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AN INVESTIGATION OF THE DEFOANMATION TEXTURES
OF TITANIUNM

The textures of deformed titanium were determined using
a modification of the Schulz~Decker Geiger counter teche-
nique. This technique allowed semigquantative pole fligures
of high accuracy to bs constructed., Fole figures were cone-
structed for the 1010, 0001, =nd 1011 planes.

Samples of lodide titanium deformed in compression by
compresasion between parallel plates and by compression
rolling were examined after reductions in thickness varying
from 24.1 to 98.9 percent. 4 [0001] texture rotated up to
thirty degrees from the compression axis was found. As the
amount of reduction increased, the angle of the [0001] rota=
tion decreased, reaching seventecn and ono-half degress at
98.9 percent. The final texture was independent of the
method of compression.

Cold rolled textures of iodide titanium and of three
grades of commercial titanium were determined., The i1odide
titanlium and twe of the three grades of commercial titanium
showed a (0001)[10310] texture rotated thirty desrees or more
toward the tranaverse direction. The greatest preferred
orientation was found in the 1010 peole fisure in which a
€1010» airection tended strongly to be logated in the rolling
direction. The third commercial titanium sample showed a
second texture, in addition to the above texture, in which
the (OOCCl) rotation was twenty degrees toward the rolling



T

direction.

The deformation prodess in titanium was examined theoe
retically using the method developed by Calnan and Clews
and the necessary modes of slip and twinning tc give the
cbserved compreasiocn and cold rolling textures and the
reported drawing texture were determined, The {0001}<1130>,
{10113<1130>, ana §10103<1130> slip systems and the 10121,
§1132%, and {1121} twinning systems were considered individe
uslly and the {extures which would result from thelr sction
deternined. éy combining the alip and twinning systems so
that the eritlieal shear siress for alip, Og, and for twine
ning, O, were related as follows,

Ca0001 = 1e1 Cg1031 = 1402 Ug3070 = 43032 = 1132
The cbserved tenasion and compression textures could be
exrlained. These modes of slip and twinning were slsc used
succesafully to develop a theoretical 0001 pole figure for
celd reolled titanium which was simlilar in form to the mease
ured texture,



All IRVESTIGATION OF THE DEFORMATION TEXTURES
OF TITANIUM

A Dissertation
Fresented to
the Faculty of the Graduate Sghool
University of Hissouri

in Partial Pulfillment

of the Requirements for the Degree
Doctor of Fhilosophy

by
Soan lHesbit Willliams

Hay 1952



ACENOWLEDGEMEIRTS

The author would like to thank the Titanlium Alloy
Fanufacturing Division of the Hational Lead Company for
support of the research fellowahlip under which this work
was conducted and to express his gratitude to Or. 3. 7,
Urban, DMrector of Research of the Titanium Alloy Hanufage
turing Division, for his aid in procuring the samples of
titanium examined and for furnishing the analysis of the
samplea of commercial titanlume.

The author would alsc like to acknowledge the ald and
advice given by Dr. 2. 3. Eppelisnelimer, Professor of Netale
lurgiceal Engineering, and to thank him for his enthusiasm
and for the manner in which he made svallable his vast fanlle
iarity with the literature.



- 11 -
TABLE OF CONTENTS

CHAPTER ' PAGE
4 INTRODUCTION o o « ¢ ¢ ¢ s s ¢« » s ¢ s s s o & 1

Ae THE PROBIEN o o o o » o o s s s e s 0o 1

Statoment of the problem ¢ « ¢« ¢ « 1
Importance of the BLUAY « ¢ « ¢ =« ¢« o« 2

Be OUTLINE OFP THE BTUDY & @ o o s v o 6o » 3

I REVIEW OF THE LITERATURE o v o ¢ o o s s s s o &

Literature of the deformation of
LILANIUE ¢ ¢« o o ¢ ¢ o & o & & o @

Literature on the determination of
POle FIgUIOE o o « » = o o = » & = 6

Literature of the origzgin of textures. S
I1x DESCRIPTION OF THE METAL INVESTIOGATED o o« o ¢ 17

R

A« SOURCE OF THE HEETALS EXANINED o ¢ ¢« o o 17
Iodide titanium « ¢ « « ¢ ¢« e o ¢ & o 1?
Commercial titenium grade numbeor

Commercial titanium grede number

two ® 5 0 8 8 8 ® 8 9 e 8 % s e =

Commerecial titanium grade number
LHrGO® o ¢ o ¢ ¢ ¢ o o ¢ & o ¢ & »

Be COMPOSITION OF TITARIUM SAEFPLES o o o »
Ce ANNEALING FTRUOCEDURES .....‘...-
Procedure for alr snnealing « « « « o
Procedure for inert gas annenling < <
Progedure for veacuum amnealing < « »

RREREBEE & &



D. HARDHESS, GRAIN SIZE, AND MICROSTRUCe
TURE OF ANNBALED TITANIUE o o o o

Annealod hardnesse of titanium
BARPlOS o o ¢ ¢ & o 0 o 0 s s ®

¥iecrostructure of annealed titanium
SARDPlOS o« o o & ¢ @ ¢ o o w8 s ®

Grain slize dotorgination « ¢« « ¢ »

IV THE PREFARATION ARD X-RAY EXAMINATION OF
OPECINERS 4 ¢ o o ¢ # o« ¢« o 2 0 s o 6 s @

A, COKFRESSICH HETHODS ., « o o o & & o »
Preparation of compression samples
Compression betwecsn parallel plates
Compression by compression rolliing

Bs COLD ROLLING METHODS . ¢ ¢ 2 0 o » @

Proparation of the samples for cold
PCllING o ¢ o ¢ 2 o & & 2 o & @

Cold rollinz of samples , « « o« o »

Ce FPREPARATION OF X-RAY SAMPLES o+ o o

Preparation of transmissiocn samples

Pproeparation of reflection samples .

Stohing techniques « « = » « s « «

De THE X«RAY TECHHIQUE ¢ o o ¢ ¢ o @ ¢ =

MHesaurenent of Xeray intensity .+ <

Flotting of the pole figures .+ « «

v THE CONPRESSION TEXTURE COF IODIDE TITANIUN .

As EXPERIMESTAL RESULTS 4 a ¢ 2 s a o »
000%13010 figures of compressed

EEEE¥¥UNBYY wXEvYY B8 8 & §

&



Relative intensity of the 0CO1
BAXLIBUR « ¢ s ¢ ¢ ¢ & & & » »

Effect of grinding or filing after
compression LR

Evidence of a preferred axis of
FORALIOH ¢ o ¢ ¢ ¢ @ ¢ & & a @

B, DISCUSSION OF RESULTS o o o o o o @
Co SUMMARY ¢ ¢ o o ¢ ¢ 5 o o 2 o & & =
vi THE COLD ROLLED TEXTURZ OF TITANIUM 4 « »
Ae EXPERINENTAL RESULTS o o o o » ¢ «

Sold rolled texture of iodide
LiItanium ¢ o ¢ 0 ® % & & @ 8 @

Cold rollied texture of commerecisl
LitAanium « ¢ ¢ o o o = o s & o

Changes in texture with amount of
deformation . & & & ® = 8 ® @

Be DISCUSSION OF BRESULTS o o o ¢ ¢ o =
c. WRY - - - - - - . - - - A - - -

VII THECRETICAL AHALYSIS OF THE DEFCRMATICH
TEXTURES OF TITANIUR o o @« o » ¢ ¢ & »

As CSENERAL PRINCIPLES COF THE CALNAR AHND
CIlEWS HETHOD 4 ¢ » ¢ ¢ ¢ ¢ o o »

Be CAICULATION OF RESOLVED SHEAR STRESS
V’\m ® & & % & & & = & 5 » "=

Ce DEFORMATICH BY BLIF o o o o o o » »
fCO01I<KAIB0OD 814D o o o o o = = =
{210713<1230> 811D o o o o o » » =
{10103<1130> 814D « o o = » o = o
Combined slip oysten « « « « « »

<
'

P 2 s¥NBvY ¥ 8§ f

d 83

3

SEERES J



De DEFORMATION BY PWINNING o ¢ « o

{2012} tWANRING o o o o « o «

{M}w.ooooot

{lﬁl}tmsooooooo

Be THE DEZFORKATIOR TEXTURES OF TITANIUM

'
<
¢

5§

The tension texture of titanium ., «
The gompression texture of titanium
The c¢old rolled texture of titanium

Fe DISCUSSION o o o« o ¢ ¢ o @
VIIiX SUSBEARY AND CONCLUSICTHS o o » o =
Ae TUAHARY o o« ¢ ¢ o o 5 o v @
Be CONOLUGIONS o o ¢ o ¢ ¢ o »
BIBLICGRATHY o o ¢ 2 o ¢ o 9 o o s o« o o »
APPEEDIX o o o o @ 5 2 o o o 0 s 5 s » o =

I XOMYTEC-‘!-’{IQUE * 2 8 & ® 8 & 8 ® = "2

A CCRITRUCTION OF THE STECINEN

HOUNT

Be USE OF THE SPECIMEN NOURT o ¢ ¢ »

Haxing tranemission patterns

Making reflection patterns

Plotting of the data .+ « «

11 IRTERPRETATION AND ADJUSTMENT OF DATA

A. TABULATION OF ISTERSITY DATA

-

B, CORRECTION OF TRANSHKHISSION READINGS
FOR AD3CRTTICN o ¢ 0 ¢ ¢ 9 o = »

Ge CORRELATION OF PATTERNS ¢ o o o o o

EE S S GG EEEEEELEES

:

G &



CHAFTER
De PLOTIING OF DATA ¢ ¢ o ¢ o ¢ s o o @
11X THE RECRYSTALLIZATION TEXTURE OF COMMERCIAL
TITANIUM o o o o o o 5 2 o o = s o s = @
Ae EXPERIMENTAL FROCEDURE 4 ¢ o o o
Bs DISCUSSIOH OF RESULTS o o o ¢ o »
Co SUMIARY o o o o o @ o o o o = & »
VITA o o« ¢ o ¢ ¢ o o o 2 0 6 s a a o o a o & o =



LIST OF TABLES

TASLE
I Reported Analysis of Titenlium Samples « « ¢ « »
IX Grain Sizse and Hardness of Annealed Titanium .

III Dimensional Changes During Relling of
TIWANIUE ¢ ¢« 6 o # ¢ ¢ o o » o & 5 % & & & @

v Texturea Developed by Compressed Iodide
TIRANIUR o ¢ ¢ ¢ ¢ o & & 2 2 & 2 © o » & © @

v Fergent Reduction of Cold Holled Titanium
SQWIC..ooooooodcoooo...o

Vi Active 31ip Elements in the {00013<1130> S1ip

SYSUOM o o« ¢« = & ¢« s * & s & 8 ° s W w s

VII Active 5lip Slements in the f1011}<1120> Siip

System ¢ « &« 4 &« &« & o & & 2 o 0 e 0 " " e .

VIII Active Slip Zlements in the §10103<1130> Siip
SyBlon « « = « ¢« ¢ &« & a o @ 5 o = & & s+ =

IX Active 5lip Elements in the Combined 311p
Sy8LOM ¢ ¢« o o & 5 & % & ® 8 v e @ 8 s e

b 4 Intersections of Twin-3lip Boundaries for
{mia}&mxns..............

XX Intersections of Twin-3lip Boundaries for
{11 }Twlnnins...........-..

XIZ 3031 intensities From Transmission Pattern . .
XIIXI 1011 Intensities From Reflection Pattern . « «
XIV Correction Factor For Tranemission Intensities

XV Corrected Trenszission Intensitles <« « o ¢ ¢
NI Correlated Intensity Values « « « o « = ¢ o o o
XVII Final Adjusted 1011 Intensity VAlues < « « o o



FIGURE
1.
2.

Se

N

Se

6o

Te

S.

10.

12,

i3.

14,

15.

LIST OF FIOGURE3S

Annealed 103146 $188nium=-100K < o « o « o & o

Annealed commercial titanium grade number
ONe==JO00KX o« ¢ ¢ @« » ¢« o o # o ¢« o ©« & o & =

Annealed commercial titaniuam grade number
tw-ﬁox.................

Annealed commercial titanlum grade number
f.hr.o--?SOX................

Icdide titanium compression rolled 89.6 percent
roduction Iin Lhickness « « « ¢ ¢ o« ¢ » » & =&

Edze cracking and increase in width during cold
POLlIANE o ¢ ¢ o # ¢ o o & & & & ¢ =« & & » =

0001 pole flgure of compressed iodide
titaniun--24.1 percent reducltion « « « =« »

001 pole figure of compressed lodide
titanium==34.3% percent reduction « « « « « «

0001 pole fizure of compression rolled iodide
titaniun-=50,.0 percent reductlon « « « « ¢ o

0001 pole figure of compressed lodide
titanlun==580.1 percent reduction « ¢« ¢ « o o

0001 pole figure of compressed lodlde
titanium-=86.% percent reduction « « « « « «

0001 pole figure of coampression rolled iodide
tlunlu--BQ.G percent roduction « « ¢« ¢ « o

0001 pole figure of compressiocn rolled iodide.
titanium--086 .2 percent reduction « « « « « »

0001 pole figure of compressiocn rolled lodide
titaniun--908,9 ”N.ﬂt reduction « « ¢ o ¢ o

Comparison of the OO0l patterns of compreassod
jodide titanium (34.3 percent reduction)
after various methods of epecimen
preparation » 85 9 @ @ & ¢ & @& ¢ & w & O @ W

P&t s 5 sty usysal



16.

17.
18.

Pole figures of iodide titanium reduced 938.9
percent by compresaiocn rolling showing the
tendency for OO0l rotation to occur about
a<lOIOS rotation axis « « ¢« ¢« « o« s s » = o

Cold rolled lodide Litanium « « ¢« ¢ ¢ ¢« « ¢ s »
Celd rolled commercial titanium sample number

one ® % & & ® ® ® & ¢ S 6 8 O & 6 & 6 o v e

Cold reclled commercial titanium sample number

three ® 8 ® ® ® & © ® ® & & € @ 8 e s 9 = =

0001 pole figures of cold rolled commercial
titanium cample number LhIv® « « ¢ « ¢ =« =

Positicon of the ideal textures e & » @ & @ » @

Sample rescolved shear stress contour diagram
plotted in the hexagonal unit atereo-
graphic trianzle o« « ¢ « s ¢ s & & ¢ o o o =

Resolved shear stress contours for {0001}
<112C> slip s & & © © © ® &8 W * T &€ @ e © ®

Tension slip rotationa and tenslon texture
resulting from {00013I<1I130> BliP o o = « » «

Compression slip rotations and compression tex-
ture resulting from {0001}<113C> slip o « «

Resolved shear stress contours for 1011}
<1120> slip S & @ ® ® ® 8 & % % © ® o e a8 @

Tenslon slip rotstions and tension texture
resultinzg from $10113I<1I130> 814D o o = = =

Compression slip rotations_sand compression texe
ture resulting fro=m $I011IKALIBO> 8lip o « »

Resolved shear stress contours for 11010}
<1120> elip o W & 8 & W & ve's 9 Y SEeS

Tension slip rotat on{ and tenalon texture
resulting from $1010}<AL30C> 814D « « = « « »

Compressiocn slip rotations_and co gsion tex~
ture resulting from {1910}(11§0§ 8liP o o o

FAGE

a %

&

328 &

e & 8 & H

0
W

¢ 8 8 ¥



2. Tension slip rotations and tension texture
resulting from the combined slip aystem « - « 103

33. Compression slip rotations and conpression
texture resulting from the combined slip
.y.“‘oooo..oo...oooooooolm

4. tuaunagg shear directi £ twinning of {1012}
{11 }. and {112:.} ;nla:eﬂ :f tit&n:ﬂ. e o o.o

35. Reorientation resulting from {1012} twinning
from the combined slip Sy8ten « « « ¢« « = = « 110

36, Reorientation resulting from {1122} twinning
fron the combined slip systom « « « ¢ « o s » 113

37 Tenaion texture gosultir from_combined slip on
the {00013<1130>, {10111<1130)>, ana {1010}
<1120> alip planea and twinning Irom the
£3032) and {1122 Plan68 < « + « » « & =« « o« 115

38, Compression texture_resulting from combined sil
on the f0001}<1120>, {1011}<113C>, anda {1010
<112C> alip sistens ard twinnliagxg from the
11012}313(1{152}9131‘:00 e« s v 8 o o s o v 2F

39. Stereographic plot of the compresaion texture of
LILANIUR o ¢ & © 2 0 0 e % & © = & @ & & @ @

450, Pors of the CO01 pole figure of titanium result-
ing from tension in the rolling direction and
compression along the rolling plane normal . 121

4. The five parts of the univereal specimen socunt < 139

A2, Oraph sheowing the opliaun viluoa of «T for
mi@u.nlu.'ﬁfe.ogooooo-.oaol“

43. Location of the wvarious elsments in the trans-
migalion method .oooooo.o.o.oool”

44, Logation of the various elements in the reflec-
‘10&““0@..0.-0-.oooooooool“

45, The universal specimen mount in position for
measuressnt of tranamission intensities . « « 149

46. The universal especimen mount in position for
peasurement of transmission intensities . « « 149



- %l -
FPAGE

Part of the transmisasion pattérn of 2 ccld
rolled aample of commercial titanium + « « « 152

Part of the reflection pattern of a ¢cold rolled
sample of commercial titanium <« « « « « « « « 153

1011 pole flgure resulting from a plot of the
intensity values given in Table XVII . « « « 162

Fole fizures of commercial titaniur annealed
ono-hllfhourttGSO"G ......-....166

Pole figures of commer<¢ial titanium annealed
ene-half hour at S00°C l...o....‘.lﬁ?

Fple figures of commercial titanium annesled
om-halfhourut&ﬁﬁ“c ..........-168



CHAPTER 1
IHTARODUCTION

¥ith the incresse in production of titanium in recent
youra hae come a great iaterest in the mechanical propertiecs
and in the peacsible uses of this metal, Due to the
affinity of titanium for oxygen, nitrogen, cardbon, and
hydrogen, and the marked efrect of these elements on the
mechianical properties, much of the work previocusly reported
is unrelissle, As purer commercial grades of titenium and
hizh purity iodide titanium have bevouwe avallable for sxame
tnation, resesrch has been undertaken Lo correct and exyand
the tnowledgze of the preperties of titanium, Although the
uses of titanjum are limited at the present tLime, a consider-
able amount of time and money ls belng spenl to thoroughly
exploit 1ts pos2ibilities and 1t ia expected that titanium
will scon hold an eatablished position as one of the more
izportant light sotale.

Ae THE PROBLEN

Stategent oL Ltue probleme This study was undertaken
(1) te determine the textures developed in titanium during

eold relling, (2) to dot.rnln.-dhy the ovasrved textures
of titanium Aiffer froms those of other hoxsagonal metals, and
(3) to develop a satisfactory explanation of the deformustion



textures of titanium,

impertagge of ihe Atudge The presence of preferred
orientation in & metal oan cause marked changes in seghanieal

properties with direction. This ie especially true in the
hexagonal cleose-pagked metals due o thelr marked anisotropyes
A knowledge of the type of preferred orientation winich will
result from various treatuents ia therefore ossential for the
fabriestion industrieas.

in tha abeence® of any extonsive data on formability, a
conplete texture study is almost a2 necesslitiy before any new
type of forz=ing process 1s considered. 3Since most forulng
eperations are osrried out using metal inlitially in the cold
rolied atste, the cold rolled texture ia particularly import-
ante Although annesling a cold rolled sheet nay sowuplotely
ehange the type of preferred orientation, the annenled
texture ls deteramined Ly the cold rolled texture,

The metals of Lthe hexaszonal syetem are geserally divided
inte two groups, those with a ¢/a ratio greater than 1.633,
the wvalue for ldeal glose packing, and those with a ¢/a ratio
logs than 1.633. The deformation textures of bLoth zine, with
A high ¢/a ratio, and magnesiun, with a low ¢/a ratio, have
been extensively studled and the general Lehavior of deformed
eloso-pasked hexazonal metals predicted from theese atudlies.
fecent texture studles cof titanium, zirconium, and beryllium
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have indleated that these threo metals, although of low o/a
Patio, 40 not behave in the prodicted manner,

The elder idea of classifying hexagonal closespacked
setals agcerding to the ¢/a ratlo inte twoe groups is evidenle
ly in error, iince the texture of titanium shows the greate
est deviation froa the predlated texture, the explanation
of the new deforsation behavier sheuld be most easily found
oy eareful study of titanium,

S5, OUTLINE OF TRE STUDX

the saterial presented in this theals is divided inte
four segticnsi review of preavicus work, experizental tegh=
nique, results of experizental work, and theoretieal
interpretation of thne experdmsntal rsgulis,

The experimental teshniyuea are discussed in Chapter
111, in which the mebtal and its annealing charasteristios
are gonsidered, and Chapter IV, in which the rolling
progedures and Xersy technlques are considered, A disguesion
of the apecial pole flgure specimen mount developred for use
with the Sehulzedegher leray technigque is given in Appondix
ie A gompletes pole figure caleulation is ineluded in
Appendix Il

A scomplete listing of experimental results and s oritie
eal discussion of these results are given in the next two
ghaptera, Chapter ¥V is devoted to the results of the study
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of the compression texture and Chapter VI to the results ef
the study of the ocla roll;l texture., 4 brief examination of
the reorystalliisation texturs of titanium is discuesed in
Appendix iil.

In Ohapter YiI a new method of texture analysis is
apriied to the obeerved titanium texture. Oy use of this
method of analyeis a tueweretical mechanism of deforaation was
develored which would result in a texture very sisilar o
that found for both cold roelling and compresalien, This
method, dus to its regent developament, iz dlsgussed quite

thorourhly and several 1llustrations included for elarity.
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OHAFTER XI
REVIEW OF THE LITIRATURE

The literature on titsnium, pole figure technigques, and
R=pray techniquesz is much too velumincus Lo permit & complete
geverage of even one of these topies. Unly & brief susmary
of the more important basiec papers and Lhaese diresetly relsted
o the problem studled ean be given.

Literature of tug deforuation o2f fitaniume ©Only two
texture studies of titanium have been reported in the litere

ature.

Clark (1) exsmined the cold rolled texture of titanlium
and reported that titanlus showed s new tyre texture which
aan be deseribed as & (0001)[1010] rotated thirty degrees
toward the transveras direction, 7This texture ls simllar to
that reported for zirconium (2) and veryllium (3)¢ The
azount of tranasveree spread is apparently greatest in
titanlium and least in beryllium.

Comparison of these three textures with Uthe ¢pld rolled

e v e — s o

(1) H, ¥, Clark, Jr., "he textures of eold rolled and
annealed titanium.” Lrang AlME, Vol 188, pp. 1154-56, 1950

(2) R, K, Meleary and B, Lustmen, "Freferred orieantation in
sireonium,” AZCD-2091, ¥arch 1950

(3) 4. Smigelekas and C, @, Zarrett, "Freforred orientation
in rolled and reecrystallised deryllius.” Iraus S18E, Vel 188,
Pre l85«8, 1549
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textures of magnesius (4) and zine (5) shows that there 18 &
decidedl d1fferances. BHoth .nsnoniu- and zine show a teadenoy
for the 0001 polus to He apread toward the rolling Airection
rather than toward the transverse direction as 1o the oase
in titanium, sireonium, and berylilum.

A briaf oxsminstion was made by Yen (4) of the arawing,
compragsion, and cold rolling textures of aome titanlium
bolng preparsd for cther work, fis rosults sthowed Litanlium
to sxhidit & [1010] arawing texturs, s rolling texture
sinilar to that reported oy Clark, and a coupression texture
wiriah was dessribed as {0001] up te sightyefive percent
reduction with a (0001] rotated up te thirty degrees froa

the compression axis at higher reductions.

Literature on fhe dsterwipstion of pele figures. The
use of pole figzures to desoribe the orientation of aetal

oryatalis in a polyeryatslliine material was first suggoated
by Wever (7). Tals mathod msda it possible Lo repreasnt the
orisntations of all the crystals i:a the metal by seans of an

e S < et vt — e e

{(4) P, ¥, Bawarian, "Vreferred orientation in rolled sagnes
;&u@ and maznesium alloye.” Iprans AINE, Vol 147, pp. 266-72,

{8) V. Cagliotl and G, Sachs, “The atructure of rolled zine
and magnesium.” letallwirtachafi, Vol 11, pp. 14, 1532

(6) M, E, Yen, "Iaterim report to Watertown Arsenal.” WEL

(7)) 7. vever, “"Ihe strusture of cubleslly orystaliizsing mete
it atiar seiling.d 2 Incain, Fol S0: po. S350, Ashe

SrN—
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fntensity dlstribution instead of mserely designating the
poszition in wiieh the majority of the erystals sesmed te be
located.

There were only minoer ghanges in the pols fizure tesche
nigues durding the fellowlng years. Almost all pole figures
wora -adi using & standssd Zepay or opticsl methed (8)s The
only changes in teohnique involved sliignt scdifisations of
sanple preparaticn, sountiag, oto.

In 1948 two articles wers published giving & method of
deteruining pole figures using a Gelger counter apectironeter
(9)(10).

The method developed by Decksr et al (9) requires a
thin sheet Leray sample which is placed in & special sanple
holder such that Lransmiseion intensitlies ¢an be read with
the sample at varicus positiona. Unfortunately, this method
wan unabls ts cover the ecentrel portion of the pole Figure.

The Kortoen mathod (10) usesa a small cylindrical apecle
men which 1 rotated in tne path of ths Xeray besme Although
tuie method has the sdvantage of complete pole flgure covers

— A 0 o bt

(8) C. 3. Barrett, Ihe i Y 4 s (How York:
¥olreaw-iill Sook Company, 3)s PPe 1

(9) 8, P, Decker, L. Ts Aop, snd D. Harker, "Freferred
orisntation deterzination using s Jeiger counter Xeray dife
fraotion gonicmeter.” Je Anle Zhies Vol 19, PPe 360-;9.

(10) J. 2. Herton, "A teehnique for Quaniltative determinss
tion of textures of shoeot metela.” Je ARpl. fhxe, Vol 19,
Pre 117678, 1948
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age, & nunmber of delicate saamples have to be prepared. A
second disadvantase of the method is that there i3 2 low sure
face area exposed to the incident beam with respect to the
thickness so that the diffracted beazm intensity is weakx,

The Ameriecan Socletly for Testlng Materials examined the
Decker method and in 1949 lssued s tentative standard (11)
based on that nethod,

In late 194C twe artlicles ware published by Schuls which
greatly ineressed the ap»lioability of the Deoker method (12)
(13)« By use of the reflection method suggeated by Sohmlsa
in eonjunation with the transmission methoed of Decker it ls
poasible tc obtain comnlete pole fismure coverage while
retainin:g the advantage of a sheet sample which 1s ezey to
prepare and which sllows & vory intense diffracted beam to
be obtained. This coublined method le referred to herealter
as the "Schulz-Decker” technique. In his analyeis of the
Deoker reflection tectnigue Schulz hes shown thal by proper
gontrol of the thickness of the transmission ssuple the
intensity correstiocn necessary in the Declker method may be

{11) “Prepar quantitative pole figures of metale.” ABTIM
Bn.lgnntloa:1§§1-§9?. 1949

{12) L. G« Schulsz, "A direct method of detormining preferred
orientation of a flat reflection sample using a Jeiger countw
;’mm 'mm’mo. io m. m.. Vol 20. PPe ”‘”.

(13) L. G Schulz, "Deterainsticn of preferred orientation
in & flat transaiseion sample ueing a Geigor counter A-pray
speotroueter.” J. ADple fhites VOl 20, pp. 1033-36, 1949
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elisinated.

Literature of Lue origin of lextures. Since the earlie
est observations that deformaticn of a metal caused the Laue
pattern to change frosm that cemmen to & random orieatation
(14)(15), there has besn complete agreoment among orystale
lograghers that this shange in the X-ray pattern 1s a direct
result of the deforastion mrocess and that 1t should provide
fimportant inforastion about the vasle mechaniesm of 8slipe

Although there have Leon many thaoretical stulies of
single erysatals and thelir behavior (16), the probies of alip
in sulticerystalline material is more Adifficult to studye In
general, the method of attack has been to etudy earefully the
deformation characteristica of single eryatale and then %o
rationalise thelr behavior to foram a ploture of what might
poessibly cccur in multierystalas. The problem must de conalide
eratly oversisplified for any results to bhe obtsined,

In 1923 a mechaniom of deformaticn texture forusation
involving the sssusption that each graln scted easentially

(14) N, Uspinekl) and Eonobe jewakl, lLecture defors the
Rusaian Physiesl Lebedey Soolety, April 30, 1920, Hoacow

515) K, Begker, R, O, Hersog, ¥. Jancke, and M, Folanyl,

Methods for the arrangement of erystal elements.” L. Ehzaik,
Vol 5, pp. S5l1l-2, 1821

(16) E, Schmid and W, "°"i§§%?‘§#’§§"‘§}. (London:
Fe As Hughes and Company, siish nslation
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like a single orystal was suggested by Mark et sl (17). The
basis of thelr explanation was the ocourrence of bend slip=
ping or "Blegegleitung”. Oince it is apparent that slip on
s single set of s8lip planes can not account for the adjuste
ment of the aerystnl to the externsl changes in shape belng
foreed upon it by the applied stress, 1t is assumed that the
bending momente produced by the aprlied strean eause the
glip plane to rotate in such a direction that the active
alip direction approsches the directiion of flows The
rotation of slip direction towerd flow direction causes the
foramtion of the deforsation textures. 7%This idea of slip ro-
tation or bend slipping has been retalined in mcat of the
subgequent textures studles.

Weover and Scohmid (18) suggested in 1930 that the deform-
ation of & polyeryataliine saterial ia teansion or compression
scourred by sliip on the planes of saxlizun resolved shear
stress and that each erystallite rotastes durding slip about
an axis which lies in the slip plane and ls perpondigular to
the sliy direction, Thus znxttgl alip coours with single allp
retation to a boundany line between two allip ayatess where
the resclved shenr atresses for Hoth systess are egqual, at -

i sa—— P o M e St et ‘_—_M

{17) #®. Marx, ¥, Folanyi, and £, Schmid, "Processes ia the
nguﬁm of sino orystale.® 5. Enzsik, Vol 12, pp. S8-T2,
78110, 1116, 1923

(18) ¥, Wever and ¥, B, Sochmid, "Texture of cold-deformsd
metals.” Z. Metelikunde, Vol 22, pp. 133-40, 1930
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which point duplex slip occurss Thus single and duplex slip
oseur in the corystal to bring the erystal te the ideal and
ericntation, To consider cold relling Wever and Schmid
assumed that the rolling stresszes can e approximated by
tension in the rolling direction and compreasion along the
relling plane norsal, This was galled plane parslielepipesdal
defornation Ly the authors. The ajreasent of the predicted
and obgerved textures was rathsr good,.

Boas and Jotumid (19) develeoped s theory of texture fore
mation in 1831 whioh wan based on the assumpilion that the
thrse zoat Pavorably eriented glly systems muat be oriented
in the final astable end texture sc that all thres are ejusle
ly favored and the rotatien tendencles ssnecel eagh other,
Thus the final deformation texture is that whiol is stable
for a1l three orleatatiocons. The resclved shear atrosses were
calouleted for eagh position in the unit atereograrhic trie
anzle and the three slip systess with the highest resclved
shear etresses assumsd to e sctive. This divided the unlt
triansle inte several arsas each with different rotaticaal
tondeoncies., Thie method of deforaation texture analysis
was augoesaful in predicting the observed tsusion and come
pression textures for several fage-centered sad body-sentered

e ——— A e G

(15) ¥, Boas and . Ssa=id, "fhe interpretation cof the defore
mation textures of metals.” L. Leah. fhgalk, Vol 12, p. 71,
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cuble metals. Rolling textures were predicted using the
plane psrsllelepipedal deformation concept plus an added
restriction which excluded all elip systeoms in tenaion which
did not also cause the sheet to decrease in thickness.

Taylor (20) developed & mathematical theory based on
homogsnecous deformation.e 7This treatment was baseld on the
fact that for homogenecus deformation te cgour five apecial
2lipy systexms must be active simultanecously. The five active
ayatems were calculated uaing the principle of virtual work.
This method of amalysia sucgesasfully predicted the texture
of face-gcentered cublec metals plus the atrecss-elongation
curve but was too 4Aifflioult mathematically to be appllied to
more gomplicated systeous.

Pickus and Mathewscn (21) have developed a theory of
rolliing textures rogquiring that the operating slip systemns
P9 symametrically pesitioned in the final texture so that the
resclved shear stresses are egual and the rotation tendenclies
cancel and that the operating alip systems be symmetrically
oriented with reapect to the flow direction. The operating
8lip systems are chosen by ealculating the value of the

{20) 9. X 1 "Mechani f plastiec defo tion ef
:;;:taln.: §;zg:r ﬁgg,.?L:ndoa). Vol ;l5:-;9. 362404 ,

(21) ¥, R. Plexus and C. H, Mathowson, "On the theory of the
.ot'rolllug textures in tloo-ocﬁt-r.e cubic metals.
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product of the resclved shear stress and the cosine of the
angle between the alip direction and the flow dlrection.

The threso ayatems for which this functlion is largest are eone
sidered to be the sperating slip ayatema. This mothecd of
antlysis sugoesafully predicted the variocua jdeal gold
rolled textures of face<qentered cublo metals and alse the
relative frequency o occourrsnce of e¢ache.

Polanyl (22) and Barrett (23) have goncluded that defors
netion ia polyerystalline metals cocurs by almultaneous
8lip on many allip planeas. DLarrett, in his asnalyeis of Aren
under compression, concluded that as many &8 thirtyetwe
different elip ayatoms wers active at one time, These allp
gystensg werc necossary to explaln the orystial rotation
ohasrved experimontally. The resultiant rotation tendaney
was deterained by exsmination of & plot of the =asgnitude and
direction of the rotetion tendency fur each indlividual alip
syatem,

A pemiegraphical method of predicting 1deal orlentations
developed by Hibbard and Yen (24) has bees uased sudeessfully

(22) ®. Po 1, "Structure ehangee in metals through cold
worving." L. Vol 17, DPPe 4253, 1523

(23) 0. B. Barrett, "Structure of iron after coapressaion.”
a2ans ALLE, Vel s PDe 206-326, 193¢

(23) @, R, Hibbard and M, X, Yen, “¥ire taxtures o copper
and 1%a b and 80lid seolution alloys with alumisum
niexel, and sine.” Ipsus AINE, Vel 175, pP. ° 19‘0
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to predlet textures of the fage-gontered and bodyecontered
gcublc aystems and also in metale of the hexsgonal systea An
whiioh twinning fio unisportant: This mothoel is tased primae
rily on the assumption that for an orientation te be favore
ablee~that 16 to remain unchanged by further Jdeforeationes
the alip Adirection sust be within & dafinite anzle of the
flow direction. For exanple, in tenalon the slips directicn
sust be within forty-Tive degrees of the {flow diregtlion.
This article presants an interesting mothod of tabulating
orientations and of predloting ideal textures.

in three recent articles Calnan and Clews have developed
a graphical methed of texture analyeis whieh has satisface
torily predicted the tension, compression, aad cold rolling
textures of face-gentered ouble (25), body-centered cuble
(26), and close-packed homagonal (27 metals. This methed,
which resemdles that sugzested by Yever and Sghmid (28) in
that snly the slip system or saystesms of saximum resclved

e - s oo

(25) 5. Ae Calnan and C, Je 8, Clows, "Uoforsailics textures
i:bghn;;gznsorud cudblis metals.” Zhil. Lazes, Vol 41, ppe 1085«
¥

(26) 2, 4, Calnan and C4 Je B4 Clews, "The development of
dsforsaticn textures in metalas. Ffart Il. Dody-uaontered
sublc metals.” £hile Z8Z+s Vol 42, pp. 61635, 1951

(27) Be 4, Calnan and Co Je 8, Clews, "The development of
deforsatlion toxtures in metala, Part III, He
structures.” Ihll. Iaz., Vel 42, pp. 91931, 195

(28) Sever and Scheid, 1oG. ik
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shear siress are considered active at any one pelnt in the
deforaation progess. The method deviatsa from all previous
sethods in that the actusl position of thw crystallits is
not conaldered the only ceriterion for the nuanber of active
elly ayetoms which will operate at asny polnte It i3 assumed

that the offeciive streas poaltlion msay move away [rom the
sprlied stress poslilion without seiual physleal movement of
the aryetal doe to lateral stresaes frog gralin houndaries,
stes. Thaus a region of duplex ealipy may e reachsd by LWhe
effostive astraees when only single #lip shculd oUQUr atoorde
ing to the peosition of the astual stregss, This facter
peraits the varistions in texturess in selzle of the sane
erystal glass to be considered, Hotation of the erysizl is
sssuned Lo fellow the laws establiszhed for single crystals
rsther than to be fixed by o conatsat axis of retation such
ar ¥ever snd Schmid suggeated, Thus the meihed also retalins
the sdventage of that of Scan end UJchmid (29) ia that tue
direction of rotation may wary eanuld.rubl: with the orlen-
tation of the eryzt-llites within the unit trisngle.

Gne of the outelanding successes of the wmeathed of
deforsation texture aralysis develored by Talren and Clews
is that metales of 2ll three cosmon lattice typea have been
treated succesafullye 5o other method has yet been adle to
——————————————————————————————
(20, Boms and Sohmid, 10G. QiLe
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develop a satiafactory quantitative explanation of the
taxtures of hexagonal close~pasked motala,

As is apparent from the above discusalicn, the thsury of
the origin of deforma ion texturas is atill in 1t%s exarly
stages, Varicus authore have glvon evidengs that two, three,
five, and alsoat all slip systems =ust be aciive Lo devalop
the deforsalion textures cbuserved in metals, In sddition to
the ilac: of agreement about the number of active slip
aystens, no final conclusion has yet bees reachad about the
individual gralo rotutions in a polycryetallline matrix or
about the lmportance of recolvaed ghesr stress ia detaraiaing
tiio aclive slip eystenc.

It is hoped that re-gxaminstion of the deflorsaticon
textures of the various metals using Lhe mere quantilative
Gelger osunter technigues recontly doveleoped will furaish
evidence rom which an alleinclusive theory ef the origin of
teztures in metala may bo developed.




CHAFTER IIX
DESCRIPTION OF THE RETAL IAVESTISATED

in thle chapfer the four sasples ¢f tlitanium metel
which were used in the deformstion texturs stuldy are dise
cussed, ALl avallable inforsstion on chemical rRuslysis,
previcus work aistory, and any trsatsent given te the sane
Ples Lu prepare them ur tue deforaation atudy 1a given,
iFhe warious annealling procedures used are cutlined and the

proparties of the annealed sanples discusged.
Ae SOURCE OF TIE HETALS EXAMINED

Four saaples of Litanilum metal were exaslined in tuls
investigation, Each of Lheas maelels wae of 41l ferent
origine. Cne of the metsls exapined was high purity 1odide
titaniume The other three were comsercial gradea of
titaniunm and are desiznateld as gomaercial titanium grade
number one, we, aud three in the fellowing rathor than by

the aorizical source name,

dedida titaniume. A erystal bar of high purity lodide
titanium, produced by the lew Jersay Zine Ueampany, was fure
nistied for this examination by the Fitanium Alley Hanulage=
turing Division of the Haticnal Lead Companye This bar was
regeived in the originel form aad was not melted and recast
s>ofore using.
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Semmerglisl titsnlus aradse guuber gua. This ssmpie of
sommercial titanlium was obtained from the Argonne KNe!lonal

Laboratory in the fora of o sguare bar. Altheough the pree
vicus history ia unkaown, the titanlusm bar appesred to have
begn ¢net and then ground Lo give & clean surface. This
bar was designated es Aroll titanius by Argonne Katlonsl
Laboratory.

Seosmersisl fitenium srade pumber Lwce. This sauple of
titenium wee salse obtainasd [rom Argonne National Laberatory.

The sazple had besn machined to & clircular sestion and was
in sn annealed condition &s receivad,. The sanple was Proe

dueed by the Titanium Metals Corporation.

Sompergisl Likaalus srade nusler LLLgse. Sight strips
ef a commercial grade of titanium whioch had Leon previcusly
worked were donated Ly the Titaasium Alloy Hanufaoturing
Mvision of the Natfional Lesd Coupuanye These strips had
been prepared by relling of arc meslted titanium sad required
annesliing before roliing for the final taxture oxamination.

Be CORPOSITICH OF TITARIUR BAKFLES

An analyais of the lodide titanlum erystal bar was
furnished with the bar, This analysis was run by he Hew
Jarsey Zine Companye. The results of the auaslysis are given
in Table I, Although the analysis 414 not ineclude an
oxygen, hydrogen, or carbon detersination, the low hardness



REPCATED AMNMALYSIS CF TITANIUX JANPLES

iodide
Titanium

2lenent

Oxyzen
Nitrogen
Carbon
Silioon
Zirceonium
iron
Curomiua
Manganese
Fasnesiun
T™in
Aluminum
Calelium
Vanad ium
Sopper
Eiekel
Holybdenunm
Lead

fon-motnllie
Metallle
Titanium

C.001

0 0085

0067

0.002
0014

0 .00%
0002
0 .0035

C 002
C.102

99 897

PABLE I

Commercial Titanium Urede

Nos 1
0,014

« 2

0,013
0,141
0027
003
0.04
C0L
D06
.01
0.01
C.01
C..002
0,01
C.03
0.00%
0,003

Nos 3

0,023
0.119
0.021
0.10
Ca.l2
0.01
009
0.10
C.0
G0

C.05
C.03
0005
0.003
0,01

0263
Ue
95.2



indicated that theas olements were present only in asall
amounts . -

hAnalyses of the three commercial graden of titanium
were made by the Titanium Alloy Masufacturing Divialicn of
the Sational Lead Companye. These anaslyssa were made to
deteraine 1f there was any signiflosnt 4Aifference betweon
tae composition of grades one and two and the composition
of grade three which ooculd agcount for the differenge 1in
snnesled hardness. “xasination of the analyses glven in
Table I showa no large differsnce in compoaitlon. Commers
elal titaniusm grade aumber three is slightly hligher in none
zetallice with the major dAifference being in oarbdon oontent.
Commercial zrade nusber one nas & muok higher sluminus
content than the other twoe commercial grades but the dife
feronce apparently had little offect cn the abllity to be

ecld rollied,.
Ceo ARRZALING PROCEDURES

Titaniumw absords considerabls hydrozsen at tiva lower
annesling temperatutes snd aliso considerable garbon, nitroe
gon, and oxygen at annealling tomperatursa above 700°C (30).
For this reasson oither vaguuxz or inert gas annealing is
gonsrally recosmended, In the absence of either of these,

{36) A. M, Bo and B, ¥, Co ‘Aannnlt of titanium
”MB Fros.s Vel 59, pps 69 -2, 1951
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air annealinz may be used if the annealing temperature 18
below TO0®C.
Saaples were ammealed ia air, hellum, and vacuua before
rolling to determine if annealing atmoephere had any notice-
able effect on the deformation texture.

Irpgedurs for air anneallng. Samples to be mnnesled
in alr were placed in a tube furnace with one and of the

tube open to the alir,. The furnace was brought to temperas-
ture and the sample inserted when the desired temperature
was reached., 3Samples were elther air ccoled in a coel part
of the tube or water quenched.

A scale formod on all of the samples annsaled in air.
This seale was not dilassolved by s strong hydrofluoriec acid
bath but eould be removed by allowing the acid to attagk
the titanium beneath the scale and remocving the loosened
secale by wiping frequently. If the scale was rather heavy,
a prelipinary light pelish te expose some metal to the acld

was usually necesaary.

Ergoedure for inert gag sansaling. 4 tank of high
purity helium was obtsined from the Buresu of Hines and was

used as the atmosphera in annealing several samples. Soth
& slow rate of flow and a static gas atmosphere were used.
Zach produced satisfactory results.

The helium was passed directly from the tank into the
furnace with no puririsation. Sasples to be annealed were
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furnsee when annesling tine wos not oriticesl. When anneale
ing time wee oritieal, the furnace was flushed with helium
while heating to temperaiure, and the sample plmeed in the
furnace wheon tho desired tennerature was reachad., “amples
ware removed by openiasg the furnsede and pulling the ssaple
inte & ecol part of the Lubse where 1t was oxposad o a
strons flow of helilium or hy quenching in water Aimmodiately
upon opening the furnace, S0th sethods allowed a vary
iight gomle to form but '3 soale was easily romoved.

The heliue was kept 4L a alight positive pressure
within the annsasling chamber by using s mercury seal. This
sea)l alas prevented leaking of alr intec the furnace when

usinz s statio welius atacarhare,

ipggedure for yeguum sungslloge Several samples of
titaniun were sesaled in = vacuum furnasce and snanexled at &

preasure of forty mlerons. When using the vacuum furnace

1t w=s necessary to bring the furnsce to temperature avd to
eocl it Lo room tsmrersturs without Dreaking the vaguum
aesi, This prevented agcurate centrol of annesling time and
tonperature since the sample had to be sexled in the furnace
during heating asd goolinge.

There was no evidenoes of sosle on those sasples annesle
ed in vacuum. Although vaocuum sananesling produced the best
surfaces, the inanility to centrol the annealing prooess
agourasely in vaouum restricted 1its use.
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De ‘ﬂ3aﬁa=83. GRAIN SIZE, AND HICRCSTRUCTURE
OF ARNEALED TITARIUN

Singe the previous history of three of ths titanium
samples was unktnown, the samples were glven an inltial celd
reduction of approximately fifty percent reduction in area
By rolling and then annealed to give a uniform basis from
which comparisons of the results of the deformation texture
studiies could be made, Hardness reaiings, zrmain size detere.
minations, and mlercstructure exaninations were made on
sach annealed samble. The effect of annealling for one hour
in vacuum at 8000C on these properties is sheown in Table 1l.

Annesled hardpess of titanlum sampleg. As was expect=-
ad, the hardness of the commercial grades of titanium was

considoradbly higher then that of iodide titanium. The
annesled hardness of Lthesoe samples was not sufficlently
affected by change in annesling atmosphers for any differ-
snce to be notlced in the hardnessa readings smong sauples
of any one typre of titanium annenled in different atmos~
pheres.

Examination of Table Il shows that the commercial grade
nuster threse had & much higher hardness than the other
twe commercial grades of titanium, This sample when 1t was
eold worked hardened to appreximately RS 110 and when anneale
ed softened only to RS 102, Although the other commerclal
grades of titanium cold worked to the same hardness, thelr
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TASLE 1X
GRALH BIZE ALD BARDHESS OF AZMEALED TITANIUN
Smuple drain Size Rockwell 8
rardnoss
lodide titanium 0,102 am <0
Commercial grade No, 1 0,045 om a3

Commercial grade le, 2 0,011 mm 84
Commercial grade Se. 3 010 = 102
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annealed hardness was RE 83 and 84, Analyses wore made for
the three commercial grades of titanium to determine if
there was any marited composition difference, The analyses,
as already mentioned, 4id not indlecate any reasocn for the
observed difference in hardnessa. Although the reason for
the higher hardness 19 not apparent from Table I, 1t sust
be assumed that the cause is to be found in some difference

in composition.

dlorestructyure of annesled fitanlug saupiase. A typleal
siorostructure of eagh of the four gazmples examined is gliven

in Figures 1 through 4, The sauples were mechanieally
polished and etehed in a soclution of nydrorflucric acid,
nitric scid, and water (1:12:87 by volume).

The above etening sclution gave the best Pegults of
all of those tried but still was neot completely satisfac~
toryes It tendsd to eteh certain planes preferentially and
cnused severe pitiing, particularly in fine gralned samples.
in addition, it developed only certaln of the grain dounde
ariea, probably only thease separating grains with rather
large differences in orisntaticn, Thus scas graln bounde
sries were severely otohsd w lle others wore untouched,

Figure 1 shows the nmlerostructure of annesled lodlide
titanium at 100X, The graine are large and rogular. The
surfagce ahows the effects of mechsniesl polisghing even alter
repeated polishing and etohing. The uneven eteh due to
szearing 4during polishing 1s clearly visible.



Figure 1. Annealed iodide titanium--100X,

' Pigure 2, Annealed commercial titanium grade muunber onee=
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Figure 2 shows the structure of comwercia) titanium
grade nusber one at 100X, This strueture is similar to the
fodide titanium structure except that the grain sise is
szaller,

‘The sost Aifficult of the sanples Lo Prepare was Qome
morcial titanium grade nuaber twe, The best silerveatrusture
obtalined for this sample is ahown in Figure 3. it was
negessnry Lo etoh this specimen in an oteh of hydroflucric
scid, nitric acld, and glycerecl (Ll:1:2 by volume) to devele
op the structure., The saaple pitted so severely with only
short etohes that it was very difrficult to develop a good
grein structure, The finer graln size may have coantributed
to the pitting tendenmcy bdbut the relative ense of preparing
the saasples of commerci=zl titanium grade number thres, also
of fine grain size, suggests that some Adifference in coue
rosition may have beon the cause,

Flgure 4 shows the miorvstructure of coamerclial titee
niun grade number three at 25CK. A ssall amount of grain
poundary materisl is seen in thls eauple. This saterial
nad been oriented by the initial cold rellilng to some
extent,. The apreasrsnce of a second phase indicates, ss 4aid
the hardness data, that this sanple is different in coun=
position from the olher two comuerciasl grades of titanlium.
o svidence of s second phase was seon in other sasples.

Grain sise determinaiioye Orein sise detersinations

S B W N
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were made using the formuls given by Dunkerley =t al (31),

n(-)':hp V"l‘n-)'

wheres D 12 the distance betwean opposite fiests of uniform
hexagonal graine in millimeters, M iz the masnifioation of
the photomiecrograprh used in making the grain count, and n
s the nusber of graine counted in an aroa A measured in

sguare millissters, 7The sres waz made large encugh to
| include at least sixty gralns and the n value used in the
i forzula obtained frem averaging at lesst Lores separate n
| values,

The results of grain sise deteraiaations =ade on ench
of the four differsnt sazples of titanium are sthown in Table
Ile The grain size of esch titanium sample wasn rolatively
independent of anneanling tine, annealing temperature, and
amount of orior ¢old relliing as long aa the sample was

annesled below the transforaation temperature. Oralin
growth above this temperature (882°0) was quite Fapid howe
ever., lie difference in grain sizse was noted with change in
annealing atmosphere in any of the titanium sam~les exam~
ined,

———————————————————————————————————————————————————

o Jde r ¥ Ve imniane, and J, Pulton
R um et sy aes saieyssatiisarion charasgelisiton of "

sirconiun.” Teags ALNE, Vol 191, ppe 10038,




CHAPTER XV

THE PREPARATION ASD XeRAY EXANISATION OF 3PECIKEND

The sampless of titanium discussed in Chapter Ill were
delforned either by compression or Ly cold relling. The de-
formed material was than etohed to a sufTlcleant thianess
for Xeray exasination and peole fig.res determined using the
Sohulzs=Decksr pole figure teghnlque.

In this chapter the sxperimental technlyues lavelved
in cozpression, cold rolliug, otening of Xeray aspeclimenn,
and X-ray examination are discussed., For convenlienge, muoh
ef the more detalled inforaation about the X-ray tecunigue
is plisced Ain Lwe of the appendixes.

Ae COMPREJSION METHODD

Compression texture studies were made using the lodlide
titaniun, CJompresclon specinens were prepsred by ocutting
smaples directly from thoe crystal bar. OSue to the cryetale
1ine sature of the 10dide titanius bar, snome Jdiffloulty
with separation of tLhe cryvstels during orupression was one
oountered,

Sasples were gompresasd by compreasion between parallel
plates and by compression rolling. 7The rsduetions by the
two methods were made so that the rangee coversd overlapped.
Any 4ifferences An texture due to wothod of cospresalon
would then be immedintely seen. Tho cone compression method,
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probably the most relliable of the compression methods (32),
could not be used due to the necessity of obtaloing thin,
parallelesided samples for X-ray exanination.

irpepacation of sempresalon aszplege Jamples of ledide
titanium were prepared by cutiing a section from the erystal

bar. This formed & oylindrical ssuple approxisataly l.9
centizmetusrs Ain dlaseter and from 0,60 to 0,25 centimeter in
thickness depending upen the final reduction required.

The ends of the sample were polished carefully untid
they were paraliel, After the ends were parallel, thay were
aiternately etched and lightly pelished Lo renove as nuch of
the deformed mateorial as posaible, After the flaal light
polish, the thickness of the gamples was measursd to the
nearest thousandth of a gentimeter, A second seasuremsnt
was made alfter compression and the deforsation reported as
percent reduction in thiskneas,

Songresslion Retwsan parallel zlatege 4An Olsen testing
machine of 60,000 pound capaclty was used to compress those

sanples subjected to compression between parallel plutes.
During the compression process the sazples were frequently
romoved fros the mschine for reduction of the area of the
sample and for lubrication. The removal of the samples was
made negessary by the low load limit of the machine which

(32) C. 5. Barrett, "The structure of iron after compression.”
icans ALME, Vol 135, pp. 296-326, 1939
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required that the area be frsquontly reduced before further
eompresasion could be obtained, The aprroach to unleaxial
compression was better than expected, The external shape
of the sample after compression showed rather unifors late
eral espread., The possiblility of secondiary stressea can nold
be overlooked however.

Leapression by gomuression cellinz. 4 set of twoe ineh
laboratory rolls were uned to roll the samplea, Soth rolls

were driven and the roll) apoed was 14 r.p.me The rolls
were lubricated with a 1ight oll during reolling.

A saall reduction per rasa was used during compression
relling with a olockwise rotation of from thrae to five
degreds aAfter each pasn, LDZach compression rolled sanple
wag rotated completely arocund the compression axis sl least
Ltwica, The coapreasion rolled samples showed & cirgular
section after rolling indieating that unifors compression
waa cbtalned,

A pioture of s sample of lodide titanium reduced §9.6
percent by compression rolling is shown in Figure 5, The
separ=stion of the orystals along the ¢ircumfersnce of the
sanple lc‘cloarly visible. For thies rsason, ounly the
center part of the compressed lodide titanium orystal could
be used for XAe-rsy saaples.

3, CUOLDO ROLLING METHOLS

Celd relled specimens of all four titanium sazples
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Figure 5. Iodide titanium compreassion rolled to 89.6 pere
gont reduction in thicknesa.

783 889 94.5 9.5.8

Figure 6., Edge oracking and increase in width during cold
relling. Flgures give percent reduction in area.
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were prepered, All four titanium samples were slven & prior
eold rolling and annealing treataent as discussed in
Chapter 11l before being eold rolled for the texture astudy,

Arsparaticn of the sasmples for qeld rellluse After the
initiel annealing tresatment dilscussed in Chapter ill had

besen earried out, the annesled sample was garefully ocut and
polished Lo zive a sample of rectanzgular shape. After tuis
treatnent the sazple was lightly etohed to remove any worked
motal resulting from the ahaping operationa.

Heasuresents of the width and thickness of he sasple
wore made alfter etohing for use in calou.isting the percvent
reduction 4in ares, The samples befere cold rollling were
approxiaately U.3 contimeteor tnick, l.5 centisetera wide,
and three centimeters longe.

g8ld relling of sampleg. The set of two ilnch laborae
tory relle deseribed previcualy was used Lo prepare the

cold rolled svegirense The titanium sauples wers passed
throush the rells in one direction only bBut were inverted
after easch pass, Only alight reductions per pasn were aade.
From alxty to ninety passes were usually necessary o
obtain a final reduction of more than ninety perceant. The
sanples were allowed Lo covl aflter sach pass Lo prevent
tempearature effeata.

In Table l1il the measureczonts made during & typleal
eold relliag reductlion are showne, Theose results wers obe
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tained in rolling commercial titanlum srade nuaber WRro0.
Similar results were obtained with tho other samples. Of
particular interest in this table 1s the inerease in width
of the sanples during rolling. As 18 shown by the fligures
in Table 11, the sample inoreased in width 35.5 percent on
rolling to a reduction An area of $5.8 percent.

In Figure § a photogrsph of the c¢old rolled samples
used in cbtaining the data Ain Table 11l 1s showne Sdge
eracking oan be seen in the sample cold rolled 78,5 percent
and grows prosressively woras as Lhe reduction lnoreasess
fdpe oragking was absent in the rolled 1odide titanium sane
ples but was ovident in sll three commercial grades rolled

beyoni zixty rerceont reduotion in area,
Ce PREFARATION GF X-RAY BANPLES

The Scehwmlz-soker leray technique requireos the prepae
ration of two ssparate sauplese-one for tranoxission inten-
sity determination and one for reflection intensity detere
sination,. Becsuse of the tendencoy of titaniu=m te fo™m a
subaidiary surface texture if ths surface 1o mechanieaily
9oliahod..1t wRS negeanmry o prepare the Xeray samples by
etenhing alone,

Zpeparaticn of fragasiagion sanpigge Sanuix (33) has

C—— m—— e -

(33) L. 8. Sehuls, "Doterminetion of preferred orientetion
in tznt ies ueing & Jeiger counter Xeray
speetrosoter.,” J. uai.-&;.. Vol 21, ppr. 1033«36, 1549
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shown that if the value of «t is coantrolled by control of
the sample thio_hno.s. & correction for absorption is unneg-
essary when the angle of rotatioan 1s loss than twenty dee
groeg, iExamination of the greph showving saximum value of
4t for a given value of € given by Schuls and reprodused in
Appendix I shows that for the 0002 line of tLitanium a same
ple thickness of less than 0.,00065 centimeter would be
required. (This value 1e obtained ss follows: Since the
value of € for the CO02 line of titanium 1s 19.17°, «t froam
the graph in Appendix I must be leoss than 0.6, Since « is
918 per centimeter for titanium, & must be less than 0.00065
centimeter,.)

This value of ¢t 1ia rather szall and it was usually nec-
eszary to prepare a thlcker transmissicn sample and to apply
a correction for absorpllon to the transmiasion intensity
readings.

The value of ¢t was 2essured using a micromster oa the
thicker samples and using the methoed suggested by Decker ot
al (34) on the thin samples. Usinzg the Lecker method the
value of & satrong brages reflectiocon was measursd at the
counter. Ths counter was lhen covered with the Lransaiselion
sample and the new value of intensiiy aocagsured.,. The value
of «t can be ealeulatad from Lhe two measured intonsitios.

{34) B. Fo Docter, T. T. Asp, and D. Harker, “"Preferred
erientation dcummuoa uo{ng oouaur Xepany Alf-
fraction goniometer.” J. Apple ‘Zhlp. ol 19, PP + 1948
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(This ozlculation ls made in the following manner: The
value of the unabsorbed brass reflestion 1a Ige. The value
of the brass reflection after passing through the titanium
sampls is I, Using the equation of adsorption, 1n Ig/1I =
4t, and knowing that .« for titanium is 918 por centimeter,
t is sasily czlculnted.)

The thickness values of Lthe samples obtalined by acas-
urenont were found to be in error when checlkted by the above
sothod, The mechanically mnessured values were aiways too
high, precbably due te pitting of the surfsce of the titanium
sanple. Thus in those sanples which were too thick for the
Deckar method of messuresment of ¢ to¢ be practieal, an error
may be expected in the ¢orrection factor.

Ereparation of reflsction ssarclese The Schuls rofleo-
ticn technigue is dbased on the assuanption that the reflec-

tion sample is suffilecliently thieck for the incident beam o
be complotely absorbed in the sample (35). For the purpose
of caleulation, it was sassumed during this examination that
the absorption could be considered as total absorption when
the ratlo of Ig tc I was 1000 to O. Using tnlie ratio the
sinisum value of ¢ was found to be 0.0076 centimetar.
(shen Ig 15 1000 and I 45 1, In Ig/I = 1n 1000 = 2,303 x
1oz 1000 — 2,303 x 3 = 5,909, Sinece 1In Ig/I = «t and « for

(35) L. G. Schuls, “A direct mothed of d.tornxnxng rreferrod

orientation of a flat nnuuou u-pl.o ncxn’

o’;u:or Xeray spestrozmoter,” J. Apol ol ﬂ. Pre 1030~
» m
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titanium is 918 per centimeter, t equals 6,909 divided by
918 or 0.,0076 centimeter.)

For additional assurznce that complete absorption
could be assumed, all refllection specimena were made at
least 0,015 gcentimetor thick, using a lasinated sample if
the sample was thinner than this after etching. The reflece-
tion samples were prepared by etehing with at least one-
third of the original saaple thiciness removed to slliale
nate the possidility of surface effecta.

Etchinz Lteghniguege The etehing solution used was come
posed of hydrofluoric scid, nitric acid, and water, Several

different ratios of the componente of the sclution were
tried, A ratio of 1:2:5 by volume gave the most uniform
eteh of any of those teated and was used in preparing the
transmiassion and reflection samples dlscussed above.

The etohing rate was found to vary with the ratioc of
the acids aa well aa with the amount ol acid present.
Continuous agitation of the samples in the etehing solution
was necessary to prevent pitting or grooving.

De THE XeRAI TECHNIQUE

Pele figures were made using the Schuls-Decker Gelger
counter technique, A universszl specimen mount was consiruce
ted for use ia the pole figure determination whioh allowed
the beat features of the specimen mounta suggested for the
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Sehuls reflection method (36) and the Decker transmission
method (37) te be combineda, The application of this speci-
men mount ie discussed thoroughly in Appendix 1.

Intensity readings from the 1010, 0002, and 1011 lines
wore measured and, after suitable corrections had been made
to adjuat for absorption, the pele figures were 4drawn. An
example of the necesasary adjustment of data is given in
Appendix Il in which a complete pole figure determination

iz earried out.

HSeasyrcement of X-ray Jntepsity. HNHeasurements of the
intensities of the Aiffracted a-ray from the 1010. 0001, and

W, T e,

e

l 1011 planes wers msde at evory ten degree interval of latie
L, tude and longitude in one gquadrant of a polar stereographic
. net for the pole figures of the cold rolied samples.
Headinges along the ciroumference and across diameters pass-
ing through the rolling directicn and the transverse direc-
tion were made to establish symmetry, Readings at two and
one-half degree intervals along from two to four dianeters
of the polar atercographic net were nade to determline the
pole flagures of the compressed titanium samples.
Transmission intensity readinge were made on the latie
tude cirgles from O° to 50°, Reflection intenaity readings

T —————— ———t——

(36) Schuiz, 1oge. Sike
(37) Deoker, Asp, and Harker, 10G. Sit.




overlappad and served as a means of correlaliing the transe
mission and reflection data. (See Appendix II for an

l example of this correlation.)
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’ were made from 20° to 90°, The region between 20° and 50°
f

Al)l Aeray examinations were made using filtered copper
radistion from a Horth American hilips Xeray Oenlo-.ﬁnr
Units The required 2lit systems and counter movementa are
discussed in Appendix 1.

flotting of the pele fizurea. Two methods of prosent-
ing the data are used in this report. In plotting the

| compression textureas the shading methode-in whioch the most
intense reglion is made darkeate-is used, In plotting the
o0old relled textures the intenaity contour system 1s used.
E The second method allows nore complete informaticn to be

given but 1s 4Aifficult to read when used for compression
t textures, For this reason, the compression textures are all
X

given using the first methed of plotting.




CHAPTER V
THE COMPRESSION TEXTURE OF IODIDE TITANIUM

Enowledge of the compressiocn texture of a metal has
been found to be helpful in umierstanding the gold-rolled
texture, Az was montioned in Chapter 11, reolling haa often
been conasidered as tension in the rolling direction and
compresaion on the relling plane. Since the reolling tex-
ture of titanium was shown to be different from the reolling
textures reported for mest other hexagonal close-packed
metals (38), the compression texture of titanium was expece
ted to dAiffer from the norasl [00C1l] hexagonal closs-packed
compression texture,

The compression texture of titanium was examined by
Yon (39)(40), His results showed titanium to exhiblit the
normal [0001] texture up te elghty-five perecent reduction.
At higzher reductions a doubdble textures apreared in wvhich the
0001 planes were rotated froam ten Lo thirty degrees from
the plane of compression. Thie change in the compreasion
taxture seemed umnuisual aince the tendenoy for hexagonal

e

(38) H, T. Clark, "The toxtures of cold-rolled and annealed
titsnius.” Irans AIME, Vol 188, pp. 1154-6, 1950

(39) ¥, £, Yen, Interim report submitted to W“atertown
Argenal, WHL No. 401-14/A, (Maren 20, 19%1)

H0) B, KX, Yon and J, P, litelsen, Discussion of paper
lark (38), d. of Hotala, Vol 3, Ho. T, Pr. 549-50, 195
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elose~packed metals 1s to approach the [0001] texture as
p the ideal compresasion texture. Nechanleal twinning genere
ally osccurs over a eonsiderable range of roductions bdbegine
ning at a ratuer low reduction.
The samples used by Yen in his investigations were
\ prepared by two methods. Comprescion in a testing machine
| was used up te a reduction of elghty-ive pereent. Come
l pression by compression rolling was used at higher reduce
tions. 3inece the change in texture occcurred at the same
reduction aa the ohsluze in the method of compression, &
connection between the twe seemed likely. To sheok this
pousibllity and to lecate the positicon of the change 4in
texture definitely, if 1t was found to exigt, Lthe compres-
slion texture of titanium was ree-exasined.
Samplen of lodide titanium were used in the inveatie

\ gation of the compression texture of titaalun,.
A. EXPERIMERTAL REBULTD

The samples of lodide titanium were olther compressed
‘ or compression rolled as discussed in Chapter IV. The
difrracted intensities from the 1010, OCOL, and 1011 planes
of the deformed sample were recorded using the Schulse
Decker technique and the pole figures plotted.

: 2001 pele fisures of gcompregsed fitsnlus. The various
reductions ziven the iodide titanium samples and the me thod




TABLE 1V
TEXTURKES DEVELOFLD O COMPREISED IODIDE TITANIUE

Percent NMethod of Angle between COCL felative intene
Reduction Jompression max and comp. axis alty of maximum

24.1 Compresaed 32,50-25° 30%
34.3 Jompressed 30° 100%*

| 50,0 Comp Rolled 300 35

| 8041 Compressed 27.5° 40
86.3 Compreaased 25° 35
89.6 Comp Rolled 24° A2
96.2 Comp Rolled 20° 3%
98.9 Conp folled 17.5° 35

* From deformed smterial only.

4 ®€ FProbably in er:ror,
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used to compress each of the aaxples are givea in Table IV,
The reductions made by the twe methods of compression were
chosen a0 that thay overlapped.

The 0001 pele figures of the samples listed in Table
IV are shown in Flgures 7 through 14, The plane of the
pole figure corresponds %o the plane of compression and the
axis of compression is parpendicular to the plane of the
pole figure, Thus the pole flgures conalisted cf a series
of concentriec intensity rings centered on the axis of coa=
pression.

After correotion of the tranamisslon patterns for
adsorgtion, the readings were compared with those obtalined
from the reflection patterns in the overlapring region and
a uniform correction applied, The final readings were then
reduced a¢ that all readings fell within the range of O to
SO intensity units, %o maximum having an intensity reading
of S5C unita, These readingzs were plotted in the pole figure
using the shading method with flive degrees of intensity as
follows: O to 10 unitse-blank, 10 te 20 unita--dotted, 20
to 30 unitseewide lining, 30 to 4C unitase-sedium lining, and
40 to S0 unitese-narrew lining. The position of the maximum
reating was shown by a dashed line when a definite maximun
existed.

The texture produced by compression could not be dis-
tinguished from that produced by compression rolling. The
general appearance of the texture was the same in each case.



Figure 7. 000l pole figure of compressed iodide titanium--
24 .1 percent reduction.

Figure 8. 0001 pole figure of compressed iodide titanium--
34 .3 percent reduction. >



Figure 9. 0001 pole figure of compression rolled iodide
titanium--50.0 percent reduction.

Figure 10, 0001 pole figure of compressed lodlide titanlum--
80.1 percent reduction.
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Figure 11. 000l pole figure of compressed icdide titanlium--
86 .3 percent reduction.

Figure 12. 0001 pole figure of compression rolled iodide
titanium--89.6 percent reduction.



Figure 13. 0001 pole figure of compression rolled iodide
titanium--96.2 percent reduction.

Figure 14, 0001 pole figure of compression rolled iodide
titanium--98.9 percent reduction.



The texture c¢an be deseribed as a retation of the 0CCL
planes from 15 to 30 degrees away from the plane of come
preasion. Exasination of the pole figwes aiows that as the
reduction inoreased the anglie of rotation decressed. The
angle hHetweson the 0001 maximum and the coapression axlis for
eash reduction is given in Table IV, The maxisus intensity
eoourred at an angle of rotation of 30 degrees at low rodugce
tions and 2%t an sngle of retetion of 17.5 degrees at 98.9
percent reduction, lio definite maxismum existed in the
sample compresged 24.1 percent.

& mecond noticesble feature of theae pole figures 18
the low intensity cccurring at the center of the pole
figures., This reglion correspronds to Lhe poaition of the
[0001] texture which is usually conaidered as the ideal
comprassion texture for & hexagenal close-packed notal.

The low intensity of tals region indloates that some type
of twinninz 1s removing the 0001 peoliss from the ideal posle
tion,

Relative intensity of tha Q001 maxlgume The mothod
used in plotting the pole fizures in thls chavter gives no

indieation of the relative intensity of the maximum. To
determine the relative strensth of each 0001l maximum reading
the intensity distribution of each sauple was adjusted to
zive a aonstant total intensiiy ever the range examined,

The maximum intensity wes then sassured for comparison with
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the other samplea. Corrected maxizum intensities are given
in Table 1V,

The figure glven in Table IV for the relative intene
ity of the maxisum of the sample compressed 24,)1 percont
roeduction is not strictly comparable with those from bhe
other samples. This sasple ahoweld two dleatinetl patterns,
The firest, which was used in pletiing the pole figure given
in Figure 7, arocse frem the deforasd or fragmented structure
of the matal., A second pattern, arising from a large block
ef relatively undeforzed metnl, was not included in the
pole figure., This pattern showed the usual sharp, strong
intensity resdings eof a aingle grain area,s Oaly the intene
sity readings from the first pattern were used in detere
mining the corregted intensity distributicn and the value
ef the relative maximum inteneity given in Table IV.

Effeat of zripdins or filinz alter gozpregslon. Figure
15 showa the 0001 intensity curves of the sample sompressed
34.3 percent, The Xeray apecimens of this sample were pre=-
pared by thres sethods, The original sample alfter ccapres~
slon had a thlckness of aspproximately 0«35 centineter. To
reduge tue opportunity for pitting during etehing, the
sanple was filed to 2.15 centimeter and then redused to 0.08

gentizeter by alternate etehing and light poliehing. The
Xeray examinaticn of this sasple snowed the usual double
texture plus a strong [CCCL1] texture. The [O001] aaxisum
4id not cecur at 90 degreea indlcating that 1t may have been
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Figure 15. Comparison of the 0001 patterns of compressed
jodide titanium (34.3 percent reduction) after
various methods of specimen preparation.
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8 secondary texturs produced by the filing operations The
asuple was eteched further (o U065 ecentimeter and again
exasined. The unaymmetrical central maximum was mush

lower with a corresponding increase in the double maximas

A third apecimen was prepared Ly etohing alone. 7The readings
obtalned with this apecimen are seen to be conalderabdly
different from those cbtained using the previous nethods

of specinmen praparstion, Ihe doubls texture is very
pronounced with no maxisum cecurring at U5 degrees. A
small [C001] maximzum is seen at 90 degroes.

Evidence of & preferced saxis s¢ retatiom. The 1010,
©001, and 1011 pole figures of the sample of lodide titanium
cozpression rolled 98.9 percent are ahewn in Figure 16,
The 1010 and 1011 pole figures show that there io & alight
vandency for the rotation ef the COCL pele away from the
compression axis Lo cocur about & <1010> mxis. This is
shown by the appearance of slight 1010 maxima at O end 15
degrees and 1011 mexima at 12.5, 27.5, and 45 degrecs.
These maxime are marited by heavy dashed lines in Pigure 16,
For the 0001 maximum Lo appear al 72.5 degreesp~-a rotation
of 17.5 degrees--by rotation about a <1010> rotaticn axis,
the 1010 mexima wust appesr at O and 15 dezrees and the
1011 mexime must appesr at 13, 27, and 41 degrees. The
agreenent of the adove values with the expericentally
measured values is good,




Fig\u‘o 16.

10TO POLE FIGURE

000! POLE FIGURE

10T POLE FIGURE

Pole figures of lodide titanium reduced 98.9
percent by compression rolling showing the
tendency for 0001 rotation to occur about a
<1010> rotation axis.
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Thie tendency for the 0001 rotation to occour sbout a
<1010> rotation axls appeared in all of the samplee examined,
The intenaity of the maxims in the 1010 and 1011 pole fige
ures was usually about fifteen percent greater than that
of the surrounding region in the pole figure.

B, DISCUSSION OF RESULTS

The appesrance of a uniform texture over the coaplete
range examined indicated that compression between parallel
plates and compression rolling produce similar results as
was found by Barrett (41) in the case of iron.

The compression texture of titanium is seen by the
results plotted in Figure 15 to be sensitive te & shear
stress parsllel to the plane of compression, The effect of
this streas 18 noted at a considersble distance into the
sample, The [0001] texture reported by Yen (42) may possibly
have been a result of this effect.

The resulta obtained from the examination of the same
ple compressed 34.3 percent are not reliable, The degree
of preferred orientation of this sample 1s conslderably
higher than that of the other samples as is shown in Table
IV, This difference is belleved due to scme deformation
introduced inte the sample during its original preparation.

———————

(41) C. 8, Barrett, "The structure of iron after compres-
sion.” Irans AIME, Vol 135, pp. 296-326, 1939

(42) M, X, Yen, Joc. 2.




Although 1% shows the usual double maxima it also has &
distinot [0001] maximum (see Figure 15) wiich was abseut in
all other samples.

If the corrected intensity of the other seven samples
is compared 1t is seen that the compression texture aoon
r.ocﬁod a more or less astable intensity and that the only
change brought about by inereased reduction was & shlft in
the position of the OO01 maximume. This suggests that the
observed texture ls an equilibrium texture exlastliag between
the stable end polnts of slip and twinning. A movement of
the boundary betwoen the slip and twinalng regions due to
unequal changes of the eritical shesar stresses would then
agcount for the shift in the position of the OO0L maxima.

Agoording to a recent analysis of the mechanies of
twinning by Sarrett (43), twinning on the 1012 planes is
net possible in close-packed hexagonal metals with a ¢/a
ratic leas than 1.732 Aif the axis of compression is along
the hexagonal axis of the lattice. In titanium, with = ¢/a
ratiec of 1,601, 1012 twinning, the usual type of hexagonal
twinning, could not be the means by which the central low
intenslty region is kept depleted of 0001 planes, SHince
rotation by slip on the base planea should be continually
moving planes into this reglon, an explanation of its low

——— e ———— ——— ——— A e e it

(43) C. B, larrotti “The erystallographic I.Ohlnltil ot

(Gleveiand: American Seoiety for Hevales 1500)s Bs B4
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intensity is required.

A recent investigation of the alip and twinning ele-
ments of titeanium (44) has shown titanium to twin on the
1012, 1132, and 1121 planes. Both 1122 and 1121 twinning
are able to twin in compression from a [0001] position and
therefore to remove OO0l planes from the center of the peole
figures in this paper.

Examination of the 1010 and 1011 pole figures of the
gamples showed & alight tendency for the 0001 rotstion to
ogcur about a <10I0> axis. This type of preferrsd orien-
tation would result from {1011}<2180> slip. The lsck of
any appreciabdble COCl intensity along the elroumference of
the 0001 pole figures indicates that in compreasion {1010}
<1120> slip is relatively unimportant, BSoth of these
modes of slip have been reported for titanium (45).

Ce IJUNMARY

1. Compression samples with eight differsant reduc-
tions were prapared and the 0001, 1010, and 1011 pele fig-
ures determined.

2. A rotation of the base planes 30 degrees rom the
compression plane was found in the initiesl reductions. The

—

(44) ¥, D, Rosi, C, A, Dube, and B, H, Alcxnnﬂor‘ “Mechaniem
eof plastic flow in titanium." J. of Hetals, Vol 4, Ne. 2,
PP 145-6, 1952

(45) Log. gik.
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amount of retation of the base plane from the compression
plane decresased with increased reduction. 4 minisus angle
of rotation of 17.5 degrees was found at a reduction of
98.9 percent.

3« Compression in a testing machine and by coupression
relling were found to produce similar results.

4, The compression texture was found Lo be conaldere
ably changed by any shearing stress parallel Lo the plane of
compression. This stress tended to produge a [O001] texture.

5. A slizht preference for a <1010> axis of rotation
for movement of the QOCL poles from the [00C1) position was
evident in the 1010 and 101) peols figures.



CHAPTER VI
THE COLD ROLLED TEXTURE OF TITANIUM

The ¢old rolled texture of fodide titanium has been
exasined by Clark (46) who reported s (0001)[1010] texture
rotated thirty degrees toward the transverse direction.
Clark used a photographic pole flgure method in his examina~
tion.

The metals in the hexagonal lattice system are usually
divided into twe groups; those with a ¢/a ratic above the
valus for ideal close packing, 1,633, and those with a o/a
ratio below this value, Titanium, with a o/a ratio of 1.601
(47) 12 a member of the latter group which aleo includes the
gommon motale cobalt, magnesium, sirconium, and dberyllium,

Both sireonius, with a ¢/a ratlo of 1.590 (48), and
beryllium, with & ¢/a ratio of 1,570 (48), would be expeated
to show deforuation textures aimilsr to those of titanium,
The idezl ccld rolled texture of sircoanlun has been described
as (0001)[1010] rotated thirty degrees in the transverse
direction (50). Thia is sizilar to the ideal c¢old rolled

(46) He Ty Clark, "The textures of cold relled and annealed
titanium.” Irsus AIME, Vol 188, pp. 1154-6, 1550

(47) S. 5. 31ahu, Personal coasunication

(“) Loce cit,

(49) Loec. oit.

(s0) 3. K. a;i Be nus\-n. "Preforred orientation in
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texture reported for lodide titanium. The idesl cold relled
texture of beryllium on the other hand has beon desgribed
as (0001)[1030] with enly & slight transverse spresd (51).
Thus 1t is apparent that the deformation textures of hexage
onal close-packed metals say vary eonsideravly with small
differences in o/a ratio.

Since the previous work on titanium was conducted
uning the standard photographlie Xeray methods, the dezgroe
of accuracy is rather lowes The ecold relled texture of
titanium was therefore re-exasioed using the sore quantita-
tive Gelger counter technlque, Textures wore detsralned for
iodide titanium and for three grades of commercial tlitanium,

Ae FEXPERIMEATAL RESULTS

The methoeds used in the preparation of the titanlium
saxples for the texture study and the e¢old rolling procedures
are discussed in Chapters III and IV, The reduction gliven
each of the samples examined is given in Table V which also
inciudea data on the original hardness and grain sise of
the samplea, The 1010, 0001, and 1011 pole figures were
deterained using the Schulz-Degker technique, 1L was nece
edoary to plot only one quadrant eiace the pole figures were
asymmetricsl about the rolling directlon and the Lriansverse

e

(51) A, Smigelekas and C, 3, Barrett, "Ireferrsd orisntation
in rolled and recrystallized mynm. ZIrens ALME, Vol 185,
pPp. 145-8, 1909



TABLE V

PERCENT REDUCTION OF COLD ROLLED TITARIUM SARPLED
Sample

Iodide T4

Annealed

in,
Vaguun

Vacuus

2 AR

Vacuum
Vacuum
Helium
Helliun

Annealed

drain Sise

0.,102 um

C«C45 mm
0.045 ama
0,011 mm
Q010 ame
0,008 um
0,008 =m

Roekwell B Pareant
Hardnoss Aeduetion
<e §3.2
83 958
a3 94 .9
o4 957
102 94.0
107 783
107 95.8
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direction. The maximum intenasity was reduced to seventy
intenslty unita and all other resdings reduced proportionally
for sonvenlenae in pletting. The intenaity contour aystem
of plotting was used with the contours for sixty, fifty, ete,
shown on the plet of the pole figure by the numbers 6, 5,
eto.

£0ld rolled texturs of jciide titaniume. The 1010, 0001,
and 1011 pole fimures of iodide titanium reduced 93.2 pere

eent are shown in Figure 17. The texture is seen to be
primardly the (0001)[1010] rotated thirty dezrees or more
in the transverse direction as previocusly reporteld by
Clark (52).

The most noticeadble festure of the cold relled texture
is that the highest degree of preferred orlentation 1s in
the 1010 pole figure in which the 1010 poles tend strongly
to be located in the rollinz dAirection. The CCO1 pole igure
shows a preferred orientation eoneisting of a apread along
the transveras axie wish\a naximum about thirty dezreaes from
the relling plane normal. The low intensity of the 0001
pole figure at the rollins plane normal should be noted.

The 10i1‘polo fizure shows a rather low degree of preferred
orientation., The positicen of the 10711 maxima correspond to
the texture (0001)[1010] rotated thirty degrees in the transe

—

(52) Clark, log. git.
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000! POLE FIGURE

Telds

1I0TT POLE FIGURE

Figure 17. Cold rolled lodide titanium. @--(0001) [1010]

rotated thirty degrees in the transverse
direction.
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verse direction. The spread of orientaticns is large., Jiine
imum intensity of the 1011 poles was measured along the
transverse axie and in the rolling direction.

£0ld relled lextures of scazercial iltanlume 5o tex-
ture studies of commercial titanlum were found in the litere

ature, The tureec commercial zgrades examined were from dife
feront sourcea and had received differeont iypes of treatment
befordé balng used in this atuly, Commerclial titanium sample
number one and numbor two ahoweld Aftor annealing and cold
rolling a texture almost ldeatiesl with that of ledide
titanium, The 1010, 0001, ani 1011 pele figures of the
commercial titanium sample number one anncaled in vacuum are
shown in Figure 18. The poles flgure of the commercial
titanium sample number one annealed in alr and the commer-
olial titanlium sample number two annealed in vacuum were
practically identical with Figure 18 and are nct shown.

Comparison of Figure 17 and Figure 18 shows that there
iz little signirieant diflference between the lodide texture
and that of the scfter commereial grades of titanium. The
-xtroaoly_xov intensity at the rolling plane norssal in the
0001 pole figure ahould de noted. This position 13 that
which usually ahows higheat inteanity in hexagonal cloae-
packed metals with a ¢/a rautic less than 1.633.

The 101C, 0001, and 101l pole figures of commereial
titanium sazple number three annoaled in vacuum are ahown 1in
Figure 19. A noticeable difference in the 0001 pole figure



1010 POLE FIGURE

000! POLE FIGURE

1011 POLE FIGURE

Figure 18. Cold rolled commercial titanium sample number
one. @--(0001){1010] rotated thirty degrees in
the transverse direction.
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1010 POLE FIGURE

JT.D.

000! POLE FIGURE

101l POLE FIGURE

Cold rolled commercial titanium sample number
three. @--(0001)[1010] rotated thirty degrees
in the transverse direction.
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is seon in comparing Figure 19 with Figure 17 and Figure 18,
in this sample of commercial titanium a second 00Ol maximum
was apparent in the rolling direction twenty degreos from
the rolling plane normal. This maxisum 18 supsrimposed on
the normal 0001 texture. In the 1010 pole figure the only
noticeable change is a alight lnerease in intensity betweon
the two 1010 maxima regions causing them to be joined by the
lowest intensity contour, The 1011 pole figure shows less
preferred orientatiocon in Flgure 19 than in Figure 17 or
Figure 18, The reolling direction in particular is now more

intensely poprulated.

Shanzes An texture with sgeount of deforaatien. Twe
0001 pole figures of the commercial titanium sample number

three annealed in hellium are shown in Figure 20, These pole
figures show the variation in texture with increased reduc-
tione 7The double maxime noted in Figure 19 is apparent in
both pole figures and the maximum in the rolling direction,
twenty degrees from the rolling plane normal, is slightly
more intense. OFf particular interest in these twe pole Tige-
ures is the 0001 maximum in the transverse direction in the
specimen reduced 78.3 percent, This maximum 1s an indica-
tion of {1010} siip. A slight inerease in the 0001 inten=
sity was noticed in all of the pole figures near the trans-
vergse direction but in the case of higher reductions 1t was
usually too slight to appear with the methed of plotting.
Although the inStensity of the region along the transverse
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Figure 20. 0001 pole figures of cold rolled commercial
titanium sample number three.
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axis near the transverae direction in the specimen reduced
95.,8 percent was too low te fall within the lowest eontour
line, it was several unites higher than that of tue region
about ten degrees fros the tranaverse axis. 7The disappear-
ance of the 0001 maximum in the tranasverse direction at high
reductions indicates that {1010} siip is of ilmportance only
in the earlier stages of deformation.

B, DISCUSSION OF RESULTS

From the cold rolled pole figures of the firat two coune
mercial grades of titanium and from the lodide titanium it
sesms apparent that the ideal texture ¢in be described as a
(0001)[1010]) texture rotated thirty degreecs or more in the
transverse direction.

in Figure 21 the positicns of the 1010, 0001, and 1011
poles of the (0001)[1010] texture before rotatien (white
gircles) and after rotating thirty degreeos toward the transe
verso diresction (black eireles) are plotted over a polar
stereographie net. As the (0001)[1010] texture is rotated
toward the tranaverse direction the poles move along the
dashed lines in Figure 21, By consideration of thess move=
ments it ls seen how the determined texture developed.

As the 0001 pole moves from & position thirty degrees
from the rolling plane normal to the tranaverse direction
the 1010 pole in the rolling direction stays fixed and acts
as t rotation axis. The second 1010 pole however rotates



I0TO POLES

000! POLE

1011 POLES

Figure 21, Position of the ideal textures: O=--(0001)
[1010] ; @--(0001)[1010)] rotated thirty de-
grees toward the transverse direction.
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from the position of the black eirele to the intersection
of the dashed l1lino with the rolling axis., Thus the measured
intenaities of the two positions will be considerably 4dif-
ferent. The 1010 pole not in the rolling direction will
have maximum intensity at thirty; degreea (the poaition of
the black eoirecle) to correspond to the maximum intenaity in
the 0001 pole figure. The intensity between this position
and the genter of the pole figure will decreass in proportion
to the intensity of the 0001 poles along the tranaverse axie
from thirty degrees Lc ninety degrees {from the rolling plane
normal, The 1010 pole in the rolling 4direction remains in
one position for all of thess corientations and thus 1its
Aintensity is proportional to the sum of all of the G001
intensities between thirty degrees and ninety degrees.

The 1011 rotations are shown in the same manner. in
this oase however it should be noted that a rotation thirty
dogrees to the right in the 0001 pole figure produces the
black oircles nearest the rolling direction and the trane-
verse direction in the 1011 pole figure, A rotation to the
left is necessary for the bdlack circle nearest the rolling
mmomnulanMhpaonwn.Tm:annuwot
the 0001 pole from thirty desrees to ninety degrees will
spread orientations in the 1011 pole figure from the black
cirele nearesnt the rolling direeticon to the circumference
of the polar stereographic net, and from the black circle
nearest the transverse direction to the circumference and
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then back toward the white circie, but from the black c¢cirele
to the left when considering the black eircle nearset the
rolling plane normal. Thus a spread of orientations is
obtained with maxima at the black circles and minima near
the rolling direction, along the transverse axis, and between
the white cirole and the dblack cirele nesrest the rolling
plane ncermal. The pole figures of Figures 17 and 18 show
thias tendenoy. The positions of the rotated i1deal texture
are shown in the pole figures of Figures 17, 18, and 19 by
black eiroles, '

The origin of the second 0061 maximum in the commercial
titanium sample number three 1s not apparent, No corresponde
1ng maxime are msesn in the 1010 or 1011 pole figures, The
higher annsaled hardness of this sample plus the visidle
grain boundery phase asen in the microstructure (see Chapter
1i1) sugzeats that the formation of the second maximum may
be the result of foreizn atoms present in the titanium
lattice in sufficlent amounts to alter the normal slipe
twinning behavior,

The cold rolled pole figures of titanium are seen by the
preceeding results to ve influenced by twe main factors. The

 first 1s s very strong tendency for the 1010 pole to be in

the rolling direction. The second is the tendency for the
0001 pole teo be Lhirty degrees or more away from the
rolliing plane norsale. The firat of thess two conditions
would be the result of either {1011} or {1010} slip while
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the second apparently requires some type of mechaniecal
twinning, such ss 1011, 1121, or 1132, which will remove
thoAOOOI poles from the region around the reolling plane
noraal.

Ce SUNNARY

1. The 1010, 0COl, and 1011 pels figures of lodide
titanjium and of three comumercial grades of titanium were
deteramined after cold relling.

2 The cold reolled texture of lodide titanlum and two
of the three csoumercial grades of titanium were found teo
be similar to the texture reported by Clark,

3. The ideal teoxture was found to be a (0001)[1010]
retated from thirty to ninety degrees in the tranaverse
direction with the maximum concentration at thirty degrees.

4 The third commercial grade of titanium was found
te exhibnit a doudble texture w!th 0001 maxima rotated, from
the relling plane norsal, thirty degreea toward the transe
verae Adirection and twenty degrees toward the rolling
direction, The double texture was evidently the result of
impurities in the lattice.



CHAPTER VIX

Ae THEMRETICAL AJALYS1S OF THE DEFURMATIOR
TEXTURES OF TITANIUM

In Chapter II the various theories for explaining the
origin of deformaticn textures were discussed, Of these
thecries the only one atle to explain texture formation
when mechanical twinning was an important factor wan that
developed by Calnan and Clews (53)(54)(55). This method of
texture analysls-ereforred t¢ horeafter as the “Calnan and
Clewa method"e«has beon successful in predictiag the teoxe
tures of both magnesium and zinece The sucesssful aprlication
to the texture of zine was particularly intereating since sine
showed no steble end texture due to meghanical twinning.

Becauvse of its successful applieation te the study of
zine, it ssemed likely that the Calnan and Clews method of
anslysis mizht prove equslly satisfactory in explaining the
oerizin of the deformation texture of titanium, During the
course of the exsminstien, tentative results of an invesatie

————— — ———e

(53) E. A, Oalnan and G, J, 8. Olews, "Ieforaation textures
in fsge-centered cuble metals.” FRll. lag., Vol 41, pp.
1085-1100, 19%0

(54) %, A, Calnan and G, Je 85, Clews, "The development of
deforaation I.xsuvoa in setals. rurt il,. aody-ooniaroc
gudlic metals.” Ihil. Eaze, Vol 42, pp. 61635, 1951

(S5) B, A, Calnan and G, J. 5, Clows, “The development of
umuoa textures in wmetals. hrt Iille. Hexagonal struge
tures.” fhil. Haz., Vol 42, pp. S15=31, 1551
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gation of the elements of glip and twinning in titanium
were published (56). These results confirmed several points
prodicted by the arnliecation of the Calnan and Clews method
and aided materially in the succeasful conclusion of the
study. )

Aes GENZRAL PRIBCIPLED OF THE CALNAN AND CLEWD NMETHOD

The following brief discussion will attempt to outline
the essential portions of “he method of texture anslysis
‘ developed by Calnan and Clews, Their sethod provides a
moans of predicting the texture resulting from the deformae
tion of peolyorystalline matorials from the behavior of
single erystalee It is eapable of handling inhomocgeneous
deformation and is based on the assumption toat inhomogene~
ous deformation is ccourring.

In horogeneous deformation multiple slipe-slip on three
or more siip systems at the sane timeeemust ocour to zalne
tain the external shape and to prevent graln boundary
separaticon. In the treatment of Calnan and Clews it 1is
assumed that for multiple slip to coocur the stresa must be
such as to zive egqual resolved shear stress slmultanecusly
on all of the aetive slip planes. If the applied stress 1s
directed so that the resclved shear stress is & maxisum on

— ——

(56) ¥s Ds Rosi, Cs As Dube, and B, He Alexander “"Hechanisn
of plaatic flow in titanium.” J. of Hotala, Vol 4, No. 2,
PPe 1455, 1952 g
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cne slip system, only one aslip system will be aotive, If
the resoclved shear stress 1s maxisum and egqual in two slip
aystens, duplex slipee-slip on two slip systeoms at the same
time-ewlll occcur.

81ip on a single slip aystem will give rotztion of the
slip plane normal toward the stress axis in gompression and
of the slip direction toward the stress axis in tension.
Duplex slip will zive rotation of the great cirele Jjolining
the two slip plane normals toward the streas axis in com=
pression and the great circle Jjeining the two slip directions
towsrd the stress axis in tension. Thus single and duplex
slip are tending to Acnlop a deformation texture while
multiple slip is necessary to malntaln external shape and
grain boundary ¢chesion. When a stersographle plot of the
erystal is used, these rotations are shown by a movement of
the stress axis while the slip plane normal and slip diree~
tion remain fixed.

In the mothoed of Calnan and Clews the effect resulting
from sisultanecus operation of single, duplex, and multiple
#lip, thus inhomogsneous deformation, is predlcted.

in riau-o 22 a hypothetical slip system plotted in the
unit stereographic triangle for the hexagonal s;stem is
shown. For the purpose of this discussion 1t will be asoumed
that duplex slip occurs along the [00011-[1010] edage, multiple
slip at [1010], and single slip in the ares of the unit
triangle.



Figure 22.

000l

Sample resolved shear stress contour diagram
plotted in the hexagonal unit stereographic
triangle.
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Hypothetieal resolved shear stress contours are plotted
for the active alip system in the unit triangle. These
contour lines are obtalined Ly Joining all points in the unit
m-ng},o having equal resolved shesr streas. The resclved
shear streas is determined for any peint in the unit
triangle by caloulating the value of the funotion, cos X
ses )\, wheres X} is the angle between the stress axis and
the alip plane normal and A is the angle between the atress
axis and the slip direction. In Figure 22, the wvalue of
the resolved ahear stress function for point g would be C.4,
obtained by substituting the measured angle between g and
H for X and of the angle between g and S for A in the
function, 008 Xoos ) , where ¥ and § are the slip plane
noraal and the elip direcilion reapectively.

S4inge the active slip syatem is that for which the
resclved shear stress function is maximum, all other possie
ble slip systems in the same slip fasily will have lower
values of resolved shear stress within the unit trisngle.
Along the [0001]-[1010] edge two slip systems will have
equal resolved shear stress values and duplex alip will
ococur. At [1010] the resolved shear stress is equal for
more than two systems and sultiple elip will ceour.

If the stress axis lies at point g in Flgure 22, silp
will ogcur on the single slip system when the value of the
resolved shear stress, T, cos Xcos) , waere Ty is the applied
stress, equals the aritioal shear stress, Cge If the applied
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stress, T,, reaches a value greater than that nocessary for
alip at g, that 1a if 0.4 Ty, > Oy, and slin %ﬁ. not oecurred,
the effective miress, Ty, 1= no longer at g but must have
woved to a position of lower resclved shear stress., This
movement 1s assumed to be by the most direct route, thus 3
moves down & gontour gradient toward point . 1f T reaches
b before slip occurs, any increase of ‘l'.- will ecause either
duplex slip at }} or wovement of Ty to a reglon of lower
resolved snear stresseetowsrd [1010] in Figure 22, At [1010]
waltiple siip will ocecurs The movement of T, from Ty 18
gonsidered to be the result of lateral stresses dus to graln
boundary effects, ete. Thus ench graln and in some gsaes
diffarant parta of the same gralin will have different posis
tions of Ty as plotied in the unit triangle and therefore
will have different amounts and directions of movement of
Tee It is this concept of movement of the effective stress
which has enabled the Calnan and Clews method to successfully
treat several previously unsclved problems in deforaation
texture atudy.

Assuning Te to be a tensile stress, slip betwoen 4 and
B w11l result in single slip rotation toward S whenever Tg
cos XcooX becomes greater than Cge When slip rotation oocurs
Te returns to the new position of Ty and the process starts
again, Thus the deformation proceeds in & series of steps
and the texture resulting can be deterained by considering
the probability of the wvarious steps.
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Duplex slip rotation will cecur if Ty succeeds in
reaching the [0001]«[1010] boundary. 3ince the resolved
shear stress 1s eyual for both the ally aystem (X)[8] ana
the second sotive sllp system, it fellows that the second
8lip plane normal and allp direction are asysametrical with
N and 5 about the [0001]-[1010] 1ine. Thue the second slip
direction is [1120]. The great eircle connecting these two
slis directions grosses the [0001]=[1010]edze at [1010].
Duplex rotation in tension will therefore be towsrd [1010])
which 18 alse the direction of decreasing resoclved shear
stress, The single and duplex slip rotations are indlioated
for point 3 by the two arrowa marked I and II roapoctlvni:o

All points to the left of the contour gradient cone-
necting [1dio] with the maximum resolved shear stress point
and to the rizht ef the coutour gradient connecting the
maximum resclved shear stress point on the [0001]-[1010]
edge to the maximum rescolved shear stregs point tend to
move to the same point, [ldiO]. Sinee all orientations
within these boundaries bdehave similarly, it is convenlient
t¢ consider them as & groupr and to mark off all such areas
by dashed lines as has been done for this area in Figure 22.

If the direction of single slip 1s the sanme reneral
dirsction az the decrease in resolved shear stress, as in
the example shown in Figure 22, there i1s & strong probability
that the region of duplex slip will be reached elther by
single slip rotation or by movement of Ty or by a combinae
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tion of both. Similarly, Af duplex slip rotation and the
decrease in resolved shear stress both lead te a region of
multiple slip, multiple alip is probable., Thus the oriene
tationes represented in the area marked in Figure 22 by the
twe daahed contour gradients have a strong probability of
resching [1010] and multiple slip.

The forsation of deforzation textures can be pre-
dicted by consideration of the poasible directions of
single and duplex slip. In Figure 29 are shown the galoue
lated resolved shear stress contours for {1010}<1130D> slip.
In this 1llustrstion the shear stress contours are symmete
rieal about the line conneecting [0001] and the midpeint
betwoen [1010] ana [1150]. Thus T, will tend to move toward
thea [DOOI]-[11§O] edge Af Tg is above tuls line and toward
the [OOOI]-[IOin edge if Ty le below tnls lines The
active slip systems for {1010}<113CD slip are shown in
Tadble VIIXI, 34.gle slip rotations in teaslon are seon to be
toward [2110] and duplex rotations toward [1130] along the
{oco1]-[1130] edge and toward [I.DiO] along the [0001]-[10i°]
edze, In Flgure 30 single and duplex tenslon rotations on
both sides of the dashed midpoint line are shown. Hince Tg
above the line moves toward [0001]-[1130]1, aupiex slip
rotations are toward [1150]. Similarly, duplex slip rota-
tions below the dashed line are toward [1010]. It is eocen
from Figure 30 that all orientations originally located
below the midpoint line will tend to rotate by slip te
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[1010]. Since the direction of single slip rotation above
the dashed line oppeses the direction of movement of Ty,
there ia & atrong possibility thet many crientations origine
ally present above the dashed line will be rotated agross
the dashed line by single slip before the duplex siip reglon
is resched, Those orlentatlions close enocusgh to the [0ooll-
[1120] edye to reach a region of duplex slip before cocurs
renge of single snp'wln rotate toward [1120]. The lower
diagram of Figure 30 sahows the general tendency of both
single and duplex slip rotations, Althouszh the prisary tex-
ture 1is [1010]. a noticeable [11720] texture should be devele
oped.

By similayr analyeis of the direction of movemant of Ty
and the directions of single and duplex alip rotation, more
gsomplicated slip systems may be considered and the general
slip rotation tendencles determined.

Twinning ean alse be considered using this method. For
exanple, if the value of the resclved shenr stress for twine
ning is T, cos Yeoous § , where Y is the mngle between the twin
plan; norual and the stress axis and § is the angle between
the twinning shear dirsctiocn and the streas axis, and the
eritical shear strees for twinaing is Cg, twinning will
ogour when,

T, cosXxcosA/ Cg & 74 com Yoosd/ Gy
If this equation is satisfied in the region x-[1130]-[1010)~
runmu.mt.mm»utxmum_
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over slip. The twinned grsin will then have a new orien-
tation and a new position of Tg, Although the new value of
Ty may fall outeide the unit triangle, 1t 1e moved to its
relative peceition within the unit trisagle, The new poslie
tion of Ty 1s then handled as if twinning had not oecourred,

Be CALOULATION OF RESOLVED SHEAR STRESS VALUES

Values of X, \, YV, and S were determined by direct
moAsurenent over & seven ineh Wulrs set grsdusted in two
degrec intervals. MNeasurements were made by estimating to
the nearest 0.2 degree and the results of the cosine fune~
tion plotted., Shear stress contour diagrass were obtalned
by making sufficient measureuents Lo locmte the approximate
position of esch contour line, Thene dlograng are probe-
ably agourate at aoet Lo Lwo degrees, Soundary lines
between two slip systems or betwean alip and Lwinning sratems
were located by plottiing the pesition of Ty, and measuring
the values of the anzies until the following equations
ware solved,

for slip: ocoaXeos),/ Ug = cosXo08)/ Oy, ls
for twimning: ocosXoos/ Uy = eosYooa §/ Oy 2

A mathematical analyeis (57) has shown that thls

boundary may have two possible forms. At least thrwe polnts

© —— —

(57) E, A, Calnan and G, Je B, Clews, "The developmant of
deformation textures in metals. Fart Il. Body-centered
cublie mestals.” M‘ Lales Vol 42, ppe. 6156+-35, 1951
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were located on each boundary to determine its position.

Values for Cg and Cg had to be assumed, In some oases
there is Justification for the assumption made, in moat
cases, however, there is a sonsiderable ranze of possible
values, By examination of the textures it was pessible to
fix approximately either an upper or lower limit of the
eritieal shear stress ratio, but seldom both.

Ce DEFORHMATION BY 3LIFP

The hexagonal metals subjected to ceritlienl study have
been found to slip in the {00013<1130) system (58). This
gyatem will tend to give a tension texture of the type
[1i§o]. Examination of the wire texture of titanium (59)
shows titanium to have & strong [1010] texture. A prelimie
nary report on the plastic flow of titanium (60) shows slip
in titanium to ocour on both the {1010} and {1011} planes.
These tests have not yot led to a determination of the slip
dirsction. Since the slip direction 1s usually retained
in other metals which exhibit slip on several planes, a
<1120> slip direction is assumed., Thelr results showed ne
evidence of {0001}<1130> slip but at the low reduction neec~

Ce 5, Barrett {(New York:
. ﬁzg;uu-ale Book c&iﬁﬁgb .‘*35"'1"

(59) M, K, Yen, Interim repvort to Watertown Arsenal. WiL
401/14-4, ¥aren 20, 1950

(60) Rosi, Dube, and Alexander, log. Sik.
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easary for loeation of alip elementa by the trace method
thia mode of slip may de relatively inactive, 4As will be
shown later, {0001} slip iz essential in the explanation of
the compression and rolling textures. The resolved shear
stress contour diagram for each of these thres slip aystems
is developed and the resulting tension and compression
textures derived, Finally, the three slir systems are come
bined to give a tension and compression texture that agrees
&8 much as posasidles with the observed texture.

{00011<22230°> slip. S5lip on the base planes is simpli-
fied by the existence of only one active slip plane, Tue

resolved ahear stress contour diagram l1s shown in Figure 23.
At both the [0001] point and the [1010]-[1120] edge the
resolved she=r stross is zero., The sliip systoms sctlive in
the {0001}<1120> system are given in Table VI,

The tenaion and compression rotations for single slip
(marked by the nmumber 1) and duplex slip (aarked by the
number Il) are shown in Figures 24 and 25. As is seen the
tension rotations lead to a moderate [1120) texture plus a
sproad of orientations along the [1150]-[103.0] edge. Com=
pression rotations lead to & strong (0001] texture. After
the material reaches a [0001] position in compression or a
positicn alonz the [1010])«[1130] edge in tension, ne further
- 8lip omn occur sinee the resolved ahear stress 1s zeroce.

§103123<1370> alin. The {1011}<1120> system contains



Figure 23. Resolved shear stress contours for {0001}<1130>
slip.
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| TASLE VI
ACTIVE SLIP BLEMINTS IN 1HEZ {0001}<1130> SLIP SISTEN
Pesition Active 3lip System
[0001] longe=racture
[1030] Honew=rrac ture
[1150] ' lione=-=racture
[ooo1]-[1130] ' (0oo1)[1130]
[ooo1] -[ 1010] (ooo1)[1130]; (oo01)[2110]
[1010] «[1130) None=="racture

[coo1] «[1130] - [2010] (oco1)( 1120]
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Figure 24,

1010

i 1010

Tension slip rotations and tension texture
resulting from {0001}<1130> slip.
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Figure 25.

-

1010

Compression slip rotations and compression tex-
ture resulting from {0001}<1120> slip.
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eix slip planes each of which has twe posaible slip direc-
tions. The resolved shear stress diagram for this system
is shown in Figure 26, Tnls diagram 18 more complicated than
that for {ooox} slip since twe different slip systems are
active within the unit stereographie triangle, In addle
tion, peints 3, [1120], and [1010] eaeh support multiple
8lip in four slip systema. The active slip aystems are
given in Table VII.

The tensiocn rotations and the resultl gz tension texture
ror {1011} slip are given in Figure 27. Due Lo the unsyme
metrical position of the slip planes at polint &, multiple
alip rotation, marked with the letter g, occurs. Examination
of the tension rotations shows a strong [1010] texture plus
a weak [1150] texture, Thoae orlientntions along the [1150]0
[0001]) 1ine have a strong probssility of rotation by duplex
slip to the [1130] point where they will be stabdle,

In the compression rotations, Figure 28, there oxist a
number of possible end positions,. Duplex slip along the
[1120] =8 edge will cause rotation of the stress axis toward
the great circle Joining the two active slip plane norsals.
This vlil sive a strong preferred orientation at aprroxie
mately thirty-two degrees from the [1130] peint. 3ince
single alip will rotate most of the A-8-[1120]-[1010] reglen
to the [1130]-B edge, the concentration at thirty-twe
degrees should be the main texture in the {10117 elip
aystem, Subsidiary textures are probacle at the pointe
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TABLE VII

ACTIVE SLIF ELEMENTS IN THE §21011}<1120> SLIP SYSTEM

Fosition
[oo01]

[o001]-a=[1030] ¢

[1130] -5
[0001] -5
[1010]=[1120]
Awi
(00011 A=
A-8e[1130]=[2010C]

Active S51ip System
Honow=ragture
(0111)[2130]); (13o1)[1120);
(oatt)ratiol; (iiol) 1101
o111)[2110]; (2011)[1i2i0]
201i§)[2§§c]: (1011,112 o]‘
(o131)[21310]); (13101)[1120)

(0a11)[21ic]); (2032)(3inl0];
(1 1)[11%6]: (1101)[1130]

(oai1)[21ic]; (1101)[1120]
(oa11)[23110]; (1011)[12i0]
(1101)(12280]; (1101)[1120]
(0211)[2130]; (0111)[2ii0]
(0111)[2110]); (1101)[1130]
(1301)[1120]

(0111)[2110]
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Figure 27. Tension slip rotations and tension texture

resulting from {1011}<1120> slip.
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Figure 28.

ROy

Compression slip rotations and compression tex-
ture resulting from §101131<1120> slip.



indicated in Figure 28,

§10101<1130> slin. This slip system is symmetrical
about the midpoint between the [1010] and [1130] pointe as

is shown in Figure 25, The active slip aystems are given in
Table VIII,

The tenaion and compression rotatlions are shown in
Figures 30 and 31. The tension texture will be primarily
[1010] with some [1220]. The compression texture will be
priassrily [1120] with some [1010].

Coubined slip sragtem. Hefore the three slip systens
are coaubined it is necessary Lo conaider the experliassntal
data., The tension texture of Litanlum has been shown Lo be
primarily [1010]. Thus either {1010} or {1011} alip must
predominate near the [1010]«[1120] edge. The compression
texture hee becon shown to have & maximum in the 0001 pole
fizgure thirty degrecs from the axis of compression. The
anzle between this saximum and the compression axlis decreased
with inereased reduction. A slight tendenc; for the come
pression axis to be on the [0001}-[1120] edge was alse
noticed., BSince {1010} slip esn not preduce rotation toward
[co01] in compression and since {1011} alip tends to produce
a 0001 maximum fiftye-eight degrees from the axis of com=
pressicn (see Pigure 28), {0001} slip must be active at
least to & point within thirtyetwo degrees of the [1120]
point slong the [0001]=[1130] eage.
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000l 1010

Figure 29. Resolved shear stress contours for {1010}<1120>
: slip.



_ TABLE VIII
ACTIVE SLIP ELEMENTS IN THE {10103<113¢> SLIP SYSTEM
Poasition Aetive S51ip Systenm
[oo01] None--Fracture
[10i0] (0110) [213¢] ; (13v0) [1220]
[1120] (01io) [2i1q] ; (10i0) [i2io]
[oo01] -[1120] (o110)[2110] 5 (1010) [1210]
[0003) =[1010] (0110) [2110] ; (1100) [1220]
[10id -[1130] (0110) [211d]

[o001] - [101d] - [122q (0110) [2110]



000I

000!

Figure 30.

1010

Tension slip rotations and tenslon texture
resulting from {1010}<1120> slip.
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Pisut‘o 31 .

" 1010

Compression slip rotations and compression tex-
ture resulting from {1010}<11320> slip. , =5
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The determination of slip elements of titanium (61)
indicated that {0001} slip wae absent and {1010} elip was
the primary mechanlism of slip. BSecause of these results the
{00013} -1011} s1ip boundary was adjusted so that the eritieal
shear stress for {0001} slip was as large with respect to
the critical shear strass for {1011} elip as possidle withe
-out allowing {1011} elip to form the maximum along the
[00011-[1120] e2dze thirty-two degrees from [1120], Thie
was acscomplished by plecing the boundary between the two
systems thirty degrees from {1120]. Zgquation number one
was used for this calculation and the following ratlieo of
the eritical shear stresses was obtained,
Ca0001 = 11 Cu3011 3.
Although the results of the above mentiocned determination
of slip slements in titanius indleated that {1010} wisp
predominates at low reductions, the lack of appreciable
[1120] compression texture at higher ro.uctions (sece Chepter
V) indicates that it is relatively unicportant or possibly
completely absent at high reductions. For the purpose of
this development the {1010}={1011} slip boundar; was ealou=
lated assuming that it ercased the [00011<[1130] edsze five
degress from the [1130]. This resulted in a ratio of shear

stresses of,

Ce1010 = 14078 Cgyom 2.

e —— — e—— S

(‘1) Resi, Dube, and Alexsrder, p T aitke
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The assumption that {1010} alip ias cecurring is unnecessary
&t high reductions but it is included sc that its eflfect at
lower reductions may be conslidered.

Combining equaticns three and four givea the following
relationship between the critical shear stresses for slip
on the three slip aystena,

Ceo001 = 11 Cgroin = 1402 Cy3030 3a

The tension and compression textures resulting froa the
agsumption that the above ratios of eritiesl shear stress
are gorrect are shown in Flgures 32 and 35. The active
slip systems are given in Table iX.

Examination of the tension rotations and the resulting
tenaion texture given in Flgure 32 sghows that the Lexture
will be predominately [101C]. A weak [1120] texture ia alseo
evident.

The compression rotatiens and the compreasion texture
as given in Figure 33 show a predominstie CO01 texture
plus a weak secondary [1120] texture, Alsc of interest 1s
the noticeable incorease in density along the [ooo1]-[11220]
edze which ie the preferred route of rotation to the {ooel
position. Although the slip syatem developad here gives the
desired rotation tendsnay for the observed compression
texture, the maxisum thirty degrees from [0001] is net devel-
oped and must be a result of mochanicosl twinninge
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TABLE IX

ACTIVE SLIP ELEMERTS IN THE COMBIRED SLIP B.i073M

Fosition

Cooo1]

Active S5lip Systea
Bonee=Tagture

[10ic]
[113¢]
x
4

[coo1] =¥

(0110)[2110];
(0110)[2110] ;

{0981 Aty :

(o001 ) [1220]
(1oi1)[%2§gg

oxte et
(S R
{ooo1) [1120) ;
(ooo1) [1120]
{ooo1) [1120] ;
(0111) [2110] ;
(o111) [23i1al;
(0111)[2110) ;
(0110) [2110] ;
(o110)[2110] ;
(0110) [2110]
(ooo1) [1120]
(o111) [2i10]
(0110) [21i0c]

(1100) [1220)
(1010) [1210]

1) [2130]
22%81‘ Eﬁgl .
(0111)[2110] ;
(13 120
et -k
(k] g
(0o01) [2110]

(c111) [2110]
(13101) [1230]
(1011) [1210]
(0110) [2110]
(1100) [1120]
(1010) [1210]
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000!
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Figure 32. Tension slip rotations and tension texture
resulting from the combined slip system.
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000!

000! 1010

Figure 33. Compression slip rotations and compression tex-
ture resulting from the combined slip system.



D. DEFORNATION BY TWINNING

Hexagonal close~pacited metals twin most easily on the
{1012} planes. It has been shown (62) that metals with a
¢/a ratio of less than 1.732 will not twin by {1012} twine
ning when the axis of compression le¢ along the ¢ axis of
the unit cell, Thus the minimum near [0001] noted in the
0001 pole figure for compregsed and for cold rolled titanium
ean not be the result of twinning on the {2012} planes.

Te explain the minimum evident in the compression
texture a new type of twinning must be assused which ¢an
twin in compression from the [C0C1l] position. Several types
of twinning can be visuallized wirlch willl twin from thie
position. The {1011} twinninzg reported in magnesium (63)
would be an example. Sizilarly, both the {1121} ana {1122}
twinning reported in titanium (64) have the ablility to twin
froz & [0001] position in compression.

A gomparison of the twinning ahear "ngles, the angle
between the diageonals of the twinned an untwlianed unit
eell, or {1012}, 1131}, ana {1132} twinning is givenm in
Figure 34, It seems likely from inspestion of this illustra-

—

(62) C, 5., Barrett, "The erystallographle mechanises ot
iv.a.l‘tlSn. twinnins and bund!ng Qg%g,]g;’,,‘
Metala, (Cleveland: American 3oc. for s, » De B4

(63) & Schtobold and G. Sisbel, "Studies of ium and
:’miu alloys.” £. Dhcalk, Vol 69, pre. m,n

(64) fnosi, Dube, and Alexander, log. Qik.
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Figure 34. Twinning shear direction of twinning on {1012},
{11223, and {1121} planes of titanium.
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tion that {1132} twinning should oceur much more readily
than {1131} twinning. Attempta to develop & satisfactory
ploture of the atom movements in 1121} and 1132} twinning
such as has been done for {1012} twinning (65) were unsuce
ceasful.

For the purpose of this development of the twinning
effects, the following assumpticns were made: (1), {1012}
and {1152} twinning are of about equal frequeng; and {llil}
twinning should be relatively rare, (2), the twinning shear
streas of {1122} twianing 1s in the directicn shown in
figure 34, and the ¢ axls, twin plane normal, and twinning
ahenr direction are in the same plane, and (3), the critical
shoar streass for {1012} twinaning and {1172} twinning are
equal to the eritical shear stress for {0001} slip.

mm tvipninze For the purpose of crloulation the

assu=zption was made that the eritieal ahear stress for tvine
ning on the {mia} planes was equal te the critical shear
stress for sliip on the {0001} planes. Ihus, from equation
five, .

Og1012 = Ceovol = 1e1 Cy30i1 = 1402 9g3030- -
The bdoundary between the alip and twinning areas were deter-
mined by use of the formulae,

cosyeoed = n coaXecosA, in tenslon e oY

M—“-

(635) Barrett, gn. gilk«, PP. To=-86
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eos Ycosd = -n cosXees)\ , in compression 8,
where n = Ce/C,

The boundaries for twinning in both tension and come
pression based on the cosbined slip sretem shown in Figures
32 and 33 wers csloulated for all six of the pessidle {1012}
twinning arstema, The results are given in Table X, The
mont favorsble slip syestem is that which includea the moat
area of ths unit steraographiec triansgle,

fach point in the twinning ares will wmove tha same
ansle b2rond the twin plane nor=al as its initial angle from
the twin plane normal, The twinning area, 1, the aetive
twin plane normal, merked by numbor, the new trinned oriene
tation, 1', and the naw twinned orientation plsced Iin the

-

unit stersographic triangle, 7%, are ahown in Filgure 35.
It is seen that {10121 twinning asalsts olip rotations
by twinning toward the [0001] in compression and toward the

[1010] =[113¢] edge in tension.

{1132t twinnins. The boundary conditions for {1122}
twinnins were determined in the same manne: as those for
{16?2% twinning. In tais oase however, the signs of the
two equations, 7 and 8, are reversed because ol the change
in the twinning shear direction (see Figure 34). The shear
stresa ratios were sssumed to be,

Cg1132 = Cgooo1 = 1+1 Ug1031 = 1.02 Ca1010 Sa

The ealeulated positiens of the boundaries for each of



TASLE X

INTERSECTIONS OF TWINeSLIF BOUNDARIES SOR {1012} TYINNING

Tenalon
Tretens  aloss (06011 Ti0t]

1 230

2 27°

3 20° «

4 26¢

S 29°

6 27°

Compression

Tyinaine OR8]t rSeen: ti0t1ti5iEa

1 e ¢ e

2 o -

3 & *

4 ! g

« é &

6 - -

% kNost favorable twinning ayaten

Rr b s ylaitt 7y
uo
22°
270 »
“o
2‘0
270

le 1120
-I{'of; [11%3]£[ooo%]

These values oaloulated assuming Ugyoi2 = Cao001 = 1.l

Ga1011 = 1402 Sgacioe
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b. {1012} twinning in compression

Figure 35. Reorientation resulting from {1012} twinning
from the combined slip system.
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the six {1132} twinning systoms in tension and compression
are given in Table XI,

The most faverable twinning system was determined in
the same manner as before, The rosulte of the twinning
reorientations are given in Figure 36, using the same nota-
tions as in Figure 35. In this c¢ase, twinning oppoases slip
rotation in coapression but in tenslion its only effeet ia to
remove those poles in the subsidiary [1130] texture.

i}lﬁll.&x;nnlng. The geometrical analysis of the
twinning shear shown in Flgure 34 indlecated that {11813
twinning was much less likely to ococur than {1122} twinning.
The msznitude of the twinning shear required for {11214
twinning was over three times that required for {1122} twin-
ninge It should be noted that the method of prediction of
the magnitude and direction of the twinning shear used in
Fizure 34 is purely geometrileal. Future worx on the moche=
anica of twinninz may show this method of analysis %0 be in
error. Thus, {1131} rather than {1132} twinning might
actually be the more active twinning system. IThe only
result of this change would be a slight road justment of the
eritical shear stress ratios.

The agrooment of the eritieal shear stress ratlios
predicted froa the texture analysis (ses equation nine)
with the geometrieally predicted twinning sheare 1e good
and dtrengthens the assumption that the szeometriecal methods



TABLE XI
INTERSECTIONS OF TWINe3LIF SOUNDARIEZS ¥OR {11227 TWINNING

Tenaion
v gt I e ey N
1 - L L o
2 - - o
b - - -
4 - ) S 27° =
£ - - &
6 - - ®
Jompresszion
T;m:-:& ‘i‘gg;" [gggll‘] Eﬁg%:(‘)] uito‘i;i [ggi] Eﬁgg]
1 320 = 2go @
2 27° 28°
3 18° 15°
4 18° 16°
5 27° 19°
6 32° 28°

#® jJoat favorable twinning aystem

These values ealoulated aswuming Cuq9122 = C40001~ 1.1
Cg1011 = 1402 Cqa030e
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a. {1122} twinning in tension

1010

b. {1122} twinning in compression

Figure 36. Reorientation resulting from {1122} twinning
from the combined slip system.



used in drawing Figure 34 are valid.
Ese THE DEFORMATION TEXTURES OF TIiTANIuM

By use of the Calnan and Clews method, the known slip
and twinning systems have been examined and the eritical
gshesar stress ratlos neceassry Lo zive various phases of the
observed textures calculasted. These critical shear stress
ratics made it possible to combine the threes alip aystems
and twe twinning systems considered and to¢ conslder thelr

combined effect on the deformation procesa in titanium.

Ihe tension texture of titapjus. The results plotted
in Flgures 32, 35, and 36 for tenslon are combined in

Figure 37. In thie figure it is seen that {1012} twinning
alds in developing the [1010] texture while {1172} twinning
prevents the fermation of the subslidlary [1156] texture.
The net result of slip on three s;ystema and twinning on two
12 a strong [1010] tension texture. This texture should be
developed early in the deformation process. Aa the eritieal
shear stress on the {1010} slip planes increases, the
boundary between {1011} and {1010} slip moves toward the
[1010]1=[1120] edsze. ¥hen the shear stress has increased
until the two systems are equally favored at [1010], when
Cg1011 = 0.878 Cgy0jos there are aix active and stabls slip
systems at [1010]. The [1010] tension texture would there-
fore be expected to persist with ne change until the mate-
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0001

Figure 37. Tension texture resulting from combined slip on
the {00013}<1120>, {1011}<1120>, and {1010}<1120>
alig systems and twinning from the {1012} and
{1122} planes.



rial falled.

mmmmmum. The data from
Figures 33, 35, and 36 are combined in Figure 38. In thie

case {1122} twinning 1s active in preventing the slip rotae
tion from reaching the stable orilentation. {1012} twinning
is of little importance in compreassion. As the slip rotae-
tions lead to the twinning region, the gralns are twinned to
a position near the [1120] pole, Thus s deformation ine
creases the slip rotations tend to be concentrated more
completely alonz the [1120]=[0001] edge of the unit trie
anzle, This accounts for the preferred orlentation notlioced
in the 1010 and 1011 pole figures of coupressed titanlum
(see Chapter V).

As the slip rotations lead toward the {0001] position
and the twinning reorieontation leads away from this posltlionm,
a spresd of orientations from the slip-twinning boundary Lo
the [1120] positicn will ocour. An equilibrium texture will
arise near the slip-twiani:,s boundary., This texture 1is
gean in compressicn (Chanter V) and in cold rolling (Chapter
Vvi)e. The decresse of the angle betwesn the compression
axis and the [0001] with increassd reducticn may be attrie
buted to a relative change in the ratloc of the eritical
shesr stress for {0001} slip and {1132} twinning such that
the boundary between slip and twinning moves toward Locor].

The lack of any apprecisble [1130] compression texture



0001

0001

Figure 38.
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1010

Compression texture resulting from combined slip
on the {0001}<1120>, {1011}<1130>, and {1010}

<1120> slip systems and twinning from the {1012}
and §1122% planes.
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shows that {10103 elip is probacly completely absent at high
reductions. The ability of the {1011} alip system to trap
the strees axis in the minimum ocourring in the resolved
shear stress diagras at [1120] (see Figure 26) would be
sufficlient to agoount for the slight [1130) texture apparent
at high reductions.

Ihe gold relled texture of titanium. Cold reolling oan
be considered as tension in the rolling direction and com-

pression on the rolling plane (66). In Figure 39 the ocome-
pression texture is plotted in the unit stereograghic trie
angle, The axis of compression lies sowewhere along the
line [115030[9001] between points N, and N,. Since the
rolling direction is ninety degrees from the rolling plane
normal, and thus from the compression axis, the rolling
direction must lle on the great circle whieh lles ninely
degrees from the compreasion axis. The great circles for the
compression axes N, , N;, and N, are ABG, ADC, and A-[0001]-
0 respectively. These circles intersect at peint C which 1
a <101I0> direction. Thue when the tranaverse plane contains
a <1130> direction and the rolling direction 1s <10IC> both
the tension and compresaion texture are satlisfled sioulta=
neoualy .

et e ——————

(66) ¥, Wever, "Textures of metals after cold defornation.”
M»m. Vel 93, pP. 51«75, 1831
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in Figure 40 the compression and tensiocn rotations and
the twinning reorisntations are showm in a 0001 pole figure,
If random initiasl orieantation is assumed, the following
tendencies are appareat, Oince tension rotatien tends %o
move & <10I0> direction into the rolling directicn, the 0001
poles should move te the transverse axls slong the line of
most rapid descent, & great eircole passing through the relling
direction and the 0001 peole being considered. Uompression
rotations tend to move the 0001 poles toward the reolling
plane nermale The tension and compression rotationa are
marked T and ¢ in Figure 40, The resultant 0001 pole rota=
tion is shown by the arrow marked R, Tension twinning from
the {1012} planes (Figure 35) will tend te remove all 0001
poles within approximately twenty-nine degreecs of the
rolling direction to a positicn near the traceverse diree-
ticn. Compression twinning from a region within thirty
degrees of the rolling plane normal will twin the OQ00L poles
to a position near the circumfersnce (Figure 36). Twinning
reorientations are indicated by dashed arrows in Figure 40,
Those poles falling within the {1012} tension twinaing area
near the rolling direction will be tvinned to the tranaverse
Airection 4« sieting the area enclosed by the leng dashes.
As the resultant slip rotations tend to move the 0001 poles
toward the transverse axis, and from thers toward the roll-
ing plane normal, an equilibrium state will gradually be
established in which the 0001 poles rotate by compression
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Figure 39. Stereographic plot of the compression texture of
titanium. Great circles drawn ninety degrees
from the compression axes (N,, N,, and N;) inter-
sect at a common point (C). Since this point is
a <1010> direction both the compression and ten-
sion tendencies are satisfled.
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Figure 40, Form of the 0001 pole figure of titanium result-
ing from tension in the rolling direction and
compression along the rolling plane normal.
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toward the rolling plane normal and by twinning are removed
tc the transverse direcotion to azain rotate toward the
relling plane normal. The resulting 0001 peole figure will
have a shape such as that indieated in Figure &40,

This texture is seen tc resemble the astual cold relle-
inzg texture determined in Chapter VI,

F. DISCUSSION

It should be emphasized that the agresment of the
theoretionlly developed texture with that actually observed
18 the result of the chelce of assumptions and does not
indieate that the assumptions made are correet. The walld-
ity of the assumptions made can not be determined until
more complete informaticn is available on the actual modes
of slip and twinning in titanium.

The method developed by Galnan and Clews is noen to be
quite versatile allowing not only the prediction of the
deformation texture when the modes of deformation are known
but alse the predietion of the medes of deformation when the
deforuation texture is known. The ability of thelir methed
to sive an indieation of the ratlo of eritical shear siresses
apongz various sretems may also prove of value as more
accurate deformation textures are determined.

As an example of the latier polnt, conslder the pole
figures given in Figure 20, Chapter Vi. The appearance of
a pronounced maximus at the transverse direction in the
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sample with the lower reduction in area and ite abosence at

higher reduction in area is a stronz indieation that the
{1010} slip system becomes less favored ae the deformation
increases. Thus 1%t muat be assumed that the coritieal shear
stress for {101C)} alip is increasing at & faster rate than
that for 1011} s=lip.

The second maximum at twenty degrees from the rolling
plane nor=msl in the rolling direction in commercial
titanium sample number three (Figures 19 and 20, Chapter
Vi) may poseibly be due tc a sisilar change in oritieal
ghear stress ratio, in this case possibly due te an impurity
present in the titanium lsttice. Consideratlon of Figure
AQ shows that if the critical shear stress for {1012} twin=-
ning were sufficlently high that no {1012} twinning oecurred,
a maximum, consisting of the pelea orizinally within the
dash enclosed area, would be forned along the rolling axis.
The difference in the angle of the maxima from the rolling
plane normal in the transverse and rolling directlions,
thirty and twenty degrees respectively, could be due to the
fact that in the rolling direction boih = tonsion and com=
presaion slip component tend to rotate the 0001 pole toward
the rolling plane norsal while in the tranaverse direction,
only & compression rotaticn 1s present.

The chanze in the shear stress ratios between two types
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The asaumption that the actual boundary may be located
exactly requires the consideration of an additional factor.
in the analyeis of the compression texturs, for example,

the slip-twinning boundary is placed thirty degrees from
the J0001) to agree with experisental results, The ability
of Tg to move away from Ty, 1s not considered, If it is
agsumed that the actusl boundary is ten degrees from [0001]
in Figure 33, the decresse in intensity from thirty to ten
degrees in the meagured texture can be atiributed to the
variation in movement of T, from T,. That ls, if T, is
sasgumed to have a probabllity of further movesent rather
than alip decreasing with increased dlstance from Iy and
equal to zerc when Iy has moved twenty degrees from Iy, both
the meximum at thirty degrees and the variation between
thirty and ten degrees would be explained. It should be
remembered that movement of Ty does not imply movement of
Tqe A orystallite oriented sc that T, was at thirty degrees
could conceivadbly twin from tils pos'tion even thouzh the
slip-twinning boundary was at ten degrees Ar Ty 1e allowed
sufficient freedom of movement. 7This will introduce the
efrect of freesdom of movement of Tg to the already discuaged
ghange of ratio of shear stiresses which should be considered
in plscing boundaries. OSince thers 19 presently no provie
sion for cousidering the maximum movemeat of Ty or the
effect of increased deforsation on the maximum -oveament in
the method of analysie developed by Calnan and Clews this
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factor has been naglected. As more eritical studies of the
deforamation textures of metals are conducted, the movament
of Ty may be found to give an indiecatlion of the reasons for
the differences in the deformation textures among metals of
the same orystal structure.

The Calnan and Clews method cof texture analysis hae
sufficient flexability that new discoveries in single crystal
studies may be included using only miner adjustaents. For
example, bending and kinking could be fitted into the
analysis if the experimental data indicated that they were

necessary for an accurate texture determination.



CHAFTER VIIZ
. SUMMARY AND CONCLUSICNS
Ao SUMNARY

The textures of titaniuz deformsd by compreasion and
¢old rollinzg were examzined usinzg & new X-ray technigue.

This Xeray technigue permitted rather exact Lextures to be
determined,

The pole Tigures of lcdide titanium compressed to elight
different reductions were determined. Hoth gompression
between parallel plates and compression rolling were used
to ecompress the titanium samples. The cumuge in texture
with increased reduction was studled.

Samples of iodide titanium sand Lhree grades of commere
cial titanium were examined after gold rolling. The 4if-
ferent textures developed by tue various ssmples were detere
mined. The effect of amount of reduction on the texture
developed on ccld rolling was sludied.

The Calnan and Clews method of deformatlion texture
analyels was examined and used Lo deteramine the probable
origin of the tenslion, compression, and cold rolled texture
of titanium. The mechanlsms of slip and twinning in titanlum
were ccnaldered. Hesclved shear stress contours wore deter-
wined for the {0001}<1130>, {1011}<1130>, ant {1030}<1150>
slip systems. Twinning from the {1012}, {1132}, and f1131}

-
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planes was considered. The final adjusted slip and twinning
mechaniems weres used to ahow how the 0001 pole figure of
eold rolled titanium could have been developed.

B. CONCLUSIONS '

The compressicn texture of titanium e¢an de described
se a [0001] rotated thirty degreoes from the compresaion
axis. As the amount of reducticn incressed the angle of
rotation decreasad. There was apparently a slight tendency
for the rotation of the [0001] from the compression axis to
ooccur about a <1010> rotation axis.

The cold rolled texture of titanium consisted of a
{0001)[1010] texture rotated thirty desress in the transe
verse direction. The degree of preferred orientation was
greatest in the 1010 pole figure in wnleh the <1010> poles
showed a very strong tendency to be in the rolling direction.
The 0001 maximum was an equilibrium type maximum existing
between the gtable slip and twinning end positions.

The compressicn and cold rolled textures were shown to
be those which would result if f00013<1130>, f10i1}<1130>,
and §10103<1130> slip plus {1012} end {1132} twinning were
active simultaneously. The critiesl shear stresses were
found to be related sccording to the following equation,

Cao001 = 1ol Cgpoiay = 1402 Cqi0j0 =“rroiz =“u132"

{1010} elip was not present to any great extent at

‘hieh reductions but was impertant at lower reductions.
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The Calnan and Clews method of texture analysis wae
found to satiafactorily handle the deformation process of
titanium. This method should be extremely valuable for
future work since it can handle most types of deformation
in its present form and ¢an be modified when necessary Lo
consider special cases,

The appearance of a pronounced double saximum in the
000 pole fizure in both the compression and cold rolling
texture of titanium sugzeata that the textures of bderylllium
and zirconium should be re-exanined uaing the more exact
Geiger counter technigue to deteramine whether the raported
rollins texture, (0001)[1010] with a spread in the transe
verse direction, ls accurate, BSoth of thess metals would

be expected to show a Jdouble maximum,.
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AFPERDIX 1
X=RAY TECHNIQUE

A ualversal specimen mount which combined the best
features of the transalssion specimen mount deseribed by
Decker ot al (67) and the reflection mount deseribed by
Schulz (63) was developed for use in the pole figure studles
conducted, This specimen mount allowed the complete pole
figure to bo determined usinzg the Sohuls-Decker technique.
This method is both faster and more acourate than the usual
shotogrupuic methods.

A descoription of the construction and use of the
universal spe¢imen mount has been published in a University
ef Mizsouri Bulletin (69) and in a national maganine (70).

“7) B, Fo Degker, 5. T. Asp and De M.r. " Preferred
orientation determination m{ns a Jelger counter mauto
{ruum goniometer.” J. Apnl. ig., Vol 19, pp. *

(68) L. Geo Schulz, "A direct method of determining preferred
erientation of a flat reflesction samnle u.lns a Gelzer

counter Leray spectroseter.” J. Appl. fx., Vol 20, pp. 1030=
33, 1949, (Referred Lo herafter as Schulz, Part I.)

(69) D. M. ¥illiams and D, 5. Eppelsheimer, "Universsl spec-
fmen mount for pole flgure deteralnation using the Schuls-

toohni . - S2cue of ¥lnes and
g M o e B ¥

(70) Do He ¥Williams and 0. 5. Zppelsheimer, “Universal spec~
imen mount for pole figure dstermination using the Sohulse
n..:; technique.” to be published in fev. S8l. Ingke, April
or » 1952
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The following discussion parallels that given in the above
publications.

A. CONSTRUCTION OF THE BPECIMEN MOUNT

Schuls (71) has showa that if the walue of «i is con~
trolled in the meothod developed by Decker et al (72) by
eontrol of the sample thickness, intensity readings may be
used directly withoul absorption corrections when the angle
of rotation 18 small, The Xeray beam is regulated by means
of the standard slit ayestem. (A Horol,o finastrunent s
assumed,) Vertigal slite are used at both the tube and the
Seiger counter entrance. In most cases, satiafactory
readings are obtained using the smellest tube allt (0.075
gcentimeter) and a slightly larger counter alit.

To complete the pole Tigure, Schulz suggestsd & nethod
of mounting the sample to allow reflection patterns te be
sade (73). This method involves the use of three horizontal
slits to control the shape of the incident beam, one at the
tibe, one betwean the tube and the sample, and one at the
eounter. A beam diverging in the nerizontal plane and
parallel in the vertlcsl plane 1is obtained, ¥With this ine-

(T1) L. 0. Seuuls, =Determimstion of Boo o o ray
gsamples use a

- m""-‘ m“"o. Jde Apple fhi¥e, Vol 20, pPp. :)-o””‘o 1949,

(72) Decker, Asp, and Harker, o6« Sit.

(73) Sehuiz, Part I, leg. Sik.
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clident beam, absorption changes are eliminated. The only
other requirement is that the sample must be of sufficlent
thickness to glive complete absorption of the incident beam.

In deteraining the data for a pole figure it is neces~
sary to mount the sample in such & manner that twe axes of
rotation are obtained for Doth the trananissicn and reflec=
tion samples. For simplicity, the axis whieh allows ansular
changos around any of the concentric latitude sircles in the
polar net drawn on the projection plans will be referred to
as tho axis of rotation. The axis whioch allows angular
shanron whileh ghanze the diameter of the concentric latlitude
oireles will be referred tc as the axis of revolution. In
the traosmission method the axis of revelution is vertiecal
and in the plane of the sample, and the axis of rotation 1is
perpendicular to the plane of the sazple, In the reflection
mothod, the axis of r;voluticn is horisontal and in the
plane of the sample, and the axis of rotation 1is perpendle
cular te the plane of the samnle,

To obtalin these conditions 2 apecisen mount was con-
structed consistins of %She following parts: (Jee Figure A1)
l.==A Dasoe which s =mounted ca the speetrosoter; 2.~=A ring
which rovolves about & vertical axis in the base and which
may contaln one of twe other ring® which are free to rotate
within 1t; 3Se.==The transmission riag; S.--The refleoction
ring in whleh ia placed a pin whose top half is free Lo
rotate; and S.e=A horizontal slit which is used as the
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Figure 41. The five parts of the universal specimen mount.
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segond slit in the reflectlion method and whioh is held to
ring 2 by a slizht spring pressure.

In makinz transsission patterns (Descker toohnique)
parts 1, 2, and 3 are used, PFartes 1 and 2 zlve the nooces~
sary mevesment for the axis of Mevolution. Parts 2 and 3
glve the necessary movezmant Tor the axils of rotation.

In making reflection patterns (Schulz technique) parte
1, 2, 4, and 5§ ares used, The ring 2 1a set at the szerc sark
in the base and is not moved during the axamination of the
samples,. The axis of mvoluuo;t is zivon by movement of ring
& in ring 2, The axis of rotation is obtalned by movement
of the top halfl of the mounting pin in riang 4 with respect
to the bottom hmlf,

A scale is plaged on wmount 1 running from 4500 to =900
with an index mark placed on Lhe base of riang 2. A soale
is placed on one hall of the mounting pin of ring 4 with an
index mark on the other hall of the mountling pine.

hen the Gelger sounter of the Norelco instrument
is moved throush an angle of 20, ths mcunt 1 will move
throush an anzgle of €, Thus the Adlameter of the projection
of the reflecticon circle on the projection plane corresponds
to the dismeter of the polar net making a apecial pole
fizure net for eagh material and wAY" Ton th UNNACOESSAr) .

B USE OF THE SFECIMENR NOURT

The Sehmls-Daghker tecimique requires that twe samples
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be prepared. One sample 1s used with the transmiselon
sample holder and the other with the reflection sample
holder. After the transmisslon and reflection putterns have
been determined the resdings are corrected for abaorption
when necessary and the data plotted. The pole figures are
plotted directly over a polar stercographlic net.

Hekins trangmission patiorns. By means of the graph
given by Sohulz (74) and reproduced in this seotion (see
Figure 42) the propor value of «t to correspond Lo the value
of © Holns used i1s chosen. Tho ahwetl sample is then eteohed
te sufricient thianess to -lve Lils value of «t and mounted
over the hole in rinz 3« The parts 1, 2, and J are assomn=
bled and the inteasity of the reflootion with Lhe sample in
various positions 1s taken, Ihe positions of Lhe asample
(A), referonce avhera (8), and projecilon plane (E) are
shown in Figure 43, The axis of revolution 1o sa-a’ and the
axis of rotation is b-b'., dince the sample as shown in
Figure 43 has the rolling dirsctlon vertical, the reflection
picked up by the Gelger counter (1) will correspond to the
intensity of reflection of the plane whose norsal inversects
the reforence sphere at point (Cl. This polat will project
to point (D) on the prejection plane (E). If the sample
1s rotated about b=b' by rotation of ring 3 within ring 2

| ——————

(74) Senuls, Part II, log. Qdk.
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Figure 42. Graph showlng the optimum value of ut for various

values of ©. With these values of ut the count-
ing rate is nearly independent of the values of
the angle of revolution up to about 25°. From
Schulz, Part II.
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succeasive points may be plotted along the eircusference of
the projection of the reflsction eirele (J). If the sample
is revolved 10° counter-clookwise as aeen from above by
revolving ring 2 in mount 1, & reaiing is obiained for the
intensity of a point which will plet on the 10° latitude
circle and in the transverse direction of the peolar atereo-
graphic net. If the sample is azain rotated about the axis
b~b', successive points are obtained on the circumference
of the 10° latitude eircle. OSimilarly, by a 20° revolution
followed by rotation about the axis b=b', readings are
obtained for the 200 latitude cirele., The transmission
method is not used beyond & revolution of 25° unless it 18
desired to check the reflection readings. If readings are
made beyond 25° for check purpeses or Af a sufficlently
thin sample ean not be prepared, a correction must be made
of the observed intensities. Integsity corrections can be
made using the formula developed by Decker et al (75),

(Ipa) = (Lialone. * To/Isa
et xs exol-st/con 2l
Io/3,a ™ cos %
O 7 T A S R
oxp Cut/oosle+a)] - exp[-at/cosle¥

in which « is the absorption coefficlent, & the sanple
thickness, and 6 the Bragsg angle. when viewing the sample
from above when it is mmumm.+uua

———————————————————————— ———————————————————————

{(75) Decker, Asp, and Harker, log. Qlke.
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socunter-gleckwise revolution and -a 18 = c¢lockwise revolu-
tion. This forsula was found to give accurate wvalues when
8 was between +20° and -50°,

The necessary rotation and revolution tc cover eagh
Quadrant of the projectlicn can be determined from Flgure
43 by geometrical considerations.

A picture of the universal specimen mount as it is used
in making transmission intensity patterns, is shown in
Figure 45.

Nakins refiecticn patterns. The size of the slit 5 is
made equal to one of the tube slits. When examining

titanium 1t was necessary to use the medium tudbe slit (0.150
centimeter) to obtaln a sufficlently astrong diffracted beam.
The slit on the Geliger counter i1s kopt about twice as wide
as the tube slit and slit 5. All slits are mounted horie
sontally and vertical wedges arc used at the tube and at the
ecounter.,

A circular sample is cut, using laminated sheeta Af
necessary, and mounted parallel to the top surface of the
mounting pin in ring 4, Ring 4 1s then placed in ring 2.
Rinz 2 1s kept stationary in mount 1 at the zereo position.
311t 5 1s placed in positien on ring 2.

The position of the sasple (A) with respect to the
peference sphere (B) and the projection plane (£) is shown
in Fizure 44, The axis of revolution is a-a'. The axis of
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Figure 43, Location of the various elements in the trans-
mission method.
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Figure 44, Location of the various elements in the reflec~-
tion metheod.



The following syabols are used to identify the variocus
elements in Figure 43 and Figure 43,

a-a’ Axis of revolution,

beb"* Axis of rotation.

A Sample.

B8 Reference sphere.

c intersection of pole of reflecting plane with the

referonce aphere.

D Projection of (C) on the projection plane.

E Projection plane.

F Reflection ¢ircle,

a Xepray tube.

ti Jelzer counter.

| Intersection of the horizontal plane of the Xeray
beam with the reference sphere.

J Projection of the reflection circle (F) on the
projection plane.

ReDe Rolling direction of the sheet. The rolling direce

tion is marxed by an arrow on the sample (A)
?:? by the letters R.D. on the projection plane
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rotation is b-b'. The positions of the reference sphere and
projection plane were changed from those in Figure 43 to
make the geometry involved in sample movement clearer. The
saaple as shown will zive an intensity reading corresponding
to point (D) on the projection plane, #When the sanple ie
correctly placed in poaition as shown in Figure 44, constant
intensity readings should ococcur on rotation about axis beb'
since the reflecting plane iz perpendlicular to the axis of
rotation.

8y revolution of the sample about axis a-a' by moving
rinz 4 within ring 2 counter-glockwise 10° as one looks
toward the tube, readings will be obtained on the 80°
l1atitude circle of the pelar stereographic net, 3Since the
rollinsz diresction is vertical in the sample as shown in
Plsure 44, the readiing corresponds to a position 100° away
fros the relling direction (R.De) on the projection ef the
reforence oircle (J). A clookwise revelution gives readings
in the oppesite direction fro=m the center of the pelar
stersosraphic net. If the sample is revolved 10° counter-
elockwise and then rotated about the axis beb', successive
resdings are obtained along the clrcumference of the 809
latitude cirele. Similarly, readings may be taken along the
remaininz latitude eireles until the 20° latitude eircle 1is
reached.

Consideration of Figure 44 will show the directlion of
revolution and rotation necessary for each point on the



Figure 45, The univerasl speclimen mount in pesition for
moasuronent of tLransmigalon intensities.

PMgure 46, The universal speclmen mount in position for
noasurenent of reflection intensities,



i
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polar stereographic net.
A pleture of the universal specimen mount as it 1is
used in =makians reflection intenaity patterns is showa in
Fizure 46,

Plottinz of the data. Readings may be taken eithor by
stopping the Jelszer counter at the correct value of 20 or by

running the Jelgor counter a few degrees to cover the
desired anzle after esch movement of the sample, The latter
mathod appears tco give more conslatent results.

The data taken from the transaission and reflection
intensity readings are plotted direglly over a polar stereo=
graphlie net, 0Oy examining the readings at 20° latitude
cirole obtained by the two mothods, or between 20° and 50°
if tranamissicn readings are made to 509, the necessary
correction to make thelr inteusitlies ejual 1is oalculated.
The transmisasion readings are then corrected to correspond
with the reflection readings.

If in plotting the data, a certain area seems %o

warrant inereased coverage, this may be easily Joue.



APPENDIX IIX
INTERPRETATION AND ADJUSTHENT OF DATA

The 1011 pole fiszure of a cold rolled sample of commere
cial titanium is used for this demonstration of the neces-
sary ecorrection of data, In the examination of titanium,
the hizh sgatterins power made reflection readinse beyond
an angle of revolution of S0° unrelisble. The trananission
readinge were thercfore made to «50° and the measured
intensities corrected for asbsorption. The readings at 50°
wore then used to correlate the readings from the two
patterns. In _t.bo following sections, all of Lthe necessary
steps to plot a pole figure froa the data ol the A-ray
patterns are discussed,

A. TABULATION OF INTERSITY DATA

As in Appendix I, the angles slong the concentrie
latitude circles will be referred to as angles of rotation
and anzles along the diameters of the polar stereogrwphie
net wil) be referred to as anzles of revolution.

In Fieure 47, a portion of the transaission pattern u
reproduced., This illustratiocn shows the readings takeon with
an anzle of revolution of «20° and angles cof rotation at
10° intervals between the transverse direction (T.D.) and
the rellins direction (R.0.) of the sheet. A segment of the
titanium pattern was run at esch angle of revolution to
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Figure 47. Part of the transmiseion pattern of a cold
rolled sample of commercial titanium.
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REFLECTION PATTERN
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Figure 48. Part of the reflectlon pattern of a cold rolled

sample of commercial titanium.
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deteraine the background intensity. This patiern appears at
the right side of Figure 47. The background intensity is
marked by a dashed line, The intensity of each line is
deteramined by messurinzg 1ts helght above the background
line, The measured transmissiocn intensities are given in
Table XII, The values which are underlined are those which
were obtained from the lines shown in Flgure 47,

In Fioure 48, a portion of the reflection pattern of
the sample of cold rolled titanium 1s shown. The measured
reflection inuhoitloa are siven in Table XIII,

8. CORRECTION OF TRANSMISOION READINGS FOA ABSORPTION

The trensmission readings in Table Xil require an abe
sorption correction befere beins coerrelsted with the reflee-
tion resdings. The Decker absorption correction formuls
and method of deteramining Lt were used for this correction
(76). Heasurements of the intensity of a etrong line from
& brass sasple were made with the counter open and then
with the counter covered by the transmission sauple. These
intensity resndings were deslisnated Ip and 1 respectively
ars were used to caloulate «t. The ulcultsuan is shown

..1.'.
l, = 1‘5
e Pt et m
B. F, Dogker, E, T, A and D. Barker, “Preferresd
R R i Srtosiisaaten uilis & 89 counter aif-

n
fraction Mmo- de Apnle 1h¥ey 1 19, pre.



TABLE X1V
CORRECTION FACTOR FOR TRANSMISSICHN INTENSITIES
Angle of Correc
Revolutlon Factor ()%

o° 1.00

-10° 1.08

-20° 1.21

-30°¢ 1.43

~40° 1.90

-50° 3408

€ The values of [ were detarmined by selving the ODecker

absorption equation,

£ = cos ‘ = pr[-aéoooie g .’j - o:p[-%oolw Y|

whore «t 1s 1.523, a is the anzgle of revolution, and 8, the
Srags angle for the 1011 line of titanium, is 20.,08°,
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CORRECTED TRALUSHISSION INTEISITIES
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i=23

1n (Ig/1)= at = In(4.58)

ML = 1,003

and since m=918/ex,

t = 0,00166 centimeter

This value of «t was substituted into the Decker cor-

rection formula along with the value of @ for the 1011 1ine
of titanium and the correction factor determined. The
Deaoker correction formula and the caleulated values of the
gorrection factor are glven in Iable XIV., The currected
transmission intensity reading, Ig, was found by sultiplying
the observed intensity reading, Ilgngs by the correction
factor, f. (I, = Igng X £} The corrected values of
the observed iutensities tabulated in Table XII are given
in Table XV,

Ce CORRELATICH OF PATTENGS

After correoticon of the transmisaslon intensities for
absorpticn, the tranemission and reflection intensity
pendinzs obtalned at an angle of revolution of 50° were com=
pared and a factor calculated Lo sake them corresponde.

The transsission readings at 500 were divided by the
reflection readings at 50° in the M aRnNOr,
Rotation T.0. 100 200 30° 40° 50° 60° 70° 80° R.D.

maee BB R REES R W

£, {TEH%)1 15 1.50 2013 1.29 1.40 1.20 1.21 1.56 1.65 119
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The highest two and the lowest two readings were dis-
carded and the remaining six averaged. The average value
of f4 in thic case was 1l.35. Hemoving the four readlags
most apt to be in error before averagiag prevents one or
two bad intensity readings from effectiag the final pole
fizure. This iz eapecislly necessary when tLhe transmission
correction factor is large, as in thls example in which it
was 3.08.

The reflection readings were sultiplied by 3 to make
them correspond to the transeission resdings. 7The values
of the readinss at S0° were cobtained by taking tho mean
value of the transmission and reflection readings after
correction,

Rotation T.D. 109 20° 300 400 50° 60° T0° B80° Re.D.

Trans. lg 12 34 A0 56 46 &0 &0 28
Refl. 1 1 22 42 54 57T 45 35 23

Mean 1§ 14 28 A1 S5 52 42 38 26 26
The correlated intensity wvalues are given in Table XVI.

De PLOTTING OF DATA

The intensity values given in Table XVI were reduced to
gake the muximum intenasity have a2 value of seventy intensity
units. This cholcs of maximum intensity is arbitrary and was
made for convenience of plotting. The valuss were reduced
by multiplying all of the wvalues in Table XVI by the value of
tunmorm-xmmumxvxumuum-n-
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TABLE XVIX
PINAL ADJUSTED 1011 INTENSITY VALUSS
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Figure 49. 1011 pole figure resulting from a plot of the
intensity values given in Table XVII.
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mum, 70/86. The new adjusted values are given in Table XVII.
The pole figure was constructed by placing each intensity
value over ita correct peoint on a polar stereographic net and
drawing constant intensity contour lines., The pole figure
resulting from a plot of the data gilven in Table XVII is
shown in Figure 49, The polar stereosrarhis net has been
reproduced with the pole fizure and the anslas of rotation
and revolution indieated, The contour lines for intensities
of 60, 50, ete, are shown on the pole flaure by the numbers
6, 85, ote.



APPENDIX II1X
THE RECRYSTALLIZATION TEXTURE OF COMMERCIAL TITARIUN

The annealed texture of lodide titanium has been exams
ined by Clark (77) who reported only the 0001 pole figure
but indicated that the annealed texture tended toward the
(0001)[1010] with & transverse rotation. The pole figures
reported for annesled zirconium on the other hand showed &
derinite (0001)[1120] with a transverse rotation (78). No
studies of commercial titanium have been reported in the
literature, Oince c¢old rolled samples of commercial
titanium were avallable froz the deformation texture studlies,
a2 brief examination of the annealed texture was undertaken.

Sasples of commercial titanius grade number two were
annealed at three different temperatures after cold relling
to determine the annealed texture of commercial titanium.
This commercial grade of titanium was used because of ite
fine annealed graln size.

Ae. EXPERIMENTAL PROCEDURE

Samples of the cold rolled commercial titanium, having

e ——

H, Te Clark, Jr., "The textures of cold rolled and
mun uwuui.g irans ALME, Vol 188, pp. 1154=56, 1950

o Mo and B, Lus "Preferred orientation in
:ﬂ)ml.m taan, _
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& texture such as that shown in Figure 18, Chapter VI, were
annealed for one-half hour in helium at temperatures of
650°C, 800°C, and 880°C, All of these tomperatures were
below the tranaformation temperature.

The cold rolled samples were etched slightly to 0,021
centimeter, The etched samples were placed in the furnace
at temperature, held ono-half hour, and cooled in hellum
according to the procedure outlined in Chapter Ill.

The annezled samples were then etched Lo remove the
slizht ecale produced in the furnace and mounted for Xeray
examination. The Schuls-Decker technlque was used (wsee
Appendix 1), Because of the small grain size of the
annesled samples (leses than 0,015 millimeter) no secanning
WaS nogessary. Sesdinge wers taken from the 1010 and 0001
planes anl the pole flgures constructed.

The 1010 and COCl pole figures of commercial titanium
annesled at 65000, 800°C, and 880°C are given in Figures 50,
51, and 52 respectively.

B. DISCUSSION OF RESULTS

The pole figures shown in Flgures 50, 51, and 52 showed
the same general texture. There were apparently at least
three ideal textures represented. These were: (1), (0061)
[101C) rotsted 30° in the transverse direction; (2), (oo01)
[1130] rotated 30° in the transverse direction; and (3),
(0001)[101C] rotsted 30° in the transverse direction fol-



- 166 -

10TO POLE FIGURE

R.D.

000! POLE FIGURE

T.D.

Figure 50. Pole figures of commercial titanium annealed
one-half hour at 650°C, -=(0001)[1010) rota-
ted 30° in T.D. WM--(0001)[1120] rotated 30° in
T.D. A=--(0001)[1010) rotated 30° in T.D. and
20° about rolling plane normal.



Figure 51l.
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10T0 POLE FIGURE

LX By

R.D.

R

000! POLE FIGURE

T.D.

Pole figures of commercial titanium annealed

one-half hour at
ted 30° in T.D.

8oooC, @--(0001)[1010] rota=-
m--(0001)[11320]) rotated 30° in

T.D. A=-(0001)[1010] rotated 30° in T.D. and

20° about the rolling plane normal.



lowed by a rotation of 20° about the rolling plane normal.
(This texture could alse have resulted from a double rota=-
tion of the (0001)[1120] texture.) Texture number one was
designated by a eircle, number two by a square, and number
three by a triangle in the pele flgures.

Texture number one was the same as the cold reolled
texture and presumably was due to recrysiallization in
place. Texture mumber two was the sanme as the texture
reported for recrystallized sirconium (79). Texture number
three was a new texture as yeot unreported ia the literature.

The change of recrystaliization texture with change in
the recrystallization tomperature was slight, Exasination
of the pole figures indigated that & sliight increase in Lex-
ture number three at the expense of texture nunber one was
ocourring as the annealing temperature was ralsed,

A spread of orientations betwesn these three ideal
toxtures was seen in the pole figures. This suzrested that
ono of them may have been a transition texture existing
between the other two. That i1, texture number One may
have besn chanzing to texture nusber threoe which was itself
gchanging to texture nusber two. There were not sufficlient
data in the pole figures from whioh the ideal flaal texture
and the transition texture, if one existed, could be detere—

mined.

| .. = M
(79) HeGeary and Lustman, 1oQ. Qdke
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The COCl pole figures of commercial titanium 4id not
show the same tendencles as those reported by Clark for
iodide titanium (60). The lodide texture still suowed con=
aiderable spread toward the tranaverse direction in the
G001 pole fisure but had lost those orientations near the
rolling plane normal after annealing. In commereial
titanium the opprosite tendency was noted,

Ce OSUMMARY

1. The texture of commercial titanium initially having
the mormal sold rolled texture, (0001)[1010] rotatea 30° in
the transverse direction, was determined after annealing
one=half hour at 650°C, 8009C, and 8809C,

2. Three ideasl compononts were recoznizable in the
annesled texture, These were: (1), (0001)[1010] rotated
30° in the transverse direction; (2), (0001)[1130] rotated
300 in the transverse direction; and (3), (0001)[1010]
rotated 30° in the transverse direction and 200 about the
rolling plane normal. This texture could also have been
the result of & double rotaticn of the (0001)[11230].

3« The annealed textures were relatively uneffected
by annealing temperature in the range exanined .

N e e et —

‘“’ OM. u. “‘.
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