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FOREWORD

This report was prepared by the HEngineering Research Institute
of the University af Michigan, Ann Arbor under USAF Contract No., AF 33
(616)-244, The Contract was initiated under Project No. 7351, "Metallic
Materials,* Task No. 73510, "Titanium Metals and Alloys®. The work was
administered under the direction of the Materials Laboratory, Directorate
of Laboratories, Wright Air Development Center, with Lt. H. M, Burte
acting as project engineer,

The report covers work conducted from October 1, 1953 to
February 28, 1955.

The research was identified in the records of the Engineering
Research Institute as Project No., 2076.
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ABSTRACT

An investigation was carried out to establish the relationships
between types of microstructure and creep-rupture properties of titanium
alloys at 600°F to 1000*F, Chemical composition and the influence of heat
treatment was investigated to a limited extent for each type of alloy. The
data are fairly complete for some alloys and consist of survey test data for
others,

Alpha titanium as represented by commercially pure titanium had
the lowest strength, Stable alpha alloys (6% Al and 6% Al - 0, 5% Si) and stable
beta alloys (30% Mo and 50% V) had similar strengths, These alloys had the
highest strength at 800°*F and 1000°F where creep was a major factor, The
alpha-beta alloys (Ti 150A and Ti 155AX) and the meta=-stable beta alloys had
high strengths through 600°F and for short time periods at 800*F by virtue of
strengthening from transition structures from the beta to alpha transformation,

Compositional differences between alloys had rather small effects in
most cases, Properties of the alpha-beta and meta-stable beta alloys were
markedly influenced by heat treatment except at 1000*F, The other structures
were little influenced by heat treatment, Ductility varied considerably between
alloys and with heat treatment and test conditions,

None of the alloys were subject to appreciable creep at 600°F and
strength was governed by tensile properties for time periods up to 1000 hours,
Increasing tensile strength by cold work or by heat treatment permitted applica-
tion of high stresses which usually caused immediate fajlure at 600°*F when the
stress was above the yield strength, This seemed to be a delayed tensile
fracture rather than true creep to rupture., Creep and structural stability were
the major factors in strength at 800*F and 1000°F,

PUBLICATION REVIEW

This report has been reviewed and is approved,

FOR THE COMMANDER: W%ﬁ,‘%

R. R. Kennedy
Chief, Metals Branch
Materials Laboratory
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INTRODUCTIOND)

This report presents the results of a survey of the relative creep-
rupture properties of titanium alloys in the temperature range of 600" to
1000°F, The major emphasis was placed on the role of the crystal structure
developed in the matrix by alloy additions. Alpha titanium, stabilized alpha,
alpha plus beta, meta-stable beta and stable beta structures were investigated,
Because similar types of crystalline structure can be developed with different
alloying elements, two alloys differing in chemical composition were used as
examples of each type of structure, This enabled the development of an indication
of the relative importance of crystal structure and the alloying elements used to
form the structure, Each alloy was further investigated in several conditions of
heat treatment so that microstructural variations within each basic structural
type could be evaluated,

A previous report (Ref, 1) presented the results of an initial survey
limited to one alloy of each type, The data from that report is used in developing
the conclusions of this report, The limited survey type tests of Reference I were,
however, extended for the alloys covered in that investigation for selected heat
treatments to cover a wider range of creep-rupture conditions: the object being to
delineate properties better, ILimited structural studies were made to obtain
indications for causes for variations in properties,

ALLOYS AND MICROSTRUCTURES

The specific alloys chosen to represent the various structural types
were determined by consultation with representatives of the Material Laboratory,
WADC, The alloys chosen were the following:

l, Alpha Titanium: commercially pure titanium (Ti 75A)

2, Stabilized Alpha: 6% aluminum (6Al); and 6% aluminum +
0.5% silicon (6Al + 0, 5 5i) alloys,

3. Alpha + beta: 2,7% Cr - 1,3% Fe (Ti 150A); and 1, 4% Cr -
1.3% Fe ~ 1.3% Mo - 5% Al (Ti 155AX) alloys,

. Meta-Stable Beta: 10% molybdenum (10 Mo); and 10%
chromium (10 Cr) alloys,

5. Stabilized Beta: 30% molybdenum (30 Mo); and 50%
vanadium (50 V) alloys,

The Ti75A, 6Al, Til50A and 30 Mo alloys were previously surveyed for creep-
rupture characteristics for Reference I,

The chemical cbmpositions of the alloys are given in Table I,

”Manusc’:ript released by authors September 6, 1957 for publication as a WADC
Technical Report, :
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The values for carbon, nitrogen and the major alloying elements were obtained
from the producers, Analyses of three alloys for oxygen and hydrogen were
obtained from the National Research Corporation, The remaining hydrogen
values were provided by the Materials Laboratory, WADC,

The Ti 75A, Ti 150A and Ti 155AX alloys were purchased from the
Titanium Metals Corporation as bar stock, The other alloys were purchased
from the Armour Research Foundation of the Illinois Institute of Technology,
These had been melted as approximately 10-pound heats and forged to bar stock,
Ingots weighing about 1000 grams were initially produced in a nonconsumable
electrode tungsten-tip arc furnace and forged to 0, 5-inch bar stock, After sand
blasting and acid dipping, the bars of the several ingots were remelted ina
consumable electrode furnace to produce the 10-pound ingots, The ingots were
scalped and forged to bar stock,

Because the initial stock of certain alloys was exhausted before all the
tests were completed, it was necessary to purchase additional material, The
additional stock came from different heats, The compositions reported for the
individual heats are given in Table 1,

GENERAL PROCEDURES

The major steps in the investigation were:

1, [Establish the heat treatments to produce the desired types of
microstructures,

Evaluate the tensile, rupture and creep characteristics of the
structure,

3, Analyze the influence of microstructural changes during tests,

4, Correlate microstructural and compositional variables with
properties,

The data of Reference | for Ti 75A, 6 Al, Ti 150A and 30 Mo alloys
were reviewed with representatives of the Materials Laboratory, WADC to select
the heat treatments of these alloys to be used for more extensive evaluation of
properties over a range of stresses, The new alloys added for the investigation
covered by this report were studied for the effect of heat treatment on microstructure
and a series of heat treatments was then selected for the property evaluation,

The alloys carried over from Reference | were subjected to tests
selected to provide the following informiation:

1, Stress-rupture time curves from 100 to 1000 hours,
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Curves of stress versus time for total deformation of
l-percent out to 1000 hours, Data were included for
other total deformations between 0, 1 and 5 percent
which could be obtained from the creéep curves used

to establish rupture and l-percent deformation strengths,

The properties of the new alloys in the investigation were surveyed
by the following tests:

1 Tensilie tests at room temperature were used to

eliminate excessively brittle structures from the prograrm,

2, Tensile tests at elevated temperatures were used to guide
the selection of stresses for rupture tests as well as to
provide strength data for the structures,

3. The stress for rupture in 100 hours at the elevated tempera~
tures was defined by two rupture tests,

4. One cregp test intended to give a creep rate between 10-°
and 107" inch per inch per hour {0.0001 to 0,00001 percent
per hour) was used to indicate limited deformation strength,

Structural characteristics were evaluated mainly by microstructural
studies and by hardness tests, In some Cases x-ray.diffraction methods were

used to help identify phases in the microstructures, Microstructures were also
examined after creep-rupture testing,

EXPERIMENTAL TECHNIQUES

Heat Treatments

All heat treatments were carried out in a purified argon atmosphere,
A stainless steel muffle was kept under a static argon pressure., The argon was
' passed through heated titanium chips before entering the muffle, '

Specimens
il

Tensile, rupture and creep tests were conducted on standard 0, 250-
inch diameter specimens with a l-inch gage length, The specimens were
machined after heat treatment,

Strain Measurements

Strain measurements during tensile and Creep tests were made with a
modified Martens type optical extensometer, Collars were threaded on to the
specimens ahead of the pulling adapters, Extension rods were attached to pins
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on the collars, Mirrors attached to rollers were mounted between rods attached
to the upper and lower extremities of the specimen, Extension of the specimen
caused the extension rods to rotate the mirror which reflected an image of scale
through an optical beam to a telescope, The readings of two extensometers
attached to opposite sides of the specimens were averaged, The sensitivity of
the extensometer system was approximately 5 x 10-6 inches per inch,

Attachment of the extensometer at the shoulders of the specimens

caused them to measure extension in the fillets as well as in the gage section,
Correction factors were used to properly account for this effect (see Appendix I).

Tensile Tests

Tensile tests were conducted with a hydraulic tensile machine, The
load was applied in increments of 5000 psi up to the yield strength to allow strain
measurements between increments, When the yield had been exceeded the tests
were completed with the load being continuously applied at a free head speed of
0, 05-inches per minute,

In tests at elevated temperatures, the specimens were set up in an
electric resistance furnace at the test temperatures, Temperature adjustments
and the tests were completed within two hours. Temperature variation along the
gage length and variation from the nominal test temperature was less than +3°F.
Thermocouples attached to the center and both extremities of the gage length
were used to measure temperatures,

Stress-strain curves were plotted and the yield strength for 0,2-

percent offset determined, The usual tensile strength and elongation and reduc-
tion of area values were reported,

Rupture and Creep Tests

Rupture and creep tests were conducted in single specimen simple
beam loaded units equipped with an automatically controlled electric resistance
furnace, The procedure for the rupture and creep tests was the same as the
tensile tests with the following additions:

1. Loads were applied through a simple beamn, Strain
readings were taken between increments of applied
load and a stress-strain curve plotted to provide
a measure of the initial deformation during loading,

2. Strain measurements were made during the rupture
and creep tests with sufficient frequency to provide
accurate creep curves, For the lower stress creep
curves, strain was measured at least once a day
during the 1000-hour tests. Creep curves including

WADC TR 54-112 Pt III 4



the deformation on loading were plotted and the time for
total deformations of interest read from the curves,
Minimum creep rates were also measured,

3. When the specimens fractured in the rupture tests, an
automatic timmer was shut off to record the rupture time,
Ordinary elongation and reduction of area were measured
after the broken specimens had been removed from the
rupture-test units,

Metallographic Examination

Specimens were cut with an Allison high-speed glass cutting wheel
with continuously circulating coolant, Wet grinding and polishing on wet 600-
mesh silicon carbide abrasive paper was used for rough polishing, The finish-
ing operation was usually an electrolytic polish although mechanical polishing
was used in some cases,

Electropolishing was carried out with a l0-percent by volume
solution of perchloric acid in glacial acetic acid, Polishing times were up to
10 seconds at a current density of about 2,5 amperes per square centimeter,

In mechanical polishing, a 4 to 8 micron diamond compound applied
to the back of a sheet of photographic printing paper resting on a glass surface
was used for the first step, Final finish was obtained with a water suspension
of Linde B powder applied to a rotating lap,

Alpha alloys were etched in a solution consisting of 2 parts HF,

2 parts HNO; and 100 parts H;O. Alpha-beta, meta-stable beta and beta alloys
were etched in a mixture of 1 part HF and | part glycerine,

X-Ray Techniques

Specimens were mechanically polished and etched with HF to
remove disturbed surface layers, Diffraction traverses at 2° (28)
per minute were made with a high angle geiger tube automatic recording
spectrometer, Copper radiation at 45 kilovolts and 12 milliamperes was
used, The radiation was filtered with two 0, 00035-inch nickel filters,
Radiation was introduced through Soller slits, the combination used being 4°* -
0.006-inch - 4°, ' :
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ALPHA TITANIUM

The alloy studied was commercially pure titanium (Ti 7HA),
Most of data obtained extended the evaluation of properties over a wider
range of stresses at 600°F than was covered by the survey tests of Reference
1, Two treatments, annealed at 1500°F and annealed plus cold rolled to a reduc-
tion of 31 percent, were selected for the extended testing, These two treat-
ments gave the extremes of strength found in the survey tests of Reference 1,
Tests were limited to 600*F due to the very low strength of the material at

higher temperatures, :

Survey-type tests were also used to evaluate an acicular typé
structure developed by gquenching in iced brine from 1800°F,

Experimental Material

The stock used for the investigation was from Heat M 626 having
the chemical composition given in Table 1, The stock from Heat 1., 984 used
for the survey tests of Reference 1 had been exhausted, Hali-inch diameter
bars of commercially produced alloy were used,

Annealed and Cold-Worked Structures

The alpha structure of the Ti 75A consisted of equiaxed grains
(Fig. 1) when annealed at 1500°F, A subsequent cold reduction of 31 percent
elongated the grains, There also appeared to be a small amount of a second
phase believed to be beta, in the grain boundaries,

Properties of Structures

Tensile Properties

Cold work increased tensile strengths (Table 2) over those of the
annealed condition at both 75* and 600°F, with the largest percentage increase
at 600*F, The elongation was substantially reduced while reduction of area was
changed very little, The tensile properties were similar to those of Reference 1
for Heat 1. 984,

Rupture Properties

In the annealed condition the rupture strengths at 600*F (Table 3 and
4 and Fig, 2) for 100 and 1000 hours were equal and at most only slightly below
the tensile strengths,
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When cold worked the rupture strengths at 600*F were higher than
for the annealed condition (Table 3 and 4 and Fig, 2), The rupture strengths,
however, did decrease with increasing time for rupture so that the 1000-hour
rupture strength was only 80 percent of the tensile strength,

The data show that rupture of the cold-worked condition occurred
in a very short time after loading when the stress was equal to or greater than
the yield strength, This was not true for the annealed condition where rupture
did not occur in 1000 hours under a stress equal to 161 percent of the yield
strength, This is shown by Figure 3 which superimposes rupture strengths on
stress-strain curves from tensile tests for the two conditions,

The cold work reduced elongation and reduction of area in the rupture
tests in comparison to the annealed condition, They remained high enough,
however, to be more than adequate as judged by ordinary standards. Moreover,
they did not decrease in the usual manner with increasing time for rupture,

The stress-rupture time curves for the cold-worked condition had less
slope than the curve for the similar treatment in Reference I, As a result, the
longer time rupture strengths were somewhat higher than was indicated by the
survey data for the first heat studied (Heat 1. 984),

Total Deformation and Creep Properties

The data of Tables 3 and 4 and Figures 2, 3 and 4 show the following
regarding creep of the alpha titanium alloy (Ti 75A) at 600°F:

: !, When annealed at 1500°F creep was very slight even for stresses
within 3000 psi of the tensile strength, Total deformation strengths were governed
by deformation on loading, For instance, the test under 33,000 psi reqguired 250
hours to reach 3 percent deformation even though the deformation on loading was
2,55 percent, "

2, When cold reduced 31 percent after annealing, creep became a
major factor in total deformation strength even when stresses were well below the
yield strength, :

3. The stress for l-percent total deformation in 1000 hours for the cold-
worked condition was 43,000 psi with a deformation of 0,5 percent on loading, The
data did not define this strength for the annealed condition other than to show that
it would be about the same as the stress for | percent deformation on loading,

i,e,, 25,500 psi,
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: 4, The deformation and creep data for the cold-worked condition
(Figs. 2 and 4) indicate a higher relative creep resistance for stresses above
57,000 psi than for stresses of 44,000 psi or lower, The result was that much
lower l-percent total deformation strengths were indicated for time periods of
100 to 1000 hours than would be anticipated from the creep-rupture tests,
Apparently the cold work was less effective when the stresses were low,

5, The total-deformation strengths considered were substantially
higher (Table 4) for the cold-worked than for the annealed condition, It can,
however, be inferred from Figures 2 and 4 that the superiority of the cold-
worked condition decreases with time and with a decrease in the comparative
total deformation, For limited amounts of deformation in very long-time
periods cold working would not be of much advantage,

6. Due to the large amounts of deformation during loading at stresses
required to obtain appreciable creep in the annealed condition, considerable
difficulty was encountered in conducting the tests, For this reason there are
numerous gaps in the reported data in Table 2, Also, it was only possible to
obtain stress versus time for total-deformation data at odd deformations, There
were also inconsistent values between tests which were due to specimen variations,

7. The creep rates measured for both conditions indicated higher
creep strengths than were observed for Heat L 984 of Reference | in the initial
survey, It will be recalled that the tensile tests showed no significant difference,
Thus it appears that Heat M 626 used for this report retained strength better
under creep conditions than did Heat L 984,

Microstructural Changes During Testing

No evidence of structural changes during creep and rupture testing
was found by microstructural examination of several specimens (Fig, 1 ).
The only changes were those due to the plastic extension on loading or during
subsequent creep,

 Acicular Alpha Structures

Experiments were carried out to attempt to develop other micro-
structures of alpha titanium in the Ti 75A material than the equiaxed grains used
in the work for Reference 1., These are shown by Figure 5 and may be summarized
as follows:

1, Quenching in iced brine from 1700°F did not change the normal
equiaxed grain structure, Either the temperature of heating or the rapid cooling
nearly suppressed the excess phase which was present in the grain boundaries
after slow cooling from 1500°F,
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2

and 1800°F,

An acicular structure was formed by quenching from 1750°F

3. Slow cooling from 1800°*F produced a feathery structure within
the alpha grains, Raising the temperature to 2000°F resulted in a coarse basket
weave structure,

The material quenched from 1800°F was selected for further

testing because it exhibited the greatest deviation in structure and tensile
properties from the annealed condition,

Properties of Acicular Structures

The acicular structure developed by quenching from 1800°F had
considerably higher tensile and rupture strengths than the condition of annealing
from 1500°F (Tables 2 and 4 and Fig, 6), There was no stress dependency for
rupture at 600°F while the structure was subject to creep at 800® and 1000°F,
Rupture strengths at 800® and 1000*F were higher than for either the annealed
or the annealed and cold-worked conditions, Ductility was good to very high in
all tests,

The material was subject to marked alteration of properties by
quenching from a high temperature, The acicular structure in many respects
resembled those formed when beta stabilizing alloys are present, Apparently
the transition structure resulted from the high-temperature treatment, extremely
drastic quench and possibly a slightly high concentration of beta stabilizing elements
such as the iron content of 0, 19 percent,

Discussion of Creep-Rupture Characteristics of Alpha Titanium

The general conclusions from the original survey tests at 600°F
(Ref, 1) were not changed by the more extensive tests on alpha titanium (Ti 75A),
The major characteristics at 600*F may be summarized as follows:

1., In the annealed condition there was very little or no indication
of time -dependent creep or rupture, Deformations in time periods up to 1000
hours were governed by the deformation on loading,

2, Raising the tensile and yield strengths by cold work or by
quenching from high in the beta range permitted the application of much higher
stresses than for the annealed condition, This did induce some time dependency for
creep and rupture, In particular, rapid failure by rupture occurred when the
stresses were above the yield strength, The rupture and total-deformation
strengths, however, were much higher than for the annealed condition, When
stresses were lowered to the same range as the tensile strength in the annealed
condition, creep practically disappeared in the cold-worked or the quenched
materials,
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These results suggest that creep only occurs in this material when
treatments are used which raise the tensile strength to the point where high
stresses can be applied without immediate failure, In the annealed condition
the maximum stresses which could be applied were too low to activate creep
at 600*F, even when yielding occurred,

Other factors than raising the tensile strength appeared, however,
to be involved, Quenching from 1800°F raised the creep resistance more for
stresses in the range of 50,000 psi at 600°*F than did 31 percent cold work,
even though the cold work raised the tensile strength more., The cold work
may have been too extensive and introduced structural instability in the form
of recovery from cold work, The results of Reference | for higher test
temperatures indicated that this could be true, On the other hand, the quench
from 1800°F produced a transition structure which could have been inherently
more creep resistant as was evidenced by the improvement in strength over
the annealed condition at 800*F and 1000*F where cold work was dominant,

The Ti 75A material is in fact a fairly complex alloy, It is known to
contain appreciable amounts of oxygen, nitrogen, carbon, hydrogen and iron,
There may be other elements in trace amounts which have not yet been identified
as influencing strength, It is known that Ti 75A is subject to strain aging (Ref,
2) as would be expected from the small atom alloying elements known to be
present, The microstructures observed in this investigation suggest the presence
of retained beta and, during quenching, transition structures between beta and
alpha which would require the presence of substantial amounts of beta-stabilizing
elements such as the iron, It is suggested that the strengthening imparted by
strain aging was effective in stopping creep in the annealed condition and was
a major factor in strengthening from cold work and from quenching from 1800°F,
In both the latter cases strain hardening was probably also a contributing factor,
The quenching probably increased solution of odd-sized elements as well as
contributing to strength from the known strengthening by retention of beta-to-
alpha transition structures,

It can be assumed that the actual performance of the material includes
a complex function of the amount and types of alloying elements present, as well
as possible strain aging and hardening effects, Evidently some compositional
factor was sufficiently different to stabilize strength at 600°F in comparison to
early creep results which showed Ti 75A in the annealed condition to be subject
to creep at 600°*F (such as the results of Reference 2},
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STABILIZED ALPHA ALLOYS

Certain alloying elements inhibit the transition of alpha titanium
to beta titanium upon heating, In addition, the temperature region of co-
existence of alpha and beta is narrowed and increased in temperature, Proper
amounts of such alloying elements result in an alloy in which it is not possible
to retain beta at ordinary temperatures by rapid cooling, Such alloys are
termed alpha stabilized alloys, The outstanding element for producing this
type of structure is aluminurm,

Two alloys, one containing 6 percent aluminum (6Al) and the other
containing 6 percent aluminum plus 0, 5 percent silicon (6Al - 0,5 Si) were
used to evaluate the Creep-rupture properties of stabilized alpha structures
in titanium alloys, Complete stress-rupture time curves and sufficient
additional creep tests to establish total deformation strengths were used to
define the properties of the 6 Al alloy more completely than the survey tests
of Reference 1, Survey type tests on the 6 A] - 0.5 Si alloy were used to
check the relative effects of alloy type and composition,

Stabilized Alpha Alloy 6 Al

Tensile, rupture and total deformation characteristics were evaluated
for the 6 Al stabilized alpha alloy at 600° and 1000*F, The alloy was evaluated
in the as ~forged, as -forged plus 12 percent cold reduction, and water quenched
from 2025°F conditions, These three treatments provided a survey of the
general types of microstructure for the alloy,

Because the material used for the work of Reference | had been
exhausted, a new heat (designated 4a in Table 1) was used for the evaluation,
The 3~inch diameter, 10-pound ingot was forged to 0, 5-inch diameter bars from
2100°*F,

Microstructures Evaluated

In the as-forged condition, the structure consisted generally of
elongated grains, The cold reduction of 12 percent produced an additional
slight elongation of the grains., Water quenching after | hour at 2025°F in
the beta range produced a fine, oriented lamellar structure within the boundaries
of the beta grains which existed at 2025°F, It also developed a few areas of
enlarged serrated alpha grains,

Tensile Properties

The cold reduction of 12 percent raised tensile strengths and slightly
reduced ductility at 75*, 600® and 1000°F in comparison to the as-forged
condition (Table 6), The yield strength of the cold-worked condition was
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raised to a very high level at 600°F and was only slightly below the tensile
strength, The quench from 2025°F rais ed tensile and yield strength at 75°F
in comparison to the as-forged condition, There was little difference in
properties at 600* and 1000°F, '

Rupture Properties

The rupture-test data are given in Tables 7, 8, and 9 and by
Figures 7 through 11, There was no time dependency for rupture strength
at 600*F for any of the three conditions evaluated (Fig. 7). The only
exception to this was the immediate rupture after loading for the material
cold reduced 12 percent when the stresses were above the yvield strength,
As pointed out in the previous section, the cold work raised the yield
strength almost to the tensile strength, The other two treatments resulted
in material which would not rupture in 1000 hours at 600°F when loaded well
above the yield strength and just under the tens ile strength, These relation-
ships are shown by Table 10 and Figure 11,

This behavior in rupture tests at 600°F resulted in the rupture
strength up to 1000 hours being practically the same as the tensile strength
for the as-forged material and for the material quenched from 2025*F, FIor
the cold-worked condition it was reduced slightly to about the yield strength,

When tested at 1000°F, the rupture strengths were time dependent
for all three conditions (Figs. 8, 9 and 10}, The rupture strengths were
slightly higher at 100 hours for the material quenched from 2025°F than for
the as-forged condition, The cold work reduced strength for 100 and 1000
hours by about 5,000 psi, Consequently, the superior tensile strength of the
cold-worked condition was only maintained at 1000°F for short time periods
for rupture,

The test data indicate an unusual stress-rupture time curve (Fig. 9)
at 1000°F for the cold-worked material, The test at 20,000 psi had a longer
rupture time than was indicated by the higher stress tests. This may be due
to variation between specimens or indicates recovery from the damage from
cold work after prolonged exposure to LO00°F,

Elongation was high in all the rupture tests at 1000*F, It tended to

increased with time for rupture for the as-forged and for the cold-worked
conditions while it decreased slightly for the quenched material,
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Creep and Total Deformation Characteristics

The deformation during loading controlled total deformation
characteristics at 600°F, (See Tables 7, 8 and 9 and Figure 7), Onlya
slight amount of creep accumulated after the loads were applied for any
of the treatments, Because the stress versus time for total deformation
curves would be horizontal, tests were not conducted to completely establish
such curves, Minimum creep rates were very low for tests well above the
yield strength for the as-forged and water-quenched from 2025°*F conditions
(Fig, 12), The cold-worked condition showed higher creep rates and probably
more stress-dependency for creep rate,

Creep was a controlling factor at 1000°F for all three treatments,
(See Tables 7, 8 and 9 and Figures 8, 9 and 10). Consequently, stress versus
time for total deformation curves were obtained showing marked time dependency
for the stress for a limited amount of deformation, All three conditions had
curves which tended to flattened out at the longer time periods although this
was very slight in the cold-worked condition, Comparative stresses for
specific deformations in 100 and 1000 hours (Table 10) show that the as -forged
or 2025°F water quenched condition were significantly stronger for 0.5 or
l. 0 percent total deformation in 100 or 1000 hours than was the cold-worked
condition,

The time period at which thirdbstage creep started at 1000*F seemed
to be nearly independent of stress for stresses below about the 1000-hour
rupture strength, This was most marked for the cold-worked condition and
least for the as-forged,

The material quenched from 2025°F had the highest strengths at
1000*F based on minimum creep rates (Fig, 12), The cold-worked material
was weakest, This was consistent with the trend of the total-deformation
strengths,

Structural Changes During Testing

Specimens were examined microstructurally after testing, The
material as-forged or water-quenched from 2025°F showed no appreciable
change after any of the tests, The as -forged and cold-worked material,
however, underwent recrystallization at 1000*F as is shown by Figure 13,
There was some evidence of recrystallization in 82 hours at 1000°F, It had
progressed to a considerable extent in 187 hours and appeared to be quite
complete in 1100 hours,

Discussion
bl

Strengths of the 6 Al alloy at 600°*F for time periods up to 1000
hours were dependent on tensile properties, There was little indication of
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reduction in strength with time by creep., The only unusual feature was the
immediate rupture of specimens of the cold-worked condition when loaded
above the yield strength, The as-forged material and the material quenched
from 2025°F could be stressed far above the yield strength during loading,
The 6 Al alloy was similar to the alpha titanium Ti 75A in these character-
istics,

The cold reduction of 12 percent raised yield strength to a
considerable extent, The usual margin of safety from immediate failure _
derived from the deformation between tensile and yield strength was absent.
Thus, unusual care would be necessary not to depend on this feature when
designs are based on yield strength, The investigation does not indicate how
much cold work can be absorbed by the material before there is no ability
to sustain a load above the yield strength, Presumably this would be rather
small inasmuch as 12 percent reduction was subject to the effect.

The immediate failure at 600°F after loading above the yield
strength in the case of the cold-worked 6 Al and Ti 75A materials is not
a creep failure in the usual sense, It appears to be an unusual phenomena in
which an increasing stress can be sustained only provided the stress is in-
creasing, as in a tensile test, If, however, the load is kept constant after
yielding starts, failure occurs almost immediately, The basic mechanism
involved in this unusual behavior was not identified,

At 1000°F, the load carrying ability was time dependent due to
rapid and extensive creep, The creep behavior appeared to be the normal
type usually encountered in any material above some limiting temperature,
The rupture strengths were reduced and the minimum creep rates increased
by cold work, The loss of strength in the cold worked material can be due
to recrystallization, The properties of the fine lamellar structure obtained
by quenching from 2025°F were surprisingly similar to those of the elongated
grain structure of the as-forged condition., The shapes of the total-deformation
curves and the third-stage creep characteristics do suggest a structural change
at about 1000 hours, although this was not obvious in the microstructures,

The comparative data in Table 10 show that tensile and 100-hour
rupture strengths indicate less of a difference between treatments than do the
total-deformation strengths, The survey tests of Reference 1 did not indicate
that immediate rupture could occur when the cold-worked material was stressed
above the yield strength at 600*F, The increase in strength from 12 percent
cold work in the present investigation was more than would be anticipated from
the data in Reference 1,
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Stabilized Alpha 6 Al - 0, 5 Si Alloy

The general relationships developed between stabilized alpha
microstructures and Creep-rupture properties using the 6-percent
aluminum alloy were checked using a 6-percent aluminum plus 0, 5-percent
silicon alloy, The same types of treatments used for the 6 Al alloy to
vary the form of the stabilized alpha structure were used for the 6 Al - 0.5 Si
alloy, A wider difference in chemical composition between the two alloys would
have been desirable, However, a suitable alloy was not available at the time,

Experimental Material

The as-forged 0, 5-inch diameter bar stock used for the investigation
was forged (probably from 1850 *F) by the Armour Research Foundation
from a 10-pound ingot, The available chemical analyses for the heat are
given in Table 1, It should be noted that the titanium sponge used for the
Al-5i alloy had a Brinell hardness of 124 while that used for the 6 Al alloy
was 148, indicating a possible significantly lower interstitial element content
for the Al-Si alloy,

Heat Treatments and Microstructures

Typical photomicrographs after several heat treatments are shown
in Figure 14, The as-forged condition had an alpha structure composed of
elongated plates, When cold reduced 37-percent there was evidence of elonga-
tion of the alpha plates, Cluenching from 2100°F resulted in much finer
alpha plates, The alpha plates were made considerably more distinct from
some grain growth and by the darker etching of the boundaries when the as-
forged condition was heated for 24 hours at 1100*°F, A quench from 1925°F
plus 24 hours at 1100°F caused considerable darkening of the fine plates,
Slow cooling from 1925°F to 1100°F and holding for 24 hours developed
comparatively coarse plates with a dark etching phase at the boundaries,

Tensile Properties

A major change in tensile properties was only introduced by
cold working {(Table 11), The pronounced increas es in strength were maintained
to 1000°F (Fig, 15), The cold work also reduced ductility at 75°F and 600°F
but not at 1000*F, The other treatments had relatively little effect on properties,
The reductions in ductility from exposure to 1100*F were rather small and
did not show the embrittlement reported in the literature from titanium silicide
precipitation at this temperature,
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The as-forged condition was selected for elevated temperature
tests as the base material, The cold reduction of 19 percent was included
for comparison with the 6 Al alloy. A cold-reduction of 33 percent was
used to show the effect of a larger reduction than could be applied to the
6 Al alloy due to cracking of the latter material at larger reductions, The
material quenched from 2100°F was used to show the influence of the largest
alteration of structure obtained by heat treatment alone,

Rupture Properties

The 6 Al - 0.5 Si alloy was not subject to time dependent rupture
at 600°F {Table 12 and Fig, 16), The two tests on the as -forged condition
which ruptured during loading probably represent variations in strength
between specimens of the as-forged material. A test on material cold
reduced 19 percent did not rupture in 1000 hours even though the stress was
above the yield strength and only 9,500 psi below the tensile strength, The
material cold reduced 33 percent fractured in 0, 3 hours when the stress was
below the yield strength but still only 10,500 psi below the tensile strength,
The material quenched from 2100°F did not fracture when tested at a stress above
the yield strength,

At 800°F there was a slight indication of time-dependent rupture
(Table 12 and Fig. 16) for the as-forged condition, Tests at 800°F were
limited to this treatment, The ductility apparently decreased considerably
with time for rupture from that in the tensile test,

At 1000°F, the alloy was subject to a pronounced decrease in rupture
strength with increasing time (Table 12 and Fig, 16). The material cold
reduced 19 percent was strongest at 100 hours and the as-forged was
strongest at 1000 hours, The material cold reduced 33 percent was weakest
for time periods beyond about 10 hours, The rupture curves are not well
established, It seems evident that the quench from 2100°F did not produce
the strongest material as did a quench from the beta range in the case of the
6 Al alloy, The ductility of the material cold-reduced before testing tended
to increase with time for rupture, There was little change for the other
materials,

Creep Characteristics

Survey creep tests at 600°F (Table 12 and Fig, 17} indicated that
most deformation occurred during loading, Stresses well above the yield
strength had to be used to develop creep rates in the range of 106 inches
per inch per hour (except for the material cold reduced 33 percent),

At 800°F the as-forged condition could carry a stress within
about 7,000 psi of the yield strength without exceeding l-percent deformation
in 1000 hours. It was, however, considerably more subject to creep than at
600°F,
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The alloy was very susceptible to creep at 1000°*F (Table 12 and
Fig, 17), The survey tests did not show much difference in minimum
creep rates between the four treatments, More tests might have shown
more slope to the creep curves of Figure 17, particularly for the cold-
worked conditions,

Microstructural Changes During Creep-Rupture Testing

Typical microstructures after testing are shown by the photomicro-
graphs of Figure 18, The major change in microstructure occurred in the
cold-reduced material during testing at 1000*F, It appeared as if recrystalliza-
tion and/or growth of the alpha plates occurred accompanied by the appearance
of a dark etching phase at the boundaries after the longer times of exposure,
There was little change in the grain structures for any of the treatments after
testing at 600°F; or for the as-forged condition when tested at 800°*F, Little
change in the as-forged or quenched conditions was visible after testing at
1000*F, except that due to specimen deformation during testing,

A dark etching material formed at the boundaries of the alpha particles
during testing at all three temperatures, This material was probably titanium
silicide,

Discussion

Cold work increased strength to a marked extent, except at
1000°F where the recrystallization type of structural instability introduced
by the cold work was detrimental to time«dependent strength, There was
little evidence of creep being a factor in strength at 600°F for any treatment
considered and it was not much of a factor at 800°F for the as -forged condition,
In spite of the difference in the form of the alpha in the as-forged and 2100°F -
quenched conditions there was remarkably little difference in properties,

Alpha alloys previously studied had been subject to premature
failure at 600°F when cold worked and tested above the vield strength, The
6 Al - 0,5 Si alloy seemed to be free from this when cold reduced 19 percent,
The material reduced 33 percent was, however, subject to this behavior and
even gave some evidence of premature failure for tests below the yield strength,
Apparently there is some stress at which rupture time is indefinitely deferred
even though a slightly higher stress causes immediate fracture, The cold-
work was applied to as-rolled material and there was some evidence that
variations in the initial properties of the as ~forged material influenced results,

The load carrying ability of the 6 Al - 0.5 Si alloy would be
determined by yield characteristics at 600°F, At 800°F creep would be a
significant factor (probably a controlling factor for cold-worked material),
Creep would be the controlling factor above 800*F for all treatments, No
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evidence was developed to indicate that the alloy was subject to undue
embrittlement in the vicinity of 1000*F, Possibly the low interstitial element
sponge used to prepare the alloy reduced this effect from cases of embrittle-
ment for aluminum-silicon alloys reported in the literature,

Comparative Properties of Two Stabilized Alpha Alloys

In general the results showed little difference in properties between
the 6 Al and 6 Al - 0.5 Si alloys (Table 10 and Figure 19), Any differences
between the two alloys were not as large as the differences between the two
heats of 6 Al alloy except at 1000*F, The 6 Al - 0,5 Si alloy maintained
higher strength in creep-rupture tests at 1000°F after cold work, This was
apparently due to a greater resistance to recrystallization-type reactions at
this temperature,

The 6 Al - 0.5 Si alloy could be cold worked more than the 6 Al alloy
without cracking, Strengths generally increased with the greater reduction
(except for rupture strength at 1000°F) so that it can be assumed that the
cracking of the 6 Al alloy limited the strengthening by cold work,

A solution quench to produce a fine acicular alpha apparently was
more effective in the 6 Al than in the 6 Al - 0,5 Si alloy, This may be a real
compositional effect inasmuch as properties otherwise seemed to be fairly
independent of prior treatment except cold work,

In addition to the difference in silicon content, the 6 Al - 0,5 Si
alloy was made from a significantly lower hardness titanium sponge with a
consequent lower contaminant level than the 6 Al alloy. It is not known to
what degree the two factors influenced comparative results, On the basis of
the data obtained in this investigation it seems best to assume that the rather
close general agreement in properties was due to the major alloying element im-
parting strength being 6-percent aluminum in both cases, Differences such as
the greater ability of the 6 Al -~ 0,5 Si to withstand cold work without cracking
and a more stable structure were probably due to silicon and/or the low
interstitial element contents, The evidence for a strength characteristic of a
stable alpha structure and independent of the alloying elements is very weak
in view of the major alloying element of both alloys being 6-percent alaminum,
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ALPHA-BETA ALLOYS

Alpha-Beta alloys are developed through the use of beta-stabilizing
elements which effectively extend the temperature region of co-existence of
the alpha and beta phases to low temperatures, Heat treatment to suppress
the transformation of beta to alpha can markedly increase the amount of beta
in such alloys at room temperature, The characteristic properties of such
structures were surveyed in Reference 1 using the Cr-Fe alloy Ti 150A, The
present investigation extends the data for Ti 150A to another heat and supplements
the conclusions with similar data for the Cr-Fe-Mo-Al alloy Ti I55AX,

Alpha-Beta Alloy Ti 150A

The material studied, Heat M 739, was reported to have the
chemical composition given in Table | and was in the form of 0, 5-inch
diameter bars rolled from a commercial heat, The available analyses
indicate that it had higher carbon and lower nitrogen than Heat L. 1006 used
for Reference 1,

The investigation was limited to survey type tests for comparison
with the results of Reference 1,- (The decision to limit the evaluation to survey
tests was based on the severe embrittlement found for specimens as a result
of creep testing - a subject discussed in a subs equent report,)

Heat Treatments

Based on the results of Reference | three treatments were selected
as being the best to establish principles for relating microstructures to
properties, Material furnace cooled after one hour at l500°F had equiaxed
alpha grains in a beta matrix, Air cooling from 1500*F reduced the amount
of alpha present by an appreciable amount, Heating to 1800°F for one hour
in the beta range and then isothermally transforming at 1300°F for one hour
produced coarse angular alpha particles generally oriented at right angles
to the beta grain boundaries, Due to the quench, acicular alpha also formed
in the beta matrix, Typical photomicrographs are shown in Reference I,

Tensile Properties

The new heat (M 739) had lower strength and ductility in most cases
(Table 13) than Heat L 1006 used for the studies reported in Reference 1, The
lowest strengths were exhibited by the ‘naterial annealed from 1500°F, It
also had the highest ductility except at 1000*F, The new heat had the highest
tensile strength when isothermally transformed at 1200°F after heating at
1800°F, Heat L 1006, however, had higher strengths when air cooled from
1500°F except for the tests at 1000°F, Both heats had very high ductility
at 1000*F,

WADC TR 54-112 Pt II 19



From these results it can be seen that there were fair differences
in tensile properties between the two heats, In some cases these were
sufficient to change the relative order of properties for a specific heat
treatment,

Rupture Properties

The data from rupture tests are presented in Table 14 together
with comparative rupture strengths for Heat L 1006 from Reference 1, The
stress~rupture time curves are shown as Figure 20,

There was little evidence of time dependent properties at 600°F

and the rupture strengths were essentially the same as the tensile strength,

The material isothermally treated at 1300*F may have had a slight slope to

the stress-rupture time curve, although this is not certain due to an apparently
slight variation in strength between individual specimens, Because rupture
strength at 600°F was governed by tensile strength, Heat L 1006 with its some-
what higher tensile strengths was the stronger, The elongation and reduction of
area were similar for both heats,

At 800°F the annealed condition was the weakest and there was little
difference for the other two treatments, There was also little difference between
the two heats, At LOOO®F there was little difference between treatments or
between heats,

Creep Properties

The results of creep tests and a comparison with tests on Heat L 1006
from Reference | are given in Table 15, This table was prepared to compare
creep on the basis of similar individual tests insofar as possible from the data,

In general, Heat L 1006 used for Reference 1 had lower minimum
creep rates at 600°F than Heat M 739 tested for the present report, There
was very little difference at 800°F, Heat M 739 tending to be slightly more
creep resistant at high stresses and slightly less at low stresses, At l000°F
Heat M 739 tended to have considerably lower creep rates in low stress tests
with little difference at high stresses, Apparently the stress-creep rate
curves at 1000°F had considerably less slope for Heat M 739 than for Heat
L 1006, The annealed material had the lowest creep resistance at all three
temperatures, except possibly for Heat M 739 at 1000*F. There was little
difference between the other two treatments except for the is othermal treat-
ment at 1300°F tending to be strongest at 1000°F.,

The limited total deformation data (Table 15) indicate that Heat
M 739 required a longer time to attain a given deformation than Heat L 1006
in tests at 800° and 1000°F. The data at 600°F are insufficient for valid
comparisons,
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Discussion

In general the differences between the two heats were not large,
The main points of difference were the lower tensile strengths and ductilities
of Heat M 739, and its higher strength in low stress creep tests and total-
deformation strengths at 1000°F,

The structures with the larger amount of beta tended to have the
highest strength, Thus, air cooling from 1500°F or isothermal treatment
at 1300°F gave the highest strengths, The coarse angular alpha obtained by
the isothermal transformation at 1300°*F together with the interference to
further beta transformation by water quenching from 1300°F produced the
highest strengths in Heat M 739, Air cooling from 1500 *F was generally more
effective in Heat L 1006, It can be noted, however, that the differences between
heats tended to be of the same order of magnitude as the differences between
heat treatments,

The conclusion of Reference | that the strength increased with the
amount of beta present was not changed, It did point out that differences
between heats for reasons not identified can be a factor in properties.
Furthermore, the relative strengths can he altered for structures as widely
different as equiaxed alpha in a beta matrix and a complex angular alpha
structure obtained by transformation from the beta phase,
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Alpha-Beta Alloy Ti 155AX

The alloy Ti 155AX was selected to check the role of micro-
structure in governing creep-rupture properties of alpha-beta alloys as
indicated by the results of the studies of Ti 150A alloy, The Ti 155AX
alloy differed considerably in composition {(Table 1) from the Ti 150A
alloy., It contained 5-percent aluminum, an alpha stabilizing alloying
element, This, however, was counteracted by the beta stabilizing effects
of 1, 3-percent molybdenum, 1,4 percent chromium, and l,3 percent iron,

Material Investigated

The chemical composition of the heat is given in Table 1, The
stock was received in the form of 1/2-inch diameter rolled bar stock produced
commercially, It was presumably rolled below 1650*F and finally heat treated

at 1200°F,

Survey of Response to Heat Treatment

In the as-produced condition, the microstructure (Fig, 21a)
consisted of equiaxed alpha particles in a beta matrix. Heating to temperatures
between 1400® and 1600°F had little effect on microstructure or hardness, One
hour at 1700°*F (Fig., 21b) considerably reduced the amount of alpha and
increased hardness, One hour at 1775°F practically eliminated alpha and in-
creased hardness still further (Fig. 2lc). A sample treated at 1787°F showed
no residual alpha, When temperatures were increased to 1800°* and 1900°F,
transformation was not suppressed and martensitic alpha prime resulted with
an increase in the original beta grain size (Figs, 21ld and 21le), There was no
further increase in hardness above that produced by the treatment at 1775°F,
The hardness values indicate that transformation was not suppressed from
1775*F even though the microstructures showed little evidence of such trans-
formation,

Air cooling from 1700* or 1800°F did not appreciably change the
appearance of the microstructure from that resulting from water quenching
(Fig. 22b). Hardness values were, however, lower, Furnace cooling from
1700*F (Fig. 22a) produced relatively large equiaxed alpha grains in a beta
matrix, Furnace cooling from l800°*F (Fig., 22c) produced a ""basket weave"
pattern of alpha plates in a beta matrix and resulted in still lower hardness
values,

Reheating at temperatures between 445* to 1000*F for 1 hour after
quenching from 1700°F did not change the relative amount, size and shape of
the alpha grains (Fig, 23a, ¢, e}, Hardness was increased, A faint acicular
structure was evident, particularly after heating at 1000°F, It is presumed
that the acicular structure existed in the as-quenched structure and was
rendered more visible by the heating,
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The basic structure was also changed little by heating for 15
minutes at 800° to 1600°F after quenching from 1800°F (Fig, 23b, d, f),
Additional transformation occurred in the form of a fine elongated product
growing from the beta grain boundaries, The higher temperatures reduced
hardness somewhat,

Exposure to temperatures between 800° and 1600°F for 15 minutes
for isothermal transformation from 1800*F resulted in similar but somewhat
softer structures than were obtained by quenching and reheating {(Fig, 24).
The structures were, however, coarser the higher the temperature of
isothermal transformation, The material exposed to 1600°*F approached a
basket weave type structure,

The hardness values as a function of the final treatment temperature
are shown by Figure 25, This figure includes hardness values not shown with
the photomicrographs, Exposure to 800°F gave maximum hardness although
this is not certain for the as -produced material, Figure 25 also shows the
high hardness from quenching from 1775* to 1900°F, and the reduction in
hardness from air cooling or furnace cooling,

Tensile Properties

Reference to the microstructural studies and table 16 indicate that
the following generalities can be made regarding structural variations and
tensile properties at 75°F:

l.  When the structure consisted of spheroidal alpha in a
beta matrix the alloy had a good combination of strength
and ductility, This applied to the as-produced, and the
as-produced material reheated at 1200* or 1700°F,
Quenching from 1700°F increased strength and reduced
ductility, Annealing had the opposite effect,

2. Reheating to 800°*F after quenching from 1700°F
greatly increased strength and embrittled the material,
This indicates that the additional transformation from
subcritical treatment of non-equilibrium beta caused
pronounced changes in properties,

3. The hard alpha prime structures resulting from rapid
cooling from 1800°F with or without subsequent exposure
to 800°F were strong and brittle,

4. The complex structures developed by treatment at 1800°F
followed by 1200°F isothermal transformation increased in
ductility over that developed by a 1200°F reheat following
an 1800°*F quench,
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5, Apparently better combinations of strength and ductility
were obtained when there was spheroidal alpha present
than when the alpha prime structure was present, even
when strength was at a high level.

All structures except the most brittle were tested at 600° and
1000°F with the results given in Table 16, The as-produced material
was also tested at 800°F. The strength was reduced and ductility increased
by increasing temperature of testing (Fig. 26), especially at 1000*F, The
material quenched from 1700°F underwent little change on testing at 600°F,
presumably because transformation of the beta increased strength relative
to the quenched condition, It maintained a high level of strength at 1000°F
as did the two treatments at 1200°F after exposure to 1800°F.

It is quite certain that most of the structures would have shown
little decrease and even increases in strength if they had been tested at
800°F., Apparently the further transformation of beta at this temperature
would have caused this to occur,

Rupture Properties

The heat treatments which did not show embrittlement at 75°F in
tensile tests were also subjected to rupture tests with the results given in
Table 17,

Rupture strengths at 600°F up to 1000 hours were practically equal
to the tensile strengths with two exceptions (Fig. 27). These two exceptions
were the water quench from 1700°F and the quench from 1800°F witha 15~
minute reheat to 1200°F where there was a slight dependency of rupture time
on stress, Both of these conditions had high tensile strengths and consequently
had high rupture strengths in spite of the slight stress dependency of rupture
time. Elongations and reduction of area decreased from the tensile-test
values when rupture did occur,

There was considerably more creep and stress dependency for
rupture at 800°F (Fig, 28) and a pronounced increase in ductility,

At 1000°F, creep was a major factor and the rupture strengths were
only a fraction of the tensile strength (Tahle 17). The as -produced material
was weakest (Fig, 28) and the material treated at 1800*F appeared to be
strongest although the differences were slight,

The one test conducted on the as-produced material heated 24 hours

at 1200*F before testing had similar properties to the as-produced condition
at 1000°F,
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Elongation and reduction of area were very high in all tests at
1000°F, -

Apparently the rupture strengths of Ti 155AX are increased by
either increasing the amount of beta phase originally present or by heat
treating to develop an acicular transformation structure,

Creep Properties

The creep data obtained were limited to the rupture tests, The
tests at 600°F showed very low rates for tests at stresses just under the
tensile strength (Table 17 and Fig, 29). The as-produced material was
considerably more subject to creep at 800°F, Creep was a predominating
factor at 1000*F, Although the data were too sparse to establish creep
strengths for the various treatments at 1000°*F, it can be seen (Fig, 29) that
the materials treated at 1800°® and 1200*F had slightly higher creep strengths
based on minimum creep rates,

The limited total deformation data in Table 17 indicate that:

1. At 600°F, most deformation occurred during loading, In
the tests on the high tensile strength materials there was
some creep after loading,

2., At 1000°F, most deformation accumulated by creep,
Apparently minimum creep rates occurred early in the tests,

Structural Changes During Creep Testing

The as-produced structure was changed little by testing {(Fig, 30)
even at 1000°F, A considerable amount of dark etching transformation product
was found in the beta during testing at 1000*F after the quench from 1700°F,
No noticeable change occurred during testing at 600°F in the coarse alpha
structure formed by furnace cooling from 1700°F, A dark etching phase
appeared in the beta phase of the material during testing at 1000°F, The
material treated at 1800*F and then at 1200*F showed little change in structure
even when tested at 1000°F,

Discussion

The strength and ductility of alpha-beta alloy Ti 155AX appears to
have the following relationships to structures,

I, Increasing the amount of beta phase at the time of cooling
generally increases strength and reduces ductility, The
major exception to this was the high ductility at 1000°F,
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Better combinations of strength and ductility are obtained
by keeping the heating temperature below the all-beta range
in order to keep some residual alpha in spheroidal form,
This seems to reduce the degree of transformation of the
beta,

3, When heated in the all-beta range and quenched, acicular
alpha forms, Unless reheated to temperatures of 1200°F
(or higher) or exposed isothermally to 1200°F (or higher)
the material is quite brittle at room temperature. High
creep-rupture strengths, however, were obtained when
the final heating temperature was 1200°F,

4. Any treatment which provides increasing amounts of
beta and is then followed by exposure below 1200°F subjects
the material to severe embrittlement by the transformation
of the beta, This effect is a maximum at about 800°F for
normal heat-treating times, It apparently can occur at
lower temperatures and longer time periods,

5. There is reason to expect that increasing strength from
increasing beta is primarily due to the partial transformation
of the beta during testing,

6, The alloy was not subject to creep at 600°*F unless the tensile
strength was increased to such an extent by the strengthening
from intermediate transformation product that high stresses
could be applied, Creep was a larger factor at 800°F and a
predominating factor at 1000°*F, Differences due to initial
structure variation were greatly reduced at 1000*F by
structural instability,

Relative Properties of Alpha-Beta Alloys Ti 150A and Ti 155AX

The general conclusions derived from the initial survey of
properties of alpha-beta alloy Ti 150A were not appreciably changed by the
check tests on a second heat of Ti 150A or by the survey of the properties of
Ti 155AX, Comparative properties of these alloys are summarized in Table
18, Certain generalities can be stated which apply to both alloys:

I. Good combinations of strength and ductility are obtained by
heat treating within the temperature region of co-existence
of alpha and beta, It is for this reason that commercial
treatments are of this type, '
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. Increasing the heat treating temperature within the
alpha-beta range to reduce the amount of alpha and
then using rapid cooling rates to retard transforma-
tion of the beta increases strength and reduces ductility
up to test temperatures of at least 800*F, Rather
pronounced increases in creep~rupture strength are
possible by this procedure,

3. Heating to the all-beta region results in an increase
in grain size and the development of an acicular trans -
formation structure, Such structures have fairly high
strength at rocom temperature but are brittle, The
brittleness can be overcome to some degree by either
reheating to temperatures of 1200°F or higher or by
isothermal transformation in this temperature range,
Exposure to temperatures between 700°® and 1200°F inten-
sifies embrittlement with a maximum effect at about 800°F.
Embrittlement appears to be due to partial transformation
of the beta, This phenomenon also occurs in materials
heated high in the alpha-beta range and rapidly cooled,

4. Heating to high temperatures and slowly cooling to coarsen the
structure does not improve properties over material consisting
of small spheroidal alpha grains in a fine grained beta matrix
obtained by hot-working and annealing low in the alpha-beta range,
Reheating to the alpha-beta range after rapid cooling from a high
temperature did not give better properties,

5. There was very little creep at 600°F for any treatment. Rupture
strengths out to 1000 hours were essentially equal to tensile
strengths, A slight time dependency of rupture resulted when
treatments gave high tensile strengths, This permitted the
application of high stresses and rupture in less than 1000
hours under stresses slightly below the tensile strength, In
general the load carrying ability of alpha-beta alloys at 600°F
is governed by the stress-strain characteristics during loading,
Treatments which increase the amount of non-equilibrium beta
increase the tensile strength, Ductility falls to rather low
values when these materials rupture due to transformation of
the beta during testing,

6, The data are sparse at 800°F, The indications are that trans-
formation of beta during testing at 800°F helped to maintain
strength even in the materials annealed in the alpha-beta range,
Those materials treated to increase the amount of beta would
probably become very brittle at 800°F, Creep does limit load
carrying ability at 800°F,
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7. At L000°F, there is relatively little difference in
rupture properties between treatments, The Ti 150A
had very nearly the same properties regardless of
treatment, In the Ti 155AX there was also little
difference, although some retention of strengthening
from treatments at high temperatures was carried
to 100 hours, All structures have very high ductility,
Creep controls time-dependent load carrying ability,

8. Both Ti 150A and Ti 155AX exhibited about the same
response to heat treatment and a similar effect of
temperature on properties, Absolute strengths were '
higher for Ti 155AX, although strengths relative to
initial properties were of the same order of magnitude
for both materials, Thus, it appears that the differences
were a function of the added alloying elements present
in Ti 155AX,
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META-STABLE BETA ALLOYS

Certain alloying elements inhibit the beta-to-alpha transformation
of titanium to the extent that an all-beta structure can be retained at room
temperature by quenching, When the beta then transforms to alpha in a
time and temperature dependent manner during reheating below the beta
temperature range (or during slow cooling from the beta range), the alloys
can be designated as a meta-stable beta type, Two binary alloys of this
type, 10 percent molybdenum and 10 percent chromium, were investigated,
Properties were evaluated for initially all-beta structures and for varying
degrees of subsequent transformation to alpha,

The 10 Mo alloy was not delivered in time for inclusion in the

work done for Reference 1, The 10 Cr alloy was purchased for the investiga-
tion covered by this report, Both alloys were evaluated by survey type tests,

Meta-Stable Beta Alloy 10 Mo

The structures resulting from various heat treatments were studied
initially to check the transformation characteristics reported in the literature,
This was supplemented by further study of reactions at 800°® and 1000°*F to
explain test results, Selected structures were surveyed for properties at
600°*, 800°® and 1000°F,

Test Material

Test stock was melted by the Armour Research Foundation and
received in the form of 1/2-inch diameter bar stock in the as -forged condition,
The chemical composition is given in Table 1,

Survey of Microstructures

Microstructures and hardness values for treatments considered
are given in Figure 31 and Table 19, In the as -forged condition the micro-
structure consisted of nearly equiaxed beta grains with a small amount of
visible transformation product. A clear beta structure was obtained by
quenching from 1800°F with a significant drop in hardness from the as-forged
condition,

Heating the as-forged structure at 1350° to 1450°*F in the alpha +
beta region resulted in the appearance of alpha and a decrease in hardness,
Prolonged exposure at 1425*F agglomerated the alpha mainly in the grain
boundaries, At 1350°F, extensive alpha appeared within the beta grains,
Hardness decreased from the R, 32 of the as -forged condition to R, 27-28
after heating in this range, '
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Hardness was increased by reheating below the alpha-beta
temperature range with the highest hardness of the conditions studied being
obtained at 800°F in one hour, (Table 19), The peak hardness was maintained
for 5 hours and had fallen off slightly in 10 hours, A lower peak hardness
developed in 30 minutes at 1000°F and dropped off slightly in 5 hours, These
very short times to attain maximum hardness indicate the rapid rate of
transformation, The slow rate of decrease during subsequent heating shows
the slow rate of tempering, A finely divided transformation product, probably
omega phase, was observed in the beta grains after heating in this range

(Fig. 31),

Heating at 1100* and 1300°F did not increase hardness (Table 19)
as much, During metallographic preparation an adherent blue-black coating
formed on the specimen surface with a number of etchants, This coating
obscured the microstructures and consequently satisfactory photomicrographs
could not be obtained,

Isothermal transformation at 1200°F for one hour after heating to
1800°F produced acicular alpha prime which grew from the beta grain
boundaries and was accompanied by a slight increase in hardness, A 15=-
minute isothermal transformation at 950°F caused a fine transformation
product to form within the beta grains with an increase in hardness,

Heating at 1800°F increased grain size moderately, Heating at
the lower temperatures did not change the grain size,

Tensile Properties

The structures subjected to tensile tests and the test results
are given in Table 20 and Figure 32, The results show:

1, All-beta or nearly all-beta structures (as-forged or quenched
from 1800°*F) had relatively low strength and high ductility at 75*F, These
properties were not changed appreciably by heating at 1300° or 1425°F to
produce agglomerated alpha, This was also true for the beta structure
with a small amount of transformation at the grain boundaries from the
isothermal transformation at 1200*F for 1 hour, Strengths were increased
and ductility sharply reduced by heating for 15 minutes at 1300°F or 950°F
after treatment at 1800*F to produce fine generally distributed transformation
products,

2, At 600°F the essentially all-beta structures did not change
much in tensile strength and increased in yield strength with a sharp
decrease in ductility in comparison to 75*F properties, The structures
previously treated to form a fine generally distributed transformation
product decreased in strength and increased in ductility from properties at
75°F,
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3. The nearly all-beta as -forged siructure increased in tensile
and yield strength at 800°F to values higher than existed at 75*F, Two
tests were conducted, with a sample which was held at test temperature a
somewhat longer time before testing having the high strength, The increase
in strength at 800°F was accompanied by a sharp decrease in ductility,
Presumably, all treatments considered would have shown increases in
strength and reduced ductility at 800°F, although structures initially heated
to form finely divided transformation products may not have shown as much
increase,

4. The data at 1000°F indicate that those structures which were
largely untransformed beta maintained strength better than the structures
which had been exposed to transformation at higher temperatures before
testing, Except for the as -forged condition, ductilities were no higher or
lower than at 600°F,

The tensile properties suggest that beta transformed during heating
for testing and possibly during testing itself with a consequent increase in
strength and a loss in ductility, The effect was a maximum at 800°F, Those
structures transformed prior to testing fell off in strength with increasing
temperature in a normal way, Evidently the strengthening from transformation
Wwas not very stable at 1000°F,

Rupture Properties

The rupture strengths of the 10 Mo alloy at 600°F (Table 21 and
Fig, 33) were practically the same as the tensile strengths to 1000 hours due
to the absence of time-dependent rupture, The exceptions to this were the
premature fractures with low ductility of the material isothermally treated at
950°F after treatment at 1800°F, This material had a high tensile strength
in comparison to the other treatments tested, Fracture occurred in the tests
at stresses 4, 100-6,000 psi below the tensile strength but nevertheless much
higher in stress than for the other conditions tested.

At 800°F, the alloy in the as -forged condition was subject to time
dependent rupture strength, The tensile strength at 800°F was much higher
than at 600*F, The susceptibility to time-dependent rupture at 800*F reduced
strength below that at 600°*F in about 25 hours, Elongation appeared to be
increasing with rupture time,

At 1000°F there was very little difference in 100-hour rupture strength
between the treatments, Elongations increased markedly with time for rupture
in most cases. Any differences in rupture strength imparted by initial treat-
ment apparently disappeared in less than 50 hours, The curves of Figure 33 are
not well established, however, and more tests might have indicated significant
differences due to treatment at longer time periods,
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There seem to be two mechanisms operating in these tests,
Transformation of beta probably strengthened most of the structures as
time increased at 600°F, The exception was the material transformed
at 950°F where the initially high stresses probably introduced a suscepti~
bility to premature fracture similar to the effects of cold work on alpha
alloys, At 800°F overaging with time at temperature probably reduced
strength in addition to causing the appearance of some susceptibility to
normal creep, Apparently structural changes occurred so fast at 1000°F
that all initially different structures soon reached the same state and the
strength became a function of a fairly uniform creep resistance,

Creep Properties

Very little creep occurred in tests at 600°F (Table 21}, The
material isothermally transformed at 950°F may have been an exception,
However, it is not certain if this represented true creep or an overaging
effect which permitted delayed yielding and fracture. Total deformations at
600°F were governed by the deformation on loading with the exception of the
material treated at 950°F and tested at high stresses.

The creep rates at 800°F (Table 21) from the tests on the as -forged
material were quite high and in accordance with the short rupture times,
Again it is uncertain to what degree true creep and overaging were involved,

Creep was a major factor in the tests at 1000°F (Table 21 ard Fig.
34) and was a governing factor in fixing total deformation as a function of
time, The stresses to limit total deformation to 1 percent in 100 and 1000
hours would apparently be considerably less than half the corresponding rupture
strengths, The minimum creep rates showed a possible slight superiority for
the material transformed at 1200°*F and for the material quenched from 1800°F.

Microstructural Changes During Testing

Photomicrographs of specimens after testing are shown in Figure 35,
The major points shown by these microstructures were:

l, Testing at 600°*F had little effect on microstructure in most
cases, The as-forged material stained during etching and the structure shown
probably suggests more transformation than actually occurred, The material
isothermally transformed at 1200*F underwent growth of the transformation
product completely through the grains while it was restricted to the vicinity of
the grain boundaries in the heat treated condition,

2, When tested at 800°F the as-forged material showed more evidence
of transformation,
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3, All structures showed considerably more transformation after
testing at 1000°*F, In all samples the initially clear beta contained a finely
divided general transformation product, Even those specimens initially
transformed before testing showed additional transformation and possibly
some agglomeration,

Discussion

Creep was a minor factor affecting properties of the 10 Mo alloy
at 600°F; probably a major factor at 800°F, and was the controlling factor
at 1000°F, The role of creep was, however, complicated by the transforma-
tion of beta during testing, This probably increased strength with testing
time at 600*F, Overaging at 800°F in combination with creep served to cause
strength to fall off with time, even though rapid transformation could raise
tensile strengths above those at 600*F, At 1000°*F structural changes occurred
so rapidly that there was little effect of prior treatment on creep rupture
properties,

Treatments to develop finely dispersed transformation products
prior to testing raised tensile strengths to the extent that such high creep
test loads could be applied at 600°F that early failure occurred, It is not
certain if this effect represents true creep or a delayed yield and fracture,
Structures showing this effect at 600°F also exhibited low ductility at 75°F,
The rapid transformation of beta at 800°F raised tensile strength and reduced
ductility to a marked extent,
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Meta-Stable Beta 10 Cr Alloy

Heat treatments for structure studies were selected from information
available in the literature, Selected structures were then subjected to tensile
tests on the basis of which three conditions were selected for rupture and creep
tests,

Experimental Material

The composition of the heat is given in Table 1, The stock was
received in the form of 0, 5-inch diameter bars in the as -forged condition,
Forging was carried out at about 1800 to 1300°F,

Survey of Microstructures

Photomicrographs illustrating the microstructural variations with
heat treatment are shown in Figures 36 and 37,

The as-forged condition consisted of equiaxed alpha grains with
small darkerded areas indicating some transformation, Quenching from 1800°*
or 1900°*F produced a clear beta structure, The hardness was, however, rather
high for an apparently untransformed structure,

Examination of the structures and hardness values (Table 22)
indicates that heating at temperatures of 600°® to 1000°F produced increased
hardness and a fine general transformation product, particularly at the higher
temperatures, Hardness reached a maximum between 5 and 10 hours at 800°F
and in only a few minutes at 1000°F, The same effects were obtained on re-
heating to 800°*F after prior exposure in the range of 1265° to [1335°*F (in the
two-phase region) to produce an alpha-beta structure containing fairly massive
alpha. Heating at 800°*F gave the highest hardness,

Quenching from 1800°*F and reheating produced the same general
effects as in the as-forged condition, The shorter times of reheating resuilted
in finer and more generally dispersed transformation products, The angular
needle-like structure which formed in the short times at 1200*F and 1300°F
was presumably the source of the more massive alpha found in the as-forged
material heated at these temperatures for longer time periods, There was a
fine general transformation product visible in the material heated at 1600°F,

Isothermal treatment at 1470°F caused a dense transformation
product to form at the grain boundaries,
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Tensile Properties

The data in Table 23 and Figure 38 show the following tensile
characteristics:

1, All beta structures had reasonably good ductility at room
temperature, Isothermal treatment at 1470°F did not
improve properties, Reheating either the as -forged or
quenched from 1800°F materials reduced strength and
ductility at room temperature with severe embrittlement
resulting from heating at 800°F, In general, materials
exposed to 800°F were so brittle that full tensile strength
could not be developed. In one case heating at 1000°F did
raise the tensile strength, The relatively massive alpha
structures developed by heating at 1265 to 1335°F were
lower in ductility and strength than the as -forged conditian,
These latter structures were severely embrittled by re-
heating to 800*F, Only those structures which showed
reasonable ductility at 75°F were subjected to tensile tests
at elevated temperatures,

2, When tested at 600°*F the structures which had reasonable
ductility at room temperature were quite brittle and under-
went some loss in strength,

3, The one test conducted at 800°*F, on as-forged material,
gave higher strength and ductility than when tested at 600°F,
The properties were nearly as high as those found at room
temperature,

4, All structures tested at 1Q000°F had high ductility and retained

only about 30 to 40 percent of the room temperature tensile
strength,

Rupture Properties

Due to embrittlement imparted by heating at temperatures below
1300*F, only three structures were subjected to rupture tests, The data
obtained (Table 24 and Fig, 39) indicate the following:

l, When tested at 600°F under about 99 percent of the tensile
strength, the as-forged and as-forged + 1335°F treated
materials had very prolonged rupture times, The as ~forged
structure had considerably higher elongation than in the tensile
test, The all-beta structure obtained by quenching from 1900*F
broke immediately in a brittle manner, The latter material
probably would not have ruptured in a slightly lower stress test,

. The as-forged structure had a strong stress dependency for
rupture time at 800°F, The ductility was good,

3. The rupture strengths at 1000*F were similar and quite low for
the three treatments, The ductility fell off with increasing rupture
time from the high values in the tensile tests,
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Creep and Total Deformation Properties

The total deformations and creep rates at 600°*F were very small
(Table 24 and Fig, 40) considering that the test stresses were 99 percent of
the tensile strength,

Creep was extremely rapid at 800* and 1000°F as soon as the loads
were applied in the rupture tests, It was so rapid that the total deformation
could not be measured with the extensometer used, Only creep rate values
were obtained, even when tests were run with relatively low stresses and
prolonged times for rupture, Sufficient data were not obtained to establish
stress-creep rate curves, The limited data indicate little difference between
treatments at 1000*F,

Microstructures after Creep-Rupture Testing

After testing at 600° and 1000°F, all specimens showed the presence
of dense, dark-etching transformation products (Fig, 41), Staining during
etching complicated the observation of the structures after testing at 600°F,
An unidentified and unusual angular white pattern developed in samples tested
at 1000°F.

Discussion

The largely all-beta structures had good strength and ductility at
75*F. Prior transformation by heat treatment up to 1200°F caused severe
embrittlement, Treatment at higher temperatures to produce relatively
massive alpha reduced strength and ductility from the largely all-beta form,

The all-beta structures became brittle during tensile testing at €00°
and 800°F due to transformation during heating, The rapid and extensive trans-
formation at 1000°*F resulted in low strength and ductility.

In rupture tests at 600°F an essentially all-beta structures, the
transformation caused embrittlement, One test on as-forged material
suggested that overaging would reduce strength and allow rupture to occur
with some increase in ductility in tests just under the tensile strength, At
800° and l000°F the loss in strength due to transformation allowed rapid creep
and low rupture and creep strengths,

Comparison of Meta-Stable Beta Alloys 10 Mo and 10 Cr

The 10 Mo alloy appeared to be considerably more resistant to
transformation than the 10 Cr alloy, The higher tensile properties {Table 25)
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of the 10 Cr alloy at 75°* and 600°F seem to be best accounted for on this

basis, The high hardness of the 10 Cr alloy when quenched to an apparently
all-beta structure suggests that transformation was not suppressed, The 10 Mo
alloy only had equal strength at 75* and 600°F when it had been exposed to
950°F to induce transformation,

The lower rupture strength of the 10 Cr alloy at 800*F (Table 25)
apparently was due to greater instability of structure, More rapid and
extensive transformation allowed strength to fall off with time,

When tested at 1000°F, the lower tensile strength of the 10 Cr alloy
(Table 25) apparently was due to rapid '"overaging' during heating for testing,
The near equality of rupture strengths for the two alloys suggests that when
there was opportunity for transformation to attain equilibrium at 1000°*F in
the more sluggish Mo alloy, there was little difference in strength, '

The results indicate that the properties of both alloys were largely
controlled by the reaction kinetics of the transformation of beta and the conse-
quent stability of the structures, Apparently both alloys had similar properties
for the same degree of transformation, The major difference was the greater
instability of the beta in the 10 Cr alloy, At 1000°F when creep was a major
factor there was no great effect evident from compositional differences,
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STABLE-BETA ALLOYS

Certain alloying elements lower the temperature range at which
beta is stable, In the proper amounts the structure is maintained as beta
to low temperatures, The 30 percent molybdenum and the 50 percent
vanadium alloys were used as the two examples of this type of alloy.

The 30 Mo alloy had been surveyed for properties for Reference 1,
These data were supplemented by more extensive and longer time tests to
verify the trends of the survey data on the relative properties of a stable beta
structure. The 50V alloy was subjected to survey tests to check the properties
indicated for the stable beta structure by the 30 Mo alloy,

Stable-Beta Alloy 30 Mo

The extended evaluation of the 30 Mo alloy was restricted to the
as-forged condition, The limited studies of Reference 1 did not disclose a
significant variation in structure or properties from heat treatment, In this
condition the microstructure of the alloy consisted of clear equiaxed beta grains,

Experimental Material

The composition of the material used for the experiments is given in
Table 1, The material was the same as that used for Reference 1, The stock
was in the form of 0, 5-inch diameter bars in the as-forged condition with a
forging temperature of 2250°F, The producer reported that difficulty in obtain-
ing a homogeneous alloy was encountered during melting, Individual 1000 gram
ingots made from a 60 percent molybdenum master alloy had to be melted and
remelted five times, Each of these pancake-type ingots were rolled to approxi-
mately 1/16-inch sheet, cut into 1/4-inch sections and recharged into the
tungsten non-consumable electrode furnace to produce five heats each weighing
two pounds, These were then forged to 0, 5-inch round bars,

Creep-Rupture Properties

The additional tests, Table 26 and Figure 42, indicated that the stable
beta structure was practically free from time-dependent rupture and creep at
600°F, Practically all the deformation in the tests was introduced during
loading, Tests well above the yield strength and practically equal to the tensile
strength were extended to time periods of 1000 hours or longer with no indication
of rupture or appreciable creep.
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At 1000°F the stable beta structure was subject to time-dependent
rupture and creep (Table 26 and Fig, 43). The tensile strength was 83,000
psi whereas the stresses for rupture in 100 and 1000 hours were 37,500 and
23,000 psi, Elongation and reduction of area were high in the rupture tests,

Creep was a predominant factor in the stress-time for total deforma-
tion curves at 1000°F (Table 26 and Fig, 43), Third-stage creep occurred at
rather low total deformations except in the lower stress tests, The lower
stress tests consequently required longer times to reach a given total deforma-
tion than was indicated by the higher stress tests, It is uncertain, however,
whether this was a real effect or reflected variation in properties between
specimens, The erratic nature of the stress-creep rate curves (Fig., 44)
suggests that variation in properties between specimens was mainly responsible,
Such variation between specimens from as-forged stock from five separate
small heats would not be unusual,

Microstructural Changes During Creep Testing

The specimens exposed to creep for 2000 hours showed the presence
of a transformation product, Figure 45, concentrated towards the centers of
the beta grains, Comparison with the photomicrographs in Reference 1 shows
that the longer time of 2000 hours at 1000°F resulted in the development of
more extensive transformation, The transformation product was previously
identified as alpha (Reference 1), No change in microstructure was evident
in specimens tested at 600°F,

Discussion

The more extensive testing of the all-beta structure generally
tended to confirm the results of the survey tests of Reference l. The initial
absence of creep at 600*F was confirmed while the consequent total deformation
in 1000 hours being mainly dependent on the deformation during loading was
demonstrated. It seems evident that yield strengths would control design
stresses at 600°F for a stable beta alloy, at least for time periods up to 1000
hours,

At 1000°F the creep characteristics were well delineated by the more
extensive tests, The occurrence of third stage creep at relatively small total
deformations was demonstrated, The somewhat erratic nature of the creep
rate data suggests that the properties of the stable beta structure are not as
free from prior history effects as seemed indicated by the survey tests of
Reference 1, Because compositional variations between the five small ingots
of the heat could be responsible for variation in properties, the prior history
effect would require check experiments for verification, The survey tests of
Reference |l showed little variation with heat treatment and suggested little
influence from prior history,

Strengthening from transformation of beta also seems to be a possible

cause of retained strength with increasing temperature, The sluggish nature of
the transformation could make it effective at 1000*F,
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Stable Beta Alloy 50 V

An alloy containing 50-percent vanadium was selected for checking the
creep-rupture properties of stable beta alloys indicated by the 30 Mo alloy.
This alloy had the proper microstructure according to information in the
literature and was sufficiently different in composition to be satisfactory.

A brief survey of the effects of heat treatment on microstructures was
used to select structures for tensile and creep-rupture at 600°F and 1000°F,

Experimental Material

Eight pounds of 5/8~-inch diameter bar stock was furnished in the
as-forged condition, It was produced from three small ingots having the
chemical composition given in Table 1,

Considerable difficulty was encountered by the producer in preparing
the stock, In the first attempt the material was difficult to prepare because
long columnar grains, formed during melting, resulted in hot tears and other
forging difficulties, In addition, the high forging temperature of 2400°F required
for the alloy resulted in nitrogen pick=-up, Finally the stock was produced in
three small heats to alleviate the problems resulting from columnar grains,
Nitrogen pick-up was minimized by eliminating one forging operation, reducing
furnace heating time, and forging oversize to give extra stock for removal of
the high nitrogen surface, As a result of this procedure, the material finally
received had only 25 to 40 percent of the nitrogen content obtained inthe first
attempt at producing this alloy,

Even with these precautions, the stock received at the University
contained numerous forging cracks,

Microstructures and Heat Treatment

A brief survey of the response of the 50 V alloy to structural changes
by heat treatment was carried out with the following results:

1, The as-forged structure consisted of large variable size equiaxed
beta grains (Fig, 46). A light precipitate was scattered through the grains,
The large and variable grain size probably reflects forging at 2400°*F, The
precipitate was not identified, In an investigation of a 40-percent V alloy
Adenstadt (Ref, 3) encountered an impurity phase of similar appearance,
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2, Heating the as-forged structure for 4 hours at 1800°*F apparently
coalesced and partially dissolved the precipitate particles (Fig. 46), This
temperature is well in the region of all beta phase, An x=ray diffraction
determination gave 4 beta lines and 12 alpha lines, In addition there were 5ix
faint lines at positions near those indicated in the literature for omega phase,
It may be that breakdown of beta to omega and alpha took place or had taken
place prior to the 1800°F treatment, Adenstadt did not find extra lines in
the impurity rich samples nor was he able to correlate its presence with
metallic contaminants, He also reported that prolonged heating at 1200°F
after cold work did not cause diffraction lines for any extraneous phase to
appear,

3. The average size of the beta grains increased by heating at
temperatures of 1800°F and higher. The following average grain diameters
were measured for the indicated heat treatments:

Heat Treatment Average Grain Diameter
{(mm)

As forged 1,50

l hour at 1800°F, water quench 1,57

4 hours at 1800°F, water quench 1,72

l hour at 1925°*F, water quench 1,84

2 hours at 1925°F, water quench 2,24

The increased grain size after heating for 2 hours at 1925°F ig
shown in Figure 46,

Tensile and Creep-Rupture Properties

Conditions of the 50 V alloy selected for testing were the as-forged
condition and quenched after 2 hours at 1925°F, These conditions represented
the extremes of average grain size encountered in the pPreliminary surveys,
Cold working was not feasible with this alloy due to the presence of many
forging cracks in the bar stock,

The room temperature tensile properties of the 50 V alloy were
moderate (Table 27 and Fig, 47). The reduction in strength at 600° and
1000°F was less than was the case for most of the alloys considered, However,
the elongation was only about 14 percent at room temperature and decreased to
10 percent at 1000°F,

Heat treating the as-forged material at 1925°F increased tensile
strength about 10,000 psi with no effect on ductility,

WADC TR 54-112 Pt II 41



There was no indication of time dependency for rupture at 600°F
(Table 27 and Fig. 48), Tests at stresses just under the tensile strength
did not fracture in 1000 hours., Most of the deformation occurred during
loading of the specimens. As-forged specimens which fractured in a short
time period probably represented the effect of normal variation in properties,
The material treated at 1325°*F retained the superiority in strength over the
as-forged condition observed in the tensile tests,

The alloy was very subject to creep at 1000°F, The tests conducted
indicate rupture strengths for 100 hours which were slightly less than one-
half the tensile strength, The data indicated a marked increase in elongation
and reduction of area with increasing time for rupture, The material treated
at 1925°F maintained superior strength at 1000°F to the as -forged condition,
The superiority, however, was not as large as in tensile tests, This
superiority was also reflected in the rather limited total deformation data
from the rupture and creep tests, There was, however, surprisingly little
difference in minimum creep rates (Fig, 49) for the two treatments,

Microstructural Changes During Testing

Testing at 600*F did not alter the microstructure appreciably
(Fig, 50), When tested at 1000*F, however, a new phase formed (Fig. 50)
that was reasonably well distributed in the as-forged specimens but appeared
to outline a network of subgrains in the specimens quenched from 1925°F,
The new phase obscured the original unidentified second phase and it is not
certain whether or not it developed from the beta phase or from the original
second phase, It is probable, however, that the new phase represents progress
in the breakdown of beta towards the alpha phase,

Discussion

The properties of the 50 V alloy were apparently slightly more
subject to alterations by heat treatment than the comparative 30 Mo stable
beta alloy, although the heat treatments investigated were very limited, It
was considered, however, that the two conditions studied would serve to
reasonably well define the properties of the alloy,

The microstructures showed the presence of an excess phase for
which there was no adequate explanation even after quenching from a high
temperature, Other investigators had observed similar phases although
they had not found evidence of omega or alpha phases as the limited work
done in this investigation suggested, There was evidence that further break-
down of beta occurred during testing at 1000°F,

This alloy was so slightly subject to creep at 600°F that yield strengths
would control working stresses, At 1000°F, however, the properties were
almost wholly dependent on creep characteristics,
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Relative Compositional and Structural Effects for Stable Beta Alloys

The 50-percent vanadium alloy was included in the investigation to
obtain an indication of the relative effects of the type of microstructure and
alloying elements in controlling properties by comparison with the properties
of the 30-percent molybdenum alloy, The main available comparison is for
the as-forged condition, The Mo alloy when heat treated in the range of 1500°*
and 1300°F did not have significant variation in properties from the as-forged
condition (Ref, 1), There was not sufficient stock available to subsequently
establish properties for the Mo alloy after a high temperature solution treat-
ment as was done for the vanadium alloy, The vanadium alloy was not investi-
gated with the lower temperature treatments because the Mo alloy showed so
little effect,

The tensile strengths of the 30 Mo alloy were above those for the
50 V alloy at room temperature but fell off more rapidly with temperature to
lower values than the 50 Vv alloy (Table 28 and Fig., 47)., The 30 Mo alloy
also underwent a substantial increase in ductility at 1000°F whereas the 50 V
alloy did not, There was little difference at 600°F,

Neither alloy showed time-dependent rupture or appreciable creep
at 600°F. Consequently, yield strengths would govern working stresses at
this temperature, The 30 Mo alloy retained yield strength at temperatures
somewhat better than it did tensile strength (Table 28 and Fig, 47),

At 1000°F the properties of both alloys were governed by creep
characteristics, The comparative Creep-rupture properties for the two stable
beta alloys summarized in Table 29 show relatively little difference between
the two alloys, The largest difference was in the 50 V alloy having about
half the elongation and reduction of area that the 30 Mo alloy exhibited in the
rupture tests, The 50 V alloy had slightly higher rupture and creep strengths
and somewhat lower total deformation strength in the as-forged condition,
When treated at 1925°F, the 50 V alloy compared more favorably except
possibly in creep strength,

The available data indicate remarkable similarity in properties for
the two beta alloys differing so widely in chemical composition, Both alloys
showed evidence of structural changes during testing, Microstructurally this
was considerably more evident in the 50 V alloy than in the 30 Mo, In view of
the very strong effects of beta instability on creep-rupture properties of other
alloys, it is suggested then the role of this instability should be better under-
stood before it is concluded that the beta structure was the predominant factor
and not the chemical composition,
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CONCLUSIONS

CORRELATION OF MICROSTRUCTURES AND
CREEP-RUPTURE PROPERTIES

The comparative properties for the alloys investigated are
summarized by Figures 51, 52, 53, and 54, These figures are arranged to
show properties as a function of the type of microstructure, individual alloys
and the ranges of properties observed for each alloy, The figures are
restricted to those properties for which there were reasonably complete
data for all alloys, A considerable number of other properties are given in
the preceding sections for some of the alloys including total deformation
and rupture strengths to 1000 hours in a number of cases, It is particularly
important to recognize that properties for only a few treatments of each alloy
were established and that many treatments which would have had inferior
properties were omitted,

These figures and the detailed results in preceding sections show
that maximum strengths shifted from the alpha-beta and meta-stable beta
alloys at room temperature and 600°F to the stable alpha and stable beta
alloys at 1000°F. The temperature of shift in strength was lower the longer
the time period at which strength was evaluated, The un-alloyed alpha
titanium Ti 75A was weakest under all conditions of testing.

Creep was not a factor in strength at 600°F for any of the alloys and
deformation up to 1000 hours was governed by the deformation from the applica-
tion of the stress, It was a substantial factor in strength at 800*F and a controll-
ing factor at 1000°F,

Rupture strengths were equal to the tensile strength at 600°F except
when the tensile strength had been increased to a marked extent by cold working
of alpha alloys or by transformation of alpha-beta and meta-stable beta structures
at temperatures below 1000* to 1200°F. In these latter cases rupture usually
occurred immediately after loading when the stresses were higher than the yield
strength, This appeared to be a delayed tensile failure under the high stresses
permitted by the increased tensile strength rather than true creep to rupture,

Within certain limitations, there was surprisingly little effect from
variations in chemical composition, The major influences of chemical composition
were:

1. Unalloyed commercially pure alpha titantum (Ti 75A) had low
strength under all conditions considered.

2, Stable alpha and stable beta alloys had similar properties even
though 6-percent aluminum was the major alloying element in the former and
30-percent molybdenum and 50-percent vanadium in the latter type. The 50 V
alloy tended to have lower ductility at 1000°F as the largest difference.
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3. Alpha-beta and meta-stable beta alloys had similar properties
mainly because their strength was governed by strengthening from transition
structures between beta and alpha, The reaction kinetics as influenced by
chemical composition, rather than the composition itself, appeared to be the
controlling factor,

4. The alpha-beta and meta-stable beta alloys had low strength at
L1000*F in relation to their properties at lower temperatures, It appeared as
if the rapid rates of structural change during testing removed differences
arising from the initial state of transformation of the beta and properties
leveled off at values characteristic of the alloy content, The Ti 150A alloy
had a lower level of strength than the more complex alpha-beta alloy, Ti 155AX,
or the 10 Mo and 10 Cr meta-stable beta alloys,’

5, The compositional difference between the two stable alpha alloys,
0,5-percent silicon, was probably not large enough to produce a marked effect,
The silicon bearing alloy, however, could be cold reduced by rolling more than
the 6 Al alloy, Differences between the two alloys were generally less than those
observed between two heats of 6 Al alloy,

The influence of treatment within a given type of alloy appeared to be
as follows; '

l, The commercial purity alpha titanium was considerably improved
in strength by quenching from the beta range to produce an acicular structure,
Cold work also improved properties at 600°F,

2, Stable alpha alloys did not appreciably change in creep-rupture
properties with heat freatment alone, Improved strength could be obtained at
the lower temperatures and shorter time periods by cold working, Strength
improvement was maintained quite well at 600°F and 800°F, At 1000*F, however,
the cold worked conditions had lower strength than the heat treated conditions
for time periods longer than about 100 hours, It appeared as if recrystallization-
recovery type reactions were responsible for the loss in strength,

3. In Reference 1, it was concluded that the strength of alpha-beta
alloys up to about 100 hours at 1000°F increased with the amount of beta
originally present, Production of these structures involved rapid cooling from
temperatures high in the alpha-beta or beta temperature ranges, The conclusion
was not changed by the results of this investigation, The best all around
properties were obtained when the material was worked and heat treated in the
alpha-beta range to produce equiaxed alpha grains in a beta matrix. Higher
strengths can be developed by heat treatment in the beta range but at the
expense of embrittlement as-heat treated or during testing at 600° and 800°F,
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4, The strength of meta-stable beta alloys increased with the
degree of subcritical transformation of beta at temperatures up to 1000*
to 1200°F, The maximum effect occurred at 800°F, It, however, caused
undue brittleness at low temperatures and higher transformation temperatures
were required to obtain ductility,

5. The delineation of the influence of treatment on both the alpha-
beta and meta-stable beta alloys at 600°F and 800*F was complicated by
transformation of beta during testing, Structures that were initially pre-
dominantly beta could become very strong and brittle, particularly at 800°F,
The 10 Cr alloy transformed more readily than the 10 Mo alloy,

6, The properties of the stable beta alloys were not changed
appreciably by the heat treatments applied, The 30 Mo alloy could not be
cold worked without cracking., A high temperature quench slightly increased
the strength of the 50 V alloy but had not effect on the 30 Mo.

There are a number of limitations to the conclusions indicated by
the data, The temperatures of testing were rather widely spaced, The
temperatures at which creep became a major factor were, therefore, not
well defined, In a number of cases it now appears that creep-rupture tests
with other heat treatments would have been desirable to define effects better.

The alloys were mainly from small experimental heats where the
melting and hot working practice may not have resulted in typical properties,
In particular, the results do not reflect possible major effects from variations
in the normal interstitial elements, carbon, nitrogen and oxygen, and the
possible influence of hydrogen.

The tendency for creep-rupture properties to be so independent of
chemical composition and, to a degree, of type of microstructure is contrary
to a great deal of experience in other alloy systems, For this reason, care
should be exercised in accepting the indicated conclusions until the metallurgy
of titanium alloys is better understood,

The metallurgy of the alloys appears to be fairly complicated,
Qpportunity for more thorough study of the mechanisms involved in the
various structural effects noted would be desirable, The data suggest that
solid solution strengthening was the major factor in the stable alpha and stable
beta alloys. It was also probably a major factor in the strength of alpha-beta
and meta-stable beta alloys at 1000°F, Better proof of this would be helpful,
The same would be true for the instability effects in the other alloys, There
is a strong possibility that strain aging reactions of the type identified in
Reference 2 were influential although not recognized,
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TABLE 2

TENSILE DATA FOR ALPHA TITANIUM (Ti 75A)

Test
Temp, Tensile Yield Strength Elongation Reduction of Area
(°F) Strength {psi) 0.2% Offset (psi) (% in 1 in) (%)
1500°F for I Hour + Furnace Cool
75 88,600 73,300 26,5 44,3
600 35,000 21,400 42,0 67.5
1500°F Anneal + 31-Percent Cold Work
75 130,500 118,200 15,3 40,8

600 71,700 67,300 14,6 51,1
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TABLE 6

TENSILE DATA FOR STABILIZED ALPHA 6 Al ALLOY (HEAT 4a)

Yield
Test Tensile Strength
Temp, Strength 0, 2% Offset Elongation Reduction of Are
Treatment (°F) (psi) (psi) (% in 1 in) (%)
As-Forged 75 119,800 109,000 16, 8 26,6
12% Cold Reduction 75 154,000 137,900 11,0 30,1
2025°F W, Q, 75 127,800 115,000 17,0 34,5
As-Forged 600 80,100 65,300 24,0 53,7
12% Cold Reduction 600 102,000 97,300 11,6 46, 8
2025°F W, Q, 600 77,700 60, 700 17,0 43,5
As=-Forged 1000 73,800 59,200 13,0 54,0
12% Cold Reduction 1000 80,600 58,400 15,7 44, 8
2025°F W, Q, 1000 72,500 58,000 16,0 37,8

Note: 2025°F W, Q. = 2025°F (! hr) + Water Quench
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COMPARATIVE TENSILE PROPERTIES FOR TWO HEATS OF

ALPHA-BETA ALLOY Ti 150A

TABLE 13

1.1006 data taken from Reference 1,

WADC TR 54-112 Pt II

60

Test Tensile Yield Strength
Heat Temp Strength 0,2% Offset Elongation Reduction ¢
Treatment No, (°F) (psi) {psi) (% in 1 in) Area {%)
1500°F 1.1006 75 153,800 147,600 26,7 35,2
(1l hr) + M739 75 138,500 130, 600 25,5 42,8
Furnace
- Cool 11006 600 85,300 61,600 29,5 61,0
M739 600 76,800 68,700 30.4 63,5
L1006 800 68,300 49,500 41,7 74,3
M739 800 66,900 51,500 37.0 80,2
1.1006 1000 37,400 28,500 68.0 93.5
M739 1000 35,800 32,600 72,5 94, 4
1500°F L1006 75 177,200 162,500 16,7 32,0
(1 hr) + M739 75 153,000 135,600 11,0 13,2
Air Cool
L.1006 600 115,100 75,800 19,6 70,4
M739 600 102,100 69,500 21,8 63,8
L1006 800 96, 100 56,000 36,5 80.9
M739 800 82,400 54,400 33,3 79,5
L1006 1000 46,000 25,200 91,5 97.0
M739 1000 39,900 31,400 99,0 98, 4
1800°F L1006 75 167,800 164,200 19,8 40,0
{1 hr) + M739 75 156,500 153,500 16,0 21,2
Isothermal _
Trans-- 1.1006 600 113,600 70,000 15,0 35,5
formation M739 600 107,100 69, 600 7.5 13,5
at 1300°F
(1 hr) + L1006 800 92,700 59, 000 26,0 33,3
Water M739 800 85,700 56,000 10,3 19,7
Quench
11006 1000 48,500 "35,500 110, 7 99.0
M739 10060 48,700 31,800 65,7 95,0
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TABLE 19
HARDNESS OF META-STABLE BETA ALLOY 10 Mo
AFTER HEAT TREATMENT

(Rockwell C Hardness)

Asg~Forged = 32,1

As-Forged + Reheated to 800°F 30 min, I hr 5 hr. 10 hr,

for Indicated Time + Air Cool 34 8 49 48 43 1

As-Forged + Reheated to 1000°F 10 min, 20 min, 30 min, 5 hr, 24 hr.
for Indicated Time + Air Cool 41 41 417 38 7 36

As-Forged + Reheated as Indicated:

30 minutes at 1100°F, + Water Quench 33
24 hours at 1350°F + Water Quench 28
25 hours at 1425°F + Water Quench 28
30 minutes at 1450°F + Water Quench 27
30 minutes at 1800°F + Water Quench 23,7

1800°F - 30 minutes plus Indicated Treatment:
Water Quench + Reheat to 1300°F for 15 minutes, Water Quench 33,
Isothermal Transformation at 1025°F for 15 seconds, Water Quench 27

1800°F - 1 hour plus Isothermal Transformation:

1200°F - 1 hour + Water Quench 26,2
G50°F -~ 15 minutes + Water Quench 38.8
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TABLE 22
INFLUENCE OF HEAT TREATMENT ON HARDNESS OF

META-STABLE BETA ALLOY 10 Cr

As Forged 1800°F - | Hour - Water Quench

Temp, Time Hardness Temp, Time Hardness
(°F) (hours) Cooling Rockwell "C" (°F) (minutes) Rockwell "C"
As Forged 39,0 1600 15 39.0
1900 1 IBQ 41,2 1400 15 37,7
1800 0.5 wWQ 35,0 1300 10 33,3
1335 4 wQ 27,3 1200 15 34,7
1335 24 wQ 34,0 1000 15 40,7
1300 4 wWQ 30,7 800 15 49,7
1265 4 WO 42,3 800 (24 hours) 47,3
1000 0.17 AC 41,7

1000 0,33 AC 41,0 Heated 30 minutes at 1800°F plus
1000 0.5 AC 40,3 isothermal treatment at 1470°*F
1000 5 AC 38,3 for 15 minutes and water quenche:«
1000 24 AC 34,7 = 37,3 R¢

800 0.5 AC 50,2

800 l AC 49.9

800 5 AC 50,0

800 10 AC 46,9

600 0,5 AC 44 8

600 1 AC 45,5

600 5 AC 45,6

600 10 AC 45,7
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TABLE 28

COMPARATIVE TENSILE PROPERTIES FOR STABLE BETA ALLOYS

T est Tensile Yield Strength
Temp, Strength 0, 2% Offset Elongation Reduction of Area
Alloy (*F) (psi) {psi) (% in 1 in) (%)

As Forged

30 Mo 75 144,700 142,000 14,0 27,4
50V 75 118,800 115,000 12,8 19,6
30 Mo 600 106,000 96,000 13,3 39,7
50V 600 107,300 86, 300 14,3 25,1
30 Mo 1000 83,200 74,500 25,5 59,4
50v 1000 93, 600 79,000 9,8 26,1

Water Quenched after 2 Hours at 1925°F

50V 75 127,900 123,000 14,0 28,7
50V 600 116,500 98,000 11,0 17,2
50V 1000 102, 600 90,000 10,7 33,6

Note: The data for 30 Mo alloy were taken from Reference 1, This reference
gives tensile data for the 30 Mo alloy after the following heat treatments:
1325°F, 1 hour, W,Q,; 1500°F, 2 hours, W,Q.; 1500°F, 2 hours, W, Q.

+ 1375°F, 24 hours, W,Q,; 1325°F, 1 hour + W, Q, + 3, 3% cold reduction,
The tensile properties after these treatments did not vary signficantly
from those given above for the as ~-forged condition,
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- - - = -- 000’z 00097  (00D'12} 00012 - -- 43 000°S¥ B Tm L T.5T61 A0S

- == -- -- -- - -- - -~ -- -- -- 000 ‘LE DM 'J3.0051 oW 0t

- -- - .- {eoo‘0g) o009z  ooo'iz  {opo'er) a00*1z -- -- [i]3 000°0% pafioy sy A0S
005°'0Z 000761 000 °S1 00021 000°'sg  0DG‘6T  000°97 00T 'E? 000°61 09 000 €2 09 005 'LE pafioy 8y oW 0¢
r=dy {rsd) Trad) {ted} (1ad} {1sd} {1sd) {18d) {18d) (T3] (18d) [CA] (1sd} Juswled L], AoTTY

%S oLz %] LA ) ofg L ol 3 oG "0 agfurfut o 01 79 uogeduory Yifuailg uoneduoly y3Busrg

In0Y-000F INOY- 001 ajey ddzin An6Y-00Q1 Anoy- Q0]
® 10] 583018 sayjzedoag 2amidny

EqIdue 35 nonwmaIoyad Teiol

67 ATUVL

2.0001 LV SAOTIV V139 TIEV.LS JO SAILYIJIOUL dFTUD ANV TENLdNd TAILVAVAWNOD

76

WADC TR 54-112 Pt II



Approved for Public Release



~ uoyewraoya( [EIOL I0F JWIL-883I35 puR WL

*(ygL 1L) wntueitl eydly 103 4,009 3¥ saAdn
(sanoy) dwrl

srimydnyg-s82a3§ = 7 dandrg

"0001 0°001 . 0°01 0°1 1%
TT T 1 1 _o ___:__. 1 ________ T ___:___ T ___:___ T Jo
A,0061 ptesuuy ¥ @ —fot
uorgonpey PI0D %1€ + J.0061 pateauuy ¥ O
*gyjBuaxys I|ISUI) 21 BINOY | "0 I® F2AIND UOC sjutoed
*sanidni 03 guotyeduola 2ae gasoyjuazed ut sIIqQUN N —loz,
o
2}
w
=)
2.
uonewrx0y3d 1eIOL %¢E —0¢ .
— v peol uo 'h¥e E ° .n.w.
sanjdnyg g
(0°2¥)
) bSO~ —o¥
'll.l-lllllllllll
-V 4/ v
v -
v %ZL "0 V— v
uonyewrdoyed TRIOL %1 Lom
uorywurIoy3(d [®I0L %0 °%
(021 :..o:.:lllnlllo o R, —o9
{s°¢1)
(97€t) o
0L
LCREZR) ﬁ\

78

WADC TR 54-112 Pt II



* 1,009 1® {YgL L) wniuetl eyd(y I0j $OUSTInIdRIRUI) UTRIIG-$5313G 0] swi3aadoad eanidny deaild) jo uoyersyd -

‘g eaniitg

(your | ur %) vonew 0y

VI 4 0°g 0°2 0°1 co

o.o o.m c.._. c.o o.m
1 i 1 T |

%1t panaopq pron  V

{14 1) 4,0051 poTesuuy

y38usaig aanydny JI4-0001
yifueayg 2anydny Iy-00] —p
aanidny jwpaunu] 10y esa1lg —»
porwouuy B uexig afrsue L

J,009 :sxmersdwial 3so]

eamidn gy Mywipaurw] 103 ssejg —

‘suorjwvuraojop Surpeo| 1993 daaad Ixw sjuroq
*HIAIND UTRIIB-EEIIIN }8I] S[IPUS) SIW SIUYT

llPllIlllIlIllll

MDD %1¢ - yiBuax§ arysual

_ f 1 1 T
[
|

/

| 01

WBus231g PIITX %70 —%

|

o.lull‘ll

|
S
«+

27 0007 W UCHITWIOIT [WOL %] —*

\
\
*
|
|
f
/
/ v

I
[
|
\

[
yifuaxyg samydny .En.ooo_ —s ‘\q
yifveaig oamdny 1g-001 —= |

[

v
Buang protx %770 —
| .

(E'OI x 18d) seaa3g

79

WADC TR 54-112 Pt II



‘(wgL 1) wnruejr] eudiy 103 I,009 3® gnaang ojey dasa) WNuIUIN-553115 - 'y 2ant1 3

(3q/ur/uy) 91wy deeaD wnwpUTy

g-01 =01 -01 g-01 L=01
TT1 171 1T 0 | ____.q._ T _:._.__ T d:_____ 0
— 02
-1 0¢
A.00G1 1& pR[RUVY —O

D\ —1 0¥

O
—1 0§

\o
XI0 M PIOD %IE + peTRIvUY J,0051

[ 00 U O O A | i ____.___ i _.._._-_ 1 _______p oL

{g-01 x 1ed) eeaxig

80

WADC TR 54-112 Pt 11



Approved for Public Release



‘31,0001 Pue ,008 *.009 i@
{vg, t1L) wniuelng, eyc|y pajesuuy pur Ie[niioy I0] 52115112308 IRYyD) 2WIL] aamidn -~ ssa301§ aaneredwor -

*g aanfitrg
\oINOY) WYL .
0°1

0 D001 0'001 0°01 1°0

rer v 1 __:__—_q T

J.0001

ﬂ_-d-._d T ____-_- T «-.q-.- Y

-2
——

(o] —

l®

01 x 18d = #6313

+-@
d,009 — —

d
+—0Q —
J.009 0 g
{1 ‘¥
woay wiwd ¥86~T 1ESH) paTesuuy (1Y 1) Z.0061——0—— _

*sqiBuaxys STySUIL
21w anoy 1 °p 1w payjord sonTep AON

{929 1*H) qouenpd sutid P91 + (14 1) J.0081 —0—

TH BN 1 ___._____ L TN 1 ______._ 1 ________ l

01

o
~

ot

0s

09

E-

82

WADC TR 54-112 Pt1II



*AOTIV 1V 9

Budly PAZITIQRIG 101 1,009 1B S9AIND UORWIOFA [B10 ], 10] AW -85523G pue awr] »Imdnyg-85903§ - °, oanflig
. {sanoy) swyy
0 ‘0001 0°001 0°01f 0°1 1°0
IHrrr v I —ﬁ_—_-ﬁ 1 1 _.__—-_— I | —_____d I J —-4-—— ¥ 1
=+ 2=
%0 "1
- —jo¢
. %11 ~—
%21 ~ ~
¢ ~ 0 ~~ © —ss
o~ ~ ..I.ll UOTIRWIIO]R P (B0 ], o)
.FQN-_— ~ ~— ~ —~ y [T B PANUTIUODCTIR 189
o~ O/ S ~ 0 ATy STy} Je panut 1 9 —Joe
L] Ah
y0or1
AIOM PIOD %71 Q w
q
o
rrrrvra I —-—-q- 1 I —.ﬁ--- I 1 —-.———_- I ¥ _ﬁ____- I i "
T cyyfiusaie a[1sua) ale Inoy | *Q Ie sulod lumc H
. o
%670 — — O e __ g
Mir——0— 0 ____ __ T TITTT ]
ll...l|0|..|||l.|Illllllllltllll.labo.— —L
sY¥mdnyg g+
yousny) 1a3em + (1noy 1) I,5707 8
LA LRI ! —______ H | _____—d | 1 A—A____ﬁ_ | _______ i |
+ $+-—-—-0'— - — —-———_ . _ 1L SL
ho) 2 — — — — . _ ¢
ou...um.ﬁﬁ. n‘ 8
po8iog sy —cg

83

WADC TR 54-112 Pt 11



‘uontpuoe) pafiog sy ayy ur Loy IV 9
eyd|y pezi[iqelg 105 4,0001 ¥® SPAIND UONBW IOF3(T [BIOL 10 QWIL-SEa13G pue awt] 2anidny-ss313§ - -g sanBrg

{sanoy) duryl

. 0°0001 *001 0°0% 0. 19
T T T T 1 T LRI _\nlw.f:___ T [TrrrTr T _.___-__ r 4:

¢

]
[=]
*

(¢-01 x tod) swoasg

:

daexn »3wmig pag 03 wopIsURIy ——Y——
wonwwIoza(T 101, %0°s O
TonEuIIOII 160 L %0t V
UORRWIOIT [HIOL %S0 @

sanydny uo worieduworgy ( )

samdnyg O

yiuaiys Inoy 1 °Q se pasn yifuaxyg ayrsual (0 *cq)

JLL 141 1 ___:___ i ____r___ i I | ______._ 1

08

84

WADC TR 54-112 Pt 1I



i

"UOTIIPUO ) PaYIo p-pPIo7 2y} ut Loy v 9 eydly

pHZIels 10y J,0001 38 S2AINnD UOTIBWIOIA(] (B0 ], I0] SAWL]-SS2I)§ PUe AWl armdny-s83I13¢ =~ *g arnfryg
(sanoy) swaty
0°0001 0°001 0°01 0°1 1°0
TTTrr1 17 T _____q__ T __:____ T ________ﬁ ________ T 0
%01 ~
vy
~
v — 01
v
A\
\
-0 = 02
(9c¥)
(1 *85)C —1 e
-~ 0%
deean alwig pag o3 wopIsUNI .H.. -—y——

woynmiozeq 1L %0°S O —og

WORPWALIOFHT [WOL %0 °T1 v

TORWTIOFO TRIOL %S °0 ®
axnydny wo woneduory {) —fo9

samydny (o)

{L°s1)
Furred Aq Jusdiad-z] padnpay plod rerianel pafiog-sy 1°0 3 009 '08

SN I | Lot L TN L ________ 1 __:__._ ] oL

{(¢-01 x 8d ) ssang

85

WADC TR 54-112 Pt 11



*UOTIIPIIOD) p2jeal] UOTINTOS AYj Ut AOI[V [V 9

eyd|y paz11qeis 10} 4,000] 3® S3AIND UDTIBWIOIH( [BIO], 10) #1UL]- §50435 PUR AWl »anidnyg-ssa3g -~ *g] 2an3tg
(sanoy) awryy
00001 0°001 0°0T1 0°1 1°0
LR L 1 ______ﬂ F [ ________ I _4____q_ I __:_ﬁql_ T
%01 *V-
melq o....
% ) }
0.9
~_ N

daaxy 38wg pig 03 uonsURI——~¥——
UoOTBWIORJ (8101 %0 °S 0
uonWW I3 [0 %0°7 V
UOTRWIOI3(] [BI0] %50 @
samidny wo vonwiuorm ( )

sanmydny O

(091}

446202 38 INOH | Iajje PIUOUAND I2jepm

0z

(g-OI x 18d) ssang

| T Y Y O | 1 ________ l _-______ | _L.__IF___ 1 ____n__lr i

08

86

WADC TR 54112 Pt1II



*AOTIV IV 9

eydiy paz1IqeIS I0] 1,009 18 SOTSTINIDEIRYD UTRIIG-8521)G 0} saniadoad 2inldny-dasi) jo uoneray = *[y ainfig

{gout ¢
9°¢ z'e 8'2 ¥°2

ut &) uonywduory
0°z 91 1 ¥ ¥°

-

T T T

UM d.5202 V

x10M PIOD %z1 + peBzoy sy O \
peBxoy sy O SAIND UTRIIN-0821)8 }99] FISUS) SI¥ BIUTT
voptwwzojep Buypwol 1993 deexd eaw syujod \ 0
J.009 :eanjezsdwa] 3se] \
OD'm L,5202
103 puw pelio} sy 10} eSuwy T —iFaens
0 (1 820 \..\r.\q\\.\\ - eamydny [/
‘DM 2,5202 pue podio) sy -0 -
- quiBusxys sanydnz ag-0p01 PUT 001 pue sqydueayg STysuUS] — A4-0001 puw ocﬁ__\

8]
AI0M PIOD %21 - WiBuaxg sanydny 2y-0001 PUe 001 |Y\

110 M PTOD %21 - HiSuexis aqpema]

T T ¢ T T \

198730 %70 ....v\

/

02

i
o
-

{¢-01 = 18d) ssaxniQ

|
o
-

1
=
©

- 001

-4 021

87

WADC TR 54-112 Pt 11



-Ko[v 1V 9 ®Ud[V PAZI[IGRI§ 10F A.0001 PUE ,009 3 §2AINT M3BY de21) WNWNIW-SE211G -

3y uy/ay) 33wy d9dID) wmwUPN

*Z1 @andtg

2-01 hlcm 1lo~ mlo~ mlo.—
T T T T T 1 [T T Tt AL B R LAJLELEILEN B . 0
%21 PaxIomM PIOD O
youenyy
e # (14 1) L5707
palioy sy O
-;.o .Nd
\d
= srmyezeduis] 189
“B'M 4,5207 J,0001 a3 L XL o
q-01 £-01 -01 4-0%
TIT T 1.1 1 T _:____ T T ____q-__ T b|_:.____ T h
—409
0 ‘M J.5207 0L
m OI%\\\
s¥ —o¢
et po? 3%
‘A D%t 7
d.009 - armywradwia] 1897
—001
[ I I U B | i ________ | ____-___ ! ________ I

{c-01 x 18d) ssang

88

WADC TR 54-112 Pt 1l



PIrove
ved £




Approved for Public Release



uoL_ A
o
o)
14or ®
°G
~
~
lzoL— \\
a ~N
\\\ \\
~ \o
100 N

"
]
o
—
L
- o
£
-— .--""-.____ \
ﬂ --‘--"-‘-. \
¥ ' ~8
[
3
o 80 I ® As forged
=
E ® 2100°F (1 hr) + Ice Brine Quench ¢
2]
A As forged + 19% Cold Work
60 L
O As forged + 33% Cold Work
40 |
-1 3
20 e . -1 2
—_—_—
o — e, —9
P -
- 1!
o s
g 1 1 1 i A
Y 200 400 600 800 1000
Test Temperature (*F}
Figure 15, - Tensile Properties of Stabilized Alpha 6 Al - 0, 5 Si

Alloy,

WADC TR 54-112 Pt1l 91

o o o
Eleagatien (% in 1 inch)



*KOTIV 1§ §°0 - IV 9 BudlV PozI1qeis 20y I,0001 PUE 008 ‘.009 1 S3AIND 2wi] aIniday s8axlg - "9y aanidrg
(sanoy) w1y

0°0001 0°001 0°01 01 170
TT T T I ____._ﬂ_ T _::___ f __:_.__ T _.______ ] 0
v A10M PI0D %e€ + poBzojey O
J.00 ¢
DH1 12 AIOM PIOD %61 + paBiocjey ¢
yousnp sujag podI + (14 1) J.0012 V
p*8103 sy MD %hee
¢
paixoy sy
q/,/U ° . Hd [72]
S v m
/ @
ll\ )
1
MO %b1 v
w
D9 -
%
ﬁ 5
1
w
#1891 d,0001
1
pa2ioy sy - 1,008 —O
paB8ao; 8Yy-1,009 0
v
DdY 3.0012 - d.009 N
/L.._Bo_
40 ¢
MDD oh@— - 1,009
. o]
-PZ1
AD %t - J.009 ———0——
0

it 11 1 ________ L ___.____ i _______r_ ________ L

WADC TR 54-112 Pt 1II



*AOTTY 1S G °0 - 1V 9 eyd[y p2zI[iqels 10 ,0001 PU® ,008 ‘.00

9 1E s$oA ‘| - * i
A I L L. InD a1eyg dasa) wnwmy s5311g L1 @andryg
2-01 g-01 -0 =01 9-01 =01
LIE BN B L) T | —_--d_ﬁ —-——-- ¥ | | —-——-4‘. I v _--- I T 0
o—
—p2
313
. Oouzun_sﬁ =001 { yo a8uwy by
. —
(o]
\ O
d.0001
—59
o
Iﬂ@
Whweis o:amydny 1q-00] ————" 0
@—7a
(; 01 X 1%}
¥I0M PIOD %t¢ + peBao) v o J.009 7!
AXOM PIOD %61 + pa2zoy av , - o
Uy
Supxd POIf + {24 ) J,04Y @
pelzoy sy O T
Ja i1 1t 1 _:L—_LL._ _.:_;_.. | ___h____ ] _______b_ 1

{¢-01 x 18d) seanrg

93

WADC TR 54-112 Pt II



Approved for Public Release



a
10

“
o o 0]
-~ o]
= " A
a 809 *
'
£
¥ 6
-
g _______—__O. 1000°*F
a
= ZOL
(-1
- | ' 1 ' I
2 0 10 20 30 2000 2100
3 Reduction (%) Quench Temperature
200 (*¥)
A T5°F

o/

A/
16
L

0 —/
A
5; 0
A 600°*F
A

-3

Dol g

Tensile Strength - psi x 10

Code
O Ti-6Al (Heat 4a , Ref, 1)
40 @ Ti-5Al {Heat 4a)
A Ti-6A1-0, 55i
Quenched
Cold-Worked Conditions Condition
0 1 1 1 | l
0 10 20 30 2000 2100
Reduction by Cold Work (%) Quench Temperature
(*F)

Figure 19, - Comparative Properties for Stabilized Alpha Alloys in Cold-
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APPENDIX 1

Calculation of Effective Gage Length

As noted in the section on Tensile and Creep-Rupture Testing
Techniques (page 4), the measurements of deformation utilized extensometer
bars attached to collars mounted on the threaded section of the specimens,
This necessitated the use of correction factors to account for the fillets and
specimen shanks included in the effective gage length,

Figure 55a shows a sketch of a specimen with the collars attached,
The portions of the specimen over which deformation was measured included
1) the reduced section, 2) the fillets, and 3) sections of the thread or shank
included under the collars, The effective gage length is the sum of the length
of the reduced section and the contributions of the fillets and shanks,

Measurements were taken on a typical specimen {or the calculation
of the fillet and thread contributions, An enlarged view of this section is
shown in Figure 55b, ‘
The following calculation illustrates the use of the geometric considera-

tions involved in the derivation of the effective gage length for loading,

Contribution of Fillets

(a) (b) (c) (d)
Distance from Rel, Area Avg, Area Area of RS x L th of Interval
threads Diameter (a)e of Interval Avg., Area ength of lnterva
(in) (in) (in%) {inZ) : (in)
0 0,312 973
0. 01 0,280 784 879 0, 0072
0,02 0,274 751 767 G, 0082
0,03 g, 266 708 729 0, 0086
0, 04 0,262 686 697 00,0090
g, 05 0,258 666 676 G,0093
0,06 0.255 650 658 0, 0096
0,07 0,253 640 645 G,0098
0,08 0,250 623 6532 - 0, C0%9

S (d) = 0,0716

Effective Length 2 fillets = 2(0, 0716} = 0, 143
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Contribution of Shank

Shank Length = 1/2 x thickness of collar, 2(0, 250} = 0,125

Average Root Diameter = 0, 283

Average Thread Diameter = 0, 370
Effective Shank Diameter = 0,283 + 1/3 (0,370 ~ 0,283) =0, 312

Effective Length of Shank = 0. 126 x (0. 250)2 o 0805

(0,312)2
Effective Length 2 Shanks = 2{0, 0805) = 0, 161

Effective Gage Length

Reduced Section + Effective Shank + Effective Fillets = RS + 0, 143 + 0, 161
=RS + 0,30

In these calculations the proportionality between stress and elastic strain
was utilized,

For creep deformation the necessary stress-strain relationship
is obtained from minimum creep rate data or, if available, the deformation
reached in a given time period, A gage section stress is assumed and the
stress at the fillet and shank section is calculated from the ratio of areas,
The average creep over each increment is determined from a plot of stress
versus creep rate or deformation expressed in arbitrary scale units, The
incremental contributions are then calculated from the ratio of the gage
section creep to the incremental creep, The products are then summed
and added to the reduced section in the manner previously illustrated, Gage
lengths determined in this manner are valid only for the particular material
and temperatures for which the arbitrary deformation data were obtained,
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Scale units measured over this length

Effective gage Iength
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a, Specimen with Collars Attached
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b. Enlarged View of Fillet and Threads

- Gage Section of Typical Specimens for Illustration of

Figure 55,
Calculation of Effective Gage Length,
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