when the orientetion
1s »nreferential. In gener2l, however, »nrefercntisl
orient2tion 18 oSbjlectlionable because 1t weazens a aetal
and reduces 1its a=ility to withstand further deforrnation.
The forminc onerations that cause nreferential orientation

are ugually vnerfornel in sever2l stages. Zach foraing step
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increases the »nreferential orientation, thus reducing the
cavacity of the z1etal to unders> adiitional foraing steps.
Therefore it 1s often necessary to anneal the metal between
sone of the staces to rclieve the nreferential orientation
by peraittins the grains to "recrystallize" before oroeseding
to the next staze. In most cases, annealing czuses a
recrystallization in which new crystals form of a size
comnarable with the slze of those originally present, and
£hese new crystals should have a nearly random orlentation.
The nost usual effect of opreferred orientation on the
diffraction pattern 1s the lumving of spots in symmetrically
located positions ingstead of the ordinary distributation

about the ring. Fig. 12a and b show such an effect.
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Flg. 19a. Transamiscion Fig. 19b. Pattern of same
pattern of aluminun wire after stretching
wire, beyond elastic limit.
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The broadenine of the ringe in Fis. 19b point to the
fact that the grain silze has been creatly reduced by tunis
vlastic deformation, and the "luunineas" of the rings
indicates that the crystals have acauired a nreferential
orientation as a result of the stretchine.

A method of analyzfng such a »nreferential orientation
diffraction nattern may be accoanlished with use of Fig. 20.
This figure 1s sinllar to that showing how a transalssion
vhotograoh is made. The difference 1s that a preferential
orientation of crystals is considered instead of the previous

random orientation. w

Fie. 20. Analysis of lumvned »attern due to nreferred
orientation.

In Fig. 20, AS renresents the o»rinary x-ray bean
stritine the wire WS vernendicularly at S, the undiffracted
beam trhen strikin~ the filn F at O. The iZiffracted ray
SP strikes the fillm at a noint P on the circumnference of
one of the rings R in the resulting nattern like Fig. 19b.
Suovose, now, that P is one of the abnormally intense
lumos on the ring R. CO 1s a line drawn on the film
narallel to the wire W3. From tie analogy with the case

of a single crystal rotation vattern, such svots P will
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occur in erouns of four, symmetrically located on onnosite
sides of CO and on onosite sides of a line on the film
throush O nernendicular to CO. This nay be se=n, also, by
ina~ininz the reflecting »lane 4 to rotate about W3,
maintaining its fixed inclination @ to it (NS is the normal
to ovlane H). If § is the ansle between OP and OC and O

1s the usual Brags anele for the set of vlanes H from which

ray SP is "reflected",

Cos e
Cos &6

Cos d =
The angle § 1s an iniication of the shift assoclated with
the preferential orlentation of the crystale when deforaed.
Fis. 21 shows the effect of nreferred orientatisn upon

deen-dragvn brasg.

N
N

~/ M

Correctly treated brass Brasgs still showing a
ghows no oreferred orient- tendancy for oreferred

2tion. orientetion.

Flg. 21. The effect of »nreferential orientation in
deen-drawn brass cuvs.
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X-2AY STDV JF STRESS AVD STRAIN

Earlier it has been stated that o brozdening of
diffraction nattern rincs mey te attributed to crain
distortlon asg well es to a reduction of erain size.

This distortion 1s assoclated with straing, desienated by
the letter € , which nay be introduced by such oprocesses

ag cold workine. BStrains of this tyne have been called
"1icrostrains" by x-ray diffraction workers. Iicrostrains
nay be defined asz strainsg that vary widely and erratically
in maenitude and direction between nelchboring erai-s, or
within the individual egrains, in a crystalline s5lii. They
occur wnen the elastic limit or yleld vpoint is exceeded, as
In ¢o01d wortine. On the other hand, the strains resultinc
fron wlastlc distortion of a solid, such as a snrins, when
the elastic 111t 1s not exceeded, may be called "macrostrains."
Such distortion effects the crystals in such a way that the
strains introduced vary fron cristal to crystal and from
voint to »oint within each cryst2al in a systematic manner.

The fact that x-ray diffraction is canable of acasuring
strains in the surface layers of any solid cryctalline object,
havine such a grailn size that 1t will yleld sharp rinrs or
lines (arout 2 x 10°% to 10-2 ma. erain size), was pointed
out by G. Sachs and J. Weerts in 1230.

| In some resnects, x-ray iiffraction is inferior to
other net ods of enalysi-; in others, sunerior. Its aost

important sdvantacses, »erhans, are that (1) 1t can .easure
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the strain without any nccessity for coanarins the strained
sneclien with = gionosedly unztroined sneclen and (2) it
can me~sure the strzin -t a e-2t 1 1. in disaeter or less
withiout any intermolation or evtranolation obtained froa
measurenents outelde th-t gn»ot. Its diszavantaszes are that
it is canable of mneasuri~~ the macrostrain only when micro-
strains are not unduly severe an.i over tne lialted rrain
size raence oivon above. In ferroue eneciaens, for exé;ole,
this limits one to 1ateria havine a hordness below

47 Rockwell C. The ethod is slow 2nd regires an exneri-
enced oner-~tor ani rather evnensive egni-zent. It 1is
ugslorse for measurine ra-illy changins ctrains, 2s in the
narts of an encine while it 1s oweratine,

The strains introduced in a bar whén it 1s stretched,
coanregted,” bent, or twisted witiiout exceeding the elrstic
1imit are macrostrains, whereas aquenching and cold work
introdiice both macrostrainsg and microstrains. A orocess
like shot neening also introduces both macrostrains
assoclated with the coanres=ive stress set u» in the surface
layer, balanced by forces of tengiosn u~d:srnsath, and walcro-
strainsg in the &urface layer, which 1s stresscd beyonJ the
elagtic 1init by the veening. As a result of ovlacstic
distortion, the or2ins are bro%en, coarressed, stretched,
bent, and twisted gli~htly, and the fra—aients slip along
the cleavare nlanes of the crystaL

Both macrostr2ing and aicrostrains czuse variation in



the internlaner d smacines in the cry=tals cowdosing the
8011d. The crain fracture recultinc froa nlactic defora-
a2ati>n soon rediuces the rrein size below 5 x 102 Ad., 82
th=et a contin:ous rine -attern is obtained. Tne variation
in d snacinq azsoci=ted with the 2icrostrain &hen causcs a
broadenin~ due to uitrafine erain, ag aentioned oroviously,
and 1t will be ind=onendent of the direction of the x-ray
bean in the sainle. The brogle~inec follows directly froa
the Pracsr equati-n; elirht varizations of d corres»ond to
glivht variations in @ far a given A in a oowder sannle
where all nose=ible crystal orientatlions exist.

When a force of 20,000 mounds is annlied to a steel
tar 1 in. square andi 1 ft, lons, teniins to streten it,
the bar bec-ues more trnan 1 ft. lon~ and less than 1l in.
sgu~re, Thils elonrates the crains in a dir-ction narallel
to> the bar ani c2usss then to shrint in directisnsg ner-
nendicular to 1t. This elonesation 1In one direction and
shrinka~e in annther aone2rs i1 the x-ray vnattern as a
slicht shift in the lines or rincs corres»ondine to the
increase or decreacse in the various crystal lattice s»acings
d and denending u»on the d rection of the nrinary and
diffracted x-ray beais in the saunle. This denendence of
the line shift on th. be2n direction re=dily distinculshes
such line shifts due to strain from the otherwise siallar
line shifts resulting from theraal exnansiosn ( which increzses

d uniformly in all directions), or froa the shifts caused
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by chanse 1n coxmociti-n., Conmosition chanses alsd »roduce
a rreater anount of line shift.

To ~uzaz2rize these theosries, th:sn, >rdinary mecro-
gtraing manifest themselves in the x-r°y nattern as a line
snift, whereas iicrostrains nanifest theaselves as a line
broadenins which 2y be 2iliicult to distingulsh froa the
sinilar broadenin~ 3uve to ultrefi~e srrin. In s»nite ot this
vo83ible aabi~uity in soane c7ses, x-ray diffrasctiosn ylelds
more information on mnicrostrain than any other known uetnod.
It 13 obvious that severe microstrains will subtract froa
thez abllity of a structur2l meaber to withstand the Lacro-
gstrcegses for which it w-3 desi~ned. "Vnen a larse casting
13 heab-trested to "relieve stress", the theranal strecses
due to unegua®l rates of cooling in thiclk end thia nortions
(wnhich ere iacrnstrzsces) are relieved, but the relief of
the alcrostreeses in such an oneration a2y bte eg:ally
in-~ortant.

2oth the sli~ht line shift due to aacrostrain ani the
sliziht line brozdenins due to aicrostrains are zuch easier
to detect and r1easure in a back-reflectiosn nattern than 1in
a transaission ~attern. In the first instance, the reason

mey be seen from the ralation

do - . %E!ten>€9 *

This shows that the slisht shift dO resultine froa a strain
dd

— varie? 2¢ ton @, the aminuc sirn indicatin~ asrely that

d

# See annendix for derivation.



ci decreages for »ocitive straine (t=naisn=), and increcses
for neeativs streins (coanriseion-). Sincen" %ecaﬂcs lar-e
2e @ 2~-reaches 927, the line shift du- to szall chanrves in
d bvecnones ~re~tsr, anld l.ence easler to detect a-~d acasure,
when @ ~nnroaches 202, This occurs only in baclk-reflection
n~etterng.

The re2gson why a slicrht line broadeni-c due to alcro-
gtraing 1g casier to detect by bachk-roflectisn 1s aleo
martly ex»nlainable froan the above equation when %Sg is
regarded as a comtinudsus ran~e of sgtrain and déthe corre-
gnoniires continous ran~e. of @ canging th broadeninc.

Another reason annears 1mon differentiation Brag~'s equation

whevetd i1s re~s2rd=3i as a constant and A ag a varieble.

dA= 2dcos @ d6

E?;:= E%; sec 6

These equationg show that a wavelength doublet will be
resn’ved much ore re2iily In the Brac~ reflection froa any
~iven set of vplanes with chacinq,c{for larce values of

than for snall ones because the an~ulz: senaratisn dé for
any siven wevelenath seraration dA °n3i intervlanar gnacing
d varies ac sec & , “fen O becoies l-rce enoucsh 8o

that sec ©® equ2ls 5 or 10 or aore, as 1in a back-rcflection
nattern, thende becones a derree or two and the doublet

reflectiong are senarated by an ancle larcer then the usual

line bre~d4th, th=t 1is, th-y ar= ress>lvei. DObviously, 1f the



usual lilne widtn is 3° in a doublet <emarated by 1°, the
line a=»mears double; ut as this line breaitn incre=sses to
1° owine to microstreine or extremely fine mr-ins, or :oth,
thz "oublet =nerees intn 2 gsirsle 1lin= in the nattern.
Therefor:= doublet ress>lut on in 2 rack-reflection nattern
may be convaniently used as a quickz’and eazy In.ex >f the
rrzgence and 1a~mitude of alcerostr2ins when the rrain size
1s 'mown to k2 above 2 x 10-4 ma. or 2s an index of ~rain
gilze below 2 x lO'4 1. when ulcrontraine are absent.

Fie., 22 illustrates thais -oint.

Fig. 22. Baciz-reflection natterns »f nili stecl bar, tatzen
nerneniicular to siie. (1) and {3) before, (2) and (4)
after gsant neeninz.

It has bheen szen tact back-reflection 1s tne best
techinioue for asasurine strain, awd the choice ol the
nroner ra2idlatiosn nor reouire= cometlierati-n. [For baci-
reflection, sin@ 1s ne=2rly 1, =0 th-t ZBra~~'s equstion

becones na = Zd an-ro- iuztely. In Fil-. 23 tuls .acans
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“het AA= 204 CD (exsctls) = 2d sr 2CF(an-roviaately) .
In acecordz=ce with usual ~rzctice in colculstine Erac~
reflections, fictitious »nlanes ~er it one to gset n = 1,
and on this bseis 1t is seen thot the selectiosn of tune

nroner raiiation involves a chsice of A slightly less than

od,

-l - - - ——— = ———— -

-0

P Q
R S

Fie. ?23. 3nowire w.y the wavelenrsth 853143 be slicntly
les= than 2d for back-reflectisn work.

For the save of aiscussiom, sun-~ose tiet 1iron, con-er,
and aluainun and their 2lloys are reessried as ths aost
i1mortant cnd the comdonest-nateriels in waich on: vsually
tries to me-sure ctress. Teokle 1 listsz the d values and
corres=2ndin~e intengities for the 103t »roainent r<ilectinns
froa thes. et-lg, torzther with the indices of the

ta the aean wavilen~ta of the Keg

[©]

r<fle-tise, Tehle 2 11

doublet for t~r2 comnon tarcet clenents for dizfractl->n wor:,

e



Aluainun, Iron,
face-cintered boiy-centsred
cublc cubic
indices d 20d |rercent I indices d 2o |percent I
(111) |2.370 | «.250| 100 (110) |[2.010 | &4.020| 120
(200) [2.07y | -.0%0 49 (223) |1.472% 2.856 15
(222) [1.430 | 2.QFAD 30 {211) |1.166 L3302 32
g311) e ) 2.433 30 (220) |1.010 2.020 10
V222) |L.ieR | 20337 7 (%10) [2.904 | 1.3032 3
(420) |2~.0m.L 2,027 2 (222) |0.825 1.€50 3
(321 [0.223 | 1.000 4 {321) |0.764 | 1.528 12
\ 4?\) O .j\)v‘) ’ .‘.'J-L) 4
Co~mer,
face-cuntered
cubic
indices o 20 |vercent I
(111) |2.0% | 4.150| 100
(202) |1.810 Z.620 5%
229) |1.277 2.554 33
(z11) [1.072 | 2.17° 33
(222) [1.043 | 2.9%6 2
(470) |».308 | 1.210 3
Table 2
tarret atoalc Jdean anSlengthq
nu.aber of Kadoublet , A-
Cr o4 2.290 |
Fe el3 1.232
Co 27 1.785
mi es! 1.655
Cu 29 1.540
Zn 20 1.435
Mo 42 D.710




It is evident from these tables that tne m5st Dro-
1nent‘ref1ectivns, like (111) for aluainum, have a value of
2d which w5uld make A much too creat for vractical work.
Even 1ron ¥, radiation (1.932 A.) 1is so so>ft that it is
absorbed to a serisus desree by the alr in a large caaera.
Thus 1t 1s seen that, in eseneral, back-reflection work
reguires a soft radiation. The r2iistidn chosen should,
however, be nari endush to eliminete the need for vacuun
caneras for gwneral industrial a»olication. Iron K« is
about the so>ftest radiation suitable for orﬁiﬁary caieras;
in case of necessity, chromium K&« can be used 1n saall
nreclsion caneras, although with this radiati-n it 1is
aivisable to flnd some means other than black naner to
orotect the film from the lizht.

Considering the 1.(S5 A° cobalt Ke 1t 1s seen that
this radiation is suiltable for the (331) and (420) alum-
inua, the (420) comnner, and the (310) iron reflections.
Since this radiation 1is hard eno>'~h to venetrate a thin
plece of vaver and a few inches of air, it 1is now clear why
cobalt 1s the most widely used target aaterial for strain
measurement by back-reflsctisn. This radiation, however,
1s 8o soft that 1t 1s easlly absorbed by the unetal under
Investliesation and so the reflected nattern 1s characteristic
of only the surface of the material, verhans to a denth of
02.002 or 0.003 1In. into the metal. Thus the back-reflection
method 1s limited to a study of a thin surface layer as

areviously :mentioned.
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C2NCLUS ION

From the »revious discussions 1t way now be noticed
that x-r2y diffraction methods »nlay an invortant role in
the analysis of fabrication deforaities in metals. These
analyses are not only of detrimental deformities but also
of structural chanzes that are beneficial. One nay also
use such diffractiosn analysis to study the rate of change
of deforaities in order that the mnost economical method of
fabricatlon 1s used to ovrenmare a oroduct that will be
satisfactory.

For an examnle of a fabrication nrocess, let us take
the case of structual chances due to successive reductions
of a low-carbon stesl by cold working. Tune following data.
was obtalned during the orocess, to a final point of
97 vercent reduction. The accompanying reoroductions in
Fiz. 24‘show the chanege of diffraction vattern throughout

the orogressive reduction.

Fig.| pass | gage, inches| percent vattern
reductilon
0 0.1580 0
(orginal)

Frarmentation below 35u

a 1 O,14¢5 7 and annearance of rings.

Annearance of four-point

b 14 0.0460 ‘(1 fiber pattern character-

istic of drawing.

c 21 0.0165 90 . (s1x point)

Perfeéted orientation.
d 30 0.005 97 (six voint)

~41-
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Fig. 24. Changes in structire with ste»ns in rolling of
low=-carb-on sheet steel. (a) One »ass, 7 nercent
reduction; (b) 14 vas=es, Tl percent reduction;

(¢) 21 nasses, 20 percent reduction; (d4) 30 nasses,

97 vnercent reduction.
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From a whole gerles of steel saunnles the following

average results were obtained:

percent

Aovnearsasnce of reduction
Continuous rings (fragmentation) =----=---e=--a- 2(
Shary Pings e~-ce-cecccccmce e cccc e mmmn=a 35
Six-point fiber pattern e----ecececececcccecaea= 54
Four-noint fiber vattern ----ece-ecccccae---- -——— (6

Such values are greatly devendent unon the type of mills,
chenical comnosition, thickness, grain size, and orientation
in the original material. .

The x-ray diffraction vnatterns of Fig. 24 were obtained
with the x-ray beam perpendicular to both the plane of the
surface of the metal and the rolling direction. If, however,
sinilar vatterns were taken vervendicular to the folling
direction, but narallel to the rolling vnlane the preferential
orientation of the grains would be noticeable after 15 to
30 percent reduction, denending arain unon the above-
mentioned variables. The diffraction pasttern continues to
be a six-vointed figure uvon further reduction instead of
changing to a four-point at an-roximately 76 vercent.

An interesting study is that of the effect of annealing
upvon the grain structure of deforaed or strained materials.

A varilation in annealing teanveratures can nroduce grains

that are recrystallized with either a oreferred orientation
or a random orlientation. Fig. 25 shows the change in grain
orientation obtained with two different annealing processes.

The material 1s cast steel.
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(b) W (c)

Diffraction studles of cast steel annealing.
Oriminal struct.re, showins internal strain;
Commnercial anneal, showing sone renaining
detrirental structure;

Ideal annealed structure of same steel.

o



(a)

(b)

Fig. 26. Effects of sannealing ean 80 nercent reduced

sample ofolow-carbon steea at different temperatures.
{a) 1200~ Fus {B) 1500 F.

ale



Fig. 26 shows a similar effect upon a strained low-
carbon steel when annealed at different tenneratures, the
same process belng used for both samnles.

Although comvprehensive work in combining x-ray research
with fatigue tests has not yet been comnleted, vprogress has
been made, and more should be exnected. The chief diffiqulty
has been in orovidine svecimens sufficiently thin for x-ray
analysis. An examnle of such research is the study of
duraluminum airplane provellers. After detalled study of
all portions of the blade 1t was found that the surface near
the hub was the‘focus of all qomoonent stresses, and diffract-
ion vatterns were made at different times. The results of
these studles are shown with diffraction oatferns in Fig. 2r.
Through this study, improvements in proveller design, and
in the comnosition and oroverties of the a;loy have been

made in the vast few years.

T || S P
— R
v /S e ’

//// /.’.'..- q'I,.

(a) (b) (c)

Fig. 2¢r. Patterns for aluminum-alloy airolane vpropellers.
(a) Unused proveller, (b) after 900 flying hours,
(c) same proveller after 1,400 flying hours. Grain
groth and distortion with increasing use are indicated.
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The three ex2amnles of x-ray diffraction studies were
chosen for they were revresentative of such studles as
reviewed in most opublished literature. Liore examnles might
have been given but I felt that they would be extraneous.
However, it can be observed from these examvles and the
text of the thesls that x-ray diffraction can and willl play
an even more imnortant role in the study of fabrication
orocesses than 1t does at the present time. Such studiles
will 2ssure a finlished oroduct that will be the finest that
can be manufactured anil, at the same tiane, be produced most

econodonaically.
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APPENDLX

Characteristics and interoretation of x-ray diffraction

photogravphs.

Characteristic aonear-
ance of photosraohs

Intervretation

Remarks

Sharop soots, circular
of nearly circular,
falling on the circum-
ference of two rinazs.
Large 1in number but
each of small size.

Sharvo sovots as above,
but large in size
and few in number.

Large soots on the
circunference of a
ring surrounded by
many others of feeble
intensity not siltuated
on a ring but 1irrerul-
arly distributed over
the fila.

Diffuse s»ots, broad-
ened chiefly in a
radial direction.

Svots broademed cir-
cunferentially or
talled soots.

Sharo continuous
dsubled ring, back-
ground clear.

Absence of strain.
Grajin size about
1077 cm.

Absence of strain.
Gra%n size about
107< cnm.

Large snots indic-
ate_grains about
10~2 cm. or larger.
The feeble non-ring
snots indicate vpre-
gence of much
larger grains.

Lattice distortion
denoting a state
of strain.

Fracture of grains
into smaller coan-
onents, each having
a slight tilt with
resvect to 1its
neighbor.

Absence of strein,
grain slze bgtween
10=3 and 107 cm.

-4,

When a small aver-
ture (0.5 mm) 1s
used 1n the x-ray
cassette and the
spots are very sharp,
each of them may be
seen to be doubled,
which 1is due to a
record being obtain-
ed on both sides of
a duplitised film.

The spots from large
grains are very
seldom as sharp as
those from small
grains.

The use of small
avertures would prob-
ably not enable the
feeble svots to be
observable with the
usual short exposure
times.

Increase of the
strain causes in-
crease of the diff-
usion of the svots.

These gnots are

usually few in nuu-
ber, and spots rad-
lally broadened are
invarlably present.



Characteristic an—ear-
ance of photogranhs

Interoretation

Renarks

Piffuse dontinuous,
background more dense
than above.

Very broad band of
feeble intensity
whose 1limits merge
into the dark back-
ground.

The doubled ring
broken into symmet-
rically disversed
arcs, or a contin-
uous ring with sym-
metrical locations
of increased inten-
sity and increzsed
width.

Changes of ring
dianmeter. ‘

Considerable lat-

tice distortion or
grain siﬁe of less
than 107 cm.

Grain size less
than 10-4 cm. or a
highly strained
condition.

Preferred orient-
ation. Absence of
large strains when
arcs are sharp and
clearly defined.
Large strains in-
dicated by contin-
uous non-uniform
rings.

Change of lattice
dimensions of the
unit cell as the
result of elther
emall changes of
comoosition or
large elastic
strains.
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Use of a small aper-
ture usually increases
the contrast of the
diffuse rings to the
background, but may
reduce this contrast
with some complex
steels.

Not possible to dis-
tinguish between a
small particle size
and a highly
strained condition,
but highly strained
condition implies a
fine particle size.
The converse 1s not
necessarlly true.

On occasions the
vreferred orient-
ation effect can be
confused with a pat-
tern composed of
very large spots
circumferentlally
broadened.



Derivation of Equatlon

on Page 35

Bragg's Equation

Nni=2d 8Siné

Allowing N to be equal to unity

Sin¢9=z%

Differentiation with ©and d variatles
Cos @ do=-2 dpdd = - £0.8 dof

_od $in6
d Cos 6

de

dd
d9=——d— Tan 6

QED
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By
HERBERT R. ISENBURGER
St. John X-Ray.Laboratory
(CEi iy, ING L

E X-ray back-reflection
method is the only means
available of accurately

analyzing existing stresses in a
structure without measuring the
unstressed structure. With it,
the actual stress can be calcu-
lated from the diffraction nega-
tive. Parts subject to strain in
service can be checked to deter-
mine if a change in the crystal-
line structure of the material has
taken place. Once such an anal-
ysis has been made, the infor-
mation obtained can be used to
predict the changes that may
occur in similar structures. The
successful use of this method
depends on the availability of
precision-built equipment; on
care in etching the specimen
and in setting the exposure; and on painstaking
evaluation of the results.

The X-ray equipment in use at the St. John
X-Ray Laboratory is shown in Fig. 1. One unit
(right) contains the high-voltage transformer
and controls; the water pump (center), which
circulates cooling water to the X-ray tube, is
mounted in a cabinet. The self-rectifying X-ray
tube, supported on a flexible tube stand, is of the
ray-proof and shock-proof type.

The back-reflection instrument is mounted di-

Fig. 1.

X-ray Equipment for Back-Reflection Method of Stress Analysis

rectly against the X-ray tube window. It consists
of a camera and a motor to oscillate the camera
during the exposure. The X-ray beam is directed
through an extremely fine collimating bore on
the specimen being investigated, the crystals of
which reflect it back onto the X-ray film, form-
ing a circular pattern. Superimposed over this
pattern is one of a standard material, usually
gold. Since the pattern of this standard always
appears the same, it is measured for comparison
in the evaluation of the results.

Fig. 2. An Exposure Set-up for
Determining the Stress due to Weld-
ing in a |-inch Steel Plate. The Pin
in the Middle of the Disk is Used to
Obtain the Proper Distance between
the Object and Film, and is Re-
moved when Making the Negative.
A Protractor Helps to Align the
Equipment at the Correct Angle,
Usually 45 Degrees
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Fig. 3. Radiograph is Divided
into Four Segments, Two of
which have been Treated to In-
tensify the Lines. Pattern No. |
Shows the Exposure of Normal-
ized Steel, while Pattern No. 2
Shows the Same Part under a
Load of 40,000 Pounds
Square Inch. The Broadening
of the Lines is Due to Plastic
Deformation

per

The actual exposure set-up is depicted in Fig. 2.
In order to obtain reliable results, it is of utmost
importance that all dimensions be accurately
maintained. Thus alignment pins keep the proper
object-to-film distance, and a protractor helps in
aligning the camera at the desired angle, which
usually is set at 45 degrees to the surface of the
specimen. The angle of reflection varies, how-
ever, depending on the crystallographic plane
that reflects the rays.

Fig. 8 shows a typical back-reflection radio-
graph. The circular film is divided into four
segments, opposite segments registering an ex-
posure. In the illustration, one half of the print
appears darker. In the lighter portion the X-ray
patterns stand out more clearly. This half of the
film has been treated with a special intensifying
agent in order to strengthen the lines, which
must be measured with extreme care. Pattern
No. 1 shows the exposure of normalized steel.

The outer circle in both segments is the gold’

reference line. Pattern No. 2 is obtained from
the same test bar as pattern No. 1, but under a
40,000 pounds per square inch load. The broad-
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ening of the iron lines is
due to plastic deformation.
In order to determine the
stress caused by this load,
the distance between the
gold reference line and the
iron line is measured.

This is accomplished by
means of a vernier scale
mounted on an optical
stage, as seen in Fig. 4.
These measurements can-
not be made too exactly.
The lattice parameter of
the iron crystal is, of
course, extremely small,
and any variations due to
stress are of the order of
a billionth of an inch. For this reason, the work
must be carried out with extreme care, and the
results—the X-ray pattern on the film—should
be clearly defined for exact measurement to
within 0.001 inch.

The applications of this method in the machin-
ery field are too numerous to recount here. It is
particularly suited for determining changes in
residual stresses. The importance lies in the fact
that the examination can be carried out on an
object in the field without removing or destroy-
ing it. In addition, the X-ray back-reflection
method has been used successfully to determine
the stress in bridges, ships, rails, car wheels,
airplanes, ete.

While the method described is satisfactory and
in general use at present, new and improved
techniques now being studied may simplify the
procedure considerably. It is possible to elimin-
ate the use of a reference material and to employ
a special projection apparatus with low mag-
nification to evaluate the results. The film can
be projected directly on a stress scale, avoiding
mathematics in the final stress analysis.

Fig. 4. A Vernier
Mounted on an Optical
Stage is Used to Meas-
ure the Distance between
the Line of a Standard
Reference Material and
the Material being In-
vestigated. From These
Measurements, the Stress
in Any Particular Spot
in a Structure can be

Calculated
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