AD=AD61 397  NAVAL RESEARCH LAB WASHINGTON D C F/6 11/6
A STUDY OF FABRICATION CHARACTERISTICS OF 3 PER CENT ALUMINUM=S5==ETC(U)
SEP 50 K B LLOYD: E J CHAPIN

UNCLASSIFIED NRL=MR=41 . SBIE=-AD=E000 253 NL

| o)

oB13aT

END
FLMED

2 79

DD¢




DISTRIBUTION. 5T ;
JApproved for public releas
g ° Distribution Unlimited




A STUDY OF FABRICATION CHARACTERISTICS
OF 3% ALUMINUM- 5% CHROMIUM
LOW CARBON TTTANIUM ALLOY
by
KENNETH B. LLOYD
EDWARD J. CHAPIN

APPROVED FOR PUBLIC RELEASE
DISIRIBUIION UNLLLITED

UNANNOUNCED
JUSTIFICATION

DISTRIBLTIGN/ AVARLABILITY COCES
Dist.  AVAIL and/>r SPECIAL




e

e

-

g

3
=

B




o

4% Chromivm Titanium Alloy ~ Cold reduced 308 - heated to 9509C—

Back Reflection X-ray quﬂ

LIST OF FIGURES

Vacuum Quenching Furnace
Constant Moment Bend Test Jig
Curvature Measuring Fixture
Mallory 3A1-5Cr-Ti Alloy Sheet-Cross section as received - 50X
-Cross section surface layer hardness 200K
-Quenched fram 1/2 hr at 1000°C - 50K
-Seme as 6-hardness readings - 200X
-As Received - 500K :
-Heated to 700°C -~ Quenched - 500X
-Heated to 750°C - Quenched -
-Heated to 850%C - Quenched -
-Heated to 880°C - Quenched -
-Heated to 920°C - Quenched -
~Heated to 980°C - Quenched -
-#14 Reheated to 980°C - Quenched 500X
-#6 Reheated to 700°C - Quenched 500X
-#6 Reheated to 750°C - Quenched 500X
-#6 Reheated to 8509C - Quenched 500X
500X
500K
500X

L

T T =3 s 3 2 =2 3 3 x s =T 3 3 =2

-#6 Reheated to 880°C -~ Quenched
-#6 Reheated to 9200C - Quenched
- -#6 Reheated to 980°C - Quenched
Mallory Sheet coﬂd rolled 20% reduction - heated to 7000C - Quenched 500X

2 3 2 2 =23 = =
2 3 = = =3 3

n " " - heated to 750°C - Quenched 500X
" " " n n " - heated to 850°C - Quenched 500X
" " " " " " - heated to 880°C - Quenched 500X
" " " n " " - heated to 920°C - Quenched 500X
" n " n n n

- heated to 9800C - Quenched 500X
Mallory Sheet slowly cooled from 1000°C to 700°C - Quenched 500X
#28 - Reheated to 850°C - Quenched 500X

#28 - Cold reduced 20% - Reheated to 600°C - Quenched 500X

4% Chromium Titanium Alloy - Cold reduced 308 - heated to 850°C-
Quenched 500X

Quenched 500K
:ﬂ.ory Shgct. heated to 7000C for rolling - Edge unaffected 500X
T
Tabula: of Microstructures and Hardness of Titanium Alloy Samples
Partial Phase Diagram - Titanium=Chromium System
Partial Phase Diagram - Titanium-Aluminum System
Isothermal Sections of the Aluminum-Chromium-Titanium System
Back Reflection X-ray Photograph of 208 Cold Rolled 3Al-5Cr-Ti Alloy
Microstructure ota-mdarnntﬂg’”.-noctro Pw 500X

Microstructure of x-rayed area s 41.~ Electro Polished 500X
Tabulation of Tension and M rm ults




P = S




ABSTRACT

A 3% aluminum - 5% chromium - low carbon - titanium
alloy was studied to determine effects of hot and cold
rolling and annealing on microstructure, on direction-
ality, and on recrystallization and 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
treatment, The desired improvement in ductility did not
materialize from the treatments considered., Heating this
alloy in air to the temperatures necessary for true hot
vorking produces serious contamination and and affects the

properties.
PROBLEM STATUS

This is a final report on this alloy study; no fur-
ther work will be done on this alloy unless the Labora-
tory is othmiae notified by the Bureau of Aeronautics.
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I. Introduction

This report presents the data obtained from an investigation made
for the Bureau of Aercnautics on a 3% aluminum, 5% chromium, low carbon
titanium alloy. An interim letter report serial No. 3500-241A/51 ehb
(3510) dated 7 May 1951 was prepared on preliminary 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 Buler con-
tract, and this company's continued study of its fabrication and propar-
ties has been reported in their bi-monthly reports.* The development
work indicated that it has desirable physical properties and offers at-
tractive possibilities for use as sheet or plate. The ductility of the
alloy, however, is somewhat below that considered necessary for satis-
factory formability. Since all of the work done on this alloy by P.R,
Mallory & Co. had been with carbon bearing material, it was considered
desirable to investigate the possibilities of obtaining further im-
provement in ductility on relatively carbon free material,

The New York University Research Division is studying the low alu-
minum - low chromium corner of the Al-Cr-Ti ternary system.? The re-
crystallisation characteristics of the 3% aluminum - 5§ chromium ~tita-
nium alloy, however, have not been discussed by either Mallory or the

NYU group.

The purpose of this investigation is to determine the effects of
hot and cold rolling and amnealing on: 1) microstructure, 2) variation
in directionality of properties, 3) recrystallization and grain growth,

II, Preparation 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
bno:x prepared from a double arc melted ingot made at Battelle Memorial

titute,

to information supplied by P.R, Mallory & Co., of Indi-
anapolis, the sheet was prepared in the foll manner: the ingot was
forged in the temperature range of 925°-- into a 3/8" x 3" x 59"
plate with a total reduction in area of 908, The 3-3/4" diameter ingot
was firot forged to a 2" square and then finished to the plate., Four
reheatings on each end of the ingot were
was cut into 8" lengths and hot rolled at
to the forging direction. Reducti
duce the plate to .200" thick. Reductions 0--
taken to reduce the ,200" thick sheet to ,100" thick. The final passes
were ,010" reductions to the finished thickness. Approximately ten re-
heatings were required with one reduction per reheat, The sheet was air
cooled after the final reduction. Surface scale was removed by sand-
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Metallographic examination of the sheet material as received showed
that a surface layer about .003" thick was still present on both sides
of each sheet. These layers were not ramoved from test specimens except
from some used for rolling at room temperature and at 200°C.

In order to determine the extent of oxygen, nitrogen,and hydrogen
contamination existing in the sheet, a strip 3/4" wide was ground down
in thickness in steps of ,005" eagh. Each section thus reduced was
analyzed by vacuum fusion methods’developed at the Naval Research Lab-
oratory.

Tensile test specimens were made according to ASTM Standard Method
E-8-46 and measured 8" overall x 1/2" wide along the 2" gauge length.
Duplicate tensile specimens, transverse and longitudinal to the rolling
direction, and corresponding bend test specimens, in quadruplicate, were
cut from the as received material. Bend test specimens measured 1" x 4"
and the cold rolling experiments were also conducted with this size sam-
ple. For the hot rolling experiments, pieces 2" x 8" were used, from
which one tensile and two bend test specimens were later cut.

III. Experimental Work

The sheets as received were each examined radiographically to de-
tect possible alloy segregation and tungsten inclusions., A metallog-
raphic examination was made on specimens cut from each sheet to deter-
mine the microstructure and the grain size.

Reduction of the grain size was attempted by cold rolling followed
by heat treatment, the heat treated microstructures being retained by
quenching the specimens into silicone diffusion oil from the heat-
ing zone in a high vacuum quenching 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
had been fully annealed by slow furnace cooling from 1000°C. Metallog-
rephic examination was made of the worked and heat treated specimens to
determine changes in microstructures.

Sheet samples in the as received condition and those whose surfaces
had been sandblasted to fully remove surface were reduced 10 and
20% in thickness at room temperature and at 200°C to test a possibility
of greater plasticity under "warm" rolling conditions. Samples were
heated in air to temperatures of 700, 800, 900 and 1000°C in an electric
muffle furnace and reduced 10 and 20% in single passes and allowed to
air cool. Another series of samples were similarly rolled at 600, 650,
675 and 770°C. Tensile and bend test specimens were machined from the
rolled strips and a metallographic examination was made of cross sec-
{ional areas of the strips. ' ;




Bend tests were made in the 'constant moment bend jig', (Fig. 2),

to determine changes in bendability, and tensile tests were made on a

e 60,0004 Baldwin Southwark testing machine. Rockwell A hardness tests
were made on all rolled samples.

To assist in the study of the recrystallization characteristics, a
series of 8 binary alloy buttons, each consisting of 1, 2 and 3% alumi-
num content, and 1, 2, 3, 4 and 5% chromium content; a commercial tita-
nium sponge button; and 2 buttons of 3% aluminum-5% chromium-titanium
alloy were prepared by arc-melting Dupont titanium sponge and commercial
high purity alloying metals in a water-cooled copper crucible, using a
tungsten electrode in a helium atmosphere. The buttons were turned up
on edge and each remelted several times to assure thorough mixing. 1/2"
; 8quare slices about 1-1/4" long sawed from the buttons, were cold rolled
to .4" square in grooved rolls; and after annealing 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 and quenched in the vacuum
furnace, and a metallographic examination made to determine the ocour-
rence and extent of recrystallization. Rockwell A hardness tests were
also made at the various stages of preparation and heat treatment.

Manual polishing techniques were used in the preparation of the
metallographic specimens, Specimens exhibiting the acicular transformed
quenched structure and the 'veining' network were electropolished as
well; the examination of these specimens verified that no structure var-
iations had been introduced by the manual polishing.

The measurement of low order ductility in sheet materials has not
been formalized, To determine values of elongations up to 5% in the
outer fibers, Pinto® rocommends bgnd:lng around a tomplate of :
radius. The ASTM Standard Method? ocutlines a bending test for ductility, |
measuring fiber elongation, which gives reproducibility within 15% on
Plate of 1/4" and over; this method emphasizes that local stress or
strain be avoided in the bending section. The use of a "Constant Moment
Berd Jig" developed by the Chance Vought Aircraft Company® which pro-
duces a free bend in the specimen, was suggested by the Bureau of Aero-
nautics, The design was modified for this problem and adapted for use
on sheet materials, and a jig constructed, (Fig, 2). The radius of :
curvature of the bent specimen can be computed from measurement of the |
height of the bend on 2 measuring device, (Fig. 3), and the strain in
the outer fiber computed from the radius of cm'vatgre and the sheet v
thicknsas, using formulas derived by Chance Vought® and by Lubahn and
Sachs The measuring and strain evaluation calculation methods are
given in the Appendix.

Elongation values determined by this bend test were compared to the
elongation measured on the stress-strain recorder charts by the corres~
ponding tensile test specimens prepared from the titanium alloy sheet
because of the inability to obtain other low ductility materials., The

ot elongation values correlate well and the use of the bend test jig allows
in addition to evaluating bendability, a more rapid and a more economi-
cal method of determining elongation than provided by temsile testing.

=3=




B i e L e e

IV. Results

1. No detectable alloy segregation or tungsten inclusions were
found in the radiographic examination.

2, An abnormally large grain size of about 15 grains per square
millimeter was found in the as received sheets (Fig. 4). An oxygen-
rich er of about ,003" thick remained on the surfaces of the sheets,
(Fig. 5), which tends 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 increases to 400 upon quenching from 1000°C (Fig. 7).

3. The sheets have a total average content of .32% Oxygen, .023%
Nitrogen and ,018% Hydrogen; but with ,010" surface thickness removed
from each side, the Oxygen content is .115%, Nitrogen ,013% and Hydro-
gen .018%. On this basis, an oxygen-rich layer .003" thick would have
an Oxygen content of over 2%.

4. The normal structure of the hot rolled titanium alloy sheet is
large grained; it is a two phase structure, 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 and 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. 14 & 15). The same structure changes were found also
in heating previously quenched semples, (Figs. 16 thru 21), and in heat-
ing 20% cold reduced sheet samples, (Figs. 22 thru 27). Sheet reduced
20% by cold rolling showed no recrystallization on heating to tempera-
tures 3 to 900°C, On heating to 950°C or over, grain growth occurred,

(Fig.

5. Sheet first quenched from 1000°C, reheated to 950°C or higher,
and again quenched, exhibited a fine network within the large grains,
(Fig. 15). X-ray back reflection photographs indicated this network to
be a 'veining' 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
titanium layers in the remaining beta matrix (Fig. 28). It developed
surface and edge cracks when cold rolled, and fractured in the bend test.
Heat treatment of the annealed sheet, with and without cold dcformationm,
produced a transformation of the alpha solid solution back to beta (Fig.
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
lm” evident at 73000'




7. The outer fiber strain measured in the bend test correlated
well with the plastic strain shown at fracture on the stress-strain
recorder charts by the corresponding tensile test samples. As received
alloy sheet showed an average of 2,3% strain in both test methods. Du~-
plicate sets of tensile specimens, cut transverse and longitudinal to
the rolling direction, indicated strengths of 152,000 and 160,000 psi
respectively; the zorresponding bend test samples did not show this
directionality. A slight increase in ductility from 2,3% to 2.8% strain
was indicated for sheet rolled to 10% reduction at 700°C. Sheet rolled
at 800°C increased in strength from 160,000 psi to 190,000 psi, but the
ductility decreased to zero. The sheet rolled at 900°C showed no change
in ductility over that as received but the sample rolled at 1000°C was
quite brittle, fracturing in the bend test.

8. A sheet sample reduced 10% by cold rolling showed no change in
ductility. Cold rolling to 20% reduction decreased the strain measure-
ment from 2.3% to 1%, Sheet 'warm rolled' at 200°C to 10% and 20% reduc-
tions also showed a distinct loss of ductility and fractured in the bend
test (Fig. 34). In testing this series of samples, noise similar to "tin
cry" was heard during the bending,

9. Rockwell A hardness was found to be relatively insensitive to
the thermal and mechanical treatments 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. Metallographic examination of the aluminum and chromium binary
alloy series revealed that the presence of alpha titanium solid solution
inhibited recrystallization and grain growth of the beta matrix (Fig. 31).
When the metal transformed emtirely to the beta e, recrystallization
and accelerated grain growth took place (Fig. 32). The Rockwoll A hard-
ness readings, tabulated with the microstructures in Fig. 35, indicated
hardening by cold working of the alpha phase unalloyed titanium and alu-
minum-titanium binary alloys. These alpha phase alloys softened on heat-
ing to 800°C or higher and 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 response to cold working or
heat treatment with a Rockwell A hardness of 68-69 for all readings,

11. 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
oxidized layer in the ten minute exposure,

V. Discussion of Results
The sheot material supplied was not flat, each piece being curled

up at the ends, The surface treatment of the shects by sandblasting and
acid pickling was not uniform; each sheet varied in thickness from ,075"
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to .085", and the amount of the oxidation layer removed was erratic as
shown by the metallographic evidence. When specimens were heated in the
vacuum quenching furnace, 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 primarily to correlate the
effects of hot and cold rolling procedures and 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 suffi-
ciently small so that preferred orientation studies could be made before
and after rolling and annealing. (The as roceived grain size would re-
quire the construction of an irtegrating x-ray camera which uses large
area transmission samplcs and photographic recording. The available
equipment uses reflection samples and Geiger counter recording and is
limited to material of very small grain size.) Although an apparent ef-
fect of grain size refinement by veining, see Fig. 15, was found in sheet
that was reheated to the beta region and quenched after a first quenching
from the beta phase, no recrystallization or grain refinement was found
from any combination of cold deformation and heat treatment.

The veining effect has been found g several other metals and alloys,
and has been discussed by many writers. 14 In this study, the back re-
flection x~ray photographs of the veined structure did not indicate any
reorientation within the large grains. Samples in the veined conmdition
slowly cooled from 1000°C through the transformation range produced micro-
structures identical with those similarly cooled but not previously
quenched. The requirement for veining in this alloy appears to be de-
pendent on internal strains induced by double quenching from above the
transformation range.

In studying the quenched specimens from various heat treatments, the
mechanism of the changes in the microstructures became apparent. The as
received structure (Fig. 8), although it has 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 matrix (sometimes called alpha prime in the literature)
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-
lations of the 3% aluninum - 5% chromium - titanium alloy tend to follow
those of the titaniun - chromium system (Fig, 36) rather than the tita-
nium - aluminun 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) and 750°C (Fig. 10) show an enlarging of the alpha particles
oriented within each grain, On further heating (Fig. 11) the alpha -
ticles continue to enlarge to a maximum size at about 8759 (Fig. 12);
specinmens quenched from 920°C (Fig, 13) show a much smaller alpha parti-
cle size with a network of small eta grain boundaries connecting the
alpha particles. This alpha growth and solution process was found not
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only in heat treating specimens of as received sheet, as discussed above,
but also in heat treat shect specimens previously quenched from
1000°C (Figs. 16 thru 21), and those cold rolled to 20% reduction (Figs,
22 thru 2‘7?. Upon reheating the samples previously quenched from 1000°C,
the alpha particles developed along the martensitic type ncedles (Fig.
19). The smaller size of the alpha particles found in the 20% cold
rolled specimens (Fig. 25) indicates the possible fragmentation of the
crystallographic planes produced by the cold deformation.

The back reflection x-ray pattern (Fig. 39), of the 20% cold re-
duced sheet also indicates fragmentation; the microstructure of the x-
rayed area isshown in Fig. 40. The back reflection x-ray pattern (Fig.
4.15{, and the corresponding microstructure (Fig, 42), of the same sample
after quenching from 920°C shows that recrystallization has taken place,

An equilibrium amount and size of alpha particles are obtained when
the specimens of this alloy are heated for a suffiﬂent length of time
in the alpha plus beta temperature range. Martens—’ has recently shown
that it required 16 hours at 815°C for a similar titanium alloy to reach
a maximum hardness which he states 1is evidence of progress to an equilib-
rium structure. The cooling rate will further determine the alpha parti-
cle size as illustrated in Fig, 28, This sample was cooled from 1000°C
to 700°%C at a rate of 1°C per minute and the microstructure is 50% alpha
with large laminar layers. This can be compared to Fig. 14, which shows
the microstructure of a semple quenched from 980°C.

The dark etching phase (Fig, 30) found in the beta matrix of massive
laminar alpha fully annealed specimens reheated in the range of 50C°C to
700°C is considered to be TiCr; or a similar titanium~chromium-aluminum
compound, This phase has been discussed and tentatively identified by
the NYU research group,2 and would be that expected to occur in this
x('ange frc))m consideration of the phase relations of the ternary diagram

Fig, 38).

Cold rolling this sheet, a 10% reduction in thickness could be ob-
tained without loss of ductility; sheet reduced 20% fractured in bend
testing (Fig. 34). 'Warm rolling' at 200°C to 10% and 20% reductions
produced very brittle samples (Fig. 34). An increase in plasticity with
increasing working temperatures, amlogfgs to magnesium, had been fore-
cast for titanium by Bounds and Cooper;-° their prediction was based on
the addition of slip systems at 2009C being a property of the hexagonal
lattice, rather than a characteristic of the metal. The hardening ob-
tained in the samples 'warm rolled' does not support that hypothesis.

The slight improvement in ductility, from 2,3% strain to 2.8% (Fig.
43) found in sheet rolled at 700°C, is not sufficient improvement to re-
duce fabricating problems as the sheet is still too brittle to allow
sufficient bending or forming. The increase in strength of sheet rolled
at 800°C exceeds the hardening and strengthening found by P,R. Mallory
& Co,, in forging these alloys at 800°C, They had attributed the increases
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to strain hardening from cold working.! It must be considered that any
forging or rolling 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 change in ductility or microstructure; this approxi-
mated the temperature range in which the alloy had originally been re-
duced to sheet. The microstructure of sheet rolled at 1000°C was un-
changed from that of the as received materiasl, except for a saw tooth
effect in the grain boundaries. Either the chilling effect of the rolls
and subsequent air cooling supplied a cooling rate that recreated the
original microstructure, or possibly the transformation is so sluggish
that the alloy was not at temperature long enough for any new microstruc-
ture to form. The hoating period of ten minutes was sufficient time for
the exposed edge surface to develc, an oxide coating, and for the pre-
vious surface oxide layers to diffuse inward a small amount,.

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

The metallographic examination of the prepared binary alloy series
of titanium - chromium and titanium - aluminum revealed the process of
transformation and recrystallization of this group of titanium alloys,
Cold-worked, arc-melted, unalloyed sponge titanium will recrystallize at
600°C; it is all in the alpha phase at this temperature, With an increase
in temperature tc 900°C, the alpha phase starts to transform to beta. The
beta phase is nucleated both within the grains and at the grain boundaries,
but more generally at the boundaries; the beta within the grains is ori-
ented on crystallographic planes, The transformation proceeds with in-
creasing temperatures and is virtually completed at 950°C. The same re-
crystallization ard phase changes take place in binary titanium alloys
containing 1, 2 and 3% Al, and 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, and all of the specimens
quenched from *000°C had a very large acicular transformed beta structure.
The titanium - chromium binary alloys over 1% chromium, and the 3% alumi-
num - 5% chromium - titanium alloy are mixtures of alpha and beta phases
at lower temperatures, When annealed at 800°C, 30% cold reduced speci-
mens of these alloys show no evidence of recrystallization. On heating
further, the alpha particles in these samples decrease in size as they
transform to beta (Fig. 31), and at about 950°C the microstructure con-
sists of smnll 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 large acicular beta grains,
accelerated grain growth having started at the final transformation of
the alpha phase. Recrystallization and grain growth of these titanium
alloys is thus inhibited while transformation is incomplete, This
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behavior is in contrast to that found in duplex brassi7»18 in which
either of the two phases, al and beta,may be induced to recrystallize
by appropriate treatments, Titaniun behavior also contrasts with that
of stecl, in which a grain refinement from the allotropic change takes
place in passing through the gamma to alpha iron transformation.

The lack of hardening responseof the alloy shect and of the spe-
cially prepared alloy buttons of the same composition to both thermal
and mechanical treatments seems to be a characteristic of this alpha-
beta type of titanium alloy. P.R, Mallory & Co., had rcported 2 similar
finding with this alloy containing carbon.

The recrystallization and grain growth characteristics of this alloy
suggest that changes are required in the procedures for ingot breakdown
and fabrication. Whilec short time heating cycles in air in the tempera=-
turc range of 700°C to 900°C will render the alloy more amcnable to de-
formation at these temperaturcs without materially affccting the micro-
structure or grain size, heating into the all beta region can only result
in an increased grain size duc to thc impractibility of heating just to
the end of the transformation. While the majority of the forging and hot
working operations that have been reparted in the literature on titanium
alloys have been performed at 900°C, startirg forging at 1050°C with fin-
iching not bclow 950¢C would rcsult in o aore positivc breoking up of the
ag=cast grain structurc. In hcating into this tcrperaturc range surfacc
orxidation and oxygen diffusion, howcver, bccones a serious problen.

VI, Conclusions

1. The 3% aluminum - 5% chromium - titanium alloy shcct as received
had too large a grain size to permit study of the preferred oricntations
produced by varying rolling and annealing procedures,

2., The forging and hot working of the as received shects were per=
formed under conditions which promoted the formation of oxidized surface
layers, and allowcd diffusion of thc layers into the shect.

3. The grain size could not be reduced by the usual methods of de-
formation and annealing.

L. The rcerystallization of this low carbon alloy is inhibited when
transformation is incomplete and o second phase is present in the micro-
structurc. When the alloy is heated into the all beta range, 925°%C or
over, to complete the transformation, an accelerated grain growth irme-
diately follows, nullifying this as a nethod of grain refinement.

5, A slight improvement in ductility of the sheet alloy was at-
tained by heating to 700°C for rolling; this increase however, is not
sufficicnt to alleviate the forming difficultics of this matorial.
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Figure 2 - Constant moment bend Jjig
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Mallory 3% Al - 5% Cr - Ti Alloy Sheet
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Fig. 14 Heat

Mallory 3% Al - 5% Cr - Ti Alloy Sheet
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Fig. 15 Quenched Twice from 1000° 100X




Mallory 3% Al -5% Cr - Ti Alloy Sheet Quenched from 1000°C
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Fig. 17 Reheated to 750°C Quenched 500X

Fig. 20 Reheated to 920° Quenched 500X  Fig, 21 Reheated to 980° Quenched 500X
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Mallory 3% Al-5%Cr-Ti Alloy Sheet C:13 rolled to 20% Reduction
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BEND TESTS- TITANIUM ALLOY

AS RECEIVED SHEET

TRANSVERSE TO ROLLING DIRECTION ~ LONGITUDINAL

COLD AND "WARM' ROLLED
SANDBLASTED TO REMOVE SURFACE =~ AS RECEIVED

REDUCED 10% 20% 20% 0% 20%
AT 20°C 20°C  200°C 200°c 200°C
HOT ROLLED

REDUCED 10% IN THICKNESS

700°C 800°C 900°C 1000°C

REDUCED 20% IN THICKNESS

700°C 800°C 900°C i000* C

BEND TEST SPECIMENS FIGURE 34




Figure 35

Microstructure and Rockwell A Haréness of Titanium Alloy Specimens.
Specimens were of are melted bars, cold rolled to 20% reduction, anncaled
1 hour at 800°C, cold rolled to 35% reduction, and heated in vacuum for

quenching.

Conpo- Structure Quenched Quenched Quenched Quenched

sition Before from 850°C ___ from 900°C from 950°C from %
Worked Alpha Recrystallized <% Bete in 205 Beta at  75% Acicular

3% Al grains, single Alpha singlc Alpha grain boundaries Beta, sonme
97% 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% Al grains,single Alpha, single no growth boundaries large acicula:

98% Ti phase phase no growth ains
63-63 58-61 59.5-60 59-60 2-63
Worked Alphe 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 growth grains
59-61 54=54 53=55 57=5745 57-59
1005 Worked Alpha Recrystallized 25% Beta,in 80% Beta, 100% Beta,very
Ti grains,single Alpha,single grains and sone large acicular
phase phase boundaries growth grains
64-64..5 5645=57.5 58-58 57-59 5745=59
Worked very 50f% Beta, 80% Beta, 90% Beta, 100% Beta,very
1% Cr snmall Alpha some growth some growth large grains large grains
99% Ti grains
63=64 64.45-66 64,-64, 63-65 64, ,5-66
Two phascs 60% Bcta 90% Beta, 100% Beta, 100% Bcta,very
2% Cr 4LO% Beta recrystal- large acicular large acic-
98% Ti lizing grains lar grains
63-64, 70=-T1 68-70 68-69 67.5-69
Two phase,large 75% Beta,Alpha 90% Beta, 100% Beta, 100% Beta,very
3% Cr grain network is oriented in recrystal- large acicular lage acicular
97% Ti basket weave Dbeta grains lizing grains grains
66-66,5 70-71 71-72 68,5=71 69,5-71
Two phase,large 75% Beta,Alpha  85% Bcta, 100% Beta, 100% Beta,very
4% Cr grain network oriented in 1g. reerystal- large acicularlarge acicular
9% Ti basket weave Beta grains lizing grains grains
67-68 72=73 75=76 TU=The5 445=75
Two phase, large 75% Beta,large 85% Beta, 100% Beta, 100% Beta,very
5% Cr grain network grain network recrystal- large acicular large acicular
95% T1i basket weave izing grains grains
64~66 72=713 75=76 Th=T4e5 T4e5=T5
3% A. Two phase,large 70% beta,lg. 85% Beta, 100% Beta,100% Beta,single
5% Cr grains,phases grain network small grains large grains phase lg.grains
92% Ti oriented in gr acicular very few necdles
68-69 67.5-6745 68-68 68-68 67-68
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Figure 36, Partial Phase Diagram of Titanium~Chromium System, NYU2
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Figure 38, From New York University Report on Navy Contr:ct No, NOa(s)51-331-C




Figure 39. Back Reflection X-ray
Pattern - 20% cold Rolled 3 Al-5
Cr- Ti Alloy Sheet

Figure 41. Back Reflection X-ray
Pattern - Sample of Figure 39
after quenching from 920°C.

Figure 40, Microstructure of
X-rayed area of Figure 39,
Electropolished 500X
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Figure 42. Microstructure of
X-rayed area of Figure 41,
Electropolished 500X
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[ ~ Figure 43. Tabulation of Tension and Bend Test Results
: Ultimate Mcasured Chart Total Chart Plastic Fiber Strain
b Treatment Strength Elong 2"  Strain Strain in Bend Test
As rec'd : i ‘
Long. 163,000  3.5% 2.8% 2.0% 243452, 207
Long. 159’500 2.5% 2.& ] 1.3% 2'80-2015%
i 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% 2,1% 2 10w e
J 306%8%020% 168,960  3.5% - 3.13% 1.90% 1.71-1.96%
Roéledoclo% 157,000 x 3.70% 2.63% 3.04~-2,61%
50
Ro:élegc 206 162,500  3.0% 2.63% 1.50% 24 26%-—mm
50!
Rog;.gc 106 158,400  5.0% boblF 3.32% 2,99-2,51%
; ‘ nc%legc 206 167,700  3.5% 3.00% 1.82% 2,70-2,36%
) 75
Ro%ledocltﬁ 160,000  5.0% 4. 25% 3.25% 2,56-2,36%
m J
Rollegc 206 169,280  6.0% 5.0% 3.66% 2.36-2,21%
o0 . :
Rolle%c 105 158,740  1.5% x x 2.84-3,22%
700 ~ :
30'17106“%2% 160’740 LQSS . x X 20244-20“5
Rolled lm 1%’330 lcm x b 4 1,0% -1.%‘
‘ 800°C
| Rolled M 190,300 o75$ x X xX* - x*
: 800°C
900°C e
Rolled 20% 144,400 1.0% x x 1.5%%= x*
900°C . ;
Rolled 10% x x x x SE x*
1000°C . p
Rmd 2“ 118,40) 1.5’ b 4 b 4 10“.-.,. 4

- (x) Not detcrmined.
(%) Fractured
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Appendix I - Side Load and Bending Moment Analysis of 'Constant Moment
Mﬂ‘ Ji"o
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Appendix II - Mathematical Derivation of Radius of Curvature 'r' from
Measurement of Height of Bend of Specimen 'h!,

2ta ﬁb-—v()‘*(;c)a

RILVASS YW AR AN
,
Zad =Arpcl
a
= a3
G = /. o000”
= v
€t 1&" 84
Derivation of Method of Evaluation of Tensile Strain
from Radius of Curvature,
Mo
- L ] Ay =Lots
Ly
e
)/Q H e L2arls .,
£ i :
\-/—— \7 s
\ / la - Oa i
\ ; Ly = Ocart) <2
"\ / - /4(4*4‘]

: Y oy dla = —d&(o-a)
= ~ O [latmsé)—a] (3)

= laﬂrt-mty(q.)
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Appendix III - Derivation contimued

X /s assomeo consFant and
T jperentrating ) and (2)
ALy = Eda » a L&
Lly = Oda + (a7t a8
eliminatrng & n (3 and %)

déa_‘ de e La

—_—

La a fa(a+z)

dly _ da _ 4L«

— -

L L7 facart)

7hease can Dbe spife 7/4/:.‘/ —_

Lk o e Za
A Za ¥ 7?2 7aard)
LK a vafee 2 = erZ_ X, vsed —
& P
& = £ s
S AR 272
&y = ‘2 e S

/S A 2 r2/72

e, 1s thus the tensile strain in the outer fibers, and the values
a corres pond.i.nc the values of z calculated from the radius of

of
t.uro thickness measurements of the specimens can be read
from a gra




