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FOREWORD

This report was prepared by Case Institute of
Technology on USAF Contract AF 33(616)-2223. The con-
tract was initiated under Froject No. 7351, ‘‘Metallic
Materials'', Task No. 73510, *'Titanium Metal and Alloys"’,
formerly RDO No. 615-11, Titanium Metal and Alloys, and
was administered under the direction of the Materials
Laboratory, Directorate of Research, Wright Air Develop-~

ment Center, with L.t, G. T. Hahn acting as project engineer.
This report eoveras work conductsd from Auguat 1953 to

February 1955,
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ABSTRACT

The unnotched and notched tensile properties are described as a
function of testing temperature for a series of titanium-nitrogen, and
titanium-manganese binary alloys as well as for the commercial
alloy, TI 140A, and the experimental 3 Mn-complex alloy.

It was shown that the nitrogen embrittles alpha titanium by
elevating its transition temperature. This brittleness, can be
partially eliminated by taking advantage of a rheotropic recovery.

The Ti 140A alloy in the '*as-received'' condition was high in
hydrogen so that a brief investigation of the effect of hydrogen in
this alloy was also conducted.

Recrystallization embrittlement in commercial unalloyed molyb-

denum was found to be a manifestation of rheotropic brittlement.
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PART I

TENSILE AND RHEOTROPIC BEHAVIOR OF
TITANIUM-NITROGEN ALLOYS

INTRODUCTION

One of the major obstacles to a faster growth of the titanium in-
dustry results from the deterioration of mechanical properties that is
thought to be produced in the titanium base alloys by the interstitial
impurities, carbon, nitrogen and oxygen. Because it is difficult to
eliminate these harmful contaminants in the processes that presently
are being used in titanium production, a considerable amount of re-
search has been undertaken in an attempt to define the influence of
these impurities on mechanical behaviors in order to establish safe
limits for these interstitials. Jaffee and Campbell (1)*, Finlay and
Snyder (2), Jaffee, Ogden and Maykuth (3), as well as Luster, Wentz,
and Catlin (4) collectively have described the room temperature
static tensile properties, and to a limited extent the sub-room
temperature tensile and Charpy impact properties, of sponge and
iodide titanium containing carbon, nitrogen and oxygen. These in-
vestigators all agreed that the interstitial elements improve the
properties which depend on deformation resistance such as hard-
ness, tensile strength, etc. while the ductility dependent properties,
elongation and contraction in area in tensile specimens, and toughness

* Numbers in parentheses pertain to the references at the end of
this paper.
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in Charpy specimens were severely harmed. None of these studies
however, were sufficiently intensive to describe the manner in which
the impurities depressed the ductility. One cannot ascertain from
the published literature whether the poor room temperature ductility
and toughness associated with the presence of these contaminants
result from an elevation of the transition temperature, as is the case
for steels, or whether the ductility and toughness levels are lowered
under all testing conditions by these interstitials. This question of
the mode of embrittlement is one of more than academic interest.
The poor sub-transition temperature performance of a number of
other metals has been shown to be amenable to a ductility and tough-
ness recovery by properly cold working the metal (5} (6) (7). Con-
sequently, if impurities produce ductility damage by raising the
transition temperature in titanium, the allowable impurity limits
presently placed on commercial titanium alloys might be increased
by overcoming the strain-curable, or rheotropic, brittleness.

The study reported upon herein, consequently, was undertaken
in order to: first, determine whether or not the poor ductility pro-
duced in titanium by interstitial contaminants is the result of an
elevation of the transition temnperature of the pure metal which is
brought about by the impurities; second, to define how the transition
temperature is affected by other mechanical embrittling agents; and

finally, to establish whether or not poor sub-transition temperature
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behaviors in these alloys are rheotropic, or strain sensitive.

Of the three common, similar-acting, interstitial impurities --
carbon, nitrogen and oxygen -- nitrogen was used as a prototype of
interstitial contamination in this investigation both because of its con-
tinuing commercial importance and because of the ease wifh which it
can be alloyed and analyzed for, in titanium,

The three common mechanical embrittling variables, testing
temperature, notch severity and.strain rate, are usually thought to
be related so far as their effects on ductility and toughness are con-
cerned. Those materials that are excessively sensitive to one of
these agents are generally sensitive to the other two as well. Since
temperature is the most readily controlled of these variables, the
tensile properties of the various titanium-nitrogen alloys were de-
fined first as a function of testing temperature. Notch tests were
then made on these alloys, in order to correlate room temperature
notch and low temperature unnotched behaviors.

Those alloys which exhibited a transition temperature were then
further studied in order to detect whether or not sub-transition
temperature embrittlement in nitrogen bearing alpha titanium
alloys is amenable to a rheotropic recovery. The characteristics
of the rheotropic behavior (effect of testing temperature, etc.) were
also examined, but primarily in the single alloy whose transition

temperature was sufficiently high to allow such a study. In order to
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determine whether or not cold deformation could be used to overcome
notch brittleness, a rheotropic embrittled condition produced by
notches, as well as one produced by low temperatures, was also
investigated.

Since deformation methods, or stress-states, whose mean stress
is compressive, sacrifice ductility at a much slower rate than tensile-
stress-state deformations, pPrestiretching was also compared with

preextrusion as methods for overcoming rheotropic brittleness.
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MATERIAL AND PROCEDURE

The six titanium-nitrogen binary alloys whose compositions are
shown in Table | were prepared as six pound heats by the Battelle
Memorial Institute. The sponge base alloys were double melted in
an arc furnace under an argon-helium atmosphere. The additions
for the nitrogen alloys were made with a master alloy of 2.5 percent
nitrogen. After the first melting operation, the ingots were forged
at 1450°F, rolled at 1600°F to one-tenth inch sheet, grit blasted,
pickled, sheared and remelted. The remelted ingots were forged at
1450°F to 3/4 inch square bar stock, grit blasted, pickled and
vacuum annealed to insure a low hydrogen content. After annealing,
the stock was rolled to one-half inch rounds at 1600°F. The nitrogen
analyses obtained on the rods as supplied by Battelle were checked
by an independent laboratory on broken test bars as shown below:*

TABLE I

NITROGEN CONTENT OF ALLOYS

Nitrogen Content As Determined Nitrogen Content Determined
By Alloy Supplier In Check Analysis
Unalloyed 0.022 0.01
0.085 0.100 0.08
0.17 0.180 0.16
0.25 0.245 0.25
0.33 0.30 0.36
0.41 0.37 0.39

- w m w m m m m e e % s o m oW om = o=

* The alloys are subsequently referred to by their Battelle analysis.

WADC TR 55-5 5



The supplied rods were rough machined to the shapes shown in
Fig. 1 (approx. 0.05 inch oversize) after which the specimens were
vacuum annealed* at 800°C (1470°F)** for two hours and furnace
cooled to insure homogeniety before final machining to the dimen-
sions shown in Fig. 1.

The microstructures of the heads of a number of the broken test
bars were examined to determine the structure of the alloys, Fig. 2.
Although, in general, the grain size of the alloys decreased as the
nitrogen content was increased, the grain size varied considerably
within any one alloy. This grain size variation within a single alloy
did not noticeably affect the mechanical properties of the alloys.

The microstructures of the two highest nitrogen alloys, 0.33
and 0.41 percent nitrogen, showed some structure that might be a
second phase. A diffraction pattern was made on the specimen
whose microstructure is shown in Fig. 2f. All the lines in the
pattern however could be associated with the alpha titanium. An
examination of this specimen under polarized light showed the small
globular phase to be optically sensitive indicating that it was not
beta.

All tests were made with the aid of a specially designed loading
fixture which yielded an eccentricity of less than 0.001 inch. This

* Less than 5 x 10™° mm. mercury.

*¥% This is well within the all-alpha region.
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equipment and the straining procedure have been previously described
(8). Ductility values were calculated on cylindrical specimens by
determining gage lengths and specimen diameters on an optical
comparator. The ductility of notched specimens was determined from

diameter measurements of the notch bottom before and after testing,
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RESULTS AND DISCUSSION

Unnotched Tensile Properties vs. Testing Temperature

- — —— —— s ah —— -t 4 T ——

The stress-strain characteristics of the alloys were determined
only on unnotched specimens tested at room temperature, Fig. 3.
Only the unalloyed titanium showed a smooth dependence of conven-
tional stress on strain. All of the other alloys showed at least one
jog in its stress-strain curve, and the magnitude of the jog increased
as the nitrogen content increased until eventually the 0.41 percent
nitrogen alloy showed an upper and lower yield point.

The dependence of unnotched tensile strength, elongation and con-
traction in area on testing temperature are shown in Figs. 4 to 9 for
the binary titanium-nitrogen alloys whose nitrogen contents varied
from 0.0 to 0.4]1 weight percent. These curves are replotted in Fig, 10,
in order to facilitate a comparison. A number of striking behaviors
are to be seen in these curves, not the least of which is the ability of
the alloys to maintain a large portion of the high ductility (both con-
traction in area and elongation) exhibited by the unalloyed titanium,
over a wide temperature range, even in the presence of large amounts
of nitrogen.*

* Although this is a sponge base material, the very low room tem-
perature tensile strength (about 52,000 psi) and the very high
ductility (60 percent elongation and 76 percent contraction in area)
of the unalloyed titanium suggest that this sponge was practically
impurity free. Consequently, the added nitrogen in these alloys
can be considered as the only contaminant.

WADC TR 55-5
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The tensile strength of the alloys behaved in a rather simple
fashion, increasing both as the testing temperature was decreased and
as the nitrogen content increased. This, of course, is in keeping
with previously reported data. Even the highest nitrogen alloy showed
an increasing tensile strength with decreasing temperatures in the
range of liquid air temperétures, suggesting that the unnotched
ductility never becomes appreciably less than the unnotched necking
strain,

The ductility, on the other hand, showed a rather complex depend-
ence on both testing temperature and nitrogen content. An unnotched
transition temperature became apparent above the temperature of
boiling nitrogen in this hexagonal titanium when the nitrogen content
was sufficiently high (0.25 weight percent 0.86 atomic percent).* In-
creasing the nitrogen content from 0.25 to 0.33 percent (an 0.08 weight
percent increase) produced an elevation of the transition from -320
to -270°F, Fig. 11. A further nitrogen addition of 0.08 weight percent,
increasing the total nitrogen content to 0.41 percent, produced a some -
what larger transition temperature rise, from -270 to -150°F.

% The transition temperature is defined as the heel of the ductility-
testing temperature curve throughout this report. This tempera-
ture value is chosen as the intersection of the sub-transition branch
and the branch of the ductility-testing temperature curve with the
most positive slope. The heel rather than the more commonly used
knee of the curve is used because the knee was frequently difficult
to define as will be shown in a later section. The trends herein
reported are independent of the manner in which the transition
temperatures are defined.
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In addition to the transition temperature embrittlement, which
would be expected in this hexagonal metal, a second embrittlement dis -
played itself, generally at mildly elevated temperatures, as a ductility
minimum in both the contraction in area and elongation vs. testing
temperature curves, see Figs. 4 to 9.

The occurrence of a ductility minimum at mildly elevated tem-
peratures is not uncommon in metals. This type of behavior has been
reported for copper, armco iron, nickel, tungsten, molybdenum,
aluminum, lead, zinc, stainless steel, an aluminum-copper alloy, tin,
a number of magnesium base alloys, vitalium and even titanium3*

(6), (9), (10), (11), (12), (13), (14). In spite of the fact that this em-
brittlement frequently occurs at temperatures at which metals are
formed and used, investigations of this ductility depression, especially
in non-ferrous metals, are indeed rare. The very limited available
data indicate that possibly there are two different mechanisms
operative to produce the embrittlement, depending on the metal and
the temperature at which the embrittlement is found. All metals,
regardless of both the system in which they crystallize, and the
presence or absence of alloying elements or impurities, appear to
undergo an embrittlement at temperatures just below that at which
they recrystallize or flow viscously during testing (15). This be-
havior is thought to occur because the deformation is restricted to

- e a m o m om o= o= - e = e o=

* Parker reported an embrittlement in titanium at 800°F, (12).
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viscous flow of the grain boundary material at temperatures just be-
low those at which the entire body flows viscously, and above that at
which all the material is still in a plastic state. This embrittlement
is frequently referred to as ‘‘one-half the absolute temperature
brittleness’’ although it may occur over a rather wide range of
temperatures depending on the testing condition, grain size of the
metal, etc. Strength data are seldom given with these ductility data,
but because of the grain boundary fracturing, it seems safe to as-
sume that the embrittlement here is not reflected in strength peaks.*
The 800°F embrittlement reported by Parker may be of this type,

Other metals, and in particular steels which showed blue
brittleness, also undergo a second type of embrittlement at mildly
elevated temperatures. This second type of ductility depression is
accompanied by higher-than-normal strength values, and the
fractured specimens do not show a high density of intergranular
cracks which is thought to be characteristic of the embrittlement
described above, This latter embrittlement is considered to be a
result of some precipitation phenomenon which accounts for the
strength increases. The precipitation is strain accelerated during
the test or use of these metals at elevated temperatures,

- m ®m e w wm = m o= - L Y

* In many of these metals, such as zinc, where tensile strength
data might be available, the elevated temperature and the transi-
tion temperature embrittlement are superimposed so that it is
not possible to determine what the strength might‘‘normally"’
be as a function of testing temperature.

WADC TR 55-5 1 -



The embrittlement found at +200°F in the titanium-nitrogen alloys
appears to fall into this latter class so far as mechanical behaviors
are concerned. The ductility depressions in Figs. 5 to 10 are
generally accompanied by higher strength values than would be ob-
tained by extrapolating the tensile strength-testing temperature
curves from higher and lower temperatures to the embrittled range*.
Further, the embrittlement in these alloys is at too low a temperature
to suggest plastic-viscous flow.

The data in Figs. 4 to 10 suggest that there are two types of em-
brittlement active to produce these curves. The low nitrogen alloys,
unalloyed and 0.085 weight percent nitrogen, are embrittled at +400°F
in the absence of a strength rise. The higher-nitrogen alloys as well
as the 0.085 percent nitrogen alloy, may or may not be continuing to
undergo this embrittlement; but in any event, they show a pronounced
brittleness with a mild strength rise at about +200°F, Because of
the concurrent ductility deficiency and strength peak, this latter em-
brittlement appears to be a precipitation phenomenon. This implies
that stable £ must be forming during deformation of alloys with

nitrogen contents as low as 0.085 weight percent. As described

-k e M e o w wm e m wm w  w

* Although the strength increases in the temperature range of the
embrittlement are mild, they appear to be sufficiently consistent
in all the alloys to indicate their existence. The anticipated
tensile strength-testing temperature curves in the absence of the
+200°F embrittlement are shown by the thin curves in Figs., 5
to 9. '
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above, a second phase was found microscopically in the 0.33 and the
0.41 percent nitrogen alloy specimens, see Fig. 2-e and -f, but the
second phase could not be identified.

Because this +200°F brittleness occurred at a temperature range
in which specimens would normally be prestrained for the rheotropic
study, the microstructures of a few specimens tested in this tem-
perature range were examined. As shown in Fig. 12, fracturing at
room temperature and at +200°F is accompanied by an enormous
number of intergranular cracks, suggesting that the fracturing is
almost entirely restricted to the grain boundaries. The density of
these one-grain-long cracks is enormous in the region of the main
separation, indicating that fractures are readily nucleated in this
temperature range. The ductility in this region (see Fig. 10) is
depressed to a value less than one-half of that which would be ex-
pected in the absence of the embrittlement suggesting that the
cracks do not grow any easier at this temperature than they do
above or below the embrittling temperature.

At temperatures above that of the ductility depression {+400°F
and above) the method of crack formation was different from that
described above. At these elevated temperatures, voids, whose
major axes were parallel with the specimen axes, appeared to form
around small volumes of metal. These voids grew into spheres

until they isolated the enclosed volumes from the applied stress,
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Fig. 13. It is difficult to rationalize the occurrence of this type of
void, especially since the cracks appear to form and grow in a direc-
tion parallel to that of the appled load, see Fig. 13.

Also above the +200°F embrittled range, the contraction in area
increased with temperature while the elongation decreased. A
behavior of this type requires a drop in strain hardening exponent
with increasing temperatures. Rosi, Perkins and Seigle (16) have
shown that the deformation mechanism for titanium is a function of
the straining temperature, and further suggest that the deformation
mechanism is not affected by the nitrogen or oxygen content, A
change in deformation mechanism above and below +400°F could
account for the change in strain hardening exponent.

It is interesting to note that although increasing nitrogen contents
in titanium alloys are considered detrimental to ductility, there was
only a limited testing temperature range (at low temperatures)
where this appeared to be valid. As shown in Fig. 14, any nitrogen
increase was harmful at -321°F. At temperatures of room tempera-
ture and above, nitrogen additions were desirable within the range
of 0.1 to 0.3 percent nitrogen in respect to both sirength and
ductility. An 0.25 percent nitrogen alloy had an elongation of about
50 percent and a contraction in area of about 60 percent with a
tensile strength of about 60,000 psi at +400°F while at this tempera-

ture the unalloyed titanium had an elongation of about 40 percent, a

WADC TR 55-5
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contraction in area of about 55 percent, and a tensile strength of
30,000 psi. |

The data obtained on this project are compared with that pre-
viously reported by other investigators on titanium-nitrogen alloys
in Figs. 15 and 16. The continuous ductility drop with increasing
nitrogen content on room temperature tensile testing previously re-
ported on iodide titanium is different from that found here, see Fig. 15.
These earlier investigations presumably did not include sufficiently
high nitrogen contents to find the ductility recovery. The transition
just below room temperature, Fig. 16, found by Luster, Wentz and
Catlin (4) on an 0.2 percent nitrogen alloy is higher than that which
would be expected on the basis of the present data. However, the
unalloyed sponge used by these authors had a tensile strength of
65,000 psi indicating that nitrogen was probably not the only con-
taminant in their alloy.

The specimens tested in these alloy series showed a rather
large amount of flow anisotropy. The magnitude of the anisotropy
(measured as the ratio of the maximum and minimum transverse
strains) is shown as a function of the testing temperature for the
alloys in Fig. 17. Only the unalloyed and 0.085 percent nitrogen
alloys were found to show an unambiguous dependence of anisotropy
on the testing temperature.

The anisotropy displayed itself in two different fashions. Some

55-5
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of the specimens, whose cross-section was initially circular, deformed
to form ellipses while others deformed to diamond shapes as shown by
the photograph of fractured specimens in Fig. 18. The open circles
labeled two-fold symmetry in Fig. 17 formed ellipses on straining
while the closed circles, labeled four-fold symmetry, formed

diamonds.

Notch Properties vs. Testing Temperature

Notched tests were also conducted at a variety of testing tempera-
tures on those alloys for which the ductility-testing temperature
curve had a positive slope at -321°F as shown in Figs. 19, 20, 21 and
22. The introduction of a notch elevated the transition temperature
in these alloys somewhat less than that which might be expected in a
steel. SAE 1340 quenched and tempered at 700°F showed a smooth
specimen contraction in area-testing temperature curve much like
that presented above for the 0.25 percent nitrogen alloy, compare
Figs. 23 (17), and 20. The introduction of a ten percent notch to
these steel specimens elevated the temperature of the heel of the
transition curve from approximately -300°F to +450°F, as com-
pared with an elevation from -320°F to about +170°F for the 0.25
percent nitrogen titanium alloy. The dependence of the transition
temperature on notch severity for these hexagonal alpha titanium

alloys is compared with that for body centered <ubic steel in
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Fig. 24a. Since body-centered-cubic chromium (18) is also excessively
notch sensitive compared with hexagonal zinc (19) and magnesium (14),
it is suggested that this latter class of metals, in spite of frequent high
unnotched transition temperatures, is in a class between that of body-
centered-cubic and face-centered-cubic metals so far as notch
sensitivity is concerned.

The elevation of the transition temperature produced by the in-
troduction of anotch is shown as a function of the nitrogen content
in Fig. 24b. The higher the nitrogen content (and hence the higher the
unnotched transition temperature, see Fig. 11) the less the transition
temperature was moved on notching the specimen.

One other striking feature of these notch curves, Figs. 19 to
22, is the very slow rate at which the notch ductility decreases with
decreasing temperatures in the sub-transition range. Although the
0.25 percent nitrogen alloy shows ten and thirty-five percent notch
transition temperatures at about +200°F, the ductility is not exces-
sively low, even at -321°F,

The notch strength* is also shown as a function of the testing
temperature in Figs. 19, 20, 21 and 22. Notch strength is irequently
used as a criterion of notch sensitivity in place of ductility, because
it is more readily measured, and under certain conditions reflects
the notch ductility behavior.

* Notch strength is defined as the ratio of the maximum load to the
original cross-sectional area at the notch bottom.

WADC TR 55-5
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Since the necking strain is thought to be independent of the tri-
axiality,* the notch strength can be written as:

Notch Strength = Unnotched Tensile Strength [1 + 0.01 (notch depth
in percent)]

so long as the notch ductility exceeds the necking strain of the
material. It is only when the notch ductility becomes less than the
necking strain, and no longer obeys the above equation that the notch
strength reflects ductility and can be used as a notch sensitivity
criterion. The calculated notch strength curves based on the above
equation are shown in Figs. 19 to 22 along with the data points. So
long as the ductility is high, the data points fall very close to the
calculated curve, Fig. 19 and 20. Only for the two highest nitrogen
alloys does the ductility loss influence the notch strength behaviors.
The shaded area has been added to these charts between the experi-
mental and calculated curves in order to represent the loss in
strength due to notch ductility deficiencies. Because of the very
gentle ductility drop below the transition temperature for the 0.25
percent nitrogen alloy, the data points for notch strength continue to
fall on the calculated curve even at -321°F. The 0.33 percent alloy
shows somewhat lower sub-transition ductility than the 0.25 percent
nitrogen alloy so that a mild degree of notch strength lowering is

* Which appears to be the case for steel at least.
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found in the 35 percent notches at sub-room temperatures. Only for the
0.41 percent nitrogen alloy were the sub-transition temperature duc-
tilities sufficiently low to produce a severe lowering of the notch
strength, Fig, 22.

The notch strength and notch ductility (35 percent notch) are
shown as a function of the nitrogen content in Fig. 25 for a variety of
testing temperatures. The continuous depression of unnotched
ductility produced by nitrogen additions found at a testing temperature
of -321°F (see Fig. 14) persists in the notched ductility--nitrogen
content curves to testing temperatures even as high as +200°F.

This is not surprising since high nitrogen additions produced the

poor unnotched ductilities at -321°F by the development of a transition
temperature. Notching the specimens elevates the transition tempera-
ture so that the unnotched behavior found at liquid air temperatures

is similar to notched behaviors in the vicinity of room temperature

or slightly above.

In other investigations on the notch properties of metals by the
author, it was shown that the notch ductility vs. notch depth curves for
metals all belong to a single family of hyperbolae (20).% The family

* In the following discussion of notch property-notch depth curves,
only the eifect of notch depth on notch ductility is discussed because
the notch strength is a simple function of the notch depth as given
by eq.[lj - The calculated notch strengths are added to Figs. 26
to 31 as thin straight lines.

- 19 -
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is described by the equation:

y = (b) (unnotched ductility in percent) []
(b) + (notch depth in percent) --- 12

Notch Ductilit
**H’" in the above equation is a constant for a given material. Graphi-
cally it is a measure of the distance between the experimental ordi-
nate axis, (zero notch depth) and some ordinate axis in the second
quadrant (negative notch depths) that the experimental hyperbola ap-
proaches. As shown in the earlier study, the logarithm of b, which
will be referred to a b”, is not only an excellent measure of notch
ingensitivity* but also seems to be simply related to other inherent
properties of metals;**

Curves relating the notch ductility to the notch depth for a
variety of testing temperatures are shown for these alloys in
Figs. 26 to 31. For those curves in Figs. 26 to 31 for which sufficient
data were available, the b values were calculated from the data
points. For those curves in which only a few data points were avail-

able the values of b were calculated from the shape of the curve

itself. These values of b were converted to b’ values in order to

- e ™ Em v o e wm o we e w

* Physically ‘b’ measures the loss in unnotched ductility produced
by the introduction of the notch. Small values of b mean the verti-
cal branch of the hyperbola relating notch ductility and notch depth
is slightly to the left of the ordinate while large values of b repre-
sent hyperbolae whos: vertical branch is far into the second

quadrant. Consequently, notch insensitivity increases as b’ increases.

** For example b’ was found to be a linear function of the unnotched
strain hardening exponent for face-centered-cubic metals.
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determine the dependence of room temperature notch sensitivity on
nitrogen content, Fig. 32, and the notch sensitivity testing temperature
relationship for all of the alloys, Fig. 33. The room temperature
notch sensitivity increases linearly with nitrogen content, see Fig. 32,
so that the dependence of notch sensitivity on nitrogen content can be
written as:

b’ =1.3 -2.4 (nitrogen content in percent) - - - - - [3]

The plot of log b vs. 1/T curves for each of the alloys also re-
sulted in one or two straight lines, see Fig. 33. These linear relation-
ships considerably simplify the description of the dependence of notch
sensitivity on testing temperature. It was surprising to find that in-
creasing the testing temperature above ambient values increased the
notch sensitivity for all the titanium-nitrogen alloys as well as the
steels whose properties are shown in Fig. 23, at about the same rate.
This relationship between notch insensitivity and testing temperature

is described by the equation:

where b’ notch insensitivity
C Constant
M = Constant
T_,= Absolute Temperature

These are hyperbolae with asymptotes at the (b’ -c) and Ta axes.

Above room temperature, ‘‘M'' is equal to approximately -8 x 10-2

- 21 -
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while C is a function of the composition. Below room temperature,
both **M'’ and ‘*C'' are highly material dependent. Notch properties
are harmed by low testing temperatures at a rate that increases as
the nitrogen content is increased. The 0.17 percent nitrogen alloy has
a notch ductility that is not affected by testing temperature below
ambient values while the unalloyed titanium actually becomes more
notch insensitive as the testing temperature is lowered in this

testing range.

Rheotropic Brittleness in Unnotched Bars

After having established the effect of testing temperature and
notch severity on the tensile properties of the alloys, it became pos-
sible to study their rheotropic behaviors. Since only the two lowest
nitrogen alloys (unalloyed and 0.085 percent) did not show ductility
testing temperature curves with a positive slope at low temperatures,
rheotropic studies were conducted on all of the alloys except these.

In spite of the fact that the 0.17 percent nitrogen alloy lost
ductility as the testing temperature was lowered, it never underwent
an abrupt ductility loss as the temperature decreased, see Fig. 19,
so that it cannot be considered as showing a transition temperature
above the temperature of boiling nitrogen. This ductility drop was
nevertheless investigated by prestretching a few unnotched specimens

at room temperature after which the specimens were further strained
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in tension to failure at -321°F, As shown in Fig. 34, the prestrain vs.

retained ductility relationship for this alloy can be described by the

equation:
n
t r + ¢ P\ = 1% - - - o - _ _ __ . ___._._ [5]
¢ B E'A

g
|~
o
H
o
m
H
"

retained ductility in second straining operation

p prestrain
€ p = fracture ductility at the temperature of second strain
& = fracture ductility at the temperature of first strain
exponents which are thought to have a value of unity

in the absence of strain aging and other second order
effects

m
]

)
P
=}
A
=)
n

An adherence to this equation indicates an absence of rheotropic brittle-
ness (5). Since ductility deficiencies resulting from transition tempera-
ture behaviors are thought to be strain curable, or rheotropic, the
mechanism which produces the ductility loss in this alloy at low
temperatures must be different from that which is effective at the

transition temperature.

- e m - = m ow owm o= o= - e m w = -

* Earlier investigations of the rheotropic behavior of other metals
have shown the behaviors to be best described by defining the
ductility in terms of natural or logrithmic strain which is defined as:

Ag = cross sectional area before straining
= cross sectional after fracturing

i ]
-
!

The natural strain can be derived directly from contraction in
area measurements by use of the relation:
€= In (1-q)
q = contraction in area divided by 100
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Prestretching the 0.25 percent nitrogen alloy at room temperature
followed by a tensile test at -321°F produced a rheotropic recovery.
The retained ductility vs. prestrain curve was made up of three
branches, the metastable, transition, and stable branches, Fig. 35,
similar to the behavior normally found in rheotropically embrittled

metals.*

* On the basis of studies on rheotropic briitleness in steels and zinc,
the following characteristics of retained ductility vs. prestrain
(tension) curves of the type schematically shown in Fig. 36 might
be listed.

1. The metal at a sub-transition temperature suffers some
impediment which is stable at small prestrains so that
the retained ductility decreases with small prestrains in
a normal fashion over this metastable range.

2. Prestrains beyond those in the metastable range partially
overcome the impediment so that the ductility increases
with prestrain over some range of strains. This branch of

the ¢ r VS. f'p curve has been labeled the transition branch.

3, Prestraining beyond the transition branch again results in
a decreasing retained ductility with prestrain. This is
thought to be a stable behavior. In the absence of secondary
effects, such as aging, the stable curve is described by eq.
[5] with exponents of unity, and a value of ¢z equal to the un-
impeded ductility at the testing, or second straining tempera-
ture.

4. The magnitude of prestrains over which the metastable and
transition branches of the curve exist, are a function of
the second straining temperature only. The lower this
temperature, in relationship to the transition temperature,
the longer are these branches.

5. The metastable and transition branches of the £, vs. &,
curves are independent of the prestraining temperature while
the stable branch of the curve is a function of the prestrain-
ing and testing temperature as described in footnote 3 above.

- 24 -
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An extrapolation of the stable portion of the curve in Fig. 35 to zero
prestrain yielded a value for unimpeded ductility equal to that which
would have been obtained if the ductile branch of the ductility-testing
temperature curve had been extrapolated to this same temperature,
see Fig. 7. This behavior of course, is also consistent with that
previously reported for other metals.

Tensile prestraining at room temperature also produced a
rheotropic recovery at -321°F in the 0.33 percent nitrogen alloy,
Fig. 37. The magnitude of the prestrain necessary to produce the
stable behavior, however, was close to the prestrain ductility of the
metal, see Fig. 8, so that the magnitude of the recovery was small.
In order to make larger prestrains possible, another group of speci-
mens were stretched at +400°F before testing them at -321°F. As
shown in Fig. 37, elevating the prestraining temperature produced
much larger values of retained ductility at -321°F. The metastable
and transition branches of curves of the type shown in Fig. 37 are
thought to be independent of the prestraining temperature (so long
as the metal is cold worked). The 0.33 percent nitrogen alloy showed
rheotropic recovery at much smaller strains at elevated temperature
than at room temperature. This unexpected behavior could result
from either the different type of micro-cracks formed on stretching
at room temperature as compared with those formed at +400°F as

discussed above, or from the apparent difference in deformation
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mechanisms at the two prestraining temperatures. Nevertheless, pre-
stretching at +400°F doubled the ductility at -321°F while the tensile
strength was increased approximately ten percent. The -3219F tensile
strength of the specimens prestrained at +400°F is considerably lower
than those prestrained at room temperature. This would imply that at
least a portion of the higher ductility developed on +400°F prestrain-
ing resulted from an overaging effect.

The 0.41 percent nitrogen alloy exhibited an unnotched sub-
transition temperature behavior even at room temperature, and
probably at +200°F as well.* Consequently, specimens of this alloy
were prestrained at +400°F and subsequently tested at room tempera-
ture and at +200°F. As shown in Fig. 38 prestraining at +400°F and
testing at either of these temperatures yielded a rheotropic recovery.
The unimpeded ductility at zero prestrain, obtained from the extrapola-
tion of the stable branch of these curves to zero prestrain, is higher
for the +200°F data than for the room temperature testing data.
Further, these extrapolated values are sufficiently high to indicate
that the +200°F embrittlement shown in Fig. 9 is not apparent in these
tests. Although the scattering in room temperature test data is

rather severe, it does not appear to require more prestraining to

produce a stable behavior at room temperature than it does at +200°F.

* As stated above, it was not possible to detect the minimum super
transition temperature in this alloy because of the superimposed
+200°F brittleness.
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Actually the opposite appears to be the case here.

Rheotropic Brittleness in Notched Test Bars

It was shown above that the introduction of a notch to these tensile
bars produces notch embrittlement by raising the transition tempera-
ture of the metal. Consequently poor static notched tensile perform-
ance should be amenable to an improvement by prestraining in the
unnotched state before testing in the notch condition. By the use of
an unnotched specimen in Prestraining and a notch bar in testing the
transition temperature can be crossed between the first and second
straining operations, even though both of these straining operations
are conducted at the same temperature,

Only the 0.41 percent nitrogen alloy became excessively brittle
at room temperature with notches whose depth was 35 percent.
Consequently, most of the attempts to eliminate rheotropic brittle-
ness in notched bars were conducted on this alloy.

Prestretching smooth tensile bars at room temperature followed
by room temperature notch testing did produce a rheotropic recovery
in this alloy as shown in Fig. 39.‘ The unworked ductility of about e.
= 0.008 was almost tripled by unnotched prestretching to an E.P = 0.06.
Along with this ductility improvement there was, of course, an ap-
pPreciable notch strength increase. The strength increase would

be expected, of course, both because of strain hardening in prestraining,
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and because the ductility is increased.

The magnitude of the maximum possible prestrain at room tempera-
ture was rather small (about Ep = 0.26, see Fig. 9). Consequently
other groups of specimens were prestretched at +400 and +600°F.

The notch ductility after prestraining at +4_00°F was quite low. Pre-
sumably this was an aging effect. Prestretching at +600°F again
yielded high values of notch ductility. At this higher prestraining
temperature, the material apparently overaged.

A few unnotched specimens of the 0.33 percent nitrogen alloy were
also prestretched at +600°F followed by room temperature notch
testing, Fig. 40. Here again, the material showed a ductility recovery,
but because the magnitude of prestrains were rather closely bunched,
the shape of the retained ductility-prestrain curves could not be

determined accurately.

Rheotropic Recovery Produced by Extruding

Unfortunately, increasing tensile prestrains continuously exhaust
the ductility of metals even in the absence of rheotropic embrittle -
ment. Because the ductility sacrifice on prestraining is proportional
to the metal's ductility under the prestraining conditions, as des-
cribed by equation [5], prestraining under a stress state whose mean
stress is compression can produce large deformations with only

slight ductility sacrifices. Conseguently, rods of the type shown in

WADC TR 55-5 - 28 -



Fig. 1 of the 0.33 and 0.41 percent nitrogen alloy were extruded at
+600°F through a small angle conical die (7° one-half die angle) to
approximately a 56 percent reduction. The extruded rods were then
stress-relieved at 800°F for one hour, after which test pieces were
machined from the extruded bars. Because the rod diameters before
extruding were limited to somewhat under one-half inch, these test
bars had to be made quite small, see Fig. 1.

The unnotched properties of the extruded 0.33 percent nitrogen
alloy are shown as a function of testing temperature in Fig. 41, along
with the curves obtained on the annealed material. Extruding did
not appreciably change the contraction in area on subsequent testing

- at super transition temperatures, but the elongation was considerably
reduced while the tensile strength was raised at these temperatures.
At sub-transition testing temperatures, the contraction in area was
appreciably raised, the elongation unchanged, and the tensile strength
increased.

As discussed above, only the 0.41 percent nitrogen alloy exhi-
bited an unnotched sub-transition behavior at room temperature.
Extruding this alloy about 56 percent at +600°F produced remarkable
ductility (contraction in area) improvements in the alloy between
-110°F and +400°F, Fig. 42. These high contraction in area values
were accompanied by depressed values of elongation and high tensile

strengths.

WADC TR 55-5 _29 -



A few notched tests were also conducted on extruded 0.33 percent
and 0.4] percent nitrogen bars, but the ductility recovery here was

small.

WADC TR 55-5 - 30 -



CONCLUSIONS

1. The poor ductility associated with nitrogen contamination in alpha
titanium is a result of an elevation of the transition temperature

of the titanium by the introduction of the contaminant.

2. In addition to the transition temperature embrittlement, a second

elevated temperature brittleness displayed itself at about +200°F.

3. Increasing nitrogen contents do not continuously lower the unnotched

tensile ductility of titanium except at very low testing temperatures.

4. Notch embrittlement is a result of an elevation of the transition

temperature by the introduction of the notch.

5. Sub-transition temperature embrittlement is amenable to a rheo-
tropic recovery whether the embrittlement is produced by low

temperatures or notches.

6. A prestrain stress state whose mean stress is compression is

most effective in relieving rheotropic brittleness.
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PART II

TENSILE AND RHEOTROPIC BEHAVIOR
OF TITANIUM-MANGANESE ALLOYS

INTRODUCTION

Hardening and a concurrent reduction of ductility in titanium al-
loys is produced not only by interstitial contaminants such as
nitrogen, but also by alloying elements of a substitutional type as
well. This latter class of alloying elements, however, is thought to
produce the strengthening with only minor losses in ductility and
toughness as compared with the ductility damage done by inter-
stitial alloying elements.

In order to determine whether or not the addition of a sub-
stitutional alloying element produces a transition effect, or shifts
an already existent transition temperature, the tensile and rheo-
tropic bebavior of a number of titanium-manganese alloys were also
investigated. The investigation of these alloys was restricted to a
study of whether or not the alloying element additions developed a
transition temperature in the titanium base alloy and if so, whether
or not the sub-transition temperature ductility deficiency is amenable
to a rheotropic recovery.

Manganese was chosen as the alloying element in this test
series because it is a beta stabilizer and hence made possible the

study of alpha-beta alloys. Further, a large amount of data are
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already available on this alloy system.

Because manganese is a beta stabilizer, the investigation was com-
Plicated by the vast number of microstructures that could be developed
in these alloys. For this reason, the alloys were used in the annealed
condition, and the annealing temperature was selected for each of the
alloys so as to form approximately the same relative amounts of alpha
and beta on heat treating. The greatest difference in the alloys was

presumed to be the composition of the beta.

MATERIAL AND PROCEDURE

Six binary titanium-manganese alloys were made for this in-
vestigation by the Battelle Memorial Institute using the same base
sponge as that used in making the titanium-nitrogen alloys. The man-
ganese was added as a 50-50 master alloy. The alloys were melted
and further processed in the same fashion as that described in
Part I for the titanium-nitrogen alloys. The composition of the
alloys used in this investigation along with their annealing tem-

peratures are shown in Table I].
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TABLE 1II

MANGANESE CONTENT AND
ANNEALING TEMPERATURES OF ALLOYS

Manganese Content Annealing Temperature
Unalloyed 1470°F (800°C)
1.69 percent 1470 (800)

4.68 1380 (750)
5.40 1380 (750)
5.75 : 1380 (750)
8.0 1290 (700)

The specimens were rough machined to the shape shown in Fig.
1-a of Part I, after which they were vacuum annealed for two hours
at the temperatures shown in Table II, and slowly cooled. The heat
treating temperatures in Table I were selected so that the alloys
had roughly the same relative beta contents. These annealed speci-
mens were then finish machined to the shapes shown in Fig. l-a,
Part I.

Photomicrographs of the heads of broken test bars are shown
in Fig. 43.

The testing procedure used on these alloys is the same as that

previously described for the nitrogen alloys.

RESULTS AND DISCUSSION

The tensile properties of the annealed alloys are shown in

Figs. 44 to 49 as a function of the testing temperature. A manganese
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content of 5.4 percent was required before the ductility {(contraction
in area) exhibited an abrupt drop over a limited te sting temperature
range, above the temperature of boiling nitrogen. All of the alloys
with manganese contents in excess of five percent exhibited transi-
tion temperatures as well as a mild embrittlement at about 6000F,
Séecimens of each of the three highest manganese alloys were
prestretched at room temperature followed by a tensile test at
-321°F. As shown in Figs. 50, 51 and 52, the 5.4 and the 5.8 man-
ganese alloys underwent a rheotropic recovery while the 8.0 man-

ganese alloy did not.

CONCLUSIONS

1. Annealed alpha-beta binary alloys (titanium -manganese) exhi-
bit a transition above the temperature of boiling nitrogen when

a sufficiently large amount of alloying element was added.

Z. This transition temperature may or may not be amenable to

a rheotropic recovery depending on the alloy content.
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PART 1III

TENSILE AND RHEOTROPIC BEHAVIOR OF A COMMERCIAL
AND AN EXPERIMENTAL ALLOY

INTRODUCTION

In addition to investigating the mechanical properties of the inter-
stitial and substitutional alloys, the tensile and rheotropic behavior of
an alpha-beta commercial alloy (Ti 140A) and an experimental alloy

b

(3-Mn complex) were also investigated. The Ti 140A in the ‘‘as-
received'' condition was quite high in hydrogen. Consequently, a
brief investigation of the effect of'hydrogen level on the tensile pro-
perties of this alloy had to be conducted before the mechanical pro-
perties of the alloy, in the absence of hydrogen, could bedefined. Be-
cause of the current interest in the effect of hydrogen, these test re-

sults are described below in some detail along with the tensile and

rheotropic behavior of the alloys.

MATERIAL AND PROCEDURE

The Ti 140A was purchased from the Titanium Metals Corpora-
tion as 3/4 inch diameter rods in the annealed and ground condition.
As shown below, the hydrogen content of this material wés quite
high so that specimens were tested in both the ‘‘as-received'’ and

vacuum annealed condition. Rough machined specimens of the alloy
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were vacuum annealed at 1200°F for four hours.* Vacuum annealing
did not change the microstructure of the alloy which is shown in
Fig, 53-a.

The 3-Mn complex alloy was supplied by the Battelle Memorial
Institute. The alloy was heat treated according to information sup-
plied by Battelle to two different strength levels before testing. The
heat treatment consisted of quenching from 1380°F after a two hour
anneal, followed by artificial aging at 800°F for 48 hours to develop
the higher strength level, while aging at 895°F for 24 hours was em-
ployed to produce the lower strength level. The microstructure of
the alloys at the two strength levels is shown in Figs. 53-b and c.

The nominal composition of the alloys are shown in Table IIIL,

TABLE III

NOMINAL COMPOSITIONS OF THE COMMERCIAL
AND EXPERIMENTAL ALIL.OYS, PERCENT

Ti 140A 3 Mn-Complex
Fe 1,5-2.5 1
Cr 1.,5-2.5 1
Mo 1.5-2.5 1
Mn - 3
v - 1

* At less than 5 x 10”° mm Hg.
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The test procedures used in this phase of the investigation were
the same as those described in Part I for the titanium-nitrogen
alloys, with the exception of the techniques for the high strain rate
tests. The tests at 100 in/min movement of the test machine head
were conducted on a tube drawing bench which was adapted for
tensile straining, while the tests at 19,000 in/min used a guillotine

type drop hammer that was adapted for tensile straining.

RESULTS AND DISCUSSION

Ti 140A Alloy

The tensile properties of two rods of Ti 140A in the ‘‘as-
received'' (annealed and ground) condition were determined as a
function of testing temperatures as shown in Fig. 54 by the solid
circles and crosses. The wide differences in ductility of these two
rods at temperatures just below ambient and the shape of the
ductility depression suggested that these specimens were hydrogen
embrittled. Hydrogen analyses were made by the Battelle Memorial
Institute on four pieces of the rod whose properties are shown in
Fig. 54 as crosses in order to determine the hydrogen distribution
within a single rod. The analyses found on these four specimens,
taken at widely spaced intervals within the single supplied rod,
were 280, 270, 269, and 270 ppm., indicating that the hydrogen con-

tent within a single ‘‘as-received'’ rod was quite uniform.
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One of the broken test bars used in the series that showed the
severest embrittlement (solid circles) was also analyzed for hydrogen
by the Battelle Memorial Institute. The hydrogen content of the rod
from which this specimen was taken was assumed to be quite uniform,
not only because of the constant hydrogen distribution found in the
first rods, but also because all the specimens whose data are shown
as solid circles in Fig. 54 were machined from a single rod, and
these data show practically no scatter. The hydrogen content for this
material was found by Battelle to be 310 ppm.

A reduction of the hydrogen content from 310 ppm. to approxi«
mately 270 ppm. produced a much shallower depression in ductility
as a function of testing temperature on these slow strain rate tests,
Fig. 54. The ductility recovery at low temperatures, however, was
still apparent even with the lower hydrogen alloy.

Test bars of a third rod were vacuum annealed at 1200°F for
four hours, The hydrogen analyses supplied by Battelle on two
vacuum annealed broken test bars were 170 and 92 ppm. Decreasing
the hydrogen content by vacuum annealing eliminated the slow strain
rate ductility depression that had been found at temperatures
slightly below ambient, Fig. 54.

In steels, hydrogen not only produces a minimum in the ductility-
testing temperature curve at slow strain rates, but at increased

strain rates the magnitude of the depression is attenuated and
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elevated to higher testing temperatures until eventually, when the strain
rate is sufficiently high, the depression is completely eliminated. Since
the slow strain rate ductility-testing temperature curves found for
this alpha-beta alloy were so much like those found in hydrogen
charged steels, the ductility of the alloy was also determined as a
function of testing temperature at higher strain rates. Only a limited
amount of each of these rods was available -- consequently, specimens
were prepared from the highest hydrogen rod (310 ppm.) for testing
at a single high strain rate (19,000 in/min), while other specimens
from the rod with an intermediate hydrogen content (270 ppm.) were
prepared for testing at the single intermediate strain rate of
100 in/min.

The material with the highest hydrogen content continued to show
a ductility depression as a function of testing temperature at the
highest strain rate, but this minimum was mild and displaced to a
higher testing temperature, Fig. 55. Since a ductility minimum was
found even at this high strain rate for the high hydrogen alloy, the
ductility-testing temperature curve was also obtained on vacuum
annealed specimens at a strain rate of 19,000 in/min as shown in
Fig. 56. As was the case for slow strain rate deformations, vacuum
annealing again eliminated the ductility depression.

The material with the intermediate hydrogen content no longer

displayed a ductility-testing temperature minimum at a strain rate
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of 100 in/min, at least, not at testing temperatures below +300°F,
Fig. 57.

Brown and Baldwin (21) characterized the shape of the hydrogen
produced ductility depression in steel as a function of te sting tem-
perature and strain rate by describing the slope of the two surfaces
that produced the depression on a three dimensional chart, Fig. 58.

One of these surfaces was described by theequations:

(af)T>o ; (‘3‘%);<o .......... T¢]

arc

while the other was defined by the pair of equations,

(.2%)0 ; (g—;_i,>0 .......... [7]

- A

The authors pointed out that a description of this figure in three
dimensions is essential before an acceptable theory for the mechan-
ism of hydrogen embrittlement is possible.

The hydrogen embrittlement concept wherein the diffusion rate
of hydrogen is competitive with the rate at which the material is
being deformed as suggested by the planar pressure theory of
Zapffe and his co-workers (22), or the diffusion controlled extension

of Orowan's theory on delayed fracture in glass by Petch and
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Stables (23), suggest surfaces of the type given by equations[E;]. Sur -
faces of the type given by equations \_7:) are rationalized by de Katensky
(24) on the basis that the solubility of hydrogen in the metal (as opposed
to that collected in the voids) increases with testing temperature; hence,
surfaces described by equations T_T] as well as by equationg \-_6] should
be expected.

Plotting the ductility data obtained in this inve stigation on alpha-
beta Ti 140A as a function of both testing temperature and strain rate
produced the same type of surfaces that Brown and Baldwin found for
steel, Figs. 59 and 60. This suggests that hydrogen embrittlement in
alpha-beta titanium is produced by the same mechanism that produces
embrittlement in hydrogen charged steels; these data are consistent
with a competitive rate theory as the mechanism for hydrogen
embrittlement,

The suggestion that hydrogen produces embrittlement in alpha-
beta titanium by the same mechanism by which steel is hydrogen
embrittled is supported by data recently presented by Kotfila and
Erbin on the 3-Mn complex titanium alloy, Fig. 61 (25). Although
these authors investigated only three temperatures at each of three
strain rates, they appear to be consistently developing surfaces that
would be described by equations EG:_] and [7_] when their hydrogen
content was sufficiently high (200 and 300 ppm.).

Data collected by G. A. Lenning, C. M. Craighead and R. 1. Jaffee

WA 55-5
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at Battelle Memorial Institute (26) on a number of different alpha-
beta alloys indicate the existence of surfaces of the type described by
equation [7] y but the ductility recovery at low temperatures described
by equation [6_] has not been found.

Hydrogen embrittlement in these alpha-beta alloys is also quite
different from that found (27) in alpha alloys. This latter class of
alloys appears to produce titanium hydrides which elevate the transi-
tion temperature of the metal and result in behaviors much like that
described in Part I of this report for titanium-nitrogen alloys,

Two series of slow notch tests were also conducted on the
Ti 140A, the first series utilizing vacuum annealed specimens, and the
second series employing specimens in the *“*as-received" condition*,
Fig. 62. The notch ductilities found in these two test series were
identical.¥* L.it. G. T. Hahn suggested that since notches restrict
deformation to such a limited volume of metal, notch tests even at
moderate strain rates (in terms of axial specimen travel) must be
considered as high strain rate deformations (28).

After defining the dependence of ductility on testing temperature

* One of the broken test bars in the ‘‘as-received’’ condition, and
one as vacuum annealed, both with nominal notch depths of ten
percent were analyzed for hydrogen. Battelle reported the former
bar to have 265 ppm. while the latter bar had 83 ppm. as shown
in Fig. 62.

*¥ The differences in notch strength of the two test series in Fig, 62
result because the vacuum annealed rod was somewhat harder
than the hydrogen bearing rod.
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for Ti 140A with a low hydrogen content, specimens of thismaterial
were prestretched at room temperature and subsequently tested at
-321°F in order to determine whether or not it would exhibit a rheo-
tropic recovery. As shown in Fig. 63, the low temperature ductility
deficiency of this alloy can be alleviated by super-transition tempera-

ture prestraining.

3 Mn-Complex Alloy

The 3 Mn-Complex alloy heat treated to two different strength
levels, was tested over a range of temperatures in order to define its
tensile property-testing temperature relations after two different
aging operations. As shown in Fig. 64, increasing the strength level
of the alloy produced embrittlement by elevating the transition tem-
perature. The ductility of the alloy at the high strength level scattered
so severely that it was not possible to determine conclusively whether
or not a rheotropic recovery of this metal was possible. This was
indeed unfortunate,. since such a recovery of this extremely high
strength titanium alloy might produce satisfactory ductilities along
with enormous tensile strengths.

Room temperature prestraining did not produce a rheotropic
recovery of the alloy at -321°F when it was heat treated to the lower

strength level of 180,000 psi, Fig. 65.
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CONCLUSIONS

1. Hydrogen embrittlement in alpha-beta Ti 140A is characterized
by ductility-testing temperature-strain rate surfaces similar to
those previously presented to describe hydrogen embrittlement
in steel. This behavior is consistent with present theories of the

mechanism of hydrogen embrittlement.

2. The behavior of alpha-beta alloys is markedly different from

that previously described for hydrogen embrittled alpha alloys,

3. Notch tests at a moderate strain rate did not detect the presence

of hydrogen in Ti 140A,

4. Rheotropic recovery was possible in vacuum annealed Ti 140A.

5. The 3-Mn Complex did not display rheotropic brittleness at a
strength level of 180,000 psi, Heat treating this alloy to a
higher strength level (220,000 psi) caused excessive scattering

so that rheotropic studies could not be conducted.
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PART "IV

TENSILE AND RHEOTROPIC BEHAVIOR OF COMMERCIAL
UNALLOYED MOLYBDENUM

INTRODUCTION

Molybdenum appears to be unique among structural materials in
that it becomes more brittle rather than more ductile when recry-
stallized. This presumably unique embrittlement has been labeled
‘‘recrystallization embrittlement,*’

A considerable effort has been expended in the last five to ten
years in an attempt to explain and eventually eliminate this type of
brittleness. Work on this subject was tacitly based on the assumption
that recrystallization embrittlement is a property peculiar to metals
which are molybdenum base.

Actually, recrystallization embrittlement appears to be a be-
havior that might be expected in all non-face -centered cubic metals
and it seems to be nothing more than another manifestation of rheo-
tropic brittleness, as described in the previous parts of this report.
The importance of correlating these two types of brittleness is
obvious -- it would mean that any techniques developed for the
elimination of one of these might be applicable in eliminating the
other,

Consequently, this investigation was undertaken in an attempt to

show that recrystallization brittleness is one type of rheotropic
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brittleness.

MATERIAL and PROCEDURE

The material was purchased as unalloyed commercial molybdenum
from the Climax Molybdenum Company as 3/4 inch diameter hot rolled
arc cast bars. Two of the rods were recrystallized by the supplier,
one rod to a fine grain size (by annealing for one hour at 2200°F),
and the other to a coarse grain structure (by annealing for two hours
at 3100°F). The microstructures of the ‘‘as-rolled’’, and two re-
crystallized bars are shown in Fig. 66a, b, and c.

The testing procedures were identical with those described
above in Part I of this report for the slow strain rate tests, and in

Part III for the high strain rate tests.

RESULTS and DISCUSSION

Specimens of the ‘‘as-rolled' rod were tested over a tempera-
ture range from -100 to +1200°F at three strain rates in order to de-
fine the transition temperature of the material, as shown in Fig. 67.
The recrystallized, fine and coarse grained specimens were also
tested at one high and one slow strain rate in order to find the effect
of recrystallization on the transition temperature, Figs. 68 and 69.
Recrystallizing, even to produce a fine grained structure, produced
an appreciable elevation of the transition temperature (from

approximately 0°F to +100°F on slow testing), while producing a
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coarse grained structure elevated the transition even more (to about
+400°F on slow testing). A similar elevation of transition tempera-
ture was found on testing at a high strain rate.

According to the description previously given to rheotropic em-
brittlement, the transition temperature elevation resulting from the
recrystallizing heat treatment would have been expected.

The hot rolled rods were sufficiently cold worked at the finish
rolling ternperature to produce a rheotropic recovery, and this
recovery was overcome by the recrystallization anneal. The fact
that the deformation given to the molybdenum in rolling is cold
work, is attested to by the ‘‘as-rolled'’ grain structure in Fig. 66a.

Rheotropic recovery would not predict the further elevation of
transition temperature produced by the grain coarsening anneal.
This, although not a rheotropic effect, is in keeping with the
general metallurgical rule that coarse grains lead to less ductile
performance.

Because only the ductility loss experienced by the metal on
first recrystallizing can be considered as a rheotropic brittleness
phenomenon, additional tests were conducted only on fine grained
specimens,

A group of these specimens were prestrained various amounts
in tension at +400°F after which these test bars were subsequently

stretched to failure at room temperature. As shownin Fig. 70,
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prestretching the equiaxed specimens produced a rheotropic recovery
even at rather small strains. This ductility improvement was pos-
sible even though the grains were still essentially equiaxed after a
prestrain of £= 0.2.

Other specimens were stretched to an £ of approximately 0.4 at
a variety of temperatures followed by testing at room temperature.
Here again, prestraining at super-transition temperatures produced

a rheotropic recovery, Fig. 71.

CONCLUSIONS

1. Recrystallization embrittlement in commercial unalloyed molyb-
denum is a manifestation of rheotropic embrittlement although the
additional embrittlement pred-ic~d by grain coarsening probably

is not.
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FIG.66.MICROSTRUCTURES OF UNALLOYED MOLYBDENUM.
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