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ABSTRACT

A 3% aluminim~ - 5% obroniuzt — low carbon - titam iur
alloy was etndied to determine effects of hot and cold
rolling and anne~l(~ig on microetruoture, on direction-
ality, and on recrystallization end grain growth. Results
of this work indicate that this alloy has unusual recrys-
tallization characteristics which prevent reduction of
grain size by the usual methods of deformation and heat
tre tment. The deeired i~~rovement in ductility did not
mater ialize from the treat ments considered. Heating this
alloy in air to the tenperatures necessary for true hot Ii
working produces serious cont.tml n*tion and affects the
properties.

PROBLU4 STATUS

This is a final report on this alloy stu~y; no fur-
ther work will be done on this alloy unless the Labora-
tory is otherwiee notified by the Bureau of Aeronautics.

AUTHORIZATION
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I. Introduction

This report presents the data obtained from an investigation made _______

for the Bureau of Aeronautics on a 3% aluoinua, 5% ahrainiia, low carbon
titanium all oy. An interim letter report serial No. 3500.-241A/51 ebb
(3510) dated 7 May 1951 was prepared on prsl(~l~~i’y work . The work
covered in the interim report is also included in this report. 

______• ____

The alloy was developed by P.R. Mallory & Co., under a EuLer con 

-

____
tract, and this comperq’s continued Study of’ its fs~z~ioation and proper-
ties has been reported in their bi-aoathl 3r reports. The development
work indicated that it has desirabl, physical properties and offers at-
tr eotive poesibilities for use as sheet or plate. The ductility of’ the
alloy, however , i~ somewhat below that considered necessary for satis-
factor y formability. Since all of the work done on this alloy by P.R .
Mallory & Co. had been with carbon beering material, it was considered
desirable to investigate the possibilities of obt~4”1’ig further im-
provement in ductility on relatively carbon free material.

The New Irk University Research Division is studying th . low alu-
minus - law obramius corner of the Al-Cr—Ti ternary system.2 The re-
crystallization characteristics of the 3% alusinum — 5% chromium -tita-
niiaL alloy, however , have not been discussed by- either Ma llory or the
NIU group.

The p~a’pase of this investigation is to determine the effecte of
hot and cold rolling and ann..i1~~ ~n: 1) miorostruoture, 2) variation
in directionality of properties, 3) reory steThftation and gra in growth .

II. Prspsration of Material

Material for this investigation was supplied by the Bureau of
Aeronautics in the form of eight sheets 8” x 15” x .080”. These had
been prepared from a double arc melted ingot made at B~tt.lle Memorial
Institute.

According to information supplied by P.R. Mallory & Co., of mdi-
amapolis, the sheet was prepared in the foll~wing maimer: the ingot was
forged in the temperature rang. of 925°—970”C into a 3/, x 3” x 59”
plate with a total reduction in area of 9CL The 3-3/4” diameter ingot
was first forged to a 2” square and then finished to the plate. Pour
reheating. on e&cb end of the ingot were r.quj~ed for forging. The plate
was out into 8” lengths ad hot rolled at 850’t in a transverse direction
to the forging direction. Reductions of .050’ per pass were taken to re-
duce the plat. to .200” thick. Reductions Cf .030—.035” per peas wer e
taken to redu ce the .200” thick sheet to .100” thick. The final passes
were .010’ reductions to the finished thick ness. Apprcxi t.Iy ten re-

• heating. were required with on. reduction per reheat. Th. sheet was air
cooled after the final reduction. Sur face scsi. was r oved by sad-
blasting followed by pinfri-(’ig in a nitrio-bydrochioric acid solution.

H
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I4etallographio ~~~m4,~ tion of the sheet material as received showed
that a surface layer about .003” thick was still present on both aides
of each sheet. These layers were not removed from test specimens except
from some used for rolling at room temperature ad at 200°C.

In order to determine the extent of omygen, nitrogen,azd hydrogen
oont~t~nln~rticn existing in the sheet, a strip 3/4” wide was ground down
in thickness in step. of .005” each. Fach section thus reduced was
analyzed by vacuum fusion methode’develcped at the Naval Research lab-
oratory.

Tensile teat specimens were mede accord ing to ASTM Stadard Method
E-8-46 and measured 8” overall x 1/2” wide along the 2” gauge length.
Duplicate tensile specimen~, tran sverse ad longitulinal to the roll (rig
direction , ad corresponding bed teat specimens, in quadruplicate, were
cut from the as received material. Bed test specimens measured 1” x 4”
ad the cold roiling experiment s were also conducted with this size sam-
ple. For the hot rolling exper iments, pieces 2” x 8” were used, from
which one tensile aid two bed teat specimens were later cut .

III. ~ cperimenta1 Work

The sheets as received were each ex~ n1ned radiogra~Izically to de-
tect possible alloy segregation aid tungsten inclusions. A metallog-
raphic ~~~ i~~tion was made on specimens out from each sheet to deter-
mine the microstr ucture aid the grain size.

Reduction of the grain size was attempted by cold rolling followed
by heat treatment , the beat treat ed aicroatructures being retained by •
quench ing the specimens into silicone diffusion pump oil from the heat-
1mg zone in a high vacuum quenoMng furnace (Fig . 1) In the further •
attempt to produce a grain refinement sheet samples were rolled , some
of ‘which had been quenched a second time from 1000°C and some of which
bad been fully annealed by slow furnace cooling from 1000°C . Metallog-
raphic ~xriin1 n~tion was made of the worked aid heat treated specimens to
determine changes in microetr uctur ee.

Sheet samples in the as received condition ad those whose sur faces
had been sadblasted to fully re~~ve eur faoe lqere were reduced 10 ad
20% in thickness at room temperatur e aid at 200~C to test a possibility
of greater plasticity under “warm” rolling conditions . Samples were
bea~ed in air to t~~~eratures of 700, 800, 900 aid 1000°C in an óleatrio
muffle furnace and reduced 10 ad 20% in single passes aid allowed to
air cool. Another series of samples were siMi lar ly roiled at 600, 650, •
675 and 7~0°C. Tensile ad bed test specimens were machined from the
roiled strips ad a setallographic er*~4nAtion was made of cross eec—
tional areas of the strips .
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Bend tests were made in the ‘constant moment bad Jig’, (Fig. 2),

to determine ~thztnges in bendability, and tensile tests were made on a
• 60,00aV Baldwin Southwark testing machine. Rockwell A hardness tests

were made on all rolled samples.
To assist in the stnd~y of the recrystallization characteristics, a

series of 8 binary allay buttons, each consisting of 1, 2 aid 3% alumi...
nun content , aid 1, 2, 3, 4 aid 5% clwomium content; a cceemercial tita-
nium sponge button; ad 2 buttons of 3% aluminum-5% chromium-titanium
alloy were prepared by arc-melting Dupont titanium sponge aid coemercial
high puri ty alloying metal s in a water-cooled copper crucible , using a
tungsten electrode in a helium atmosphere . The button s were turned up
on edge ad each remelted several times to assur e thorough midng. 1/2”squa re slices about 1—1/4” long sawed from the buttons, were cold rolled
to .4” square in grooved rolls; and after anne~i 4mg at 800°C in vacuum,these pieces were further cold rolled to .3” square bars . Sections of
these 30% cold reduced bars were heat treated ad quenched in the vacuum
furna ce, ad a metallographic ~rmwInation made to determine the occur-
rence aid extent of recrystallization. Rockwell A hard ness tests were
also made at the various stages of preparation and heat treatment.

)~nual polishing techniques were used in the preparation of the
metailographic specimens. Specimens exhibiting the acicular transformed
quenched struct ure and the ‘veining’ network were electropo liahed as
well; the examination of these specimens verified that no structure var-
iations had been introduced by the manual polishing.

The measur ement of low order ductility in sheet materials has not
been formalized . T9 deter mine values of elongations up to 5% in the
outer fibers , Pinto4 rooommends b~nding around a template of varying
radiu s • The ASTh Standard Method outl ines a bending test for duct ility,
measuring fiber elongation , ‘which gives rep roducibility within 15% onplat e of 1/4” aM over; this method ~ ç~~~izea that local str ess or
strain be avoided in the bending section. The use of a “Constant Moment
Bend Jig” developed by the Chance Vought Aircraft Ccmpan~4 which pro-
duces a free bend in the specimen, was suggested by the Bureau of Aero-.
nautic a. The design was modified for this problem aid adapt ed for use
on sheet materials , sal a J ig constructed , (Pig. 2). The radius of
curvature of the bent specimen can be computed from measurement of the
height of the bed on a measuring device, (Fig. 3), aid the strain in
the outer fiber computed from the radiu s of curvat~r’e aid the sheet
thiokn~ae, using formulae derived by Chance Vought and by Lubabn aid
Secha .~ The measuring ad strain evaluation calculation methods are
given in the Appendix.

Elongation values determ ined by this bend teat were compared to the
elongation measur ed on the stress—strain record er charts by the corr es-
ponding tens ile test apeoim~~ prepared from the titanium alloy sheet
because of the inability to obtain other low ductility materials. The
elongation values correlate well aid the use of the bed test Jig allows
in addition to evaluating bezdability, a more rapid aid a more econosrai..
cal method of determining elongation than provided by tensile testing.
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IV. Results

1. No detectabl e alloy segrega tion or tungsten inclusions were
found in the radiographic ~~~m1~~ tion.

2. An abnormally large grain size of abou t 15 grains per squar e
millimeter was found in the as received sheeta (Fig. 4). An oxygen—
rich layer of about .003” thick remained on the surfaces of the sheets,
(Fig. 5), which teds to diffuse inward on any heating to 800°C or
higher (Fig. 6). The alloy has a Tukon Knoop hardness of 370, (Fig . 5),
which increa~ea to 400 upon quenching from 1000°C (Fig . 7).

3. The ~heeta have a total avera ge content of .32% Oxygen, .023%
Nitrogen aid .018% Hydrogen; but with .010” surface thickness removed
from each side, the Oxygen content is .115%, Nitroge n .013% aid Hydro-
gen .018% . On this basis, an oxygen-rich layer .003” thick would have
an Oxygen content of over 2%.

4. The norma]. structure of the hot rolled titanium a11cy sheet is
large gra ined ; it is a two phase struct ur e, with tiny particles of alpha
titanium solid solution oriented on crystallographic planes, in the ma-
trix of transformed beta titanium solid solution (Fig. 8). On heating,
the particles enlarge to a maximum size ad amount at about 875°C (Figs .
9 thru 12); on further heating they decrease in size, (Fig. 13). In
quenching from 950°C or higher , an acicular transformed structure is
produced, (Figs . 34 & 15). The same structure changes wer e fowxi also
in heating previously quenched samples, (Figs . 16 thru 21), aid in heat-
ing 2C~ cold reduced sheet samples, (Figs. 22 thru 27). Sheet reduced
2C~ by cold rolling showed no recry stallization on heati ng to tempera-
tures up to 900°C . On heating to 950°C or over , grain growth occurred ,
(Fig. 6).

5. Sheet first quenched from 1000°C, reheated to 95O~C or higher ,
aid again quenched, exhibited a fine network within the larg e grains ,
(Fig. 15). X—ray back reflection photographs indicated thi s network to
be a ‘ve(nlng ’ within the grains, rather than any re—orientation or
grain break-up. Alloy sheet in this condition was too brittle to allow
any reduction by rolling .

6. Sheet fully annealed by furnace cooling at the rate of 1°C per
minute from 1000°C to 700°C, showed a laminar structure of massive alpha
titani um layers in the r~~~i”{ng beta matrix (Pig. 28) . It developed
surface aid edge cracks when cold rolled , ad fractured in the bed teat.
Heat treatment of the annealed sheet, with aid without cold deformation ,
produced a transformation of the alpha solid solution back to beta (Pig.
29), in an amount corresponding to the temperature attained. No recrys-
tallization was found. A dark etching phase, (Fig. 30), developed at
500°C in the beta matrix; this phase persisted up to 700°C, but was no
longer evident at 730°C.



7. The outer fiber strain measured in the bard teat correlated
veil with the plastic strain shovn at fracture on the str ess-strain

‘ recorder charts by the corresponding tensile teat samples • As received
alloy sheet showed an average of 2.3% strain in both test method s . Du~-
plicate sets of tensile specimens, out transvers e aid longiti~l~n’tl to
the rolling direction, indicated stre ngths of 152,000 aM 160,000 psi
respective ly; the ~cwrespording bed test samples did not show this
directionality. A slight incr ease in ductility from 2.3% to 2.8% strain
was indicated for sheet roiled to 1Cf~ reduction at 700°C. Sheet rolled
at 800°C increased in strength from 160,000 psi to 190,000 psi, but the
ductility decrea sed to z~ro. The sheet rolled at 900°C showed no change
in ductility over that as received but the sample roll ed at 1000°C was
quite brittle , fracturing in the bed teat.

8. A sheet sample reduced 1C~ by oold rolling showed no change in
ductility. Cold rolling to 2(~ reduction decr eased the strain measure-
ment from 2.3% to 1%. Sheet ‘warul roiled ’ at 200°C to lC~ ad 2C~ reduc-
tions also showed a distinct loss of ductility ad fractur ed in the bend
test (Fig . 34). In testing this ecries of samples, noise simila r to “tin
cry” was heard during the boding .

9. Rockw ell A hardness was found to be relativ ely insensitive to
tho thermal aid mechanical treatment s given the sheet . The hardness
readings averaged 71; with multiple readings on some samples extending
over a 2 point range. The variation attributable to treatment would al-
so cover this range.

10. Meta].lographic examination of the aluminum and chro mium binary
alloy series revealed that the pre sence of alpha titanium solid solution
inhibited recrystallization ad grain growth of the beta matrix (Fig . 31).
When the metal tran sformed entirel y to the beta phase, recrystallization
aid accelerated grain growth took place (Fig . 32). The Rockwoll A hard-
ness readings, tabulated with the micr ostruct ur ea in J ig . 35, indicated
hardening by cold worki ng of the alpha phase unalloyed titanium aid alu-
minum-titanium binary alloys. These alpha phase alloys softened on beat-
ing to 800°C or higher ad recrystallized . The chromium-titanium binary
alloys were hardened by quenching of the beta solid solution . The ternary
3% Al - 5% Cr — Ti alloy prepared showed no respons e to cold worki ng or
heat treatment with a Rockwell A hardness of 68-69 for all readings ,

ll. No oxidation of the exposed edges of the sheet was found in the
pieces for rolling that were heated to 700°C in air for ten minute per-
iods (Fig. 33). Heating to higher temperatures however , did produce an
omidized layer in the ten minute exposure.

V. Discussion of Results

The sheet material supplied was not flat, each piece being curled
up at the eMs. Tho surface tr eatment of the sheets by sathblasting aid
acid pickling was not uniform; each sheet varied in thickness from .075”

-5-
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to .085” , aid the amount of the oxidation layer removed ‘was erratic as
shown by the metallographic evidence. When specimens were heated in the
vacuum quenching fur nace , an especially large evolution of gas was noted
at about 700°C. It is suspected that this gas is hydrogen , ‘which re-
sulted from the acid pickling treatment .

The original aim of this problem had been prinarily to correlate the
effects of hot aid cold rolling procedures aid annealing treatments with
the crystal orientations produced; however , the work became that of at-
tempting to reduce the as received grain size of the sheet to one auf f i—
oiently small so that preferT ed orientation atedies could be made before
end after roil ing aid annealing . (Tho as received grain size would re-
quire the construction of an ~ttegrating x-ray camera ‘which uses large
ar ea transm ’.ssion samples aid photographic recording. The available
equipment uses reflection samples aid Geiger count er recording aid is
limited to material of very snail grain size.) Although an apparent ef-
fect of grain size refine ment by vel~ 1ng, see Fig. 15, was found in sheet
that was reheated to the beta region aid quenched after a firs t quenc hing
from the beta phase , no recry sta llization or grain refinement was found
from any combination of cold defor mation aid heat treatment .

The veining effect has been found ~n several other metals aid alloys,
aid has been discussed by many writers .~~14 In this st~dy, the back re-
flection x-ray photog raphs of the veined structur e did not ind icate any
reorientation within the large grains . Samples in the veined condition
slowly cooled fr om 1000°C through the tran~fonit tion range produced micro-
structure s identical with thos e similarly cooled but not previously
quenched. The r equir ement 1’ or veining in this alloy appears te be de-
pendent on internal strains induc ed by double quenchi ng from above the
tr ans formation ra nge.

In st~r1ying the quenche d specimens from various heat treatments , the
mechanism of the changes in the nicrostructures became apparent. The as
received structur e (Fig. 8), although it baa the appearance of a single
phase , is actually a two phase alloy with tiny particles of alpha tita-
nium solid solution oriented on crystallographic planes in the trans.-
formed beta titanium solid solution matrix in each large grain. The
transformed beta matr ix (sometimes called alpha prima in the liter ature )
has the needle like appearance associated with titanium quenched from the
beta phase, but in this alloy sheet , the needles appear very minute, as
they only extend from one tiny alpha particle to another. The phase re-.
latio ns of the 3% aluminum - 5% chromium — titanium alloy tend to follow
those of the titanium — ~~ronium system (Fig. 36) rather than the tita-
nun — aluminum system (Fig. 37); the lower limit of the transformation
range is about 700°C for this alloy (Fig. 38). Specimens heated to 700°C
(Fig. 9) aid 750°C (Fig. 10) show an enlarging of the alpha partioles
oriented within each grain. On further beating (Fig. U) the alpha par-
ticles continua to enlarge to a maximum size at about 875°C (Fig. 12);
apecirieus quenched from 920°C (Fig. 13) show a much smaller alpha parti-
cle eize with a network of small ~ ta grain boundaries connecting the
alpha particles. This alpha growth aid solution proces s was found not

-6-
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only in heat treating specimens of as received sheet , as discussed above,
but also in heat treating sheet specimens previously quenched from
1000°C (Figs . 16 thru 21), aid those cold rolled to 20% reduction (Figs.
22 thru 27) . Upon reheating the samples previou sly quenched from 1000°C ,
the alpha particles developed along the nartenaitic type needles (Fig.
19) . The smaller size of the alpha particles found in the 20% cold
roll ed specimens (Fig . 25) indIcates the possible fragmentation of the
crystallographic planes produced by- the cold defor mation.

The back reflect ion x—ray pattern (Fig . 39), of the 20% cold re-
duced sheet also indicates fragm entation; the microstruc tur e of the x-
ra~red area is ~iown in Fig . 40. The back reflection x—ray pattern (Fig .
41), and the corresponding microstruct uro (Fig. 42), of the same sample
after quenching from 920°C shows that recrystallization has taken place .

An equilibrium amount aid size of alpha particles are obtained when
the specimens of this alloy are heated for a suffi~4ent length of time
in the alpha plus beta temperat ur e range. ~~rtens~~ baa recent ly shown
that it required 16 hours at 815°C for a similar titanium alloy to reach
a maximum hardness which he stat es is evidence of progres s to an equilib-
r ium structure . The cooling rate will further det ermine the alpha parti-
cle size as illustrated in Fig. 28. This sample was cooled from 1000°C
to 700°C at a rat e of 1°C per minute aid the niicrostructure is 50% alpha
with large laminar layers . This can be compared to Fig. 14, whIch shows
the microetructure of a sample quenched from 980°C.

The dark etching phase (Fig. 30) found in the beta matr ix of massive
lainir un alpha fully annealed specimens reheated in the range of 50C°C to
700CC Is consider ed to be TiCr2 or a slm4lnr titanium-chromium-aluminum
compound. This phase has been diacu~sed aid tentatively identified by
the NYU research group,2 aid would be that expected to occur in this
range from consideration of tho phase relations of the ternary diagram
(Fig. 38) .

Cold roll ing this sheet , a 10% reductIon in thickness could be ob-
tained without loss of ductility ; sheet reduced 20% fract ur ed in bond
testing (Fig . 34) . ‘Warm roll ing’ at 200°C to 10% and 20% reductions
produced very brittl e samples (Pig. 34) . An increase In plasticity with
increasing working temperatures, ana1og~ zs to magnesium, had been fore-
cast for titanium by Bounds aid Cooper;-’~° their pr ediction was based on
the addition of slip systema at 200°C being a property of the hexagonal
lattice , rather than a characteristic of the metal . The hardening ob—
taizied in the samples tm warm roiled ’ does not support that hypothesis .

The slight improve ment in ductility, from 2.3% strain to 2. 8% (Fig .
43) found in sheet roil ed at 700°C, is not sufficient improvement to re-
duce fabricat ing problems as the sheet is still too brittl e to allow
sufficient bending or forming. The Increase in strength of sheet roll ed
at 800°C exceeds the hardening aid strengthening found by P .R. )~ l1ory
& Co ., in forgi ng th ese alloys at 800°C . They had attributed the increases

—7—



to strain hardening from cold working.~ It must be considered that any
forging or roiling below 925°C will be cold working for these alloys as
no recrystallization appears below that temperature. The sheet rolled
at 900°C showed no ehar~ge in ductility or microstruotwe; this approxi-
mated the temperature range in which the alloy had origlvvdly been re-
duced to sheet. The aicroatructure of sheet rolled at 1000°C was un-
changed from that of the as received material, except for a saw tooth
effect in the grain bonMPLl ies . Either the 0h4 ii 1mg effect of the rolls
aid subsequent air cooling supplied a cooling rat e that recreated the
original umicroetruoture, or possibly the transformation is so sluggish
that the alloy was not at temperat ur e long enough for any now microetruc-
ture to form. The hoat ing period of ten minutes was sufficient time for
the exposed edge surface to develo an oxide coating, aid for the pre-
vious surface oxide layers to diffuse inward a snail amount.

The microstructures of the as received sheets , when compared with
the miorostructuros obtained in heat treating this alloy, are not ccmnpat-
ible with the thermal history furnished with the mater ial. The hot roll-
ing tempe ratur e was given as 850°C; a structur e similar to Fig . 11,
should have been attained at this temperature rather than that of Fig. 8.
The nearest approach to the structu re shown in Fig . 8, was found in spec-
imens quenched from 750°C (Fig . 10) .

The metallographic eimnination of the prepa red bina ry alloy series
of titanium — chromium aid titanium — alumin um revealed the process of
transfor mation aid recrystallization of th is group of titanium alloys.
Cold-worked, arc-melted, uiwll oyed sponge titanium will recrystallize at
600°C; it is all ‘..n the alpha phaae at this temperature. With an increase
in temperature tc 900°C, tho alpha phase starts to transform to beta . The
beta phase is nucleated both within the grains aid at the grain boundaries,
but more generally at the boundaries; the beta within the grains is ori-
ented on crystallographic planes • The transformation proce eds with in-
creasing temperatures and is virtually completed at 950°C. The same re-
crystallization aid phase changes take place in binary titanium alloys
containing 1, 2 aid 3% Al, aM 1% Cr; these are also single phase alpha
titanium solid solutions below the transformation range. The beta grains
grow rapidly after all the alpha has transformed, aid all of the specimen s
quenched fr om ‘000°C had a very large aciculer transformed beta structure.
The titanium - chromium binary alloys over 1% chromium, aid the 3% alumni-- 5% chromium — titanium alloy are mixtures of alpha and beta phases
at lower temperature., When annealed at 800°C, 30% cold reduced speci-
mens of thes e alleys show no evidence of recry stallization. On boating
fur th er, the alpha particle . in these samples decreas e in size as they
transform to beta (Fig. 31), aM at about 9500C the 1nioroetructure con-
sists of snail recrystallized beta grains, with the last vestiges of the
alpha particles in the beta grain boundary network (Fig. 32) . When
quenched from 1000°C, these samples have very larg e acioular beta grain s,
accelerated grain growth having start ed at the final transformation of
the alpha phase. Recry stallization aid grain growth of these titanium
alloys is thus inhibited while transformation is inoosplete. This

-8-
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behavior is in contrast to that found in duplex bra ss~’~’18 in which
either of the two phases, alpha aid beta,msy be induced to recrystallize
by appropriata treatments. Titanium behavior also contrasts with that

of steel, in which a grain rof’inemont from the allotrop ic change takes

place in paa sing through the gamma to alpha iron transfOr2Dation.

The lack of hardening response of the alloy ahoot aid of the spe-
cially prepared alloy buttons of the same com position to both thermal
aid mechanical treatments scorns to be a characteristic of this alpha—
beta type of titanium alloy . P .R . Mallory & Co., had reported a similar
finding ‘with thi s alloy containing carbon.1

The recrystallization aid grain growth characteristics of this alloy
suggest that changes ore required in the pr ocedur oa for ingot brealciown
aid fabrica tion . While short time heating cycles in air in the tempera-
tur e rang e of 700°C to 900°C will render the alloy more amenable to do-
formation at these tempera tures ‘without materially affecting the micro—
structure or grain size , heating into the all, beta region can only result
in an incr eased grain size duo to the impr actib ility of heating ju st to
the end of the trans formation. While the majorit y of the forging and hot
working operati ons that have been reported in the literature on titanium
alloys have been perfor med at 900°C, ctctrti ng forging at 1050°C with fin—
iching not b~low 950°C would rcoult in a i.~.re pocitlvc brcaking up of the
ac—ca st gr.’.in structur e . In hcat lng into this tcr.porat~.ac rang c cur facc
oxidati on !~nd oxygen diffusiOn , however , bccoi~es a seriou s problem.

VI. Conclusions -

1. The 3% aluminum — 5% chromium — titanium alloy shoot cia received
had too large a grain size to permit stidy of the preferred orientations
produc ed by varying rolling and annealing procedure s.

2. The forgin g aid hot worki ng of the as received sheets wore per-
ferried under conditions which promoted the formation of oxidized sur face
].aycrs , and allowed diffusion of the layers into the shoot

3. The grain size could not be reduced by the usual methods of de-
forma tion aid arinoauing .

4. The recrystallizati on of this l~w carbon alloy is inhibited when
transformation iB incomploto aid a second phase is present in the micro-
str ucture. When the alloy is heated into the all beta range, 925°C or
over , to complet e the transformation, an accelerated grain growth imme-
diat ely follows, nullifying this as a method of grain refin ement.

5. & slight improvement in ductilit y of the shoot alloy was at-
tained by boating to 7000C for rolling; this increase however, is not
sufficient to auloviat o the forming difficultios of this material.

-9-
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Figur e 35

Microatructuro aid Rockwell A Hardness of Titaniun Alloy Specii~enS .
Specimens were of arc melted bars, cold roiled to 20% reduction , annealed
1 hour at 800°C, cold rolled to 35% reduction, aid heated in vacuum for

quenching .

Cozipo— Structur e Quenched Quenched Quenched Quenched
sition Before from 850°C ~‘rojn 900°C from 950°C fr om 1O0Q~C

Worked Alpha Recrystallized 2~ Beta in 2C~ Beta at 75% Acicular
3% Al grains, single Alpha single Alpha grain bouidar ies Beta , some

927% Ti phase phase boundaries no growth growth
62—64 61—61 58-59 59-60 61—62

Worked Alpha Recrystallized Alpha Phase 60% Beta at 95% Beta,very
2% A]. grains ,single Alpha, singlo no growth boundarie s lar ge acicu]. ~i-

9~~ Ti phase phase no growth grains
63—63 58—61 59.5—60 59—60 62—63

Worked Alpha Recrystallized 20% Beta in 90% Beta , 100% Beta ,very
1% Al grains,single Alpha,single grain bound . some growth large acicular

99% Ti. phase phase no gr owth grains
59—61 54—54 53—55 57—57.5 57—59

100% Worked Alpha Recrystallized 25% Beta,in 80% Beta , 100% Beta ,very
Ti grains,singlc Alpha,single grains aid some large acicu lar

phase phase boundaries growth grains
64—64.5 56 .5— 57.5 58—58 57—59 57.5—59

Work ed very 50% Beta , 80% Beta , 90% Beta , 100% Beta,very
1% Cr s~ia1l Alpha some growth some growth large grains large grains

99% Ti grains
63—64 64.5—66 64—64 63—65 64.5—66

Two phases 60% Beta 90% Beta , 100% Beta , 100% Beta ,very
2% Cr 40% Beta rocrystal— large acicular 1a.—ge acic—

90% Ti lizing grains lar grains
63-64 70-71 68—70 68-69 67.5—69

Two phase,large 75% Bcta ,Alpha 90% Beta , 100% Beta , 100% Beta,very
3% Cr grain network is oriented in recrystal- large ad cular lage aeicu].ar

927% Ti basket weave beta grains lizing gra i ns grains
66—66.5 70—7]. 71—72 68.5—71 69.5—71

Two phase,large 75% Bota ,Alpha 85% Beta , 100% Beta , 100% Beta,very
4% Cr grain network oriented in 1g. recrysta l— large acicu3.a~1ar ge acicu].or

96% Ti basket weave Beta grains lizirig grains grains
67—68 72—73 75—76 74—74.5 74.5—75

Two phase, large 75% Beta ,large 85% Beta , 100% Beta, 100% Beta ,vory
5% Cr grain network grain network rocrystal- large acicular large acicula r

95% Ti basket weave izing grains grains
64-66 72—73 75—76 74—74.5 74. 5—75

3% IL Two phaao,large 70% beta,lg. 85% Beta, 100% Beta,100% Bota ,single
5% Cr graine,phasea grain network sr~aJ .l grain s larg e grains phase lg.grains

92% Ti orient ed in gr acicula r very few needles
68-69 67.5—67.5 68—68 68—68 67—68
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Figure 39. Back Reflection X-re~y Figure 40. )tcrontruoture of
Pattern - 20% cold Rolled 3 Al-S X-rayed area of Figur e 39,
Cr- Ti Alloy Sheet E1eCtrCpO1ieMd 500X
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Figure 41. Back Reflection X-ray Figure 42. Microstructure of
Pattern — Senpie of Figure 39 X—rayed area of Figure 41,

• after quenching frcxi 920CC. Elootropoliahed 50Cm 
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4 Figure 43. Tabulation of Tension and Bend Teat Results

Ultimate Measured Chart Total Chart Plastic Fiber Strain
Troatrney~ Strength E1on~ 2” Stra in Str ain in Bend Teat

As ~~~~~
Long. 163,000 3.5% 2.8% 2.0% 2.34%—2.2C$

Long . 159 ,500 2.5% 2.2% 1.3% 2. 80—2,15%

Trans . 152,560 3.0% 2.55% 2.0% 2.44—2.00%

Trans . 152 ,500 3.0% 2.60% 1.8% 2.24—2.30%

Rolled 10%
600°C 159,760 4.5% 3.37% 2.12% 2,70%————

Rolled 20% 168,960 3.5% 3.13% 1.90% 1.71—1.96%
600°C

Roll ed 10% 157,000 x 3.70% 2.63% 3.04- 2.61%
650°C

Rolled 20% 162,500 3.0% 2.63% 1.50% 2.26% —

650°C
Rolled 10% 158,400 5,0% 4.44% 3.32% 2.99-2.5 1%
675°C

Rolled 20% 167,700 3.5% 3.00% 1.82% 2.70-2.36%
675°C

Rolled 10% 160,000 5.0% 4.25% 3.25% 2.56—2.36%
700°C

Rolled 20% 169,280 6.0% 5.0% 3. 66% 2.36—2.21%
700°C

Roiled 10% 158,740 1.5% x x 2.84-3.22%
700°C

Rolled 20% 160,740 4.5% x 2.24—2.44%
7000C

Rolled 10% 190,330 1.0% x x 1.0w _1,~~*
800°C

Roiled 20% 190,300 .75% x x x* - x*
800°C

Roiled 10% 160,350 2.0% x x 2.24—2.16%
900°C

Roiled 20% 144,400 1.0% x x ],5%*_ x*
900°C -

Rollod l0% x x x x •5%~~~x~1000°C
Roiled 20% 118,400 1.5% x x
1000°C

C x) Not determined . -

(*) Fractured
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Appendix II — Mathonatical Derivation of Radiua of Curvatur ‘r’ fron
Measure~~nt of Height of Bend of Speciase ‘h’ .
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Derivation of Method of Evaluation of Tensile Strain
frca Radius of Curvature.
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Appendix III — Derivation continued
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