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5 RESEAHCH AND DSVELOPMENT ON PLASTIC DEFORMATION AND
g DIRECTIONAL PROPERTIES OF TITANIUM

,i ; By B. A, Anderwon#tand D. C. Jillsons ,
ABSTRAQT

Alpha titanium crystals of sufficient size for plas-

tic deformation studies were produced by repeated cycling in
: vacuo between four hours at 1200°C, and three to five days at
i 850°C, Deformaticn studies showed that slip can ocour in
alpha titan%um at a oritical resolved shear stress of about
5000 8./mm. on ‘the 410I0} planes or about 11,000 g./mm.2 on
the (0002) plane, in both cases in the close-packed direction,
.Tqinning can take place on the {1171}, {1122}, and {10T2}
planes.

- b i ¢ v e

T

The recyrstallization temperature of cold rolled
f iodide titaniwm is about 475°C., for conditions of fairly slow
N heating and one nour at temperature. The recrystallization
temperatire is virtually independent of amount of cold reduc~
g tion Letween 30 and 96.5 per cent. Grain asize is independent ‘
i of per aent reduction in this range and dependent upon tem~ ‘
i perature. The rocrystallization ocurves show unexplained ' :
anomalies,

s Oold rolling tends to produce a {1124} £10TO¥texture
while subsequent annealing tends to produce a i20?5} <11720» 7

texture. Both reqaire the largest cold' reduction or the high- }
est alpha temperature amneal to be developed sharply. Lower
reductions or amealing temperatures result in wmixtures of the

i two textures. Reorystallipation without extensive grain growth

k3 ‘ ©results in a mixture of the two textures. Increase in temper-

! ature results in growth of the grains of the {2025} < 11203

e : texture at the expense of the others.

#Research Department, The New Jevsey Zinc Company (of Pa,),
Palmerton, Pa.
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5 Initisl distribution has been made of this report

in acoordance with the distribution list contained heroin.

e e

Additional distribution without recourse +0 the Ordnance
Office may be mwede to United States military vrganizations,

and to such of thelr contractors as they certify to be

”f: ! cleared o receive this report and to need it in the further=-

ance of a military contract,
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FINAL TECHNICAL REPOR%

From: The New Jersey Zino Company (+F I'a,)
‘Regearch Department
Palmerton, Pennsylvania

°H U. S. Army

Ordnance (orps
Watertown Arsenal
Watertown, Massachusetts

Report No. 401/78-12 RAD No., ORDTB-1-12045-2

0.0. Projeot No., TB4=-15

Priority Designation: Di-10

Tltle of Project: Research and Development
on Plasdtic Deformation
and Dircotional Properties
of Titanium

Objeots:

To develop methods for proparing large grains or
single orystals of alpha (hexagonal) titenium,

To determine the modes of « oformation operative in
such crystals at or near roowm tempe: :ture.

To dotermine the orientation textures produced in

polyorystalline alpha titanium under a variety of rolling and
annealing prooedures.

To rationalize these textures fyxom the informatien
derived in this work.

To correlate directional properties (physiocsl and
machanical) with the textures.
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Bummory:

A method was developed with which a satisfactory
number of large grains of alpha titanium were produced.
Deformation studles disclosed two mechanlsms of slip and
three of twinning.

All rolling under this project was carried out in
one direction only (no oross rolling) and at approximatelg
room temperature. Two prinoipal textures were found: {1144}
<10T0> and 42025} <1120y . These differ essentialy only in
that in the former the close-packed direction in the basal
plane 1s transverse to the direotion of rolling whereas it is
longitudinal in the latter. The {1124} ¢10T0> texture was de-
veloped most sharply in material cold rolled extensively (86.5
per cent reduction). The {20251 {11207 texture was developed
sharply when heavily cold rolled metal was annealed just below
the alpha-beta transformation temperaturs and was still fur-
thor intensified by annealing at 900°C, Under wost, if not
all, conditions investigated both textures co-existed in
various ratios of intensity.

Reoxystnllization studies previously started by
this Company are included in this report. Anomalles were
found in the properties of speoimens annealed to moderately
coarse groin sizes,

‘ Efforts to rationalize the rolling and annealing
textures werc unsucocessful. The problem was compliocated by
the numerous permissible modes of deformation and, in the
cagse of the annealed texture, by the absence of basic infor-
mation on the ézgin growth mochanismy involved.

The available time dld not permit an exploration of
directional properties as s functlioan of texture.

Conclusions:

l. Large grains of random orientation suitable fox
deformation studies osn be produced in pure titanium by repe-
titions of the hesting cyole of four hours at 1200°C. and
three to {five days al 850°C.

2. If the specimens are seasled in glass the en-
vironment should be a good vacuum, In the presence of argon
the titanium reacts with the $10p ol the glass and becowes
contaminated.

SR .
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;‘ : 3. Cycling in vacuo results in roughening of the
specimen surface due to sublimation of titanium. (o -

tion by oxygen ooours but to a lesser extent than in argon.

‘ 4, At room tempoerature titanium can deform by s8lip
o . on the {0002} (basal) plane and the {10Y0} (prismatic) plane, ‘
R in both cases in the olose~packed <1120> direction. !

I - 5. The critical yesolved shear stregs Ior basal

sli ig about 11,000 g./mm.? and for prismatic slip abont 5000 ;
8! m. L] :

" : 6. Under tension or compresgsion stresg, basal slip i
; is inhibited by grain boundary or grip restraints. }11721} twin-
ing in tension and {1122} twinmning in compression take place
‘ instead., Bassl slip is unllikely to be an important mode of
} deformation in fine grained polyorystalline titanium.

7. While the evidence as to the identities of the
slip »lanes and slip directions is oconclusive, the slip lines
usually are not simple in neture.

8. When deformed extensively by slip, titanium orys-
tals behave similarly to those of other metals.

9. Twinning oan ooowr in tituniws on the {10I2} ,
1122} and {1121§ planes.

10. {10I2}% twins rasemble the {10T2} twins in zinc
. in that they are lentioular in shape and appear o grow in
*i Slze withh inorease in ustress,

11, {1171} twins axe thin, have sharply definad
paradlel sides and traverse +the entire oross-section of the
spuoimgn. They do not sappear to grow as the stress is in-
creaced.

12. {1172} twins are intermediate in appearanve bu-
tween the {10I2§ and {1121} twins.

13, Yor angles between the basal plane and the ten-
sion axis ol about 40° or less prismatic slip ooccurs; between
about 40° and 60° basal slip ocours but is readily replaced by
{1121} twinning under restraint conditions; above 60° § 1171
and_{10T2}twinning predominate with little basal slip; at 75°
{1012} twinning apparently is the only mechanism.
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14, It is not regarded as established thet no other

deformation mechanisms are possible in alpha titanium at rcom
Yemperature.

15. Two principal textures were found. These may be
characterized as {1124' ¢(l1O0TOY and 20257 <1120% . The es-
gential difference between thew is that the close-packed di-
roection in the basal plane lies transverse to the rolling
direction in the former and longitudinal in the latter.

16, Esch of the prinocipal textures is accompanied by
gubordinate texwvures positioned in all of the {10T1! twin po-
sitions of each of the peaks in the principal orientations.

It is not concluded that a J10Il} twinning mechanism is in-
volved.

17. The ;1124} «10I0% texture is found in its most
sharply developed form in titanium which has bean cold rollaed

in one direotion to a very large reduction in thickness (e.3.,
96.5 per cent).

18. The {2025} «1120% <(exture is most sharply de-
veloped in heavily ocold rolled tvitenium annealed at high teu-
peratures (e.g., 825 or 900°C,).

19, Under most, it not all, conditions of wstrip

rolling and gg%eal » &rains having both orientation textures
are present w one or the other texture predominating.

20, Under some ocold strip-rolling conditions a
superiicial layer of grains in a distorted 120253 <11203 tex-

turc can develop over the normal {1174} <¢10TO*> cold rolled
toxture in the substrate.

2l. The recrystallization oif heavily cold rolled
titanium (96.5 per cent reduotion) without extensive grain

growth results in no substantial ohange from the cold rolled
texture.

22. Amnealing at sucocssively higher temperatures to
produce grein growth results in & transition with rising tem-

puorature from the {1124} < 10Y0» texture predominating to (at
800°U. and higher) the 2025} <1120> texture predominating.
Thexe 18 no sudden change in texture at any temperature.
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23. The mechanism inwvolved in this ochange in orien-
tation must be the selective absorption of grains of the one
orientation by those o the other during grain growth. The
baslic cause of this selectivity in growth is not known.

F
{
o I : l
- ? 24. Annealing in the bota reglon does not change the L
S ! texture produced in the highest alpya temperature anneals 3
' ( {20253 «1120%), - =
! .
i

25, The r_iwﬂmmmwwﬁe (oiroca 475°C.)
of cold rolled jodide titonium, selected as the temperature re-
qulred %o reduces the hardness half-way to the minimum value,

v differs by only 25°0. for coid reductions varying from 30 to %
f 96.5 per cent, ' -

26, The reorystallization temperature is higher by
about 75°C¢, for cold reductions of the order of 15 per cent.

27, The reorystallization curves show unexplained
angmalies. These are partioularly pronounced in the hardness
data.

28, Speocimens cold rolled 30 per cent and more show L
similaxr grain shapes and grain sizes for equal anneals,

29. Annealing at 600°C, of titanium oold rolled 15
per cent resultu in a coarser, more equiaxed structure than is
Tound in moxe huavily cold worked wetal annealed at this saue X
" ‘ {Yoamperature. This grain size dlfference tends to disappear as ';
: : the annealing temperature is 1ncreased:J i
N Ve

-
C ; , /1',“/ 4

SRS St g

.
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INRODUCTION

It was the purpose of the work ocarried out under
this contract to develop knowledgo of the basic factors which
lie behind the ease or diffioulty with which titanium can be
fabricated. Without such basic knowledge the developuent of
commercial fabrication processes can proceed only with uncer-~
tainty.

The scope of the work originally planned is set
forth in the following objectives:

1, Development of methods fox producing large grains
or single crystals of alpha (hexagonal) titaniunm.

2, Determination of modes of deformation opsrative
in such gingle crystals at or nesr room tampera-
ture.

3. Determination of the rolling textures produced in
polycrystalline alpha titanium under a relatively
large number of fabrication procedures.

4, Ratiommlization of these textures from the infor-
mation odbtained in this work.

5. Correlation of directional properties (physiocal
and mechanical) with rolling textures.

In addition, studies oi the relation of recrystale-
lization temperature to amount of cold xeduction, previously

started by this company, were completed as a part of the

cantract.
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I. PRODUCTION OF SINGLE CRYS TALS OR LARGE GRAINS OF PURE
TI TANIUM

Introduction

No reference could be found in the literature to suc-

cessful methods of producing large grains or single crystals of

titanium. Production from the melt by slow solidificatiop fxom
one end was not feasible in the absence of & sultable mold ma-
torial. Of nccessity, the methods investigated involved heat
treatments oif solid titanium. The objective in this phase of
the work was the obtaining of specimens with which to study

the deformation processes and not a study of crystal growth
itseld,

Single Crygtol Growth Experiments

Mve possible proocedures woere oconsidered:

1. ILight straining followed by slow heating into
the high elpha-temperature range (e.g. 825°0.).

2. Heavy cold reductions followed by long time
annealing in the high alpha~-temperature range.

3. The production of a struin gradient by stressing
g %apered speoimen in tension followed by slowly
heating into the high alpha-temperature range
and holding at the top temperatuxe.

4. Tho use of & moving temperature gradient such
that the beta-slpha ftransformation temperature
was qoved slowly along the speolmen.

5. Oyoling bavk and forth through the alpha-bota
transformation temperature.
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The first of these procedures to yield specimens sult-
able for deformation studies was the cycling method (No. 5).
Since 1t was not the objective of this work to study the crys-
tal growth proocess in detall, the work on the other methods
was abandonod without further investigation. It cannot be
conoluded from these brief studies thait the production of large
grainy or single orystals cannot be accomplished by one or more
0f these other procedures.

The Cycling Method

While a number of variations of the cycling proocedure
were tried, the method whivh gava the best yiold of useful spec-
imens was the following:

1. The specimens were sealed individually in Vyoor
glass tubes in a good vacuum {1 micron or less).

2., The specimens were heated in a 1200°0. furnace
for § hours.

Je¢ ‘Thoy were then trenslerred fairly quickly to an
B50°C, furnace where they were held for 3 to §
days.

4. Operstions 2 and % were repcated severul times.,
Under these conditions a few specimens out of any
group processed together would develop suitably large grains

after three, or usually more, cyclas. In some specimuns more

than ong sultable grain was found.

e e

.

e - e




| WAL Report No. 401/78-12
2 Page 16
Spocimens were identitied by TiXl numbers with sub-
script letters to identify partioular grains. A list of the
useful spocimens with the approximate lengths of the useful

grains 1s set forth in Jable 1. The orientations as deter-

mined by siandard Laue back-reflection X-ray procedures are
* plotted 3tereographically in Figure 1. A fairly random dis- 5
b tribution of orientations was obtained.

Not much is known about the internal perfeotion‘of
! the crystals. Visual inspeoction of the Laue spots on the
‘“1 back~refleoction photograms revealed no recognizable evidence ;
| of imperfections but fine-struoture imperfections wight have l i?
L been present and not detected by this simple test. In two ’ |
> cases two or more back-reflection patterns were obtained at
different points on the same grain. In such cases the orien- ! :J
;-1 tations found were in ocomplete agreement within experimental
error., It wos Jjudged that the crystdls were reasonably per- i
feot and sultable foxr use in detformation studiss.

Progedure

Titanium Used

All of the work on single orystal growth was carried

out on speciimens ifrow a single fabricated ingot of iodide-
process titanium initially weighing 5 pounds 3-1/4 cunces.
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Mhe analyses of the four lots of iodide titanium and of the
final ingot are susembled in Table 2. |

i g

Meltlnﬁ E
¥ Melting was done in a tungsten selectrode-water cooled
;5& ; copper hearth furnace in en atmosphere of ungettered 99.96 i
f? ,i % grade tank argon. Thw furnace was pumped down to a pressure
@X * of 10 miorons or less .nd flushed twice with argon before es-

tablishing the final atwmospherc. A slow stream of argon was
allowed to flow through the arc chamber during the meliing

campaign. Satisfactory frecdom from leaks was not assumed it
the leak rate under vacuwn exceeded 5 wmicrons per minute,

The furnace produces a 3" diameter ingot weighing

- Ak s PR

ahout one pound per inch oi height.

Forging i
Bofore forging, the ingot was machined on all sur-

A S > e bl it

fTaces to remove surface irregularities. Iorging was accom-
plished in a zteam hammer on open dles using a starting tem-
perature of 950-1000°0, (1750-1850°F,). Preheating time was
51 minutes. Forging to the final aize of 7/8" x 2~-3/4% x j i
12-1/2" was acoomplished in three minutes with no rehoating. |

After cooling, the bar was sand-blasted to remove

loose scale and was machined on all surfacas to remove sub=-

soales. The machined bar had the dimensions 3/4" x 2-1/2% x

‘ \
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12-1/2"., Identity of the original imgot top and bottom was
preserved.

The ingot hardness was Ry 26 (Ry 39), which changed
only wodorately to Ry 31 (Ry 47) as the result of forging and
machining.

Rolling

The forged bar was out into four 3" long segments,
each of which was rolled separetely as need for more spocimens
develoyped.

Segment 1, cut from the portion of the bar corre«
sponding to the original ingot bottom, way started in 3"
diameter rolls using reductions pur puss of 0,015%-0,020%,

By the time the bar thioclkmess had beoen roduced from 0.752" to
0.411" the pivco had curled badly. It was straightoned in a
hydraulic preus. Rolling was then transferrud to an 18Y
Alametor coummercial mill whore, due to & misunderstanding,
raduction Lfrom 0,411" to 0.233" way carried out in a singlo
pass.

Sepgment 2 was cut sdjacent o Segment 1L and was
rolled in the 18" will in 15 passes from 0.7%2" to 0.250Y,
The final gtrip was reasonably flat. All rolling of Seguents

1l and 2 was in one direction only.

Segmont 3, cut adjacent to Seguent 2, was xolled in

o i i
A e vt

N> e |




£ R Sy s ; &
R s = ai
= s P A2

WAL Report No. 401/78-12
Page 19
7 the 18" mill, taking 16 passes to reduce the ihickness from
% 0.752" to 0,273". At this point the slab was turned Y0 degrees
and oross-rolled to 0,248" in fowr additional passes, It was | ]

| ! hoped, at the time, that the crogs-rolling would better insure
; obtaining random orientations in the large grains by producing
a different starting texture.
Segment 4, corresponding to the vop of the originual
ingotl, was rolled in the ssmo manner as Segmont 3.
Spuclmen Preparation ‘
The standard starting specimen way 1/4" x 1/4" x 29, i

In a few cawes 4" bars wore propured. The spocimeny wero !

milled on all four principal surfaces. Thay were hand pol-
ished on all suriacoes on 280-mush and 400-mesh emery papers,
subjoected to a J-minute etoh in S50HL-50 glyocerine golution and !

dried in elcohol and ethsr beforv gealing them into the Vycoxr
tubes. |

Long Vycor glass tubey of 9 mm. inside diameter wore
neoked down at suitable intervaels to socoommodate & number of ,

individual speoilmens., With the gpecimens in place the tubey

I
ware evacuatod while waxaming the glass to outgas the surfaces. i
With the vacuum pump still working, the neock at the far end i
was gealed off, the process continuing until the section near-
est thoe pump was sealed. The average individual tube volwne

‘
I
1
|
|
!
|
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way 6.5 oo, The gpecviumens weighed 7.5 grams cach at the start.
Cyoling in Vaouuu

The only useful speoimens were those whioh were coy-
cled in vecuo. It was noted, howover, that the surfaces beoame
roughened and the cross-seotion area diminished as a result of
this troatment. This probably was the result of sublimation
of titaniun with subsequent reaction between the metal vapor
and tho silica of the tube., This process had the advantage,
however, that the higher rate of sublimation at 1200°C. fre~
quontly resulted in a clear revelation of the beta grain size
and shapeo.

Ihe gtendard practice wus to cyclu soveral times, tol-
lowing which the tubos wore broken and the specimens removed.
Polishing with 280-mesh and 400-moesh emery papors on one suyrs
face followoed by a suitable atoh made 1t possible tc detormine
whathoer suitably large érains were developsd. If not, the
speclmens were resealed in tubes and the cyoling vontinued,

Specimons deemed suitable Tor use ware polished on
emory pepor on wll four sides, Following this they were metale
logyaphioally polished on four wheels., Etching to aid in the
romoval of distorted metal was resorted to betwecn wheels, A
very short otoh was used, where neoessary, after the final pole

ish to roveml the grain boundaries,
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Argon Environment Tests

The surface roughening and cross-ssction loss result-

ing from vacuuwn etching were troublesome, The vacuum procedure
lavolved the further impediment of requiring that the Vycoxr
tubes Lo sealed in vacwo in an Inoconsl tube to avoid ccllapse
due to atwmospherioc pressure at the wpper temperstures.

To overocome these difficulties the apparently sufe
proocedure was adopted of admitting 1/5 atmosphere of ungettered
99.96 grade tank srgon to the tubes before sealing them off.

At temperature this would produce about one atmosphere of pres-
sure,which would celiminets the danger of tube collapse and re-
duoe ‘the sublimation of the titanium. The specimens used at
this time wore those machined from Seguent 3 which had had
about 10 per cent oross-~rolling as the final rolling step.

With the exception of u lew spesocimuns previously
gyoled in vaouo, not one useful specimen was obtained when the
argon atmosphere was used., Examination ol the specimens re-
voaled indloations of contamination in hlgh hardness and the

progence oi uncoslesoed alphsa lamellae., Oxygen, nitrogen and

hydrogen analyses revealed the following:

bt
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;i
- ‘ A
- - Analysis - Per Oent Hardness T
C - Specimen 0z B2 — N3 Ha o )
" 71182 (e 0.027 ©.0076 0.003 - - -
AR TiX1-3d& (b) 0.058 0,015 - 2633 115-127
o = Run 23-1 §c} 0.15 0.011 -— 42-45 e i
I Run 23-2 (o 0.13% 0,011 - 44-50 - i
SR Run 24-1 (e¢) 0.17 0,008 - 45.5-47.5 -- |
‘ ' Rurl 24-2 (c) O-ll 0.010 - - 39-41 - - i
' t R‘m 22"1 (c) 0.30 0.028 0.002 b - - ‘;
o : Run 22-2 (°§ 0,29 0,019 0,002 - .-
I rix1-15 (d4) 0,16  0.013 - 45,547 170-180
: TiX1-15 (e}  0.42 0,007 0.002 54~55 218-235

Co #Miorohardness values. ‘ Cy

L $a) Original bar. B -

o bg Annealed in vacuun. ' B

o go Amnealed in argon.

{ . d) Amnealed in argon - top end.
(e) Annealed in argon - bottom end.

The evidence of oxygon contamination is, of course,

gtriking. Simple calouletion shows thal the amounts of oxygen

TES I aE

involved could not have come from the argon. Indeed, the ad-
mission of 1/4 atmosphere of air wouldnot have sufficed. It

seemy evident that the major source of the oxygen must be the

i B oo,

glass tube, Evidenoe to this effeot i3 shown below:

Specimen Treatments 0» ~ Per Cent

1 IM-138#r as forged 0.04

2 Cyoled = no oontaot with glass 0.036

3 Cyoled = no ocontact with glass 0.036

4 Cycled = no contact with glass 0.035 X
5 Oyoclod = immersed in glass beads - 0.91

6 Oyoled - lmmersed in glass beads 1.14

7 Cyoled - immerged in glags beads 1.18

8 Cyoled - lying againet glass tube 0,068 :

9 Oyoled - lying saguinst glass tube 0,067 .
#0ne oycle 4 hours at 1200°C., - two days at 850°C, in 1/4 |

atmosphere of argon. g

wuSimilar lodide titanium ingot. |
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It is probable that the oxygen contents of speéimens
8 and 9 would have increased progressively had additional tem-
perature cyoles been added.

Three variables were included in the argon cycling
experiments, any one or all of which might have contributed to
the fallure to obtain large grains. These were (1) the ob-
served oxygen contamination, (2) the speciﬁens were out from
strip rolled from 2 different portion of a possibly segregated
ingot and (3) the strip was cross-~rolled. Item (2) seems un-
likely as a cause since the hardness tests on the ingot and on
the forged bar falled to reveal significant differences from
end to end. Item (3) is difficult to evaluate. While it is
true that subsequent to the argon oyeling tests speclmens from
Segment 4, similarly rolled,were oycled in vaocuo for a rela-
tively small number of cycles without great suocess, the hold-
ing time at 850°C. for these experiments was only 20 hours,
which probably was too short.

It is the writers! opinion that the oxygen contamina--

tion was the most important impediment to grein growth. The
visual evidence indicated that the coalescence of the alpha
lamellae from the decomposition of the bets was very slow in
those spaecimens which were contaminated. As will be disoussed

beluw, ocomplete alpha coaslescence seems essentisl to the

e -
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growth of large grains.

It 18 diffiocult to understand why the reaction of
the titanium with S102 should result in substantial contami-
nation in the presence of argon and lesser contamination in
the presence of a vacuum. It may be, however, that the slow
gublimation of {itanium in vacuo removed surface contamina-
tlon about as rapidly as it formed and before substantial dif-
fusion into the body of the specimen could occur.

Vhile it was not the purpose of this work to study
the mechanism of single corystal growth, o Tew observations of
possible value were nmade during the experiments. As noted
above, the vacuum cycling procedure afforded a means for iden-
tifying the size, shape and loocation of beta grains. It was
notable that atter the 850°C. treatment for three t five days
the alpha lamellae, formed as the beta decomposed on cooling,
had coalesced into a single orientation ocoupying, as nearly
as one ocould tell, the volume originanlly occupled by the beta
grain, This must mean that lamellae of one of the =ix posgible
alpha orientsations s temning from a single beta grein absorbed
the others. This would be cxpeoted as possibvle under the
oriented growth hypothesls which stetes that rapid absorption
of one grain by another oan take place most readlly when the

A

o)
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difference in orientation is of the order of 30 degrees.

It seems apparent that failure to complete the ab-
gorption process at 850°C. may result in a grain refinement
of the beta wpon reheating to 1200°C, since cach alpha lamellus
orientation potentially will result in a different beta orien-
tation. This may be the mechanism by which contaminatdon pre-

"vents the growth ol large grains but there may well be other

equally plausible explanations.

The writers have no good evidence as to whether the
growth of large grains takes place in the dlpha state or in
the beta stote, The fact that veouum elched beta grains of
large size are seenh may imply that the growth takes plnoe in

the beta malerial but this evidence iy Tar from conclusive,

II., THE RECRYSTALLIZATION OF ALPHA TIUANIUM

Introduoction

It is importent to the siudy of any new metal or
alloy that informetion be sought on the response to cold work-
ing and the relation of the reorystallizetion oharamoteristics
%o the degree of cold working. Such studies should.be made
initially on the purest cbtainable metlal in order that the ef-
fects of impurities and intentional alloyagey may be evaluated

in other work. The work reported hore was started and iargely !

carried out by this Company at their own expense., Cumpletion




WAL Report No. 401/78-12
Page 26
of the reorystaellization work and the studies of rolling and ;
annealing textures waes done under this contract with the per- ‘
mission of the contract supervisor.

Fenexral Approach

The plan of the work involved rolling to a single
final gauge by four final oold reductlons, all of the material
being obialned from a single forged ingot of iodide procees
titanium, To do this a series of rolling schedules was sst
up which permitted preceding the final reductions by at least
one 50 per cent cold reduction and 600°C. annesl. The actual
gohedules are shown schematically below:

I. 0,400"+ - 0,184" (54%) - 600°0, anneal - 0,092"

(50%) - 600°0. anneal - 0.04G" {50%) - 600°C.

anneal - 0,023" (504) - 600°C, anneal - 0,020

(157).

II. 0.400"+ - 0,23%6" (417%) - 600°C, anneal - 0,118

(50%) ~ 600°C, anneal - 0,059" (50%) - 600°C,

anneal = 0,0295" (50%4) -~ 600°C, anneal - 0.020"

(70%) .

IIT. 0.,400% ~ 0.170" (58%) - 600°C. anneal - 0,075"

(56:0) - 600°0, anneal - 0,0375" (504 ) - 600°C.

anneal - 0.020" (45%).

IV- 0n400“* b ‘OonO“ ‘50/‘5) - 60000. arnleal - 0.100"

(50%) - 600°C, anneal - 0,050% (50%) - 600°C,

enneal - 0,020" {60%).

#Approximate thickness of forged bar.

The f£inal 0,020" strip was machined into tension i

specimons which were annealed al temperatures ranging from |
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room to 871°C., Tensile strength, elongation, Rockwell A and i
B hardness and mierostructure were wsed as orlteria of change.
Material was segregated at every step of the processing for

possible use In the studies of texture.

Titanium Used
A total charge weight ol 2619.5 grams (5,77 pounds)

of iodide titenium was supplied, consisiing of approximately
egqual parts ol iodide titanium lots I1-123, 142, 146, 147 and
163. The analyses listed in Table 3 were obtained on the turn-
ings developed in machining the ingot (T1-116).
Melting |

The ingot, identified as Ti-116, was prepared in the
gamy arc furnace and under the same operating conditions as
previously described for ingot Ti-182, It was the Tirst large
size ingot wade in this laboratory. At the very end of ths
run & leak developed in the rubber bellows arcund the elec-
trode, resulting in some contamination of the top of the in-
got.

fhe ingot hardness after machlning varied along the

bar in the manner shown as follows:
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BRI
’ 1 | Hardness
' Position RA Rp |
Ll Top surface 42 57 '
B Side near top 33.1/2 == |
N Side - 1/4" from top 29-1/2 -- i 1
E Side - 1" rrom top 28-1/2 - | i
b Side - 1-1/2" from top 26-1/2 -- ; ‘
| i Side - 2" from top 25-1/2 - |
L Side - 2-1/2" from top 24 - ]
! Side = 3" Trom top 25-1/2 -
P Side =« 3-1/2" from top 25-1/2 - 4
Bottom surfacew 20 25

| %4=1/2" frow top.
‘ Since sufficient material for the projected studies

the uwpper 1/5 was not included in the maln experiwments. It
was carried through the rolling snd annealing procedurs, how=

} | could be oblbained from the strip from 4/5 of the bar length, | 1
| |
]
1
{

aver, to afford a comparison with the uncontamlnated metal

PR PR Y

from the bottom of the inget. The spread in side hardness .
from Ry 25-1/2 to Ry 28-1/2 in the accepted length was not !

Al anva

opnsidered intolexable.

b Forging
iy The ingot was heated for one hour at 950-960°C,

(1740-1760°F,) after & half-hour preheat from roow tempera-
ture, The final forged bar wes 0.6" x 2-1/2" x length. It

was not necessary to reheat to complete the forging. The

final stages of forging were probably carried out below the

transformation point,
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After sand blasting to remove loose scale, the bax
was straightenced in a hydraulioc pross and machined to reuwove
at least 0.06" from &ll principal surfaces. Micro-studies
had indiocated a maximum sub-scale depth of 0.05". The final
wmachined bar dimensions were 0.42" x 2-7/8" x 17". UThe idon-
tity of the original ingot top and bottom was preserved.

Thetmaohined ingot was annealed in 99.96 grade tank
argon with the additional proteotion of piles of c¢lean titanium
chips in the steel-tube chamber used. Three and one-half hours
were required to reach an ingot temperature of 825°Q. which was
then maintained for one hour beforo removing the tube from the
furnace. The surface of the annealed bar was bright. Hard-

ness values obtained at intervals along the bar follow:

Hardness

Poaition kA 337

[
Topw ! 34 52
1" from top 33 55
4" from top 33 47
8" from top 29 42
9" fyom top 28 . --
12" from top 24-1/2 37
15" i'rom top 27 36
16" from top 26 37
17" from topws 24 37

#Corresponds to top of original ingot
#wCorresponds to bottom of originel ingot

‘Mioroexaninations had shiown some struotwre diffex-

encesa beiween the two eids of the forged‘bar. The differences
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& involved esgontially variations in degree of coalescence of
- the lamellar, basket-weave, decomposed bata structure. The
T sotter, lower end of the ingot displayed a greater tendency
%h' to form small equiaxed grains. After annealing, however,
i both areas were eguiaxed and roughly of the same oxder of
“v grain slze,

Rolling
! The genersl plan way to roll the bar in one pleoce
until the thickness (0.236") representing the first special
achedule was roached. At this point the top and bottom

! fifths were cut off, the bottom to Le continued separately

' under Schedule II to a final cold reduction of 30 per cent.

‘ The top tirith, rspresenting the contaminated area, was to be

rolled in the yame way for comparison..

Jy e remainder of the bar was then rolled, without

. anneal, to 0,200" where a segment adjacent to the top piece

L  was removed Yor rolling under Schedule IV to a final 60 per

cent reduction. 3Similarly, segment % was removed at 0.184"

. for Schedule I (15 per cent finel reduction). The lust re-

) waining segmont of the bar (adjacent to segment 1I-B bottom)

was then vontinued to 0.170", withowt anneal, at which point

rolling under Schudule III (45 per cent Ifinal reduotion) was I
!
!

started.

B e————— e e et e R R0 o A . usu Rt - , Coe T A SR h;.uarxn,lmz":;;,; e




e IR

—

WAL Report No. 401/78-12
Page 31

This first stage of the rolling was carried ocut on
12" diometer rolls using reductions of the order of 0,02 per
pass. Under these conditions the wmetal quickly beocame too
hot to handle without gloves. Alfter each 10 per cent of re-
duction the ber was cooled in water to 24°C. and tested for
Rockwell A and B hardness in each of the segment areas.

These owrves all had the same shape, which ls typified by
the Sohedule III dava in ¥igure 2, All work hardening data
for this and the lmter stages of rolling are compiled in
Table 4.

The individual gegments were anncaled in argon in
an Inoconel wulile for one howr, at temperatura, at 600°C,
followed by uvlow cooling to room tempercture in the tube
aftor removal from tho furnace, Rolling according to the
speolal sohedules outlined above was then ocontinued on 3"
dianeter rolls, tuking room tempsraturc Rockwull A hardnuus
readings at 10 per ount reduction intervals in some, but not
all, cases. All anneals were ab 600°C, under the conditdony
desoribed immedimtely above. In all cases the metal rolled
well, showing no signs of edgo or surface oracking. The work
hardening ocurves were siwmilur in shape and scele to that shown
in Mgure 2, Nicro-studies indicated thut the anneals given
resulted in a reasonwly uniform grain size of 0,035 wmm.

k At M . it . Ll MAMTE
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Oocasional streaks of coarser grains noted in the ewrlier
gtages of relling no doubt were eliminatud or reducced in
wagnitude by the time the final rollings were started.
Speocimons and Final Annealu

Trom oach of the final strips there were machined
50 small longitudinal tension test pieces to the dimensions
shown in Flgure 3. At evsary stage in the rolling, inoluding
the final proocessing, portioﬁs of the bar or strip were act
aglde Yo provide for textige studivs where suoh were later
desired,

he temperatures selacted for the final anneal ings
were roow, 300, 400, 500, 600, 700, 800 and 900°C. ILater,
when the available date hnd shown need tor them, annesls at
450 and 550°0., were added. Due Lo ocontroller trouble, the
anneal intended to be at 900°0, actually was at 871°C.

Al of thu gpecimuns for uny one anneal were treated
together., The Inconel muiffle was used with an argon atwoue
yhere. In each c¢aso the time was set arbitrarily aws one howr
at temperature. While attempts were made to control the heati-
up time on a comparable basis, the conditlons did vary from

one tewperature tvo another. In genuvral, the heat-uwp time was

0l the oxdex of one houxr.
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Testing

The annealed speoimens were tested for tensile

strength, elongation and Rockwell A and U hardness, the . b
lattor readings being tuken on the grip ends of the tension O

o : gpeoimens. before they were pulled. The tension tests werc
% ! carrisd out in & 20,000 pownd capaoity hydraulio testing una-

chine using Templin self-aligning grips and a fxee head speed

of 1/4" pur uminute. Dlongation was moosured by dividers alter

abutting the broken specimen ends. ' 15(
- : The data obtained are agswmbled in Table 5. Analy-

ses made on certain of the broken specimens are to be found

| | in Table 3., The data of Table 5 have boen plotted in Wigures

: ‘ 4 through 8.

?, | Yiith the exoception of the Schedule I agpecimens (14

" | pexr cent vold reduction), the wraim sizes of the other speci-

{‘ mens were very siwmilar for similur anneals, It is convenient

;W to illusirate the general efieot ol annealing tomperature on

groin sixe with miorographs frow a single series. [heso ap- . '
pear as Mgures 9 through 14 and are for the Schedule III 'ix
(4% per cent reduction) series. Four photomiorographs | }fg
(Figures 15 through 18) illustrating typloal structures in ;ﬁﬁ
the Schedule I material are inoluded. i

1 i perms o - o [ F. X oo
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Disoussion

The obJective of this work was to determine the re-
crystallization temperature of pure titanium for several de-
grees ol ocold reduction and one amnealing time. Ior the pur-
pose of this portion of the disocusuion, the recrystallization
vemperature iy detfined as tho winimum temperature at which no
distorted, cold-worked material romains. Whon taken arbi-
trarily oy the temperature requirued to change any property o
hwlf-way botween the muximum and miniumwn values, the tempera-
tures livted in Table € are lound,

Outside of the Schedule I material (15 per cent re-
dustion), the eiftsct ol per cent reduction is rathor small,
¥row othoer work 1t iu known that inoroeasing the poroontage

raduotion to 96.5 doey not change the figureu Yoxr 60 per cent

yeduced metal appreociubly. The total spread in recrystalli-

zation temporature from 15 to 96.% pur cent roduction is only
75 to 80 degrues.

While it iu very difficuld 1o detormine fyom mioxo-
structure alone when reorystullization iu complete, it is the
writers' opinion that complution, in the sense defined above,
was atlained at about 500°0, except for the Schedule I matoe-
rial, In this laltoer case identvitiocation of old grains in u

matrix of new grains was not essy and {the only ocertainty is
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that recrystallization was complete and grain growth well ad-
vanced at 600°C. |

In addition to the features normaelly found in xe-
orystallization cufves, the prasent'data for titanium reveal
a number of anomalies. Most marked are the rise in hardness
and the deorsase in elongation as the annealing temperature
is incroased above 600°C. Tensile strength is reasonably
conytant in this annealing renge. Less marked but still vexy
evident arc discontinuities in all properties in the range
450 Lo 600°C, ;

Irom approximate grain siwze measurements it can be
shown that the change in grain size with temperature is o
smooth ourve, possibly logurithmic, There is no svidence of
any discontinuity in the ocurve. VWhile there iy furthor dis-
oussion of the phenomenon later in this report, the writerc
advance no explanation for the anomaliel,

The effects of the contamination of the top of the
ingot during uwelting were not large. 'The eoffects on recryy=-
tallizavion tomperature were in opposite directions for the
tonsile and the hardness results. A very small but swemingly
deiinite reduction in grain sizo was observed in the harder
material. It seems apparent thaut contamination to the extent
encountered here iy incapable of altering the reorystalliza-
tlon behavior of titunium substantlally,
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IIX. PLASTIC DEFORMATION S5TUDIES

;U‘ { Speocimens | ,
”ws The specimens available for {hily work have already

v been deacribed. The orientations are shown in Figurae 1,

Test Procedures

Tension tests were run at room t&ﬁpexature in a 20,000
pound capacity hydraulic testing machine. The speoimens were
gripped for a length of about 1/4 inch at esch end in Teamplin
self-aligning grips, The axiality of loeding was judged visu-
ally. Gauguv marks were produced by wvery light gocratohing.

——— e el

Loading was at tho rate of 0.1 inch per wlnute, Lree head uspeud.

7." In all vages the specimens were unloaded aftver eaoh of various
' _i inorements of loading to permit inspection for deformatlion work-
| | ingy, moeasurement of permanent deformation and, where desired,
X=ray dJdetermination of the orientation, While no atteupt wag

made o obltain preocilse stress-giraln data, efforits were wade to

;H  identlly the stress ocorresponding to the first permanent defor-
n mation detectable (by comparison at 18X with a machine-ruled
scale graduated in units of 0.0l inoh Lrom which thousandths
lllllll oould be esiimated).

For the few cowpression teusts the speoimens were out
carefully and machined to produce plane;.parallel onds, The

test pleces were about 1/2 inch long, giving a length-to-width

ratio of about 3. Compression was carried out botwesn lubricated
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polished steel blooks in the same testing machine and at the
same fres hend speed., The seme procedure was uged of inter-

rupting the loading periodically to permit exsminstion of the

- speclmens.

Original orientations and ohanges in orientations
due to deforma.ion werc determined by standard Lauwe X-ray

vack-reflection techniques. A North American Phillips Unicem

cset-up permitted lining up the specimen surface normal to the

bean to within 1/2 degreec. Unfiltered copper radlation was
used with a specimen-to-film distance of 1 inoh and an expo-
sure time of about 1 hour,

As the specimens deformed their originally square
crogs-gsectiion frequently changed to & parallelogram and the
surfaces becamne somewhat rumpled by the deformation. Since
it is important that the X-ray beam impinge on the specimen
surface in a precisely normal direction, & practice was devel-
oped to accomplish this. A semi-transparent zine sulfide mir-
ror was affixed to the specimen surface in question, thus pro-
viding a refleoting surface for the optical set-up procedure.
In those cases where the angles between two faces had deparfed
from 90°, the actual angle could be measured by using two such
mirrors in econjunction with the goniometer portion of the Uni-

cam. The mirror was left in place during the X-ray exposure.

]

|
|
|
’i
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About the +tiwe this technique was established it was noted that
the filus seemed sharper and freer of axtraneous darkening than
before. It is not known whether this weas due to the mirror or
40 other general technique ilmprovements.

Experimental Work

The work on deformation is probably best presented
as separate descriptions of the experiments performed on indi-
vidual specimens. In what follows this practice is used, pre-
senting the tonsion test data first.

Tension Tests

T1X1-6

This was the nesrest to & truly single orystal speoli-
men produced in this work. Its orientatlon (sce Figure 1) was
such that besal slip could occur with almost meximum easge if
deformation by this process werc possible in titvantum. The
specimen was 2 inches long x 0.179 inoh x 0.13Y inch, with a
crosy-yaotion area of 0,0249 squore inch.

A series of inoreasing tensile loads wes applied;
after each stregsing the load was raleased. At the 12th load
application the load reamched the value of 1050 pounds, or 42,000
pese.i. Wnile it ocould not be measured within the sensitivity

of the elonpgation mezsurement procedure, therc was evidence of

a very slight permanent set. Up fo this point the only evidence
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of permanent deformation had been slight clicking sovnds asso-
clated with twinning in or very near the grips.

Upon further stressing to 44,000 p.s.i. (1100 pounds)
a permanent elongation of 0,8 per cent in 1/2 inch was observed,
vhioh increased to 2,6 per oent at 46,000 p.s.i. (1150 pounds);
10.5 per cent et 47000 p.s.i. (1175 pounds) and 22 per cent at
47,320p.8.1, (1183 pounds). The load reached a maximum of 1183
pounds, dropping to 1140 pounds as the specimen elonguted. The
next and final stressing brought the total elongation to 28,2
per cent but the load could only be brought up to 1068 pounds,
which decrcased to 980 pounds as the specimen elongated.

Laue back-reflection X-ray photographs were taken
after 2.6, 10,5, 22,0 and 28.2 poer cent olongation. The changes
in oriuntetion, shown stereographiocslly in Migure 19, establish
& rotation consistent with slip on the {0002} plane in ‘the mosi
highly stressed (11205 close-pucked direction, fThe defurmation
markings cbscrved on the specimen oconfirm that the slip was in-
deed on the basal plane.

When the load ot 118% pounds was applied to the spece
lmen, a link developed near the bollow end of the test region.
A Laue pattern was taken in the kink ufter this loading. An
additional pattern was Vaken after the final stressing to 28.2

poer oent total elongetion,

i s i

2 “ S
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In plotting these two special points it was necessary
to assume u stress axls in the kink., The true stress axls can-
not be determined easily sinoce tho direotion of pull on the
spocimen was along the ocriginal speoimen axis. It was deoided,
however, to use the speocimen axis ag the basls for estlmating
the rotations due to the formation of the kink. The points,
warked # , 50 derived are plotited in Figure 19. Taken at their
apparent value the evidence indicates that the kink was formed
by a localized [10I0' slip which, in the first extension in
which it ocourred, brought the kink orientation to the point
whare & second LlOiO} planc was equally highly stresssd, As a
conscquencs, continued deformestion in this area was by simul-
tanocus fdouble) slip with a net rotation toward a ¢ 10io»
directiun.

The markings in the kink wore examined carefully.
The markings were confusing and did not furnish confirmation
of the mechanlsm indicated by the X-ray data disocussed above.
However, they did not furnish a basis for an eltermative ox-
planation.

After each stressing in the plastioc range the main
portion ol the speoimen was exemined carofully on all four

surfaces tfor deformation markings. As shown at low magnifica-

tion in Flgure 23, murkingy appearsd in the early stages of
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deformation which definitely were due to basal slip, There is
evidence in these micrographs of cross warkings. These Lecame
wore definite es the load was increased and are cleaxly shown
at 250X in Figure 24.

It will be noted that the oross markings do not cor-
rogpond dircotly to activity on a_low index plane. The writors
suggest, however, that they may be due to a very fine unre-
solved cowposite slip on the basal planc and some cthier low
index plane having a close-packed dircotion in common.
Maxrkings found near the grip restraints, which could

be traced around a corner, wero found Lo be due to {1171} twin-
ning.

The eritionl resolved sheoar stress for besal slip
caloulated from the 42,000 p.s.i, stress at whioch fixst indi-
cations of permancnt set were noted is 13,100 g./mm.<. Tho
Rockwell A hardness of the crystul was 35.5, taken near the
grip aftor the final extension. Analyuis of the specimenw re-
voaled an vxygen content of 0.14 per cent and & hydrogen con-
tont of 0,016 per ocemtv. No nitrogen analysis was made sinoce
geveral made on other specimeny of similar history revealed

only 0.002 per c¢ent present,

#As determined near the oenter of thae crystal. Velues of 0,349
and 0,18 pex cent oxygen were obtsined at the end and adja-
cent to the ond, respactively.
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TAXL-3A
This was a orystal about 1 inch long at one end ol

& spcoimen which also contained TiX1-3D, to be Alsocussed laterx.
M.X1-3A had the dimensions 0.224 inoch x 0,171 inch, giving a
oross-gection area of 0.0J83square inch, The orlentation was
suited to basal slip.

A sories of increasing stresses was applied, unload-
ing for speolmen inspeotion after each. The first pormanent
deformation developed in orystal TiX1-3D at a stress of 15,600

P e .

p.s.i, (12th stressing). Thoro was no evidence at this time of
eny permanent extension or detormation amarkings on Tifl-oA.

The first pormanent set in TiX1-3%A oconurred whon a
load of 1300 pounds (34,000 p.s.i.) was applied. At 1473 pounds
(28,700 p.s.i,) an elongation of 4.2 por ceat was observed, | i
which increasud to 9.2 poxr ocoent at 15%5 pounds (40,000 p.s.i.). g
The change in ordientetion (see Figurc 19) due to deformation
was the rotation caused by basal slip in the most highly
stressed ¢ 1120) direction. $lip lines were found which when
traced over a corner established that basal slip had ocourred, i

While the first merkings were those dus to basal slip, {
twin markings identified as {1171} wore seen near the grips at !

an eaxlylstage in the permonent deformation. 7These spread to-

ward the ocentor of the seotion as the load incressed and were

1
|
i
I
J
!
!
{
!
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seen in ull areas after the final stroessing (40,000 p.s.i.).
A micrograph showing the typiocal appearance of the basal uylip
warkings and the {1171} twins is shown as Figure 25.

The {1171} twins are thin and straight-sidod. Thuy
traverse the entire oross section and do nnt appear to grow
with inoreased otress; instead new j1121} twins form. As the
twins approach a specimen adge they frequently boecome branched
as other {1121; planes become active.

Due to special etress developuments at restraints,
other twinning systems bevame active locully. A leaticu-ar
warking identified as & §10¥2} twin is shown in Figure 26.
Markings identified as {1122] twins are shown in Figure 27.
Thess were found in TMX1-3E, o small orystul, the orientation
of which was known.

The critical resolved shear siress required to initi-
ate basal slip in TiX1-3A was determined to be 10,900 p.sed.
In the TiX1-3%X area the Rookwell A hardness was about 30, The
oxygun content was 0,058 per cent and the hydrogen was 0,015
per cent., In ths TiX1-3A ares the oxygen content was found to
be 0.1l per cent. The hydrogen was 0.012 per ocent.

T4X1-2 was & 3/8-inch long grain in an otherwise
comrsely polycrystalline specimen. Its orisntation (Figure 1)

PRt o B
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i i was very similar to that of TX1-6A. The cross-section wau ;;'f
{ ? 0,220" x Q.104", giving en area of 0,0229 square inoh. -

Vhen this spueoimen way gtressed, the principal def-
Tormation took plece in the polyorystalline reglon. In fact,
rupture in this zone ooourred before veory marked deformation
; : daveloped in TiX1-2, The specluwen was regripped snd the
: atressing continued to a maximum load of 930 pounds (40,500
' | PeSele)s
‘ Laue bmok-reifleotion X-ray photographs were taken at
various stepy in the loading, While these showed strong evi-
llll denoe oif deiormation, no measurabls rotation duw to slip could
be tound., Basal slip merkings wore geon carly in the deforua-
tion but the preponderant markings were those due to {11214
twinning. Some 410T2} twinning developed near the restraints.
! These warkings, sll of which were clearly identified by angle

measuremenis on two surfaces, are shown in Figure 286.

IiX1l-2 was & preliminary specimen mude frow strip at
i ’ hund vhich had been rollud from iodide titaniwam ingot Ti=-138.
Analyses of the ¢old rolled strip yielded the Tollowing:

Kt 0 515 ¢« PN 000003% MOlybdﬂnum.uo ..0.0009";
b Nitrogens.......0,002% Aluninum........0.0154
i, Hydrogenssvess e 0,014 Hangansse, ......0.,023

W q&rbon.-.-..---.0.0G)’( Tin.uucluu.l--c‘anog'}\;
"l:‘"” 11‘01'1-..-...-.«..0.01%' LOBd.-.-....-...O.ooBS“«;
- OQPPBI‘. *seasvs .00005/'0 Mﬂsllﬂﬂium. v ae -0.0025;4

Vo analyses were made on TiXl-2,
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TiX1-11B |

TiX1-11B was a grain about 3/4 inch in length in a
speclinen containing other large graing, Tho'oroaa-section WS
Q.215 inoch x 0.,173% inch, with an area of 0.,0373 square inch.
The orientation is shown in Flguxe 1.

When stregsed to 29,500 p.s.i. no permanent deforma-
tlon resulted. At the next and final loading the stress reached
51,000 pevel., at which point a suwall (9.8 per cent) set ocour-
red. Examination of the markings indicated a predosinance of
J112Y and 10T2} twins, togother with faint besel slip warkings.
At 51,000 p.u.is 3tress the resolved sheur strsss for basal slip
in the most hLighly stregsed olose-puoked direction would be
13,500 p.s.i. The oxygen content determined in the TiX1-11B
ares was 0,17 per cent; the hydrogen was 0,004 per ocent. An
oxygen analysis of 0.26 per cent (hydrogen 0,012 por ocent) was
reported for a sample taken &t one end ol the 2-inch long spec-
imen.

TiX1-19

MX1-19 was & 1-1/2-inch long grain sc oriented as to
place tho basal plane more nearly normal to the specimen exis
than any other corystal obtained (see Migure 1l). The qrogs- :
section area was 0,193 square inch. When pulled to a stress '

of 57,000 p.s.i., abundent twinning developed, Five sels of
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{1012} twins traceable over an edge were found. At this stage
v : of the deforﬁation there wero no detectable markings corre«
| sponding to basal alip or §1121§ twinning. Attempts to reach
higher strosces resulted in a waximum stress of 71,600 p.s.i.,

at which point abundant twimning of the {10T2] type was evi-
dent and an elongatilon of about 14,5 per cent ocoourred. The
" speolmon necked slightly.

Tho extensive {102} twinning roughened the specimen
surfaces 80 greatly that inspsotion Yor other markings was dif-
Ticult, However, no markings indicative of basal slip or
{1121} twinning were found. It was not poysible to obwerve
 § whethor any ulip process hod operated in the {10I2} twina.

| TiX1-19 had & Rockwell A hardnesg of 5%, measured at
one snd before tewting. The oxygen content at the canter of
( | the oxystal was 0,17 per cent; the hydrogen wus O,0Ll% puer
= ; cent. 1In many cases the oxygen content at the ends of a spec-
. | imen was highor than in the middlo. This might account for
the relatively hish hardnoess valuo,

Discussion

The five gpocimeny just desoribed all werw oriented

in such o marmer as to weke basal slip a possibility if xo

easler mechanisw was available. The evidence from TiXl-6, 34,

< and 11 estublishes beyond doubt taat 0002} slip in the 1170>
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direction can ocour in alpha titaniuwm under the conditions of
tomperature and rate oif loading used here. The critical xre-
solved shear stress required is high (10,900 %o 13,100 gn./
ma., 2) . \

As the length between rustraints deorcased (TiX1-G,
1-1/2 ineh; MX1-34, 3/4 inch; TiX1-2, 3/8 inch) the amount of
basal slip dooreagsed and {1121} twinning becswe important.

The oonclusion is drawn that bagsal slip is not likely to be
an iwmportunt wode cif defvrmation in polyocrystalline titenium
of moderate grain size.

MX1-2, 3A and 6 were not widely different in the
angle ohi (52-45°) betwoen the busal plunc and the speoimun
axig, TiX1-11B, on the other hond, had un angle chi (X) of
wmore than 60°. This difrerence in oxientation had the intexre
esting oonsequence of adding the {1012} twinning mechenism to
the {1171} twinning previously obsorved, Dasal slip was barely
deteotable in this spoclmen. TiX1-19 with an angle chi of wore
than 75° apparently detormed solely by [10f2} twinning, al-
though complete certéinty oI tho ubsvnce of other wodes was
not posgible, .

It would appear from these results that grains in
polyorystalline alpha titaniwn oriented to give an angle chi

with the principal tension stress direction of about 45° o
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higher will (1) require relatively high atresses to initiate
detoxmation and (2) deform, initiolly at leust, by one or
more itwinning mechanismy. Yt 1s not known whethsr any slip
mechanism will subsequently operate in the itwinned wmatexial.

TiX1-10A

T4X1-10A was a 1-1/8-inch long orystal in a specimoen
whioh also contained TX1-108 ¢5/8 inch long). Tho oross-suo-
tion dimensions were 0.189" x 0,138", giving a cross-seotion

arod of 0,026 gyuare inoh. The loading history is detailod

balow:
Bxtension Stresy - Elongation

No. Peted. Por Gent in 1/2%
0 None 0

1 7670 0

2 11500 0

3 13400 0

4 15300 1

5 16100 8

& 16500 12,5

4 17000 16,2

8 20840 28.3%

9 22300 37
10 22350 41.4
11 & 22350 49.3%
12 < 22350 *

ot determined ~ sea text.
The first evidenoco of permanent deformmtion was ob-
sexrved al extension No. 4 (15,300 p.s.i. stress). The changes

in orlentation are plotted in Yigure 20. The deformution wark-

ings were identified positively as due to slip on the most
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highly siressed {10T0) plan&;"Whg rotation shown in Tigure 20
establishes that the wlip dirscotics was the olose-packed direc-
tion, €1120y , in this plune. )
The slip wmarkings ure ahoWn, for two surfaces, in

Figuru 29 attur the 6th axtensioin. A&s the dqeformation pro-

‘ areaauﬁ_the rumpling noted in these photomicrographs beowus

worxe waxked. In addition, a patitern of lighv aad dark stresaks
devoloped ét a small angle to the slip warkings (ses Plgure
30). (hese huve besn obierved in zinu by the wittera and in
other metals by other workers. Their naturs and cause is not
wundexrygtood, ‘

I¥ will be noted in Figure 20 that the rotutlon oi
the oryytal relative to the streus axdls Lrought it to the
point where another [IOID} plane way equally a3 highly stressed
as that on whioh slip had originelly taken place. When this
point was reached (extension No. 11), a kink developed which
formed the unusual necked-down configuration shown in sketch
form in Pigure Jl. Simultansous alip on the two equally
stressed {10I0} planes apparentily resulted in a composite
rotation in the €10I0> diraUtion ag shovay in Figure 20, The
Laus back-retleution Rerny pabberns were taien 1/8-] ’4 inch
fxom the kink. '

Tho.a defwraation was so eiciwuuive 'bqr‘ e Ui that.
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the markings were confused. Bvidence to support the above hy-
pothesis could not be obtained Irom them but no alternative
meohanism was indicated.

The oritical resolved shear stress for prismatic
alip in the close-packed direotlion was determined to be aboul
5000 g./mm.z. Rockwell A hardness readings taken near the
grips alf'ter the 12th extension gave values of 25 in the TiX1-104A
gection and 47 in the TiX1-10B scotion., No observations were
wade on TiX1-10B. The oxygen content detexmined atv the middle
ol TiX1-10A was 0.098 per cent; tvhe hydrogon wag 0.011 per
cent, |

T1X1~3D

T1iX1-3D was of drregular length (varying from 1/8
inoh to 1/2 inoh) in the specimen contalning TLX1-3A alroady
disoussod in this report. As shown in IMigure 20, deformation
took place by glide in the <1120> direction. The slip plane
was idontified from the markings as tle J10I0} ., The oritical
resolved ghear stresy for this slip was about 5000g./ram.<, in
go0d agreement with TiX1-10A. An analysis in the approxiaate
reglon of TiX1-3D gave values of 0,058 per cent tfor oxygen and

0,015 por couy for hydrogen.

A1X1~G4 und 98

TiX1-94 way 1-5/8 inoh long; 98 was 5/1G inch long.
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Both were in the same specimen. The orientations are shown in
Pigure 1, The cross-section dimengions were 0.167 x 0.152,
giving a nross-section area of 0.0254 square inch,
ﬁoth cry$tals deformed by {10T0} slip in the <1120>

direction {see Flgure 20). The delformaticn narkings were

similar to those sesn on TiX1-104 (Pigures 29 ard 30). TiX1-9B

was souwewhat more favorably orlented fox {IOIO} slip than TiXl-
© pA end defurmation started in 1t ot a somewhat lower load.

. This deformation reswulted in additionnsl stress at the boundary

botweal the two graiay, as a consequonce of which 8lip bands

were sean in this region in TiXL-9A before They became evident

| in the waln porticn of thé orystal,

fhe oritical wesolved shear stresses for {1010} siip
in D4iX1-GA ond 93 were about 4500 and 5500 g./umm.2, rospeciively,
dnalyses at the middle of TiX1-9A showaed 0,093 rer cent oxygen

eud 0,012 per cent hydrogen. When meusured at the end of the

Specimen din crystal 9A, the values were 0.32 and 0,012 par ceﬁﬁ,
regpectively. |
Ti¥1-11A was an irregular grain varylng from 1/8 inch
15 5/9 inoch in lengt™ in the specimen oconteining TX1<115 dis-
cussed mbovs. While the slip direotion was not deteymined,

the deformation merkings established that {1070} sldip had
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glide was determined to be between 6700 and 8300 g./mm.€. The

- ? occvrred, The critical resolved shear stress for prismatic }&“
f oxygen content of the end of the specimen adjacent to TiX1-11A :

) wag found to be 0.26 per ocent and the hydrogen 0,012 per oent. |
ﬁ?,{ i 71X -124

TiX1-12A was & 1-1/4-inch long orystal, of dimensions '3
}f . i | 0.210 inch x 0.172 inch, having & oross-gection area of 0.0361 “j
{¥i % square inch. The deformation in tension, as established by the 1
2‘ | slip markings and the crystal rotation (Figure 20), was clearly

by {1070} slip in the <1120y direction.

TiXl-12A had a Hockwell A hardness of 54.5 measured -
at the specimen end. The critical resolved sheer stress for 1‘f
prismatic glide was calculated to be 11,700 g./mm.2. Analysis X
disclosed ke presence of 0.24 per cent oxygen and 0,010 per
cent hydrtsgen in the region where the hardness was deteruined.,
in the middle of T1X1-12A the valuey wore 0.16 per cent oxygen
and 0.00B'per ocent hydrogen.

Discuasion

The orystals in this group (TiX1-10A, 3D, 9A, 98, 1lA .
and 124) have angles botweor the basal plane and the specimen
axis of from about 5° (TiX1-11A) to about 35° (Tixl-9A). ALl of
of them Qeforwed entirely by prismatic slip on the most highly

stressed plane and, where the direction of rotation was determined,
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in the close-packed di?ecfion; The or;tical resolved shear
Stress foxr prismatic glide varied fiom about 4500 g./mm.< to
to about 11,700 g./mn.<, thoe variation possibly belng connected |
with the degree of oxygen contamination in the individual syoeo-
imens,

While some interesting areas in the orientation dig-
tribution werce not covered by tho existing specimens, the gen-
eral situation regarding the relationship between crystal
orienvation and tensile deformation geews aestablished. Crystals ,

having angléw ol less than 40° betwean the baswl plune .nd the

Stress axis deform readily by prismatioc slip at relatively low
gpecimen strosses. Between about 40° and about 60° deformation
is by basal glide unless restraints are presont. In the latter
casy {1121} twinning becomes the predominant mechanism. As the
angle inoreuses sbove about 60° basal slip bocomes less impor-

tant; {10T2} twinning develops; and finally at 75° {1012} twin-

ning spparently beoomes the only operatlive mechaunism., Much
higher specimen stresses are required to defoym thu basal glide-
twinning group than are needed for prisumatic glide.

While it could not be established clearly from the
present work, it is upparent thal for speoimens of equal pwrlty

deformed in +{ho same manner a boundary must exiat, somewhere

Near & basal plane-streys axis angle of 40°, bstween the two
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major zones of deformation mechanism.‘ The rotation due to
basal slip in TiX1+6 could not have continued indefinitely
since a oonsequence of this rotation 1s to bring the oxrystal
orlentation into the reglion whero prismatic slip is the pro-
ferred mechanism. The behevior in the region of the kink is
widerstandable on this vasis.

The sharp ohange in deformation mechanism and load
raluiramepts batween the two deformation rogivnus may have ime
portant eifectls on the labricating properties of metal of dif-
ferent orlentition textuxes.

meyression Tosty

TiX1-1"

The orientation of this speoimen ia shown in Magwe
1, ‘The crosgs-seoction area was 00,0386 sguare inch. When stressed
Yo 26,200 p.o.i. the cxystal formed {1122} twina which inoressed
in size and numdber ay the loaud was increased further. At 39,200
Pesedls & compression ol 2.5 per cent was noted., A photomiocro-
graph (Figure 32) tuken atter a stress of 36,400 p.s.i. had been
applied shows prominent 41122§ twins and some evidence of basal
glide. All markings were obgerved on ul leayt two surfaces,

The oxygen content adjacent to TiX1-17 was 0.0%9Y per
cent and the hydrogen wac 0.010 per cent.

It seems evident that buial slip can ocour in
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compression but is not likely to be an imporxtant mode of def-

ormation under restraint conditions. Actually the situation
here differs fyom that noted in TiX1l-3A in tension in that
twinning procoded basal slip in compression and tfollowed 1t
in tension.

The orientation of this orystel was very similaxr to
that of IiX1-l2A which was streased in tension. The oross-
gection arva was 0.0293 square inch, When the present spoci-
wen was oompressed first permanent set (0.05 per cont) was ob-
served aiter a gtress of 21,200 p,u.i, was applied. Additionul
loadings brought the stress to & final wvalue of 37,600 p.a,i.
and & pormanent set of 4.5 per oeat.

fhe early deformation took the Torm of {10:9; slip
uround a bend plane noear ong eud ol the speolmen, The bend
plane appeared to have the indices {1120§ . As the deforma-
tion progressed thoe {10I0} slip marking:s became wor¢ numerous
and extended over the entixe gpeoilmen length. The direostion
of alip was not dotermined but undoubtodly it was {1120 in the
opposite sense to tension slip.

I1X1-8 contained 0,18 per cent oxygen. The hydrogen

content was 0,008 per cent. The critical resolved shear stress

for priswatic slip in the olose-packed direction was about
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6500 ga/mm.z, which is in reasonable agreement with ths wvalues
obtained in tension.
TiX1-1lA, 1B
Iike TiX1-2, the present specimen was from a prelim-

inary lot made frow strip rolled from ingot Ti-138. The crys-
tals were about 1/4 inch in length and both wore contained in
a single comprossion specimen.

‘then compressed with a load of 319 poundy, both oxys-
tals showed merkings positively identificd as due to }10I0}
slip, Some {10T2} twins were scen in TiX1-1A at the boundary
between the two crystals.

The numbar of compression speolmons tested was too
small o permit oconclusions. It way be stated, however, that
outalde of the change in type of twinning required to aocommo-
date extension or oompression of the cxrystal, no evidence was
geon in these limited tests whioh would indicate any great dif-
fercnoe butweon the tension and compression behavior of  tanium,

Ihe work carried out here may be summarized briefly in
the stutement that slip on the {0002} and {10IC} planes and twin-
ning on the {1131} ,{1122§ and {10T2} planes woere observed. The
ouly other work along these lines known to tho writers was that
caryied oul by Sylvania Electric Products, Inc., for thu‘Uhited
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States Alx Force#. These workers confirmed the above observa-

tions excepting that they did not report {0002} aslip and did
report {1CI1} =slip.

IV. ROLLING AND ANNEALING TEXTURES i

Introduotion

In oxrder to obtain equal properties in all direc-
tions in a metal plece it would be necessary to provide a
completely randomn orxrientation of the crystel grains of whioh
it is oomposed. Under wmost conditions of deformation oxr hoeat

troatment randow orientation is not attuined. On the contrary,

a majority of the gruins will assume a narrow range of orien-

taticns called a texture. The gtudy of the textureas developed

|

in & new metal or alloy by variows deforwations and heat treat-
wents 13 an lmportant part of the vvaluation of the material.
In the present work studies have been made ot the
textures produced in iodide quality titanium by ocold strip
rolling to various xeductiony and by annealings st various

tomperatures subsequent to the rolling, A few attempis at hot

i T P -1

rolling woere mada.

#0. A. Dube, F. D. Rosi, B, H. Alexander and ¥F. C, Porkins, o
Third Quarterly Progress Report, May 1, 1951 to August 1, 1951, ’
U.SyAuF, Contract A¥-%3-038-160351.,
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Metal Usad
With the exception of the speocimens frowm ingot Ti-116
proviously referred to in the sseotion on reorystallization, ail
of the spoocimons were taken Ifrom strip rolled from iodide tl-
taniwn dngotv M-138. Ti-138 was a 2-1/2 pound arc melted ingot
prepared from portions of several ilodide titaniuwy haixpins,
The wmelting, machining and forging praoctices used were similar
to thoso previously desoribed for Ti-116 and T1-182. After
final wachining subsequent to forging, the bar was 1-1/16 inch x
1-1,/16 inch in oross-seotion. Analysis of strip, oold rolled
from this bar, gave the following resultis:
OXYEUNu evosonssss0.03% Molybdenum.......0.0Q:%%
Nitrogune.soeees.0.0028 Aluminum. ¢ sses,».0.015
Hydrosoiles vasess s 0.014% Mangunese, c v ooy » 0,02
CRrboNeaeesueass 0,06% TiNeeeeeennenassa0.,0028

Irﬂn.u---.......o.OILﬁ Lénd...--...... .‘0.0055%
OOPPQI‘..-«--- [ 001005/{ Ml&nwﬂ.m. sewne ‘00'0025;‘

Pole Mpurse Prooesdurs

The conventional X-ray prnoeduré for determining the
orientations present in the surfuce of & sample sre tedious
and not wall adapted to the obltainiug of guantitative datu. A
provodure developed by Schulgw, modified in sows respects forx
use in the present work, proved more useiul since pole Tigures
with considerable, reasonably quantitative deteil could be pro-
duced quite rapidly.

el, G, Schwlz, J. App. Physics, 20, 1030, Novewbar 1549.
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The essentiadl feature of the Schulz proocedurs is the
rotation ol a l-inch diameter flat disc of metal about & diam-
éter at ths Brugg angls @ to a thin, nearly rectangwar XL-ray
beaw impinging on fhe surfacve, 7The diffracted bYeam i3 recorded
by a Geiger counter positioned at the proper angle (2 8 ) for
the plane wnder investvigutlon. Ia practice Schulz made a
series of exposures, rotating the specimen about the diametor
axis in steps of & degrees. Aftar‘a traverse of 180° kad been
taken the specimun was turned ahout its own axis through some
selected anglo, such as 45° or 90°, and the traverse was re-
peated. In the present work traversus warxe taken at evary 15°.

During & single 180° traverse every orystal in the
surface whose orientation is sulted to diltraction from the
seluocted plane will report in the Gelger counter as the dia-
wetrio rotation brings it into the required angular position.
Uy taking & sufficlent number of traverses about different
diameters practically every crystal in the surface of the spao-
iwen iz btrought into its reflecting position. Consequantly,
the relutive nuwbers of crystals of like orientativon and their
angulayr relationships to the surface and to the rolling direo-
tion can be eatablished.

- Ihxee modifications were made of the basio Schulz
proceduxe to adapt it to the work under this contraot. In
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onc ol these a synchronous motor drive was fitted to the spec-
( imen holder to provide for continuous instead of step-wise ro- S
ﬁ?{ X tation about the diawmeter axis. Seoondly, in oxrder to provide

a permanent record and to pexmit the calibration correction

1P‘ discussed iumediately below, arrangecuents wexre made to convert i

the Geiger counter signals to relative intensity curvas on & |

. —————

Brown Instrwment Company strip chart recorder. The drum rota-

(ﬂ - tion oif the recorder was synchronized with that of the speci-

Wan.

In the original Sochulz procedure the glit dimensions
defined a beam which impinged upon the exposed surface of the
l-inch diameter diso, IV became expedient in the present work

t ‘ 1o cvercome the low reilection incensities from the titaniwm

sauples by enlarging the beam. This was needed to achieve a

sensitive differentiation between concentrations of orienta-

e

tlons. A consequence of this procedure was the loss of part

; ‘ of the beam in certein positions of the disc. Since the pro-

cedure depends wypon the integration of the entire beam in terms

of individual crystul reflections, correction for the error due

to these losses was necessary.
It was found possibvle to develop a series of cali-

bration curves with which to correct the primary data. These

were obtuined frow fine grained, rendomly oriented copper
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{actually ocompacts of fine coppex powder were used). While a
titeniuwm specimen having complete orientatlion randomness was
not attained, some specimens wore sufficiently so %o peruit a
reasonable comparison with the copper standards. Such compar-
isons indioated little arror due to the use of copper.

All of the pole figure work was curried cut by the
above method.,. COopper radiation way used. The equipment was
mounted on a North American Phillips low-angle ygpectrometer.
The time required tor a single traverse was about 20 minutes,

In practice the ocalibration not was pluoed over the
chart for any given traversc and angular positions and intensi-
ties, whioh are a measure of tho number of crystals of that
orientation, were pioked off and plottud on the pole figure
chart. As many as 1600 points woere plotted in some ingtances.
The drawingz-in of the aotual pole figure was done in much the
same wmanner as the drawing of topographioc maps. The plotiing
and drawing of a pole figure chart roquired about ten hours.

All importent data were ploitted. In some instanows,
however, experienced inspection of the original recordsr chart
was enough to determine with sufficlent certainty what type of
texture existed in the specimen in guestion.

While any plane ocapable of giving reasonavly strong
retfleotions ocould be used, it was found by experience that the

s
e Trn e L Ll

i
|
i

D i . R ik, N it

——le

!
!
i
1
i
f



WAL Report No, 401/78-12
Page 62
{10I1} plane gave best results. In oritiocal cases {0002} and,
somstimes, {10I0) pole figures also were obtained in oxder to
be more certain, In all, 6harts were obtained for 157 pole
Tigures, not all of which wore plottod.
Exporiwental Work

Ihe pole figure texture work can bo suwmmed wp rather
simply with the statement that two principal textures wexe
found. While these could be brought o shaxp definition wnder
appropriate conditions, most of thu rolling and annealing con-
ditiony resulted in mixturcs of tho two toxtures with one or the
other gomowhat prodominani. Actually, in such instanocws, thera
probably wero & sizable number of grainy present which were not
oriented in either teuture.

Thy Cold Rolled Toxture

Ihe texture produced in pure titunium by severe ould
rolling in one direction is shown in IMgure 33 for the {0002/
plune; in digure 34 for the 410T1} plane; and in Figure 35 for
the {IJIQ}'plane, The specimen involved was rolled 96.5 per
cent on 3-inch dlameter rolls trow the forged, machined 14i-138
bar.

The vutstanding churacterisiics of the {0002t pole

figure are: (1) the relative absence of grains orisated with

the basal plune purallel to the strip surface, (2) the high

\
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i

conoentrations of orystals tilted in the transverse direction,

and (3) ihe oxistence of minor peaks in the approxﬂﬂaté‘loma-
tions of {10I1§‘twins of the prinocipal. oriontations. There
13 no ovidence, inoideéntally, that {10T1} twinning can occur
in titeniwa. | |

The {10T1} polu figure coafirws the indications of
thy basal plane figure and establishes that the 1120 closo-
packed directlon in the basal planc is disposed transversely.
‘The {1010} pole figure bus relatively little detail but it
dows conlirm the other two.

Tha Anncaled Texture

When severely cold rolled pure titunium is annealed
Just below tho transtformation temperature, the only changoe in
texturs thut ocours is that the <1120 close-packed direociion
in thae basal plane is now disposed in the longitudinal or roll-
ing direction (see Figurus 36, 37 and 38), The minor peaks
huve assumed the {10T1} twin positions of the new wajor puaks.‘

Both of those major vexltures have been tound Ly othug
‘workers using conventional X-ray tochiniyues. As fur toe wri#¢vg
are aware, hovaar, the existence ol the ninor posks huﬂ nov
praviously been deteotsd by those methoan. The'following rofe

erencus to pievious work are at hand:

e e e R e L2
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H. T. Clark, Jr., J. Metals, Sept. 1950, p. 1154-1156,
Trans. AJI.M.E., 188, 1154-1156, 1950.

M. K. Yen and J. P. Nielsen, Discussion of Clark's
paper, J. Metals, July 1951, p. 549-550.

M. XK. Yen, WAL Report No. 401/14-3, March 20, 1950 -
Interim Report to Watertown Arsenal.

C. J. McHargue, Progress Reports from May 1951 to

May 1952 under Contract AF30(0%8)-19574 United

States Air Force.

Similer results were obtained on zirconium by R. K.
McGeary and B. Lustman (J. Metals, November 1951, p. 994-1002),

| The cold rolled cexiure places a {1124y plane approx-

imately parallel to the strip surface and a ¢10I0> direction
parallel to the rolling direction. While the designation has
no crystcllographic significaence, it is convenient to refer to
this texture as a §1124% <10Y0> texture. Similarly, the an-
nealed texture may be referred to as a {2025} <1170)> texture.

From the practical standpoint it is of interest to
attemdt to interpret these textures in terxrms of directional
properties. While'time did no% poinilt direct measurements in
the present work, data from earli.r studies here show that
neither texture results in large directional differences. Ac-
tunlly, differences of the order of 2 40 3 per cent were ob-
snrved batween longitudinal and transverse tensile zstrength fox

~clthhr texture., O3ince both toxtures place ilOIO} planes in




Y s et e e

WAL Report No, 401/78-12 ‘
Page 65 -
" pogition for relatively easy deformation by slip in either the
longi: ualnal or the transverse direotion, these obsarvations
”ars not unexpected.

*urfaoe Texture Mfeats

.‘1‘ Since tha penetration of the X-ruy beam ils relatively

shallow unde¢ the conditlons used in this ‘work, ﬁhe‘data ob-

'tained refer only. to the surrace expo*wd to the beam. A4s in

all texture work on &ny mateflal thu question arises as to |
whiether the textures under the urfaoo are the samwe or differ- i
ent. The exparience hefé nps been mixed. Earlier work, for
exanple, involving 65 per cent cold rolling of hot rolled, an-
‘nealed ccamrreial purity strip indiocated no &ifferences_betweén
the gurface and the subsurface layers. In ‘the present wark dei=
inite diffurences were cbserved in some instances. | , '

| ™. cold xrolled textﬁre shown in Mgures 3?-§5 was 3
duplicated in é seoond and a third rolling of semti&ns of Ti«
138. A fourth section rolled to the same 96,5 per cent total
reduction in the gane rolils éafa the vexy differen@ texture
aﬁnwn in Figures 39 and 40. f9he texture 1n thls case 1w tha
annesled ons with soms transverse distortiou which tends to
form tianmverse ridges Latwaen pairs of pauks. Hemoval of

0.006 incli of surtface metal by etohing dioelosad the perrecf y‘

normal cold rolled tuxturu showx in F Lgure 4l. , f \ f!

v '

h) ! " 0
1 ; . ‘ ‘ o . . . o
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o

The metel yeduced 15, 30, 45 and 60 per cent fxom Ii-
116 for the. recrystellization series showed similar effects.

A distorted J20USY <1170 texture similar to that in Figures

L8y andldo appeared quite strongly at the surface aftor 60 por

oert reduction and progresuively less strongly after 45 and 30
pbr cente It wés not observed atter 15 per cent reduction.

Removal of 0.00% inch frog the surface of the 60 per

Csent culd rolled specimen revealed that the subsurface material

“had the cHeracteristac §1124§ <1CI0> cold rolled texture.

In the rclling of the 11-138 specimen from which
Figur: , 39 and 40 wers derived, specimens were removed aiter
60, 80 and yO'per cont reduotion as well as after the final
96,5 poer cenl reduction. The texture of the maohineﬁ,vhut»'
forged inget was falrly random. Afber 60 per ocent ovld reduo-
tion & moderately strong {1174} ¢ 10I0> texture was observed at
the surfacé. At 80 per cent reduction the distoxted {2025}
110> texture had started to develop. This became inoreuasingly
pronounced at 90 per cent reduction and very pronounved at 96.5
per cent (Figures 39 and 40).

\Wnile no subsurface examinations were made of the
threg eariier speoimens of 96,5 per ocent reduction, it is con-
cluded from their similerity to the subsurface structure in the

fourth speocimen that the surface texture was that of the muin
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wass of the metal. Coniirmation of this conclusion is avail-
able in the fourth progregs rcport issued by C.‘J. McHurgue
{(loc.cit.). liollargue found the {11743 <1010 > texbure at and
below the surface after 90 per cent ocold reduction.
While it seems well established that a specific type
of surface texture can develop during the oold rolling of ti-

tanium, no slear explanution for it has been furthoouwing.

There are some unproved indlcations, howeveyr, thut development

of the surface texture iz facilitated by elevation of the strip
tenperature,

Effects of Amnesling

A complete study of the effects of annealing temper-
ature upon texture was carried out on the fourth 96.% per ceat
cold reduced Ti-138 specimen aftor the surface texture was re-
moved by etching away 0.006 inch of metal. The as-rolled sub-
surface texture was that shown in Figure 41. This specimen
was annvaled successively at 400, 450, 500, 550, 600, 650, 800
and 900°0. Up to 600°C. tho gpecimen was sealed in vacuo in
Pyrex glass; Vyoor was used tor the higher temperatures. The
anneals were tor one hour at temperature. The speoimen was
¢tohed for one~half minute in 87Hp0-12HNO3-~1HF after each an-
neal, Pravious tegty had shown that the grain size achieved

during such an wnnealing sequence was the same for any

o hmmmnﬁﬁwmm-mumw
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temperature as that cbtained in a single anneal at that tem-
peralure.

The {10T1} pole figures obtained in this annealing
stﬁdy are progented as Figurss 42 through 49, Comparison of
Flgure 41 with Figure 48 shows that the original falrly sharp
{1124§ <1010y cold rolled texture had been converted to a |
sharp {2025} «1120% texture by annealing at 800°C. It is of
interesy to trace the transiiion froam the one texture to the
other tlhwough the anncaling sequenceo,

Annealing at 400°C. caused only a sharpening of the
ag=rolled texturu. Evidenoce of deifinite texture change started
wlth the 450°C. anneal, which temperature is very close to the
475°C, assumed earlier as the tomporature at which all dis- -
torted gralns have boen recorystollized. At 600°0., where min-
iwum hardness was obgserved on the recrystallization curves and
where a somewhat cquiaxed grain giructure ol modest grain size
was found, Yhe two primary textures clearly were present. As
the annealing temperature was inoareased, the {2005{ <1120 >
texture became increasingly predominant. There was no appal-
ent discontinuity in the changes in texture witlh temperaturs,

It 13 eviden. from this series (1) that the §2075]
<1120 texture is not a unique product of recyrystallization and

(2) that the prooess of grain growth is selective, the grains

{
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of the {2025} < 1120> orientation growing at the expensge of
those of the {1124y <10I0> and probably other orientations.
A siumilar annealing series was cerried out on a 86.5
per cent cold reduced specimen showing the special surface
texture. The pols flgures and charils for this series show

that as the temperature was inoreased the undistorted {20?55

¢ L0T0> texture (Figuros 3G, 37 and 38) bscame increasingly pre-

dominant unfil at ubout 800°C, the co~rersion was essentially
complete., Ividently the grains iq tho prinocipal {2025} < 10I0>
orientation absorbed the others during grain growth just as
they did in the subsurface material.

A deteiled disoussion of tho fundumentsl implica-
tilons of these observations is not germune to the primary‘ob-
Jeotivos in this present work. However, the writers feel that
these dlsocoveries should add measurably io the understanding
of the reorystailization and grain growth processes.

When viewed in the light of the observations on
mechenisns for plagtic deformation, the present information
may offer a possible explanation for some of the anomalies ob=
served in the reorystallization curves. The sharply defined
{20253 <10T0> anneeling texture developed at 825°C, places a
preponderance of the graing in orientations which do not read-

ily permit deformation by {lOIO} slip under a compressive foroe
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noymal to the strip surface. High hardness values should not
be unexpected when the indentation is made on this surface.
At 600°C,, however, in addition to the partially developed
{2025}<10T0> and {11%4} <1120 textures there probably were
many grains rather randomly orinnted. Any bi these which were

in a poaition to doform by pr 1matiu #1llp woua o so: xather |
easily. A lower hardness valuu ‘aenudd reault.

Anmml:mc-L in the '!}pta ham_,e

In oogh of %he series just duduribed the lwut annuul
wasy at 900°Gu3 Phe texture whiohr resulfed ism ahown in Figure

49, [Therc wis no essential difierence betwsen the twd gpeoi-
Ik ‘ ' , .
WS | s _ ;

'

|
|

In apite of the fact tha@ thrae bete ordentations

are ppsaihle from o single elpha grain and six slpha orlenta~

Yieng axe possible from & gingle beta grain, the reswld of the
Qbobﬁﬁ-annwml Wy not to randomize tho alpha texture but rather

{
)
to gharpen olightly the {20¥5} .« L0TO> texture produspd at : ‘ l
‘ ' ' o , o
|

@000y This may'be:tuken to indivate a r&prnducible gelection

u'.uug. the ‘b‘r g Lors
wation. s Ju MoHargus (loc,elte) has coblained simsl&r yesults,

The Jh&lpening conceivably could have been dus Yo reamh&ng a C

highua venperatare in the alpha range during heating to 900°C.

than had bewn usad in the annealing studies,
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Commeroiallx Rolls d T tenium
The present work was limited essentially to strip
rolling at or very nesr room temperature. There is evidence,

however, that textiures other than those disclogsed above can be
obtained by other rolling practices, An example of this is
ahown in Flgures 50 and 51. The material was purchased in rolled
form fxom a commercial supplier and was reported to have been
welted in carbon, hot forged, hot rolled, annealed and piockled,

The texture pluces the busal plane approximately in
the plane of the strip with u greater deviation in the trans -
verse direction than in the longitudinal, The <11%0, direotion
tends to line wp in the rolling direotion. In ua sense thiy is
the {2025} <1120 > texture with the principal peaks brought near
the osuter of the btasal plane pole Tigure,

Sauples of this strip were cold rolled to a minimum
reduction ol 65 per cent. Pole figures taken at steps in this
series reveal (1) that the First evflfect of the cold rolling was
to wove the crystals from the center of the basul pole figure
and (2) vo start developing the typioal {1174} < 10T0> cold roll-
ing texture.

1% way be msid of ‘the present work thut regardlese
of the ytarting texture or the roll diaueter olr any othex
variable, possibly excepting temperature, the eoffect ot cold

TR A e e
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rolling was to develop the {1174§ ¢10I0) texture. Where the
degrec of cold reduction was small; o.g., 30-60 per cent, this
texture did not always become strongly defined but it olearly
was developing. Similarly, the cffect of annealing was ‘to
produce the {2025} <1120> Yexture. AV temporatures in the
range 500 to 700°C. this texture did not always become marked
but 14 was definitely developing.

In the range of ruvductions and annegling tempoera-~
tures to be expeoted in commeroial practice; e.g., 30-60 per

- cent redustion, 600-700°C, annealing, it may be that sharp

textures will not always bse found. Alsv, 1t is to be expected
that, in general, mixtures of the two texturcs together, prob-
ably, with other wminor orientations will be found

Hot Rolling Toests

[N

A fow attempts were made to produce hot rolled texe
tures. The work never progroused beyond the proliminary
stages and no truly hot rolled samplos were Produced,

V. RATTONALIZATION OF TEXTURES

It way the intent when this work was started to at-
tempt to rationalize the texti-es which were found. This wag

not possivle. The disoovery that there are five possible wmodes

of deformation invoiving 24 systeums, together with the avidence
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of highly selective oriented grain growth, makea 1t impossible
at this time, at least, to atiempt a rationslizatlion.

VIi. DIRECTIONAL PROPERTIES

Sinoce the textures developed in this work were such
that strong directionality in properties would not be expectad,
the available time and money wers expended on extending the
single corystal deformation and the vexture studles as far as
pousible. |
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pole figures.,

Bs A, Shippy in the determination of oxygen by the
vacuum fusion method ,
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giﬁ}e 1 - Identification and Lengths of Targe
g Titanium Grains

Approximate Approximate
Crz§tal No. Leggth - Inch ggystal No. Length - Inch
,Tin-lA 1/4 ™Mx1-11A 1/8-5/8(0)
TiX1-1B 1/4 T4X1~11B
PiX1-2 3/8 T4X1-11C 1/8-~/4(c)
TiX1-3A) TiX1-11D 1/4-1/2(c)
PiX1-3B) (a) 1 TiX1-12A 1-1/4
TiX1-3C) TiX1-12B 5/8
TX1-3D 1/8-1/2{c) TiX1-13 2/3
MX1-38 5/8(4) TiX1-15A 3/8
TiX1-3F 1/4-3/8(c) TiX1-15B 3/8
TiX1~6A) (1) 1-3/4 PLX1-15C 3/8
7iX1~-6B) TiX1-15D 3/8
TiX1-6C 1/4 TiX1-158 3/8
TiX1 -7 3/4 TiX1-~16 1/2
TiX1-8 1-1/4 TiX1-17 5/8
TiX1-9A 1-5/8 TiX1-18 ~1/2(e)
TiX1~9B 5/16 TiX1-19 1-1/2
TiX1-10A 1-3/8 TiX1-20 1
TiX1-10B 5/8 TiX1-21 7/3

(a) 1 grain - 3 back reflection patterns taken at
different points.

(b) 1 grain - 2 back reflection patterns taken at
different points.

(¢) Boundary >t normal to spe01men axis - graln length
variable.

(d) Grain did not go completely through specimen.

(e) Grain almost went completely through specimen -
surface polishing would remove thin extraneous
layer on one side.

Noter Crystals having a'common TiX1 number all were in
the same specimen.
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Figure 1 ~ Orientations of Useful lLarge
Crystals of Titanium ’
(Points Indicate Stereographic Projections
of Specimen Axes)
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TPable 2 - Analyses of Jodide Titanium and Ingot Ti-182

kbmpmmmm Content - Per Cent
N2 C 02 H2 Mn Fe Al o Pb Ni Cu Sn Mg

002 (a) (a) (a) L0025 .005 .0} .OOL .0035 .0025 .0015 .00L .01
004 (a) (a) (a) 0075 .007 .0085 .0007 ,0065 .002 .0015 .0055 .0007
.002 (a) (a) Amv .006 .0045 ,009 -00L ,005 (b) .012 .OO1 . ,0012
002 (a) (a) (&) .035 .0055 .013 .OOl ,0055 (b) .0035 .0008 .0015
002 .05 .027 .0076 .02 .02 .03 (b) .006 (b) .0L5 .008 .006

(a) Not determined.
(b) Not detected.

Note: Nitrogen, on turnings from ingot, by modified Kjeldahl method.
Carbon, on turnings from ingot, by combustion.
Oxygen and Hydrogen, on piece of forged, machined bar, by
vacuum fusion.

Metallic elements, on turnings from ingot, spectrographically.
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Figure 3 - Tension Test Specimen
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Table 5 - Properties After Final Annealing

PerCent | Elonga-~
Final Tensile tion
Reduc- Anneal Strength PerCent _Hardness

Specimen Wo. Schedule tion _ _°C. p.s.i. in 1/2" Ri “Bg

Ti-116 FR276-1 I 15 RT 63900 20 43 69
-2 56300 26 41 66
-3 57600 28 40 63
-2 62500 24 43 69
-5 59200 24 41 67
Average 59600 24 41.5 67
Ti-116 FH280-1 1, 15 307 54700 28 41 66
‘ -2 45400 26 42 69
-3 59100. 28 42 67
-3 58600 28 42 170
-5 59000 24 45 €9
Average 56200 27 42 68
Ti-116 FH28l-1 I 15 400 55100 32 40 62
-2 | 52700 32 40 65
-3 - 53200 30 4l 65
-4 52600 30 40 65
-5 54600 30 40 68
Average 53600 31 4C 65
Ti-116 FH391-1 I 15 450 51400 34 398  6lus
-2 52400 34 402 594
-3 51300 34 402  S4nw
-4 51400 3% 39%  6lme
-5 51600 36 40w 60
. Average 51600 35 iC 59
Ti-116 FH282~1 I 15 500 51400 40 38 66
-2 50400 38 39 65
-3 50600 . 38 38 65
-4 51600 36 40 65
-5 51460 36 4C 66
Average 51100 38 39 65

#Slight anvil mark.
#tDefinite anvil mark.
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Tabl s 2 (Oontd.)

401/78-12

(a) Broke cutolde of gouge. m&mu - w.lue

ot mmmwd n awrwv' i

PerCent Elonga-
r Final Tensile tion

S Reduc- Anneal Strength PerCent _Hardness
- Spucimen No. Schedule tion o0, _PsS.i. inif2" Rp T Hp
CUm4eld6 FH395-1 I 15 550 47400 4c  STuw 55w
-p 47600 42 364 5%
-3 47500 46 368+  60un
-4 47200 48 37w 60un
«5 47800 46 354 564t

Average 4'7500 45 36 58

PE-d1d FH283-1 I 15 600 40600 60 29 32

; -2 40600 60 23 30

i -3 40800 58 30 42

| , -4 41000 58 30 8

" -5 42300 56 30 44

Average 41100 58 30 39

Ti-115 FH284-1 I - 15 705 423500 58 31 41

-2 40900 60 31 45

-3 42500 58 32 47

-3 40200 64 31 50

\ -5 41100 60 3L 49

* Average 41400 60 31 46
i T4-146 Ra285-1 1 15 806 41700 50 BOww  S3as
R 40200 60 28w 53uw
-3 42500 52 30wk Bows
-4 41000 50 Flaw  Hiuw
. =5 41700 A48 S5 5onu

Avemmge\ 41400 he %0 54

'm.-ms mﬁau-l i 14 870 43700 38 33 60

wid | 43700 0. 3% @6

..;5 42200 28 5 62

43300 36(a) 35 59

"‘J 46400 36 38 62

Avexage - 43400 “8 35,85 61

eSLight drivil wmark, | |
e DU Liod b aavil asrk.
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Teble 5 (Contd.)

PerCent ' Elonga-
Final Tensile tion
Reduc- Anneal Strength PerCent _Hardness

Specimen No, Schedule _tion _°C.,, p.s.i. in 1/2" "Rpx _Rp

Ti-116 FH277B-1 II 30 RT 78000 14 48 79
(b) -2 76000 14 47 78
' -3 : 77200 14 48 80
-3 75700 16 47 79
-5 78900 16 47 80
Average 77200 15 47 79
Ti-116 FH289B-1 II 50 307 69500 24 47 77
. -2 68400 20 46 77
-3 68500 24 46 75
-4 . 708C0 20 46 78
-5 72000 22 47 78
Average 69900 22 46 71
Ti-116- FH290B~1 II 30 400 65860 26 45 75
2 65600 24 45 75
-3 65400 26 45 15
-1 62000 26 44 74
-5 66100 28 45 76
Average 65000 26 45 75
Ti-116 PFH392B-1 II 30 450 60000 28 434 Tlaw
-2 62100 350 44n  T3nn
-3 60000 30 44%  Tlan
-4 , . 60800 26 413 69nn
-5 62100 28 458  Tlwns
Average 61000 28 43 71
Ti-116 FH291B-1 1I 30 500 491G0 42 38 62
~2 , 51700 44 38 €5
~3 50200 44 57 62
-4 50800 44 38 63
-5 50000 40 38 . 61
Average 50400 43 38 63

#3light anvil mexrk.
#¢Definite anvil mark.
(b) From bottom of original ingot,
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5 | ‘ ' Table 5 (Contd.)

PerCent Blonga~-

. Final Temsil:h tion Hardn .
‘ Reduc- Anneal Strength PerCent _Mardnesas

B Speoimen No, Schedule _tion _°C. _p,s.i. in 1/2" "Ri Rg_ |

o T-116 FH396B-1 II 30 550 43700 50 20w 42 i
-2 46000 50 31l 40w :
. -3 46000 50  32#w  Soma !
v -4 43200 50 204 4T !
‘ 1 5 -5 __46000 46 Sluyd  S51lun ’
C Average 45000 49 30 48
| E T74-116 FH292B-1 II 30 600 42300 54 24 4%
-2 42500 52 2% 48
j i -3 29200 56 21 44
\ 1 -4 43000 50 23 48
| -5 43000 54 22 48
‘ Average 42000 5% 25 47
T1-116 PH293B-1 II 30 705 40800 58 30 48 |
-2 39200 60 29 46 ]
-3 42200 58 30 51 !
iy} 40200 58 30 49 i
-5 41400 64 29 50 |
Average 40800 60 30 49 |
T4-116 PH294B-1 II 30 806 41900 52 32w Siew
-2 7000 50  T2us 56w |
-3 29300 56  33an 558 |
-4 TEBOO - 52 Blew 49w |
-5 41700 18 3%es 58w |
Average 40700 52 3 54 |
Ti-116 FH2958-1 II 30 871 40000 50 31 56 |
-2 41800 44 34 54 |
-3 42100 48 36 60 %
-4 41800 50 35 54 |
-5 44600 44 3B 57 1
| Average . 42100 47 3% 56
‘ ‘&Slight anvil mark. .
weelfinite anvil wark.
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Table 5 {Contd.)
Per Cent Elonga-
FMnal Tensile tion
Reduc- Anneal Strength PerCent _Hardness
Specimen No. Scheduls tion °0. psS.i. in 1/2" R4 Rp
Ti-116 FH272-1. III 45 RT 85200 12 49 a2
-2 86000 12 47 82
-3 85600 14 48 82
-4 85900 12 50 84
-5 85600 12 49 83
Average 85700 12 49 83
Ti-116 FH298-1 III 45 307 63000 16 49 81
-2 ' 16000 18 45 81
-3 62500 14 48 81
-4 74700 16 48 81
. -5 77100 16 48 82
Average 70700 16 48 a1
™M~116 FH299-1 II1 45 400 72300 22 47 80
-2 71800 22 47 80
-3 70900 22 47 80
wd 72000 22 46 80
-5 71900 20 47 19
Aversge 71800 22 47 80
Ti-116 FH393-1 II1 45 450 61800 28 458 T3
-2 63200 28 454 T4nw
-3 64300 30 450 Thduwn
-4 64000 30 458 T4
«5 64000 30 4% Tqwn
Average 63500 29 45 T4
Ti-116 FH300-1 III 45 500 45500 48 32 49
-? 45300 50 32 50
-3 43800 48 33 50
-4 44000 46 33 48
-5 44600 46 32 51
Avarage 44600 48 50

#3light anvil mark.
sDerinite aenvil mark.




Specimen No.

WAL Report No. 401/78-12

Table 5 (Contd.)

PerCaent Elongsa-
Fﬁnal Armoal Tgnsileh tion ¢ Har
Reduo- 1eal Strength PerCen ardness
Schedule tion _°C. _p.s.i. in 1/2% "RA— Ry

74-116 FH303-%

Ti-116 FH304—%

Ti-116 FH397-%

-3
-4
-5
Average

T4-110 FH301-%

-3
-4
-5
Average

Ti-116 FH302-§

-3
-4
-5
Average

-3
-4
-5
Average

-3
-4
«5
Average

#xDefinite anvil wark.

11X 45 550 4150 ) 50 203 41luw
41700 54 30 42w
42000 50 F0we  4dlwe
43100 52 20w 4744
40700 48 280 44ue

41800 51 29 42

1II 45 600 33200 54 20 47
39300 54 22 4)
%9900 56 20 44
39300 60 23 48
38900 58 20 37

39300 56 21 43

111 45 705 39100 64 30 48
38800 58 29 49
39100 58 29 49
39600 5 29 50
40200 60 28 46

39400 59 29 48

Il 45 806 38000 50 30 54w
%660V 46 Slue  S56uw
37400 50 3l {2un
37600 54 Ilaw  43un

36900 0 FLen  Slaw
31300 50 31 9

111 45 871 42300 48 34 59
46100 50 36 59
40000 42 35 60
42500 8 35 6l
40800 42 35 61

42500 46 35 60

#Slight anvil mark.
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- Pable 5 (c?m:a.) | ‘ G .

PexCent Elonga-~

' Final Tensile  tion .
) Reduc« Anneal Strength PerCent _Hardness R
- Specimen No. Schedule tion °Q, p.s.1. in 1/2" e““‘""ﬁn o
T4i-116 FHTI-: IV 60 RT 99200 14 55 88 1§
. -2 108800 12 5% 90
[ -3 ' 97600 10 5% 90
o ; ) 97500 14 5% 90
| ; -5 98800 12 5% 89
o ! Average 98800 © 12 53 &9
i l Ti-116 FHS07-1 Iv 60 307 91600 16 .52 8a
k | -2 , 88800 16 53 89 -
E ; -3 89100 16 52 86
; -4 92300 20 55 89
B | =5 91600 20 52 88
ik, ; Average 90700 18 5 88
B i 74-116 FH308~1 IV 60 400 84100 20 51 85 }
& : ~2 84900 16 51 86 ’E
W 1 -3 85200 16 51 85 13
v -4 86000 20 51 85 il
| -5 89100 22 52 86
X Average 85900 19 51 85 11
' R
” Ti-116 FE394-1 IV 60 450 80000 28 49« 83w
I | T2 72800 28 4Tw 54w
i u -3 73800 26 4B Blwm
W g -4 70900 28 47w BOww ]
-5 72300 28 4T# _ BOW t
| Averagoe 74000 28 48 8l ‘ q 1
; . '
& z T4-116 FH309-1 v 60 500 47700 46 %6 58 48
g : -2 48800 A6 35 &9 1d
-3 46900 48 36 62 {8
i -4 49200 48 26 61 14
i 5 48800 46 36____58 13
" | Averags 48300 47 36 60 4
‘ : #Slight anvil mark. {1
w#datfinite anvil mark.
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_T_M (Contd. )

PerCent Elonga-
" Final Tensile tion
Reduc~ Amneal Strength PerCent _Hardness

Specimen No. Schedule _tion °C, _ _p.s.i. in 1/2" "R RB

Ti-116 FH273-1 Iv 60 RT 99200 14 53 88
-2 . 108800 12 53 90
-4 97500 14 53 90
5 98800 12 53 9
Average 98800 - 12 53 89
Ti-116 FH307-1 Iv 60 307 91600 16 .52 88
-2 : 88800 16 53 89
-3 89100 16 52 86
-4 92300 20 53 89
; -5 91600 20 52 88
Average 90700 18 52 88
™i-~116 FH308-1 Iv €0 400 ~ 84100 20 51 85
-2 ' 84300 16 51 86
=3 85200 16 51 85
-4 86000 20 51 85
-5 89100 22 52 86
Average 85900 19 51 85
Ti-116 FH394-1 IV 60 450 80000 28 A9%  83un
-2 72800 23 4T¢ 793
-3 73800 26 48 8l
=4 70900 28 4T% 80w
=5 72300 28 47% B0
Average 74000 28 48 81
T1-116 FH309-1 Iv 60 500 47700 46 36 58
-2 48800 46 35 59
-3 46900 48 36 62
-4 49200 48 36 61
-5 48800 46 36 58
Average 48300 - 47 36 60

#Slight anvil mark.
##Definite anvil mark.
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Table 5 (Contd.)

. |
i Per Cent Elonga- :
{ Final Tensile tion . 1
i | \ Reduc- Anneal Strength PerCent _Hardness i
! Speoimen No.  Schedulé tion °g, p.8.i. in 1/2" "Rp RB ‘
i © 5116 FHOTTT-l  II 30 RI 75600 14 50 84
z -~ (o) -2 84200 18 50 83
s -3 20500 16 51 86
! -4 86800 16 50 85 1
i =5 81800 14 50 83 1
F Averouge 83800 16 50 84 ‘ ;
E T4-116 FHE2BSY-1  II 30 307 74600 14 48 80 Q '
; -2 75800 20 47 79 ]
! -3 75700 20 48 8l |
{ g 76600 20 49 82 |
| -5 76800 20 43 8l !
i Average 75900 20 48 81 ; ;
5 £4-116 FH29OI-1  II 30 400 67000 28 45 78 -
: -2 68300 28 46 78 B
-3 ‘ 69100 26 46 19
- 69800 26 46 78
-5 68400 26 4679
Jverage €85Q0 27 46 ‘18 %
TL-116 FH392T-1  II 30 450 66500 28 47 T7wa -,
-2 66300 28 438 6w I
] 65800 28 46% TOw
-4 66300 26 Abw  TTun
5 65000 26 46w T7uw o
Avarage 66000 27 40 7 ! '
T4-116 ¥2917-1 I 30 500 47700 34 38 64
-2 47500 58 39 66 : -
-3 54700 36 38 63 o
-4 53400 40 39 62 - ’ |
-5 57500 34 40 69
Average 52200 %6 a9 65

#51ight anvil mark.
! wuDetinite anvil mark.
! (o) ¥From top of original ingot.
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WAL Report No, 401/78-12

Table 5 (Contd.)

~PerCent
Final
Reduo-

Schedule +tion

Ti-116 FH396T-%

~3
-4
=5
Average

Ti-116 FH292T~%

~3
-4
-5
Average

T1-116 FH293T-1
-2

Average

Ti-116 FH?94T-%
-3
~4
-3

Lverage

TL-116 FH295T~%

=3
-4
-5
Average

#3light anvil mark

11

II

11

I

I

30

30

30

30

30

##definite anvil mark,
cated in ‘the Table, other

Note: 1In addition to those indi
- sﬂeoimena
the notes

fal1

have shown anvil effects.
to show this,

However,

. i b i

- s+ ety
T TR Y

Elonga-
Tensile tion
Anneal Strength PerCent _Haxdness
°C, p.s.i. in 1/2" 7R3 RR
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Pigure 9 =-Cold Rollod 457
As Rolled.
With Grain Seotion.
1735543 -~ 100X

Figure 1l - Cold Rolled 454
Amnealed at 500°0,
With Grain Section.
Approx. Groin Size ,012 mm.
M35590 - 100X

Fpure 10 - Cold Rolled 45,
Amosled at 400°C,

With Grain Scotion.

Nol Completely Reorystellized.

%5585 « 100X

e ore ety Py
B! ) . 3
% e -,ﬁ
. 3?" &
| Yk h.-.' L5
AT L (e
- " -0_‘-’ ‘iiﬁ.. 9

Tiguro 12 - Jold Rolled 457

Amealed at 600°¢,
Vith Crain 3Section.

Approx. Grain Size .022 mm.

155595 - 100X

Schedule [IX

ez

B e e el . e
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Tigure 13 - Cold Rolled 457 Flgure 14 - Oold Rolled 459 "'
Annealed at '700°0, Amnealed at 800°0, 1
With Gruin Seotion. With Grain Seotion.
Approx. Grain Size ,060 mm. Approx. Grain Size 120 mm,. 1
1135629 - 100X 1135600 -~ 100X

Sohedulae IXI (Oonld.)
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S
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;
: Figure 15 - Cold Rolled 15% Pigure 16 - Cold Rolled 15%
f As Rolled. Anngaled at $00°¢,
j With Grain Seoction. With Grain Section.
\ M35541 - 100X Not Completely Reorystalllized,
‘ M35587 - 100X
8
%
. ' ¥igure 17~ Cold Rolled 15% Mgure 18 - Cold Rolled 15
o ' Annealed at 600°C. Annealed at B00°C,
- \ With Grain Section. With Grain Seotion.
Approx. Grain Size 036 mm. Approx, Grain Size .090 mum,
; ; 135592 - 100X Ir35897 -~ 100X
5 : Schadule 1
- ;
W _ y ) . _
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TPable 6 « Recrystallization Temperature
of M tanium '

Recrystalllization Temperature -
°C., Based on Change in:

Tensile Elongs- Hardneys:

Strength ‘tion RA Ry

R Rt 1 e L e o T e ) e oty o e e g e g I =

1

{ 15 Per Oent Reduction 530 535 550 550

; 30 Por Cent Reductions 460 480 510 500
I 30 Por Cent Reductionwe 470 510 490 495
! 45 Per Coent Reduction 460 470 480 480
. i 60 Pex Oent Reduction 450 460 ¢75 470
{ 96,5 Per Cent Reduotionsua -- -- 475 470

#Bottom of ingot.
NTQP of ingot‘.

wutlaterial rolled 96.5 per cent from a different forged
iodide titanium ingot witvh no intermediate anneals,

}
M ) o ' T4
e w Wil ,1‘.:.,;..,, FR 4
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Mgurs 19 - Stereographioc Plot Showing Rotation of
Specimen Axis Relative to Crystal During Extension
of Large Orystals Grown from Iodide Titanium
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£

N {1010}
{ngo) 1670>
Flgure 20 - Stereographic Plot Showing Rotation of

Specimen Axis Relative to Crystal During Extension
of Large Crystals Crown from Iodide Titanium
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o
g3

-~

- {n3zo}
{1nzo)
t Showing Rotation of
tal During Compression
dide' Titanium

Figure 21 - Stereographic Plo
Specimen Axis Relative to Crys
of Large Crystals Grown from Io
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3D

{uzo}
(o)

tA

© TENSION
@ COMPRESSION
—~»» PROVEN DIRECTION

OF SLIP ROTATION
—= PROBABLE

~ {iofo
ot

Figure 22 - Sterevgraphic Plot Showing Direction of Initial
S%ip Rutation of Specimen Axis Relative to Crystal During
Extension or Compression of Lavge Qrystals Grown

from Iodide Titanium




() W

WAL Report No. 401/78-12

{
g‘.
!

. (10I1‘)
(0002) (1012)\

{

\
81
o\, 7

‘)10'310)
/

/45°
/

SR G T e T8 R AT S L T TG T T ST

d: Right 3ide
b M35812=2
§ 75X
% Edpe of Specimen
iﬁ; front !
i | M35812-1
o 75X
1%° . = P
(1070 =~

' 35:5° Broken arrows
” indicate direc-
— ions of traccs y i
(101l that would be ‘

made by other
planes slipplng
in same direction
(10T2), _ as the (0002) 1
; 7 (0002

86°

Correspondys to no
low index plane

; Mgure 23 - Micrographs (75X) of Surlaces of TiX1-6
: Pulled 1o 46,000 p.s.i. Stress (2.5% Elongation)
Showing Deformation Markings




A TR ]

) 'S,

e T -

E}
i
P

Corresponds to no AL Report No. 401/78-12
low index plane (10T1)

£1010)
/

76° Broken arrows
indicate direce
tions of traces
that would be
made by othexr
planes slippiiyg
in same dircollon
as the (0002)

/

Right Side
M5812-10
250X

Edge of Specimen
Baok

M35812-9
250X

P T T

Bt Ak aiem

g N?)
v (0002) Corresponds to no
b Low index plane

Mepure 24 - Miorographs (250X) of Surfaces of TiXl-6
; Pulled to 47,000 p.s.i. Stress (10% Elongation)
‘ Showing Deformation Markings
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(1121)

(11721) /

(10T2)

Figure 25 - 11X1-3A (0002) li‘ii:\u‘c 26 - T1X1-3A - Showing
and (1121) Twinning. DNote 10T2) Twin and 3 Setls oi
Slight Change in S1ip (1121) Twinas.

Direction in Twinned Area. M35810 /2 = 75X
35810 244 - 75X

(1012)
(0002)

-
(1171) y (.Ld[?)
YL ay
Figure 27 - TiX1«3E (Crystal Mpure 28 = TiXle2 - Showing

at Ri§ht; - 2 Sets of (0002) Slip and (10I2)

M§5%'O)#{w£n$ X and (l;?ls Twinning.
opysial ap Loft'fs 30 35690 #2 - 75X
Showing (10T0) Slip.
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Runple
1120) ?

Left Side
435840 #7
25X

Edge of Specimen

FPront
W35840 6
25X

Rumple Sli
(1170) 7 (10%0)

Flgure 29 ~ Micrographs (25X) oi Surfaces of TiA1-104
Pulled to 12.5% Elongation
Showing Deformation lMarkings
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Left Side
M35840 14
250X

Fdge of Spacimen

Front
1135840 #15
250X

Slip
(1070)

Pigure 30 « Miérographs (250X) of Surfsces of TiX1-10A
Pulled to 49.37 Elongation
Note Irregularities in Surface
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Pigure 33 - (0002) Pole Figure for lodide Titanium
‘rc Nelted, Forged, and Colled Rolled 96.5%
from 1.1 Inch to 0.038 Inch



Figure 34 - (10T1) Pole Figure for Iodide ™ tanium
Arc Melted, Forged, and Cold Rolled 96.5%
from 1.1 Inch to 0.038 Inch
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Figure 35 (1010) Pole Figure tor Iodide Titanium
Arc Melted, Forged, and Cold Rolled 96.5%

fyom 1.1 Inch to 0,038 Inch
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Flgure 36 - (0002) Pole Pigure for Iodide Titanium
| Arc Melted, Forged, Cold Rolled 96.5% from
1.1 Inoh to 0,038 Inch and Anneaied
in Argon for 1 Bour atv 825°0,
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Figure 37 (10I1) Pole Pigure for Iodide Titanium
Arc Melted, Forged, Cold Rolled 96.5% from

1.1 Inch to 0,038 Inch and Annealed
in Argon for 1 Hour at 825°0,
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Flgure 38 (10T0) Pole Figure for Yodide Pitanium
Arc Melted, Forged, Oold Rolled Y6.5% from
1.1 Inch to 0,038 Inch and Annealed
in Argon for 1 Hour at B825°C,
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Figure %9 - (0002) Pole Figure for Surface of Iovdide
M tanium Arc Melted, Iorged, und Cold Rolled
96.5% from 1.1 Inch to 0,038 Inch
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Figure 41 - (10T1) Pole Figure for Material 0.,006" Below
Surface of Iodide Titanium Arc Melted, Forged, and
Cold Rolled 96.5% from 1.1 Inch to 0.038 Inch
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Blgurs 42 - (10I1) Pole Figure for laterial of
Flgure 41 Annealed in Argon for
‘ 1 Hour at 400°0,
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, ) « (101) Pole Figure for Material of
Figur %3 42 Annealed in Argon for







v,-‘%i'igura 45 -~ (10T1) role IMigure for Materiaul of
%3 Figure 44 Annealsd in Avgon for
| 1 Hour at 550°C,
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T1) Pole Figure for Material of
5 Annealed in Argon for

1 Hour at 600°C.

Pigure 4

Pigure 46 - (10
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Figure 47 - (10I1) Pole
Figure 46 lLnneale
1 Hour at

Figure for Material of
d in Argon for
650°C.
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iy

Figure 48 - (30T1) Pole Figure for Material of
Figure 47 Annealed in Argon for
1 Hour at 800°C.
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Figure 49 - (10T1) Pole Figure for Material of
Figure 48 .innealed in Argon for
1 Hour at 900°cC.
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Figure 50 - (0002) Polo Figure for Home
Commercial Titanium Sheet
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Figure 51 - (1011) Pole Figure for Some
Commercial Titanium Sheet




