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ABSTRACT

The mechanical properties of columbium-hydrogen alloys,
as a function of hydrogen content, tempa2rature and strain rate,
were investigated.

Hydfogen embrittles columbium even at concentrations
below the limit of solubility. The concentration of hydrogen
necessary.fo effect a given degree of embrittlement increases
with increasing temperature in a roughly exponential manner.
When not masked by a high ductile-brittle transition tempera-
ture caused by other factors (e.g. grain structure or other
embrittling impurities), a restoration of ductility is
observed at low temperatures. The ductility minimum(occurs
at about -78°C, which temperature appears to be that of
hydrogen strain aging during the tenéile test.: The ductility
minimum phenomenon is the result of a certain manner of
variation of yleld strength, strain hardening exponent and
fracture strength with temperature, since these three varia-
bles define the étress—strain curve. The embrittlement
associated with the presence of hydrogen'can be removed by
‘vacuum dehydrogenation. ‘

Hydrogen solubility in columbium increaseé with
increasing temperature. The hydrogen”concentrations necessary
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to cause embtittlement vary with temperature in a manner
similar to that of the solubility but are somewhat less than
the gioss.solubility. At hydrogen contents above the 1}mi£
of solubility a second phase forms with a volume expansion
of ten per cent. This expanded second phase constitutes pre-
stressed Griffith cracks of (100) planes and is the evident
cause of embrittlement.

At hydrogen concentrations below the limit of solu-
bility hydregen is believed to segregate at microcrack ver-
tices during plastic straining. The repulsive fdrces con-
sequent to the segregation increase the stress concentration
at the crack vertices. The applied stress required for
fracture is thus lowered. Theories based upon crack surface
energy reduction and upon the stress concentrating effects
of segregation lead to #he same.conclusions regarding the
effects of hydrogen on fracture strength. It is found that
the fracture stress of columbium decreases, with increasing
hydrogen content, most rapidly at the strain aging tempera-
ture. It is at this temperature, during straining, that
hydrogen is delivered at a maximum rate to microcracks by

the dislocations.
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THE ‘EFFECT OF HYDROGEN ON THE MECHANICAL

PROPERTIES OF COLUMBIUM
CHAPTER I
INTRODUCTION

There are two general classes of metals absorbing or
occluding hydrogen (1). One class is composed of those met-
éls into which hydrogen disso;vés endothermically, such as
iron; the other is composed of those metals into which hydro-
gen dissolves exothermically, such as columbium. A few
materials exhibit a mixed or tempefature'dépendent behaviox
(1) . Hydrogen has been found td be a potent embrittling
agent in metals. The embrittlement in the endothermic\s&stem
iron-hydfogen has been of considerable economic importance,
and has thus been thoroughly investigated.

Hydrogen embrittlement in exothermic sYsﬁems has
not been studied to any great extent as compared to the
hydrogen embrittlement of iron and steel. A study of the
columbium-hydrogen system was undertaken because of the grow-
ing commercial importance of columbium and because the char-
acteristics of the embrittlement associated‘with the presence

of hydrogen in this material are little known and less well
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understood. It is believed that detailed studies of a number
of metal-hydrogen systems such as the columbium-hydrogen
system will help to determine the bas;c mechanisms of the
embrittlement. , ' . N

Columbium is a refractory metal with a density between
those of iron and nickel. 1In view of the possible:high‘ o
strength—to-weight ratios obtainable through alloying, con-
siderable work has Been done in an attempt to formulate a
strong alloy which does not'exhibit the prohibitively :apia"
oxidation of pure columbium at high temperatures. Such a
material would be of gréat use in advanced aircraft and other
high temperature applications. With a thermal neutron cross
section of 1.1 barns per atom for a mean neution velocity
of 2200 meters per second, columbium is also attractive as
a material for use in nuclear reactors (2). |

Célumbium reacts exotherﬁically with hydrogen (3),
producing a solid solution at concentrations less than .025
weight percent at foom teﬁperature. At éoncentraﬁions abéve
a highly temperature aependent solvus a second phase is pre-
cipitated. Like many similar»metal-hydrogen.sYétems, this'
system exhibits a miscibility gap with respect to hydrogen
solution. The columbiumfhydrogen phase diagram ébcbrding to
Albrecht et al. (3) is shown in Figure 1 (see Chapter V for
more }nfofﬁation and a discussion of the significance of this

phase diagram to the hydrogen embrittlement of columbium) .
Albrecht found the "critical temperature" of the mis-
cibility gap in the columbium-hydrogen system to be about
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FIGURE L THE PHASE DIAGRAM OF THE COLUMBIUM-HYDROGEN SYSTEM

ACCORDING TO ALBRECHT ET. AL.(3)%

Equilibria ond  X-ray studies show that in the ronges 150° to 9O0CP C,0. to 1000 mm Hg pressure,
ond 0.0l to 0.85 H/Cb ratios,the columbium - hydrogen system consists of a single-phase body- centered
Cubic structure. A two-phase region is present at relotively low temperatures and pressures with the criti~
cal point located at i40° C,0.0lmm of Hg pressure,and 0.3 H/Cb ratio. . N
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140°C, with a critical compositidn of ©.23 atom fraction hydro~
gen and a critical pressure of .01 mm Hg of hydrogen. Above
140°C there is .a series of continuousiy.expanding solid solu-
-tions across the phase diagram. Albrecht et al. found also
that there was an expansion on precipiﬁation of the second
phase, from a lattice parameter of 3.36 A at room temperature
for the primary sdlid solution to a pafémeter of 3.41 R for
the expanded second phase at room temégfature. At low tem-
peratures the small atbmic mobility-éfﬁhydrogen inhibits its
segregation into the second phase; anvordering has, however,
been detected below -100°C. As temperature increases toward
the critical temperature of the miscibility gap, however, the
expansion of the columbium lattice oh.second phase precipita-
tion must vanish. The second phase is a powerful embrittle-~
ment mechanism due to the strains produced by the expansion
that occurs during its formation.

Albrecht and co-workers {3 ) obtained results dif-
' ferent from those of Veleckis (4) in regard to the columbium-
hydrogen phase diagram. Veleckis took thermodynamic equil-
ibrium data from 300°C to 800°C and obtaiped é room tempera-
ture hydrogen solubility of 425 ppm as opposed to Albrecht's-
250 ppm. Thus there is some disagreement in regard to the

solubility of hydrogen in columbium.

Brief Survey of Hydrogen Embrittlement
Embrittlement is defined by Queneau as the loss of

ductility without significant change in the other mechanical
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properties (5). A change in ductility is usually accompanied
by an apparent change in strength. For instance, an alloy
addition which effects only solid solution hardening will
raise the yield strength of a metal without affecting the
fracture strength or fracture mechanism; so that fractuie
stress will be attained at a lower strain, ana ductility will
be reduced. Thus, there will be some who say that such a
pure strengthening embrittles a metal. |

An alloy addition may affect primarily the mechanism
of fracture and cause a crack to traverse the specimen at a
stress level lower than under other circumstances. Thus
ductility in such a case will be reduced without a signifi-
cant change in yield étrength and one has an embrittlement
according to Queneau's definition. Hydragan embrittlement,
although it varies in nature with the metal concerned, is
primarily of this type. |

The hydrogen embrittlement of steel has been of great
economic importance and concern. Therefore, a large amount
of work has been expended on'itvand the iron-hydrogen system.
Whereas hydrogen does not notably increase the yield strength
of steel, hydrogen.gréatly reduces the fracture stress of
steel. The reduction in fracture stress due to a given
amount of hydrogen is highly temperature dependent and exhib-
" its a pronounced maximum in an intérmediate temperature
range. The disappearance of embrittlement at sufficientiy
raduced temperatufes is attributed to the loss of mdbility

by the hydrogen atoms in the iron lattice so that the hydrogen
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can not segregate to ﬁhe fractﬁre mechanism or crack initia-
tion sites before the tensile specimen is broken. The
disappearance of hydrogen embrittlement at sufficiently ele-
vated temperatures is attributed to a reduced ﬁéndéncy for
segregation to these sites; or the decomposition of the seg-
regates if they had formed at a lower temperature. The
embrittlement is in general greater under low rather than
high rateé of strain. This is interpreted as an effect of
- the limited mobility_of_the hydrogen atoms, fewer managing
to segregate at the involved siﬁes in the shorter allowed
times at the higher strain rates.

A particularly dangerous form of hydrogen embrittle-
ment occurs in alloy steels which are heat tréated to high
yield strengths. ‘Such materiél may, while merely sitting
on a bench, become honeycombed with cracks. Sucﬁ damage
resﬁlts in Cat;strophic failure when-the material is later
subjected to loading. 1In this type of embrittlement it is
evident that the time-~consuming segregation of hydrogen is
involved; the segregation being to sites that are pperative
as a result, perhaps, of the alloying and heat treating
procedures used to obtain the high strengths.

In md:a],-f;y&ogm. systems that occlude hydrogen endo-
_thermically, if hydrogen content is held constant and‘the
temperature is lowered, the equilibrium pressure of diatomic
hydrogen within;any voids in the metal will increase to

extremely large values. This fact has long been advanced
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as a theory to explain the hydrogen.embrittiement of this
class of metal-hydrogen systems. A quantitative treatment
is available (6). However this theory_is»somewhat compli-
cated by such work as that of Hill and Johnsan; who found
that much of the hydrogen in steel is trapped in defects by
sites of lower energy and not available for gaseous precipi-
tation into microcracks.

. In an exothermic occluder of hydrogen, the equil-
ibrium pressure of hydrogeh inside a microcrack decreases
with decreasing temperature to the order of vacuum attain-
able by a good mechanical vacuum pump. In this instance thé
theory of Petch (7) appears to be applicable, wherein the
absorption of hydrogen on a microcrack surface reduces the
free energv of formation of the surface and gives rise to

crack initiation at reduced applied stresses.

gggef Digest of Fracture Theory
There is a streés at which a perfect lattice, which

reﬁains perfect during the straining, will suffer fracture

of the interatomic bonds so that a crack will tfaverse the
specimen. This stress is terméd the theoretical fracture
stress. It cannot be accurately calculated since its depend-
ence on the interatomic forces is not known accurately. How-
ever it is theoretically estimated to be about 10% 5& the
elastic modulus (7), or 1,500,000 psi for columbium. The
measured fracture stresses for all metals are one or more

orders of magnitude smaller than this. Thus it has been
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concluded that microscopic sharp cavities, called miérbcracks,
which can provide the necessary large stress concentration
factors té bridge the gap, are present in all metals at frac-
ture.
- These microcracks may be created during straining 5y
the collision and coalescence of dislocations on intersecting
slip planes, or by the agglomeration of dislocations at a
grain boundary or other block on a slip plane, until the
stress on the 1éading dislocations is sufficient to result
in their merger. Then some of the remaining dislocations
merge with these until a microcrack exists. Both these mech-
anisms, due to Cottrell (8) and Stroh (9) respectively, result
in microcracks in the form of large dislocations. These con-
centrate stresses at theif Sharp ends. At some appliéd
stress the concentrated stress beqomes so large'that the
interatomic bonds are broken; once this situation occurs the
higher sﬁress associated with the enlarged crack is more than
sufficient to.repeatvthis process and the crack continues to
grow across the metal. To provide a quantitative treatment,
a free energy is provided for the microcrack, cqnsisting of
1) the free energy of formation of the surface, plus
~ 2) the elastic energy of the strain field about the
microcrack, plus ‘
3) the work done during plastic flow by dislocations
moved by the magnified stresses near the crack

vertex.
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In ductile metals the third term may be of sufficient magni—
tude to stop crack propagation._

It is, of course, not necessary to have a microcrack
present to produce fracture. _If a localized small volume of
a metal expands a few percent due for example to precipita-
tion or impurity clustering, large stresses will be developed
unless the segregate is sufficiently large to produce plastic |
flow. Such an expanded région can produce a stress resulting
in crack initiation at a microcrack too small to otherwise
produce fracture. This process of a prec?pitate particle
"helping” a microcrack to initiate fractuie is seen to be a
powerful mechanism of embrittlement. Evgn with relief of
stresses by plastic flow there is éfill a pre-stress of yield
strength magnitude "frozen in" for a distance away from the
particle. This situation will result.in the reduction of
the local applied fracture stress by an amount depending on
the stress field produced by the expanded precipitate, the
location and geometry of the adjacént microcracks, and other

factors.

Objectives of Investigation

The objectives of this investigation have been:

1) To obtain the fracture and fiéld characteristics
.of pure and hydrogenated columbium over a wide
-range of hydrogen concéntration, temperature and
strain rate, for various conditions of hisﬁory

and analysis of the columbium.



2)

10
To obtain insight ’into the physical mechaniéms '.
causing the observed behavior to the extent per-
mitted by the incomplete state of development of

the theory of mechanical properties.



CHAPTER II
PREVIOUS AND CURRENT WORK IN RELATED SUBJECTS

Little investigation of the mechanical properties of
the columbium-hydrogen system had been done before the com-
mencement of this investigation. A brief study is related
in Corrosibn Handbook (10). Concurrently Wilcox (11) did
some complementary work on the Cb-H system. His previous
strain..aging study (12) is duscussed together with similar
work of Begley (13) and Tankins and Madden (14) in Chapter VI
as well as here. A brief account will be given here of each
of the important works. A statement of the field of study
of the authors will be given, followed by a summary of their

results, and then criticisms which are considered pertinent.

Tankins and Madden (14)

Tankins and Madden studied the mechanical properties
of purified columbium. Columbium wire of commercial purity
Was.annealed in vacuum at 2000°C. The use of fairly high
vacua and very high temperatures is required for the purifi-
cation of columbium due to the reactivity of the metal. The
use of ultra high vacua is impractical due to very low maés
removal rates.

11
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They concluded that columbium behaves in a similar
manner to other body centered cubic metals in that yield
point, strain rate sen;itivity, and aging phenomena are exhib-.
ited. Work hardening of columbium does not occur at low
temperatures and only an upper yield point was obserVed. The
vield point obeys a él';5 relationship. Twinning has been shown
at liquid air temperatures. Columbium exhibits ductile prop-
efties down to liquid air temperatures prbvi@ing that gaseous
impurities are at a minimum.- |

Tankins and Madden found also that the strain-aging
behavior of columbium exhibited an activation energy of 27,000
cai/mole, éuggesting that oxygen is responsible. They sug-
gest a dual mechanism for the yield point: First, the line
dislocation is pinned'by impurity segregates and when the
dislocation becomes unpinned by pulling away from the segre-
gates, a Frank-Read source can be set into motion. Second,
the grain size dependence is then explained in terms of dis-
locations piling up at barriers, such as grain boundaries.

The propagation of yield is then associated with the piled-
up dislocations activating Frank-Read sources in‘adjacent
grains.

A criticism that might be made of the work of Tankins
and Madden is the use of .043" diameter wire for specimens,
and the absence of a surface removal step from their proce-
dure. Although great effort was made to obtain axiality of

loading, with such a small gage diameter this is a difficult
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problem. As they say, they héd'sﬁfficient success in this
to obtain‘sharp yield points in tantalum wire specimens.
Also one.haé a proilem of éﬁress'concentrations in cases of
load transmittal to the specimen at locations where the spec-
imen has the gage section diameter. The "absence of a surface
removal procedure -raises the question of nonuniform contam-
| ination (which produced a yield point itself in our investi-
gatioh):in heat treatments subsequént to theif purification.
Their wofk is in general, however, apparently of hiéh quality.

In contrast to the work of Tankins and Madden, we did
not observe twinning at liquid air temperatures. Our strain
aging activation energy was different, but the Wessel (15)
type explanation of the yield point advanced by Tankins and
Madden was reinforced. Although in our investigation the
presence of only an upper yield point at liquid air tempera-
iture was observed for material of the first heat, the yield
point at liquid air temperaturesAdisappeaied completely in

the recrystallized material of the third heat.

Balke (10)
Balke hung .004" sheet columbium in heated hydrogen,

oxygen and nitrogen atmospheres, and measured the percent
‘elongation of the stfips of sheet in subsequéht room tempéra-
ture tensileiéeéting. His gas contents were calculated from’
weight gain during the heat treatment. He concluded that
1000 ppm of hydrogen gave a partial embrittlement, percent

elongation.having dropped from 16% to 4%%. He also found
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that “"nitrogen penetrates the metal, whereas oxygen produces
only a surface effect”" in his treatments.

vThis last conclusion is centradicted by later more
refined and thorough wbtk (16). It is concluded there that-
air and oxygen are practically equivalent etmospheres, and
_that the nitrogen-columbium solution is fermed.at consider-
. ably higher temperatures than the oxygen-columbium solution
due to diffusivity and reaction rate differences. Balke's
hydrogen contents may be high due to impurity pickup from
his hydrogen atmospneres, the purity of which is unspecified.
Furthermore, resultant subsurface contamination would affect
the mechanical properties. We found complete embrittlement
by 1000 ppm hydrogen. His hydrogen distributions were uncon-
trolled as is seen from his treatment and weight gain data
tabulation.

It is evident that Belke's work is not a sufficiently.
precise study of the Cb-H embrittlement to be useful in other

than a qualitative sense.

Wilcox (11)

In this work, by B. A. Wilcox, A. W. Brisbane and R. F.
Klinger, the strain rate and temperature dependencies of the
low temperature deformation behavior of fine grained arc-
melted columbium (1 ppm hydrogen) was evaluated for tensile
strain rates of .005, 0.10 and 6.0 in/in.min. The effect of

hydrogen content (1, 9 and 30 ppm H) on the mechanical behav-

ior was also investigated in the temperature range 25 to

=195°C, using a tensile strain rate of .005/min.
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- The existence ofla hydrogen~dislocation interaction
in columbium was concluded by means of: |

1. Calculation of an apparent activation energy for
the early stages of low temperature deformation

2. 'Observétion of a hydrogen induced strain aging
peak at -50°C, for columbium containing 30 ppm H, and

3. Observation of a_serrated st:esststrain’Cﬁrve at

25°C in coarse-grained columbium containing 89 ppm H.

Conclusion 2 is supported by 6ur investigation. Con- . .. -

clusions 1 and 3 will be discussed later.

Wilcox'S'hydrogenation treatments were as follows.
Half-inch rods were heated in flowing hydrogen at 1 atmos-
phere for'specified times énd then heated in flowing argon
to homogenize the hydrogén contents in the gage sections of
the specimens to be machined from the_rods. However there
was no calibration précedure-to obtain controlled distribu-
éions. The gage sections of the broken spécimens were ana-
lyzed for gas content by vacuum fusion analysis. Whereas |
this is good conventional procedure, the gas analysis results
indicate thét‘something was wrond. ;

Data on the diffusivity of oxygen (17) anc the treat-
ment data of Wilcox (1l) show that diffusion of oxygen can
not have penétrated in any significant degree into thé gage
sections of the to-be-machined specimens during Wilcox's
hydrogenation and argon annealing treatments of the rods.

The quantity x//Dt, x being the difference in radius between
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the rod and the future specimen, D being the diffusivity at

that temperature, and t being the total time of annealing,

is greater than 100 for oxygenr'and, from nitrogen diffusion
'data (lf) is some orders greater for nitrogen. Thus Wilcox's
heat treatments satisfied the requirement that only the gage
section hydrogen contents could be appreciably altered.
Also, ftom the vapor pressures of oxygen and nitrogen
over columbium at these.températures (18) (19) negligible
amounts of nitrogen and oxygen could have been contained in‘
the gas phase or removed from the hot zone. One can calcu-
late the mass removal rate of a substance in a vacuum system
from the ideal gas law. If S is the vacuum speed, P the
vapor pressure of the substance of interest, M its molecular
weight, R the gas constant, T the Kelvin temperature, and m
the rate of mass removal of the.substance of interest, then:
»;:=PSM/R_T ’ |
For P one has a quantity smaller than 10-26 atmos-
rheres, for S one has a quantity which in the absence of
trapping outside the hot zone for these permanent gases is
no more than 10 1iters/sec.,_and for M one has abogt 30
gms/mole. T is 675°K and R is 1/12. Thus one has a mass
removal rate of less than 5 x 10-26 gms/sec; Thus Wilcox
reﬁoved much less than 10'26.ppm of nitrogen ffom his col-
umbium. One has then two bases for concluding that the
changes in nitrogen (.065 down to .0085 wt %),‘oxyéén and
carbon analyses during Wilcox's hydrogenation.and anneal-

ing treatments are due to errors in analysis or to material
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inhomogeneity, which latter mattéf he did not mention. Since,
furthermore, his hydrogen distributions are unspecified, one
may guestion both the accuracy and distribution of his hydro- |
gen contents.

In regard to his argon-annealing hydrogen homogeneiza-
tion treatments, it might be remarked that Troiano (20) plates
his material with cadmium, which is impermeable to hydrogen
compared to iron and columbium, before homogeneization anneal-
ing, so as to improve results. A siﬁilar procedure with
columbium would result in greater hydrogen retention and homo-
geneity in the gage sections.

Some differences in the results of Wilcox from those
of Eustice and Carlson (21) and ours can be laid to Wilcox's
analysis uncertainties as well as differences in impurity
content and hydrogen distribution between the various inves-
tigators. Wilcox also observed twinning at liguid nitrogen
temperature except in his most ductile material, tested at a
strain rate of 6/min. This implies'some strain rate, history
and analysis dependence of the appearance of twinning duriné
the tehsile test. The transition temperature:of,ductilityi
was observed to depend on strain rate also, the pure material
‘being ductile at the highest strain rate at -196°C and brit-
tle at the lower strain rates at this temperature.

In regard tc conclusion 1, Wilcox calculates by a
theory of Wert and Sinclair (22), (23) and aétivationﬁenergy
for the low temperature deformation of columbium. Wert

assumes that yielding is a thermally activated process,
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exhibiting an activation energy that is increased'by decreas-
.iﬁg étress. ’Egtrépolating'to zero stress, Wilcox obtains an
activation energy agréeiﬁg roughly with that of hydrogen dif--
fusion in columbium (3), both in regard to his own data and
that of another. It is not clear that hé haé enough déta to
give a firm conclusion. Since our temperature intervals are
larger than his, we have not considered the calculations we
could make to be of conclusive value. Our data does-ﬁot con-
flict with Wilcox's éonclusion of a hydrogen-dislocation |
interaction; we see a proncunced strain-aging-during-the-
tensile-test at the appropriate température. Wilcox observes
his strain-aging-during-the-test effect' 25°C too high, and not
until higher hydrogen contents than do we.

Wilcox notes that there is a small solid solution
strengthening effect by hydrogen at low temﬁeratqres. This
agrees with our results, although we did not observe more
than a small strain rate dependence, ovei a 100 fold varia-
tion, in ductility.

~Although Wilcox found a possible slight serration of
the stress-strain curves at the temperature of the strain-
aging-during-the~test effect, to obtain conclusion 3 he
annealed a sample one hour at 1600°C in high vacuum and pro-
duced a grain size about 1/8 of the specimen gage section
diameter. Pulling this large grained specimen at room tem-
perature at a strain rate of .005/min. produced a serrated

stress-strain curve of more pronounced serrations. However,
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the serrations are supposedly produced by the alternate pin-
ning and freeing of line dislocations by Cottrell atmospheres,'
at the temperaturé where the diffusivity of the atmospheric
constituents is almost too low for the atmospheres to adjust
to the motion of the dislodations (17). Thus this effect
should be seen only atAthe temperature of the strain—agihg-
during-~the-tensile-test peaks in strength and stfain rate
dependence of the strength. On the other hand, as the grains
are nonuniformly deforméd during the tensile test and the
slip planes rotate nonuniformly and the distances along the
planes between grain boundaries change nonuniformly, one
would expect variations in flow stress with respect to time
énd the individual grains, with the result that there would
be variations with strain in field strength of the specimen,
and thus serrations in the stress-strain curve. For a.very
small grain size, in which case the average flo& stress would
vary little over the specimen, one would expect the serra-
tions from both the strain-aging and grain size sources to
be cancelled out so as to produce a practically smooth stress-
strain curve; but with a large grain size both effects would
be expected to be visible. Thus one wonders if the effect
that Wilcox observed by annealing to é large grain size is
due to the grain size itself rather than the strain aging
effect which should not be observed at that température.

In closing it might be said that the results of Wil-
cox complement oﬁrs}in a field of great breadth. The mech-

anical properties of hydrogenated columbium depend on many
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factors. There are some differenceé between our results and
his, such as the absence of low temperature (-196°C) twinning
and some similarifies, such as the strain—aging-duriﬁg—the-
tehsile?test effect. Wilcox observes a fracture stfess mini-
mum at -150°C for a hydrogen contenﬁ 6f 30 ppm H, and an
increase in the transition temperature of ductility on hydro-
genation; but he might, as he says; have observed a low-
strain-rate hydrogen embrittlement in his high-strain-rate,
low-temperature ductility return rather than an adiabatic
heating in the specimen.‘ (This latter possibility was men-
tioned in his preprint, but not his paper.) But considera-
ticons of experimental proc?dure weaken his results and some
of his conclusions appear dubious. Finally, his calculation
of an apparent activation energy for the early stages of
deformation of columbium at low tempe;atures appears to be
unreliable duevto the sﬁall number of data points involved

and the apparent magnitude of the scatter.

Eustice and Carlson (21) (first paper)

In this paper Eustice and Carlson presented the results
of an experimental stuéy of‘the effect of hydrogen on the duc-
tility of yanadium-columbium alloys. A phenomenological inves-
tigation was made of the effect of temperature and composi-
tion on the ductility of hydrogenated V-Cb élloys. All alloys
in the system were ductile over the entire temperature range
of -196°C to 25°C when hydrogen was not present. At a hydro-

gen concentration of 10 ppm, alloys containing up to 60 w/o
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Cb.exhibited embrittlement'oveﬁ varying tempefature ranges
while alloys of greater than 60 w/o Cb required greater
amounts of hydrogen to produce hydrogen embrittlement. Pure
columbium was embrittled by 20 ppm hydrogen which produced
a ductility transition at approximately -70°¢ as determined
from tension tests. They alsé found twinning in Cb at liquid
nitrogen temperature. By bend testing they found that Cb
with 10 ppm H retained full ductility down to liquid nitrogen
temperature, whereas 50 ppm hydrogen produced a -25°C tran-
sition temperature. '

| There is some question in regard to their 1/8" gage
diameter of their tensile specimens and their hydrogenation
procedure. In regard to their hydrogenation procedure they
have not éhown that they have excluded impurities (they treat-
ed finished specimens) and that théy have specified their
hydrogen distributions.

Eustice and Carlson (24) (second paper)

In this study Eustice and ‘Carlson determined the
effect of hydrogen on the mechanical properties of iodide
vanadium. They found that smali amounts of hydrogen produce
enbrittlement of iodide vanadium metal over a limited tem-
Perature range. Data from slow tension Eests showed a duc~
tility minimum at approximately -100°C for metal containing
10 ppm of hydrogen. The temperature of minimum ductility
was dependent upon hydrogen concentration and strain rate.
Hydrogen raised the yieldistress of vanadium quite markedly

in the embrittled temperature range. The brittle behavior
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of vanadium at these temperatures was attribu?ed to this yield
point phenomenon. |

Eustice and Ca;lson found a more severe strain—aging—
during-the-tensile-test effect in vanadium, which is immedi-~
ately above columbium in the periodic table, than we found in
columbium. This implies a stronger hydrogen-dislocation inter-
action in vanadium th;n in columbium. They attribute the
embrittlement in hydrogenated vanadium primarily to this
strengthening.

However Eustice and Carlson did not consider the effect
of hydrogen on fracture stress. The yield stress, the strain
hardening exponent. and the fracture stress determine the
ductility of a metal; see Chapter VI. The fractu;e stress is
that true stress at which a crack is observed to traverse
the gage section of the specimen. Although the determination
of this stress becomes quite difficult in cases of high duc-

- tility, in cases of low ductility fracture stress is an exper-
imentally ‘valuable quantity. The effect of hydrogen on the
ductility of vanadium wili be determined by its effect on
these three independent variables. Thus any discussion of

the effect of hydrogen on the ductility of a metal should
include treatment of all three variables, or a set shown to

be more fundamental. That part of their data wﬁich‘is rele-
vant to fracture stress shows a fracture stress minimum at

the strain aging temperature, which is our observation for

hydrogenated columbium.
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In regard to their experimental procedure one might
note their 1/8" gage section diameter, their large grain size
(1/2 mm) in regard to scatter, the annealing of finished |
specimens in recrystallization and hydrogenation, and lack
of specification of their hydrogen distributions. Thus it
does noﬁ appear that their data is of high accuracy and that

it is discussed properly.

Strain Aging Work (17, 13, 12, 14, 25)

Begley (13) studied the kinetics of strain aging in
columbium by determining the aging times and temperatures
for yield point return after straining. Three specimens
with interstitial contents of .06 w/o oxygen, .0l w/o nitro-
gen and .015 w/o carbon were recrystallized to ASTM 5 grain
size. Tests wére conducted at low temperatures and a "hard"
tensile testing machine was used to minimize the distortion
of the yield point by‘machine characteristics. The data was
not very conclusive, but a value of 27,000 cal/mole for the
activation energy of ﬁhe return of the yield point on aging
was obtained.

Dyson (25), as well as Begley, observed the serrated
stress-strain curve at a temperature suggesting, as does
Begley's strain aging data above, that oxygen is the ele-
ment responsible for strain aging in columbium.

Wilcox (12) strained and aged four specimens of col-
umbium in an air furnace between 120 and 260°C. The original

interstitial contents were lower than for Begley's material.
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‘Wilcox's material was recrystallized to’700 graihs/'mm2 and
subjected to hydrogen anneals. The tensile testing was done
at low temperature, as for.Begiey; in a "hard" machine. Wil-
cox obtained an activation energy for retufn of the yield
point on aging of 1Q,500 cal/mole. He also studied the
changes of the dynamic modulus affer compressive deformation
in pure and hydrogenated columbium as a function of aging
temperature. This study produced an activation energy of
8000 cal/mole. Thus in two ways hydrogen is indicated as
the strain aging controlling agent, its activation energy
for diffusion being 9.4 kilocalories/mole (3).

In'regard to Wilcox's work several comments can be
ﬁade. The remarks in regard to gas analyses apply somewhat
more strongly than in the case of his mechanical property
work (1ll) due to the large changec noted in oxygen and nitro-
gen contents. He indicates no correction for thermal relaxa-
tion time of the tensile specimen; assuming that two minutes
should be deducted_frombhis aging times produces a better
fit of the data to a straight line and raises the activation
energy to 12 kilocalories per mole, further from the 9.4 of
hydrogen diffusion. There is some question, in view of his
very large hyd;ogen content which forced him to reduce the
' compressive deformation prior to the dynamic modulus measure-
ments, whether this hydrogen content reduced the accuracy of
his measurements by internal cracking. He attributes the
greater scatter of the dynamic modulus data to the second

phase in the hydrogenated material, which is another
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inhomogeﬁeity; - But the most interesting question'seems'to
be why, if the hydrogen can keep up with thé dislocations
at conventional strain rates at 200°K,"he must age at 400°K
and above to restore the segregation into a Cottrell atmos-
Phere, at which temperatures the diffusivity is COnsiéerably
more than 100,000 times larger than at 200°K.

Begley's data indicating oxygen as thé controlling
element is less conclusive than Wilcok's'and evidéntly_con—
fiicts_more with the requirement of correétion for specimen
thermal relaxation time. However the data of Tankins and
Madden (14) is much less uncertain in this respect and like-~
wise implies oxygen. _

Oour data on three specimens with about %, 4% and 8%
ppm hydrogen from the recrystallized third heat material gave
an activation energy of 18 kcal/mole without‘hydrogen and 22
with hydrogen, with a 103 fold increase éf the constant factor

'in the Ahrennius reciprocal aging time equation,

—%— = A exp (-Q/RT)

where t is the aging time for :éturn of the yield point at
the absolute temperature T, and Q is the activation energy,
and A is the constant factor. Thus we fall between the two
conflicting results. An explanation rationalizing all these
data may be obtéinsble from the Wessel yield point concept

as noted in Chapter Vv .



CHAPTER III
"TEST METHODS

Specimen and Grip Designs

The Tensile tests were.performed on an Instron test-
ing maéhine. This_machinewrecords loadé up to 10,000 1bs.
and produces an accﬁrate engineering stress-strain curve on
a strip-chart; The test specimens emploved are indicated in
Fig..z. One design is button-head and the other is threaded.
The threaded design was used for tests on the first heat of
columbium and the button-head design for the later lots of
the material.

If the applied load on a tensile specimen is not
coaxial with the axis of éymmetry of - the specimen there is
a resultant error in the mechanic;l p;opert?hdata obtained
from the test. The errors attendant to this "aﬁaxiality"
are determinéd by.fabrication care and gage diameter. For
a given ordef of tolerance the errors vary inversely as the
gage diameter. The principles of tensile specimen design
are discussed in handbooks (26;27). It was evident from '
study that specimens of a gage diameter smaller than thét

employed should not be used. To further minimize axiality

26
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"error the grip shafts were made as loné as the testing machine
permitted. |

Buttdn-head specimens are less sﬁsceptible to break-
age in the gripping section than threadedWSPécimens. This
.ié an important consideration when the material being tested
is notch sensitive. Failure of'a threaded specimen in the
gripping section will incapacitate a set of threaded grips.
On the 6£her hand threaded grips are much less expensive than
‘button-head.grips. | |

A total of 162 round and 38 sheet tensile specimens
from three heats of columbium were pulled in the course of .

the investigation.

Procedure for High and Low Temperature Tests

The Instron testing machine was adapted for low tem-
peratdre tésts by surrounding the test sample with a refrig-
érant container. Tﬁe conﬁéinér was an insulated caq'and the
desired‘teﬁperatures were obtained by'use of a numbér of
refrigerants. The refrigerants wére ligquid air, dry-ice-
alcohol and ice-and-water. The insulation was removed, a
‘1ower grip shaft soft-soldered to the can base ahd the insu-
lation replaced. The bath temperature was measured with an
iron-constantan thermocouple and a porﬁéble potentiomeﬁer.
. The thermel was against or near the specimen surface and a
decreasing-to-constancy of the bubbling of the bath, indi-
cating-thermai steady state, was awaited before the test was

begun. The bath level was kept well above the top of the

specimen.
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For high temperature tests a vertically mounted, swing-
ing tube furnace was swung out and the assembly of specimens
and grips was inserted up the fireﬁube, and secured into the
upper machine socket as the furnace was swung back. Tempera-
ture control was maintained by a portable West on-off control-
ler. A thermocouple, gently wired to the gage section, oper-
ated a relay in series with the furnace winding when the
desired temperature limit was transgressed. Pyrex wool insu-
lation was stuffed into the top and bottom of the furnace
tube to obtain proper control. It was found that too much
insulation or too high a winding voltage produced excessive
overshoot. Thus the vertical tube furnace was run off an
adjustable transformer at a low setting and insulation was
similar in amount and compaction from run to run. The speci-
men was pulled when the temperature stabilized at the control
point.

At the higher temperatures (up to 750°?) a layer of
oxide formed which was blue or tan (a fraction of a micron
or less in thickness). A control test indicated no loss of
ductility from this deveiopment, as one would expect above
the ductility transition temperature.  On énnééling a speci-
men at 950°F for 1 hour a dark blue tarnish formed on the
specimen surface aﬁd yellow Cby0g powder was produced. This
resulted in no measurable change in ductility. At low test-
ing tempeiatures however, if an oxiaizéd surface were at hand

some loss of ductility would have resulted, and the machined
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surface of the tensile speéimens'evidently rééul;ed in a rise
of several degrees in ductility transition,témpefature. judg=-
ing from work on tungsten. An electropolished suffacé resulté
in the greatest ductility, but will not be encountered gen-
erally in practice (29). ‘ '

Hydrogen loés in high temperature tests was shown to
be negligible by dehydrogenation runs described later. Room
temperature testing was conventional and need not be déSfi.
cribed except to note that detailed precautions in the.inter?

est of accuracy were taken.

Curve Processing

The Instron testing machine provided strip-chart
recordings of the load on the specimen vs. cha:t travel.
From this record the engineering stress=—strain curve could
be obtained by converting the corrected chart co-ordinates.
These'curves and other data were processed to give at least
six quantities: .2% yileld strength, per cent reduction in
area, proportional limit, tensile strength, per cent elonga-
tion and estimated fracture strength. When a yield point
occurred the upper and lower yield strength, pre- and post-
yield strains, ahd yield point height were recorded. One

can obtain also the strain hardening exponent from a simple
formula (30).

The accuracy of load measurement was better than x%.
.The load measuring system was balanced and calib:ated before.
and after each test, and the data corrected by interpolation

if a detectable drift was observed during the test. The
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accuracy of crosshead travel measurement was good due to con-
trol by a synchroﬂous motor. initially fhe strip-chart record
rose slowly due to plastic mating of the load-bearing sur-
faces and slippage. Then in nearly all cases there followed
a Hook's law section of considerable length and practically
perfect straightness. This line was extrapolated to zero and
full-scale load and plastic strain measured therefrom. This
process was considered as accurate as an exﬁensgmeter. The
Instron manual cautions, however, that an extensometer should
.be used in the measurement of elastic modulus. The slope of
the Hook's law séction of the strip-chart is determined by
the elastic meduli ¢f the grip and machine, as well as speci-
men, materials, and éeometry. The deflection of the machine
and button;head grips was determined as 14.5-15 milli-inches

per thousénd pounds load.

Experimental Quantities

The first detectable deviation from the Hbok;s law
straight line section is taken to mark the proportionalvlimit.
This quantity consequently co:responds to a .01-.02% yield
strength. It is not so accurately determinable as the .2%
yield strength and its error is about half again as great.

The .2% yield strength is accurately determined by
carefully'measuring from the extrapolated Hook's law section.
The tensile strength is given by thé maximum load ordinate
divided by the original area. The fracture strength is given

by the break in the pen line at specimen failure. In cases
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of great ductiliﬁy this break was gradual and failure occurred
in a ductile rather than a Griffith manner. Thé experimental
difficulties in the measurement of fracture.strength are dis-
cussed in a later section. 1In the range wherein one is prac-
tically concerned with fracture strength (moderate and small-
ductility), fracture strength is determinable with proper
accuracy.
| The perceht elongation was determined from the Strip-

chart. The percent reduction in area was determined by
rotating the ends of the broken specimens in an optical com-
paritor and estimating the neck diameter several times, then
averaging to obtain an apprbximate neck diameter. The con-
ventional method of'detefmining reduction in area will not
work with ductile specimens as final area is small and Grif-
fith fractuxe is often not attained. The pércent elongatidn
was taken as 100 times the engineering strain or fractional
elongation as determined from the chart. This quantity could
be obtained quite accurately. The value thus obtained is
slightly smaller than that which the conventional method of
fitting the broken ends together would produce due to fit-
ting errors. See reference 28 fof the conventional methods.

The quantities yield strength and fracture strength.'
have been found to be the more significant strength variables.
Reduction of area is considered to be a better determinant
or measure of ductility than percent élongation.

Ductile failure and the central crack (31), convolu-

tion of the fracture perimeter and the considerable microscopic
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and macroscopic inhomogeneity in the.neck compiicate the
interpretation of fracture strengtﬁ as the critical stress
level of interaction of a uniform applied stréss with a set
of uniform microcracks, in cases of considerable ductility.
However the observed trends are reinforced by correction for
these effects. The experimental fracture strength surface
over the temperature-hydrogen content plane is thus bent
upward in regions of low hydrogen content and high tempera- .
ture, deepening its minima.

“ The data presented is primarily confined to the more
significant quantities of .2% yield strength, fracture strength
and percent reduction of area. The complete test data may be
found, together with a much more complete discussion, in a
limited edition progress report and subsequent reports in

single draft (30).



CHAPTER IV
HYDROGENATION PROCEDURE

- Introduction

The most accurate and reproducible method for charg-
ing hydrogen into.samples of a metal is to use a closed-
system equilibrium technique. Consequently previous investi-
gators who had suitable gas analysis systems at their disposal
used them for charging. Having no such system, but choosing
to use this more accurate if more time-consuming technique
to charge columbium with hydrogen, a suitable system was
designed ana built. The principle of operation was siﬁple:
A quantity of hydrogen is initially measured by means of the
ideal gas law. Part of this hydrogen is sorbed into the
material and the remaining hydrogen measured. One then, at
equilibrium, has a uniform and accurately known hydrogen
distribution. The use of_golumbium rods from which the speci-
mens are later fabricated permits the easy elimination of a
nonuniform contribution to the hydrogen distribution on cool-
ing as well as specimen contamination from impﬁrity getter-
ing. However the application of vacuum physics and consider-
able care in design and procedure is required. A condensed
description of the apparatus and hydrogenation procedure follows.

34
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General Operation

Before hydrogenation of the rods the hydrogen is con-
fined in a reservoir consisting of a five-liter round-bottom
pyrex boiling flask fitted with a 15 mm stopcock. The hydro-
gen was originally obtained from a commercial cylinder. It
was gettered into columbium machining chips in a chamber con-
sisting of a vycor tube standing in a copper rod above a
Bunsen burner. The chips were cooled and the unreacted gases
evacuated. On reheating these chips provide purified hydro-
gen. The pyrex-boiling-flask reservoir, which has a carefully
measured volume, then containing an accurately known amount
of purified hydrogen, is combined with an evacuated furnace
tube containing the preheated rods of columbium. The hydro-
gen is sorbed into the rods. When the pressure stops falling
one has an equilibrium state of uniform hydrogen concentra-
tion with a known amount of hydrogen unabsorbed.

After an equilibrium‘is reached between the absorbed
and unabsorbed hydrogen, the samples are quenched. . The quench-
ing procedure consists of removing the furnace from around
the fire tube. Unless the rods are too hot, the quench pickup
is so small and so near the surface of the rod that the gage
sections of the specimens to be made from the rods are unaf-
fected in hydrogen distribution. Impurity contaminatioﬁ is
similarly eliminated from the specimen gage sections by the
low diffusivities compared to hydrogen of oxygen, carbon and
nitrogen (16;17), and elements of greater atomic size. One

removes the rods and has them machined within two weeks if
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the quench enrichment‘was appréciable. The hydrogen-sorption
vs. time curve for eéch run, together with relevant informa-
tion such as surface treatmenﬁ, has been presented (30). These
data provide a useful tool for flow—past methods of hgdrogena-
‘tion if one will not perform a series of calibration rums.
Due to surface states the curves do not give aiffusivity,
except in our case at temperatures too high for proper hydro-
genation (3). The proper range for hydrogenation is 450-500°C
for 3/8" rods.

High vacuum annealing treatments can be carried out
up to 900°C in the vycor fire tube. Pressure step functions
can be applied by changing the reservoir content of hydrogen
between periods of contact with the rods. The manometer can
be used to reduce the reservoir content in 1.4% steps by suc-
cessive isolation and evacuation. The final pressure at
equilibrium after each hydrogen admission to the rods gives
a pressure-temperature-concentration equilibrium point for
the columbium-hydrogen system.

One can use octoil or mercury in the manometer. Octoil
gives 14 times the sensitivity of mercury. From experimental |
measurement the sorption of hydrocgen by octoil is negligible.
With the two manometer fluids the range of accurate pressure
measurement is 7-990 mm Hg. The manometer consists of a uni-
form diameter, one meter long pyrex U-tube, which straddles

a meter stick and is carefully mounted in a vertical position.

A row of mirrors permits the elimination of parallax by merging
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the meniscus with its image. Liquid air traps on,eiFher side
of the manometer isolate the rdds'and the ion gage from mer-
cury vapor in the manometer. A consolidated extended-range
Phiilips type of ionization guage reads vacuum pressures from
1077 to % mm Hg‘dryéair-equivalent. -

. ‘A" Globar furnace with a West stepless controller holds
the rods at a constant temperature. The rods are positioned
so that the rod tempefature is uniform to about one degree
centigrade and the controller is able to reduce temperature
drift to the same degree. System temperature is measured by
three thermometers and the reservoir is wrapped in aluminum
foil to prevent any greenhouse effect. A fan insures room
circulation and turbulence to maintain a uniform room tempera-
ture. The 1aboiétory is well inside a large building so that
room temperature will vary no more than 2-3°C if precautions
are taken regarding windows and doors in adjacent tooms. Fig.

3 is a block diagram of the system.

Accuracy and Uniformity
The volume calibration wé; carried out to about %.
With the accuracies of pressure and temperature the average
hydrogen contents could be calculated to better than 1%.
With not too high a hydrogenation temperature, macroscopic
uniformity can be kept within a range of variation of 1%.
Considerable attention to detail in design and procedure is

required to achieve this accuracy.
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To obtain accuracy of hydfbgén content one must deter-
nine accurately the following quantities: Pressure, effective
volume (which is a fun;tioh of furnace temperature), ané sys-—
. tem or "room" temperéture. Also the reservoir volume must
be measured accurately. The system temperature, averaged
over an interval of time at any point in the system (ouﬁside
the hot zone), must be constant at the average of the ther-
mometér readings. The fan effeqts this quite closely, és i§
seen from the minute relative variations.ﬁetween the ther-
mometer readings.

Also, the furnace positioning and thermal insulatibn
gecmetry must ke reproducible from run to run. Time mwust be
allowed for the detection of thermal disequilibrium and its
disappearance. The hanometef must be carefully read. The
:. expansion on opening the reservoir to the system is very
nearly free and hydrogen is mére ideal at these pressures
than is required.

From the ideal gas law énd elementary considerations,
one has the following formula for parts-per-million of hydro-
gen in the columbium:

ppm = 10 T / (92.17 # ¥)
where ¥ is the average number of hydrogen atoms in the col-

umbium per atom of columbium, and:

F-2Vem . (_PbVb . Pf)
R M ( Ve Tsi Tsf )

where Ve is the effective volume at this furnace temperature,

m is the atomic weight of columbium, M is the mass of columbium
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,beiné»heated, R is the ideal gas conStent, Pb is the bressure
at equilibrium of hydrogen in the isolated reservoirlinitielly,
Vb is the reservoir volume, Pf 'is the final (constant) pres-
sure, Tsiuis the system temperature,.or reservoir temperature-
Hto be slightly more aeeurate,'at the beg;nning of the run,
~and Tsf is the system temperature at the end of the run, when
the pressure has become constant.

| The system must, and can reliably, be made very leak-
tight for pu:ity and accuracy. One must exercise reasonable
care in procedure, especially in regard tQ the demountable
seal. The after-run, overnight leak tests rarely showed a
measurable pressure rise on the manometer, and the ?hillips
guage pressures rose a seoie or so microne, where the rise
could be measﬁred.. With proper preparation a vacuum system
will hold a vacuum indefiniteiy.

Unifermihy is atﬁeined by propei positioning of ﬁhe
rod bundle aloné the horizonta; fire‘tube. There is a ﬁaxi-
vmum in the temperature profile along the firetube, and thermal
inhomogeneities will be minimized with rod bundle placement
at this point. Chremel-alumei thermocouples Qere placed var-
iously at each end of the :oa bundle. Their readings were
kept no more than a few degrees C. apart. Ihe‘junctions were
not welded ner usually in direct contact with the rods so
that the temperature change aloﬁg or across the bundle was a
minor fraction of the thermocouple difference, due to the
existence of the boundary layer in the hydrogen and the high

thermal conductivity of columbium.



41
.Using the thermocouple difference as a high upper
 bound to nonﬁniformity one can obtain the formula:s .

dr/r = dc/c = (1/xr) - (3x/3T)p - (1 4T/L)
where C is hydrogen concentration, r is the aforementioned
atomic ratio, T is temperature, 1 is the gage length of the
tensile specimens, L is the length of the rods, and 4T is
thé thermocouple reading difference. It is assumed that a
smal@ temperaﬁure gradient has insignificant effect on the
solubility of the hydrogen in tpe columbium; One can make
a plot from equilibrium data giving the high-upper-bound non-
uniforﬁity of the hydrogen content for various run conditions
(30,32). The nonuniformity was less than 2% for our runs.

The.éuench-enrichment or radial nonuniformity can be
rendered negligible by hydrogenation temperatures (for our
apparatus and 3/8" rod) of 450-500°C. Somewhat higher tem-
peratures will result in a crudely estimable radial nonuni-
formity. The.diffusion problem here is extremely difficult,
but a crude overestimate can be made and the nonuni formity
can be-taken as half this with uncertainty limits of equal
magnitude.

One method of estimatihg this radia; nonuniformity
is to obtain a Dt/a? value from the time lex;gth of quench
pickup and therefrom a ratio of gage iadius concentration
to the (assumed constaﬂi) surface concentration. This rétio
was multiplied by the surface qoncentratiqn. The surface

concentration was taken as twice the increase in average
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concentration on quenching. This estimate is apparently too
high due to the exothermic nature of the Cb—H system but a
retarding surface state will be present. This estimate is
order-of-magnitude only and useful only below the temperatures
where the quench enrichment becomes significantly large.
Quench enrichment data does exist for the second heat, how-
ever. For diffusion calcu;ations see reference 33.

Nonuniform hydrogen distributions may be desired,
but contrbl over these is insufficient unless calibration
runs are taken. Due to tﬁe higher-than-avérage maximum hydro-
gen concentration and internal stresses consequent to non-
uniform hydrogen distributions, nonuniform hydrogen distfi—
butions are equivalent to somewhat more concentrated uniform
distributions. Since in practice hydrogen distributions will
be often nonuniform, for practical significance of one's
data one should study some nonuniform'hydrogen distributions.
On the other hand a unifoim distributioh of hydrogen is
easier to understand theoretically. However some data on-
nonuniform distributions was taken using the material of the

first heat.

Purity
The purity of the hydrogen atmosphere, which is impor-

tant to the surface condition of the rods during hydrogenation
and to any high-temperature hydrogenation treatments in regard
to mechanical properties, depends on the following factors:

The efficiency of the chips as a purification train, the leak-
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tightness of the system, and the amount of residual outgass-

. ing after the commencement of the run.

The principle behind using columbium chips as a puri-

fication train is as follows. Gases in general have either

a considerably more or considerably less energetic reaction

with columbium than has hydrogen; Hydrogen is anamolous in .
this respect. Thus when hydrogen is sorbed into the columb-

ium chips the impurity gases which are more strbnély reactive

.are permanently béﬁnd{ whereas those gases which react weakly

or not at all are removed on evacuation when the chips are
cooled. Sacrifice of the first hydrogen to evolve on reheat-
ing furthers purification as does passing the gas through a
long liquid air trap. Cb205 powder (yellow when stoichio-
metric and dangerous) should be avoided as reduction can give
1/3% H20 in the hydrogen atmosphere (2,19). However no yel-
loﬁ powdexr was ever observed on examination of the used chips.
With care in procedure leak-tightness was no prob-A
iem. The leak-rate upper bound.can be‘estimated by the ion
guage reading before the run after the two to three day pump-
down. Part or all of this gas is outgassing. Thé overnight
leak tests indicate likewise that with care the leak rate
is negligible. Diffusion of air into the system and of hydo-
gen out of thé.system is appreciable only near the 9065c
temperature limit of the firetube.
Outgassing is the largest sourceuof impﬁrity gas.
It has many sources: The Qlass walls of the system, étop—

cock grease, the subsurface of the glass walls and the metal
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surface (cleanliness) in the firetube, absorption on the chip
surfaces, desorption of air from the manometer fluid, out-
gassing from the compénents of the Phillips guage, any dirt
introduced with the rods, etc.

Thermal equilibration or vacuum annealing before the
run eliminates the fire-tube-and-rods outgassing source which
is the largest. This procedure is a partial bakeout. To
utilize.yhe advantage of u;tra—high-vacuum'teéhnique £he
other impurity sourées (chips, manometer, etc.) must be cor-
respondingly reduced. The partial pressure of impurity gas
‘rises during the run and attains a plateau during the over-
night leak test. Its magnitude is variable and only crudely
measurable with our rather simple equipment, but is a few to
a few dozen microns Hg. The color of the Phillips guage
discharge is some indication.of the purity of the residual
gas-hydrogen atmosphere. Test runs have been ﬁaken to meés-
ure residual gas accumulation under various conditions imposed
on the system. Due to continual gettering by the hot rods of
the oxygeﬂ_and (more slowly) nitrogeﬁ impurities the impurity
préssures over the hot rods are much less than in the absence
of the rods. The impurity pressures generated with a cold
fire tube are small compared to those in the case of an insuf-
ficiently baked fire tube. Even with our worst impurity
préssures (70 microns Hg or so) bright annealing of the col-
umbium has always been the case. See Appendix C, reference

30 for a detailed treatment of hydrogenation.
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Post-Hydrogenation Considerations

Certain post-hydrogenation procedures and "effects"
influence the hydfogen‘dis£ribution in the columbium samples.
These are hydrogenation and dehydrogenation from the nominal
3/8 micron of hYdrogen in the atmosphere, contamination of
the surfaée of the machined tensile specimen, and‘diffusion
of quench-enrichment hydrogen from the rod circumference and
ends into the gage section (34);

From diffusion and contaminaﬁion hardening data (16),
it may be concluded that contamination hardening (oxygen
being the predominant hardener) is negligible'except for
prlonged high-temperature treatments. However, from the
diffusivity of hydrogen in columbium (3) and equilibrium data
and the nominal hydrogen content of the air (34) considerabie
change in hydrogen content should have taken piace during
high temperature testing and/or remaining some months in air
at room temperaﬁure. Consequently dehydrogenations of ﬁhe
specimens broken in high temperature tensile tests and (inde-
pendently) in other tests were performed after 130 days.

From equilibrium data and the amount of hydrogen in the gas
phase, the original hydrogen content before dehydrogenation
was determined. (See Appendix B, reference 30.) There was
no measurable change. The implication of this result is that
a surface stage in the sorption-desorption reaction chain
had become controlling with a very low rate. Such a surface

state would be expected from the Sievert's law behavior of
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the Cb-H system away from the miscibiliiy gap. In general,
hydrogen can enter metals only as atoms.

Since the free energy of formation of atomic hydro-
gen is 48 kilocalories per mole (35), and since the hydrogen
atoms must excite to oﬁter adsorption sites on the Cb sur-
face for recombinéfion and evaporation, one would expect this
state to "take over" and cut off hydrogen sorption and desorp-
tion below some temperature. From a simple Ahrennius treat-
ment equating inflow ana outflow the activation enexgy for
desorption is larger than that for dissociation; thus below
the "cutoff" teméerature both of these processes will exhibit
activation energies of 50,000 cal/mole or more.

Quench enrichment of the rod surface will not reaéh
the gage sections in appreciable quantity if the machining.
of the rodé is done within two weeks. Due to greater dis-
tance, the quer.ch-enrichment at the rod ends is of no sig-
nificance.

This accounﬁ of the hydrogenation system and its"
operation is indicative rather than exhaustive and some study
of vacuum physics and reference 30 should be made if a simi-
lar hydrogenation procedure is desired. References 33 and
36 are helpful. Reference 37 will be a useful starting
point if one wishes to explore the application of ultra high

vacuum technique.



CHAPTER V
DATA AND RESULTS

- Data were obtained on three heats of columbium which
had been refined by vacuum melting. Thevhistory and‘anaiysis
of the third heat used is given in Table I. In the pages

following only a fraction of the data will be given in the

TABLE I

ANALYSIS OF DU PONT HEAT D-1190

Copper 10 or 1less

Element Content in ppm by Weight
Ooxygen . e o o o o o o o o o o . 206
Nitrogen e e e e e e s s e e e e . 50 or less
Carbon e o s o 4+ e o & . e . 50
Iron e e o o o o o o o s .- . 122
Nickel e e e o s e o s e s s o 75
Chromium ¢ o o o o o o o o . . 10 or 1less

Approximate History of du Pont Heat D-1190
1) Extruded warm from 3" round to 3/4" round.
2) swaged from 3/4" round to 3/8" round at room temperature.

3) Part of material recrystallized and the remainder stress
relieved.

' 4) Hydrogenated near 500°C for about one day.

interest of brevity. The effects of hydrogen content, strain

rate and temperature on the yield strength, percent reduction

47.
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of area and fracture stress will be related in some detail.
Then the remaining data will be summarized and interesting
phénomena observed will be described. The full data is con-

tained in reference 30.

History and'Analyqig of the Columbium Used

The third. heat of columbium used was obtained from
the du Pont Company'as heat D-1190.

The recr?stallization treatmenﬁ consisted of a half
hour annéal at 1200°C in high vacuum. The resultant grain
structure was approximately edquiaxed with a grain size of
ASTM 6-7. The stress relief treatment consisted of an anneal
of an hour at 825°C in high vacuum. The fine, highly elong-
atéd grain structure produced by the swaging treatment was
not changed. While it is difficult to estiméte a grain size
for this kind of structure, and the grain size given will be
of limited significance, it can be said that the original -
.grain size before swaging was of the order of 10 microns.

Each heat of columbium is iﬂ a sense a different
metal, since the properties of a metal depend on its analysis
and history, and these factors differ from lot to lot. Since
700 ppm of oxygen doubles the proportional limit of columbium
(38), and since the oxygen content of the electron beam
melted columbium varies from about 100 to 300 ppm by weight,
one can then expect a 15% variation from lot to lot in
strength from this source alone. Thus if one is to evalu-

ate the effect of one factor on the strength and other
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characteristics of columbium, one must perform complete test-
ing programs within individual lots of given history and
analysis, as has been the procedure in this investigation.

The behavior of columbium in regard to ductility and
other properties as well as strength can be affected by vari- .
ations in history and anslysis. The recrystallized material
of the third heat'exhibited no ductility minimum, whereas
the stress relieved material of the third heat exhibited a
pronounced ductility minimum at hydrogen contents below 70
ppm by weight. 'The practical significance of the results
lies maihly in that, in the absence of a ductility minimum,
a few ppm of hydrogen are sufficient to effect a severe

embrittlement at low temperatures.

Yield Strength Data

The yield strength is the most important strength
quantity from a practical viewpoint as in the design of a
part the calculated stresses must be limited below a safe
fraction of the lowest stress producing measurable permanent
deformation. In this section yield strength data for the
stress relieved and recrystallized material of the third
heat will be presented.

The yield strength of the stress relieved material
of the third heat is presented as a function of hydrogen
content, strain rate and temperaturé iﬁ Figures 4 and 5. 1In

view of the two dimensional nature of a graph the strain
rate is indicated by the symbol chosen for the data point

according to Table II.
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TABLE II

DATA POINT SYMBOLS FOR THE VARIOUS STRAIN RATES

Symbol Strain Rate

SemiCirCle . - - - . - - - - - . . - - . 2 . O ipm/o 815 "

Triangle e+ e o & + s s s e s+ « +« « o 0.20 ipm/.815"
Dot G« « e « + ¢ e e « 4« o s e s« + 0.020 ipm/.815"
Circle G« e 4 e &« 4 e« s« 4« « e+ + . 0.0020 ipm/.815"

The strain rate is given in the conventional manner,
the speed in inches per minute of the Instron machine cross-
head being symbolically divided by the gage length of the
tensile specimen employed. The crosshead speed of the mach-
ine is constant; a simple formula gives the true strain rate
until maximum load, where necking begins (30).

The plots of yield strength data in Figures 4 and 5
shdw that hydrogen has 1little effect on.the yield strength
of columbium at room or at elevated temperatures. There may
indeed be a slight weakening resultant from large hydrogen
contents; but the trend is not large relative to scatter and
no definite conclusion can be drawn. At low temperatures
there is a moderate strengthening. At ligquid air tempera-
tures there is a solid so;ution strengthening which attains
a maximum magnitude of 15% at a hydrogen concentration of
50-75 ppm by weight. The strengthening observed at -77°C

is lesser in magnitude.
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The yield strength data for the recrystallized mate- -
rial of'the third heat is plotted in Figures 6 ahd 7 against
_hvdrogen content for various temperatures. The strain rate
is given by the point symbol as in Table II. One observes a
1arger're1ative strain rate dependence of the yield strength
for the recrystallized material than for the stress relieved
-material. At -190°C there is also in the case of the recrys-
tallized material a solid solution strengthenihg of the same
relative magnitude as that for the stress relieved material.
At ambient and elevated temperaturesvthefe is, as in the case
of the stress :elieved material, no determinable dependence
of the yield strength on hydrogen content. The large strain
rate dependence of thelyield strength at =-77°C for the recrys-

tallized material is discﬁssed later.

Percent Reduction of Area Data

'?he data of percent reduction of area at fracture for
the third hea# stress relieved materiél is presented in Fig-
ures 8 and 9 and plotted against hydrogen content for various
temperatures. 'Figure 10 is a similar plot presenting the per
cent reduction of area data for the recrystallized material
' of the third heat. Figure 11 is a plot versus temperature
of the reduction of area data contained in Figures 8, 9 and
10. The hydrogen content is given by the symbol used for
the point according to the table in the figure.

The percent reduction of area of the stress relieved
material of the thi;d heat is observed from Figures 8 and ©
to decrease with increasing hydrogen content at any given
temperature. The decline is most precipitous at about‘-77°c,
although the decline is considerably more rapid at =190°C
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ﬁhan at ambient temperétures. From Figure 10 it is observed
that the recrystallized material of the third heat behaves
in the same way, alﬁhough the ductility data obtained from
this material was poor for hydrogen contents between'zero and
' ten ppm by weight. A plot of mechanical property data against
specimen number, the specimens being numbered consecutively

from one end of the rod, indicated a contamination or inhomo-

geneity of the end of the rod from which most of the relévant
material wasitaken. o . |
The absence of the ductility minimum in the material
of the third heat that was recrystallized is exhibited in
Figure 1l. The percent reduction of area of the stress
relieved material dropped to low values when temperature was
decreased to =77°C; but on further decrease in temperature
to =190°C, for hydrogen contents of 20-40 ppm the percent
reduction of area climbed above 50%. |

Fracture Stress Data

' The data of fracture stress'for.the third heat stress
relieved material is presented in Figure 12, 13, 14, 15, and
16. ‘From Figure 12 one concludes that at 120%C hydrogen con-
tents larger than 400 ppm are required to greatly reduce the
fracture stress of columbium. Figure 13 shows that at ambient
temperature the fracture stress of columbium is decreased
significantly by hydrogen.contents in excess of 50 ppm. The
data presented in Figure 14 demonstrates that at =-77°C hydro-
gen contents lower than 20 ppm reduce fracture stresé to a-

minor fraction of the fracture stress of pure columbium. At
-190°C, as is shown by the data of Figure 15, the decrease

of fracture stress with increasing hydrogen content is less



34N914

8

PERCENT REDUCTION OF AREA

100

121° C

o _
o \o\
3
STRESS RELIEVED CONDITION
o | | o
< I | ~
SYMBOL STRAIN RATE
YMARKS POINTS o 2.0 IPM /815"
BELONGING TO A 0.20 IPM /8I5"
ol | =77°C DATA o 0.020 IPM /818"
~ v 0] 0.0020 IPM /.815
=77°C
;———0*—\.&\\ .
. . —~———A
o . o .i-
o) 100 - 200 300 400 -500

REDUCTION OF AREA VERSUS

HYDROGEN CONTENT

HYDROGEN CONTENT FOR VARIOUS
" TEMPERATURES

PPM.



34N9i 4

6
PERCENT REDUCTION IN AREA

100 .

60 80

40

20

- / MARKS POINTS BELONGING
M TO -190°C DATA
A | [
STRESS RELIEVED CONDITION
6/’ SYMBOL STRAIN RATE
o 2.0 IPM /815"
A 0.20 IPM /815"
27°C @ 0.020 IPM /815"
\\ o 0.0020 IPM /.815"
- 190°C A 3
/ ./ ~7
0 100 200 300 400 500

HYDROGEN CONTENT —— PPM.
REDUCTION OF AREA VERSUS HYDROGEN CONTENT FOR VARIOUS TEMPERATURES



IN AREA

60

PERCENT REDUCTION

80

70

50

30

20

10

100

40

59

P
=

\ A
A 27° C.
) \5\
Ay

] [ -]

'M\f* - RECRYSTALLIZED  CONDITION

\ : | | |

) ) r I J

\ O-10 PPM. BEHAVIOR OBSCURED BY

| EVIDENT CONTAMINATION OF END OF ROD

0 — -190°C
B—-77°C
A— 27°C

\ \ : ~77°C
——
D\E?t:>-—£:F
] - 190°C
= ——
0] 10 20 30 40 50 60 70
HYDROGEN CONTENT — PPM.

REDUCTION OF AREA VERSUS HYDROGEN CONTENT

FIGURE

10

FOR VARIOUS TEMPERATURES



-60

100

80 7 /
_._1/ [

o
€ 60
= o
z || -
E 40
S _‘Y l l} o — O PPM
o \ ' )
LN /1 A— 14
A\ / a— 30
= \ N\
=z 20 AN Y4
& \ / 5— 0O
ﬁ - o/ d— 19
—— o — 43
ol __—
l | | I
-200 -100 0 100 200
. TEMPERATURE — °C
Fig. 1.

COMPARATIVE DUCTILITY OF STRESS RELIEVED AND
RECRYSTALLIZED SAMPLES OF COLUMBIUM - HYDROGEN
ALLOYS, '

STRESS RELIEVED ~——=—s——-
RECRYSTALLIZED




61

rapid than at -77°C. The fracture stress has been only halved
by hydrogenation to a hydrogen content of 70 ppm. Figure 16
is a plot of data in Figures 12, 13, 14, and 15 exhibiting
the dependence of fracture stress on temperature for various
hydrogen contents. One observes a prondunced minimum in
fracture stress near -100°C, except for in the pure columb-
ium.

The data of fracture stress for the recrystallized
material of the third kheat is presented in Figures 17, 18,
19, and 20. The fracture stress behavior of the recrystal-

lized material is seen to be similar to the behavior of the
stress relieved material. The fracture stress of the recrys-
tallized material is seen, however, to be lower than the
fracture stress of the stress relieved material. This dif-
ference is evidently due to the considerably larger mean
grain diameter of the recrystallized material in the direc-
tion of maximum resolved shear stress. This circumstance
will permit larger dislocation pileups and resultant micro-
cracks in the recrystallized material than in the stress

relieved material.

Data of First and Second Heats
Similar testing conditions produced similar results
for all of the material used. The first heat consisted of
35 specimens and was used for a'preliminary survey of the
mechanical properties of columbium. Data were obtained for

the as-received state, and for various thermal treatments
of the columbium. One hydrogenation was performed to deter-
‘'mine the hydrogen concentrations to be investigated subse-

quently.
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The second heat was used to investigate the mechanical
property behavior of columbium as a function of hydrogen con-
tent and temperature. Thirty specimehs were tested after
various thermal treatments at a strain rate of 0.020 ipm/.815".
As in the case of the third heat, it was found that the con-
tent of hydrogen required to effect a given degree of embrit-
tlement increased in a roughly exponential way with inc;eas-
ing temperature of testing.

Some of the material was hydrogenated‘to 900 pprm; the’
resulting embrittlement was such that the material could not
be machined. However a dehydrogenation anneal in vacuum of
half a day at'650°c completely restored the original duc-
tiiity. It was élso observed that a sufficiently severe
hydrogenation fragmented the columbium. . |

Since ﬁhe second heat was hydrogenated to hydrogen
contents in excess of 100 ppm, the ductility minimum was not
observed in this material. However the fracture Stresé mini-
mum exhibited in Figures 16 and 20 was observed in the data
of the second heat. The relevant data from the first heat
is consistent with these observations. No yield points were
observed in testing the first and second heat material except
an evident contamination yield peoint in the case of some of
the first heat material. None of the first or second heat
material was recrystallized.

The contamination yield point occurreq as follows.

Some finished specimens of the first heat were given 825°C
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and 700°C anneals in high vacuum. -“Stringent cleanliness pre-
cautions were observed. The pressure at the (necessarily
cool) ion guage.was 2 X 10"5 mh Hg. ihé specimens ;ﬁnealed
at 825°C exhibited a yield point about five times as high as
" that of the specimeﬁ annealed. at 700°C. Annealing in even
much poorer vacua produced no yield peint below 500°C, although
at 500°~600°C the stress-~strain curve exhibited a sharp cor-
ner at the yield. Thus the yield point did not appear at
temperatures where it should have already returned (13) if
it were to appear. Annealing a rod of the first heat in a
sealed iron pipe in air ?roduced'no yield point after recrys-
tallization at 1150°C. Thus it is evident that the yield
point wés produced by outside contamination. A rod of ﬁhe
second heét from the same supplier annealed with the 700°C
specimen likewise showed no yield point. Thus it is evident
that by annealing finished specimens of columbium en vacuo
abofe €00°C a spurious yield pointlmay be produced, probably
by the very potent hardener, oxygen.

What evidently happened is as follows; The residual
gas contaminant strengthened the subsurface of the gage section
by solid solution hardening and Cottrell locking, according
to its interrupted diffusion contour. On loading the speci;
men, yielding occurred in the interior of the gage section,
concentratiné load on the subsurface region which then
yielded so as to exhibit a yield point, perhaps through this

mechanism as well as contamination.
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Results of Metallographic Investigation

Metallographic studies were pursued in parallel with
the investigation_of mechanical properties. Figures 21 and
22 are representative of the results. Figure 21 consists
of two photomicrographs of the fracture region of a sample
of pﬁre columbiﬁm; One sees a feﬁ'vbids in the material and
a region of slip in the enlargement. Figure 21 is presented
for the purpose of comparison to Figure 22, so as to exhibit
the gffect of hydrogen.-

Figure 22 consists of two photomicrographs of columb-
ium hydrogenated to 660 ppm. ‘Note the high void dénsity and
flake-like cavities. One of the flaké-like cavities can be
seen as the evident result of radial tensile stresses result-
ing from the blockage of slip. It is evident that hydrogen
is effecting crack initiation, the cracks subsequently becom-
ing extinguished. The second phase can be seeﬁ as a super-
position of‘flakés on the elongated grain structure of the

swaged material.

Results of Prestrain Investigation

Specimens of various conditions and hydrogen con-
tents were prestrained various amounts at room temperature
and then fractured in tensile tests in liquid air. This
Procedure produced no change in the observed fracture stress
of the pure stress;relieved or recrystallized columbium.
However, any plastic strain eliminated the ductility minimum

observed in the third heat stress relieved material.



CLOSE-UP OF TIP, SEE FIGURE 22

PHOTOMICROGRAPHS OF PURE COLUMBIUM. FRAC-
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50 x.

CLOSE-UP OF LEFT CENTER CRACK IN 50 x.
NOTE THE FLAKE CRACKS AND BLOCKED SLIP

MICROSTRUCTURE NEAR FRACTURE SURFACE OF
PULLED SPECIMEN. STRESS WITH GRAIN.
660 PPM. HYDROGEN.

FIGURE 22.
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The data derived from the prestrain investigation is
given in'Tables III and IV. Table 1III gives the prestrain

data for third heat stress relieved material hydrogenated to
41% ppm. Table IV gives the results of other prestrain tests

on material of various hydrogen contents and condition.

TABLE III

PRESTRAIN RESULTS FOR THIRD HEAT STRESS RELIEVED
MATERIAL HYDROGENATED TO 41% ppm

Room Temperature Tensile Test Results at =-190°C
Prestrain (Per Percent Reduction Fracture Stress
cent Elongation) of Area lbs./sq. -inch

zero (stressed
elastically to

90% of yield) 53% 229,000 psi
0.075% - 3% 139,600 psi
1.07% 1% | 139,400 psi
3.15% a4 £145,200 psi

1 9.5% a%% 148,000 psi

The results listed in Table III show that any plastic
strain at all greatly reduced ﬁhg frééfure stress from its
falue of 225,000 psi at -190°¢ for the pure material that
was not prestrained. |

The prestrain results are éignificant to the theo-

retical interpretation contained in Chapter VI.
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TABLE IV

PRESTRAIN RESULTS FOR THIRD HEAT MATERIAL OF
VARIOUS CONDITION AND HYDROGEN CONTENT

Material Hydrogen  Prestrain, Reduction Fracture

Condition Content, Percent in Area Stress

- pPpm Elongation Change .Change
Stress % or iess | insignifi- insignifi-
Relieved (pure ma- 10.58 cant cant

: terial) : ‘ T

Stress 72 4.78 insignifi~ insignifi-
Relieved : cant cant
Stress insignifi- insignifi-
Relieved ~ 151% 3.33 ~ cant cant
Recrystal- insignifi-~ insignifi-
lized % or less 13 cant cant

The pure columbium in both conditions was ductile, but
the columbium with hydrogen contents of 72 and 151% ppm
was brittle, at =-190°C, in conventional tensile testing.
Reduction of area was 3-5% for the higher hydrogen con-
tents.

The Multiple Cracking Phenomenon

A multiple cracking phenémenon was observed in both:
the stress relieved and recrystallized material of the third -
heat. The other material of the first two heats tested was
not tested in the fange of hydrogen content and temperature
in which this phenomenon was observed. The phenomenon was
as follows: Many cracks wére seen in iractured tensile speci-
‘mens besides the cracks that managed to traverse the gage
section completely before all of the others. On metallo-

graphic examination very many more cracks are seen to have
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initiated and been extinguished while still of microscdpic
size. Figure 23 is aAphotograph of six mounted specimens,
including the most severe case of multiple cracking. In the
photograph the specimen number, hydrogen content, crosshead
speed in inches per minute and testing temperature ére printed
beside. the mounted specimen. Figure 24 is a representativé
photomicrograph of the gage section of a fractured specimen
exhibiting the multiple cracking phenoﬁenon.- Uncompieted
cracks extending part way across the gage section of the
tensile specimen were sometimes observed in room temperature
tests, but not in any degree of profusion such as in Figure
23.

The multiple cracking phenomenon is caused evidently
by the variation in favorability toward crack propagation
resulting from inhomogeneities on a microscopic scale to be
found in a metal. In a sufficiently ductile metal a micro-

" crack wﬁich begins to propagate due to locally favdrable'
‘stresses Vill, after it exhausts the region:of favorability,
cease to propagate due to the growth of the plastic work
term of the free energy of the micrécrack. In a sufficiently
brittle metal,.onvthe other hand, a microcrack will continue
to propggate once itg propagation begins. The cessation of
crack'propagation in ductile metals and resulting phenomena
are described in H. C. Roger's two studies of ductile failure
(31, 39). Due to the presence of a positi#e feedback in the

growth of the plastic work term in the free energy of the
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BROKEN SPECIMENS,VS‘TRESS-RELIEVED MATERIAL.
HEAT 3.

(NOTE No.76 WHICH IS OUR MOST PRONOUNCED
EXAMPLE OF MULTIPLE CRACKING)

FIGURE 23



PHOTOMICROGRAPH (250x) OF A SPECIMEN EX -
HIBITING THE MULTIPLE CRACKING PHENOMENON.
NOTE THE. MANY CRACKS ARRESTED ON A MICRO-

SCOPIC LEVEL.

- FIGURE 24
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microcrack, a miérocrack.which prbpagates in one grain may
cease to propagate in the next due to differenceé in iattice‘
orientatioh énd defect distribution. Thus in a region of
hydrogen content, temperature and strain rate, many micro-
cracks coﬁmence propagation only to cease propagation when
the crack enters a region of unfavorability. A few of these
>cracks grow to visible dimensions.
h The multiple cracking phenomenon occurred at the

temperature for strain aging in the tensile test, during

the transition with increasing hydrogen content from the
ductility of the pure metal to the complete embrittlement
occasioned by a sufficiently large hydrogen content. Mincher
and Sheely (40) found that in columbium at conventional
strain rates, the phenomenon of strain aging during the
tensile test occurred as a maximum at a temperature where
the diffusivity of the additive concerned was about 10-12
cmz/sec. This level of diffusivity for‘hydrOgen_in columb-
ium is attained at about -75°C,'or apprbximately the tempera-
ture of the dry-ice~alcohol bath. At the temperature for
strain aging in the tensile test the populations of the
Cottrell atmospheres of the moving dislocations are at a
maximum, and the surfaces of the growing microcracks receive
hydrogen from the coalescence of dislocaﬁions at a maximum
rate. This maximum of hydrogen supply to the growing micro-
cracks is one of the évident reasons that the multiple

cracking phenomenon and hydrogen embrittlement occur at the
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lowest hydrogen contents at the intermediate temperature of
-75°C. Another reason may be the prevention at low tempera-
tures of the segregation of hydrogen from the volume of the
metal to defects by the loss of atomic mobility of hydrogen

with progressively deéreésing.temperature.

.Silent Brittle Fracture

At high hydrogen contents at room temperature, where
the ductility of pure columbium was very great, fractures of
brittle férm were observed to occur silently. Reduction of
area was slight and necking did not occur. In the usual
circumstances of brittle fracture the speed of crack propaga-
tion is considerably greater than the speed of sound in air.

" Thus there is a sharp réport from the ﬁotion in the air of

the edges of the fracture surface and the filling pf the

crack by the atmosphere. However thig report waé absent in
the ambient temperatpre tensile tests of this investigation.
The f;acturé, unlike normal brittle fracture, was often
incomplete in that a small section of the specimen remained
unbroken after a crack had nearly severed the gage section

of the specimen. Occasional cracks were observed in addition
to the crack that severed the specimen. These cracks extended
part way into the gage section of the specimen.

The explanation is evidently that the columbium
matrix remains ductile even in the présence of the second
phase of the columbium-hydrogen system. The cessation of

crack propagation that would occur in this ductile matrix is
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‘counteracted by crack initiation at tﬂe second phase flakes
and microcracks as discﬁssed in Chapter VI. Thus the crack
is conducted in a manner of ductile rather than brittie fail-
ure across the tensile specimen, similar to thé manner of -
growth of the cehtral crack in H. C. Rogers' study of ductile
failure (31). The spontaneous fragmentations produced by
very high hydroéen contents and observed in this investiga~- -
tion occurred in a manner similar to the fractures described

above (see Figures 22-24).

Time-Temperature-Transformation Behavior
There is the possibility of hydroéen embrittlement by

formation of Guinier-Preston zones on cooling. A test in
which a specimen was step-cooled contra-indicated this. A
tensile specimen containing 41% ppm hydrogen was immersed in
a dry-ice-alcohol bath while inserted in the low temperature'
tensile testihg fixture describedain Chapter III. After
sevéral minutes had elapsed the dry-ice-alcohéi;bath was
poured out and liquid air immediately poured in. The tensile
specimen was fractured in the liquid air and exhibited the
same mechanical properties and ductility as material of this
hydrogen content tested at liquid air temperature in the usual
manner. .

While the absence of ah effect ascribable to precipi-
tation in the ébove test is some indication that the embrit-
t lement observed in this investigétion is not dueito a

precipitation phenomenon in the usual sense, the test was
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crude and calculations indicate that cooling rate was not
adequately controlled. The adequate control of cooling rate
in the case of specimens'sufficiently large to give accurate
- results does not seem practicable. Thus this test does not

give an adequate basis for a conclusion.

Yield strenggh and Yield Point Phenomena
The pure recrystallized third heat material exhibited .

a yield point at room temperature and -77°c.' This yield -
" point was not affected by hydrogenation and disappeared as
temperature decreased from -77°C to -190°C, as illustrated
in Figure 25. Thus the yield point is not due to a hydrogen
Cottrell atmosphere, and is due in a simple sense to a Cot~-
trell atmosphere at all only if the Peierls-Nabarro resistance
coﬁménces after the segregate forces are overcome; otherwise
the two shear resistances would be more additive than sub-
stitutive. Then one could have the frictional resistance
rise witq temperature decrease faster than the restoring
force of the displaced atmosphere, thus masking the latter
at lower temperatures. The atmospheric restoration force
would also vanish abowe the strain aging temperature for thé

(supposedly pure) atmosphere. Thus the yield point would be
vseeh only over a finite temperaturé interval depending on
history and analysis.

There is a possibility that the'éiminuﬁion of thermal

agitation at low temperatures creates~a large and necessarily

variable freeing time for partially freed dislocation loops.
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" Then, according to the réndomness of thermal excitation, dis-
1ocatidnnloops'wou1d break free over an interval of time. If
this interval of time becomes, at low temperature, of the.
order of the time required to attain 1% strain during the ten-
sile test, the variation of yiélding time from point td point
in the metal would becéme large enough to spread out or '
"smear" the yield point into the long, low bﬁlge observed in
the ~190°C tensile tests. This possibility would apply also
to the Wessel type yield point mentioned in the following
paragraph (15).

- There is also the possibility of a Wessel type yield
point (15). This is a yield point produced by the pileup
of dislocations at a barrier at a limited rate, with perhaps
an activation delay in the following diélocation multiplica-
tion on the other side of the barrier. When the pileups become
sufficiently 1arée so that a stress concentration of suf-
ficient magnitude is built ubito create an active Frank-Read
source across the obstacle, a sudden profuse dislocation flow
requiring a reduced applied stress results. The stress then
droés from the momentary upper yield stress té the resﬁlting
lower yield stress until strain hardening has accumulated
sufficiently to appéar. This mechanism pre-supposes a small
amoﬁnt of plastic flow before the upper yield stress is
reached. That this does indeed occur, cén be seen from the
stress-strain curves.

The proliferation of somewhat unidentical obstacles

with decreasing temperature and the diminution of freeing
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thermal agitatio; Qould explain the disappearance of the yield
point at low temperature. The variations in microscopic upper
“yield strength would by Qroducing the yield paint locally at .
different levels of applied stress smear the yield point into
a long low bump such as is observed in the'liquid air tests.

The critical shear couple to_produce.a Wessel yield
point at a grain bbundafy for instance would depend on the
| 'orientations of boundafy and adjacent slip planes, segre-
gatés thét form at the couple, etc.' The achievement of
the couple will depend on the grain size and the proximity
of adjacent pileups and slip baﬁds together with the applied
stress. .If the minimum of the required applied stress as a
function of these variables broadens out at low temperétures
and develops serrations or if inhomogeneities develop to
split up the minimum, then smearing is to be expected. There
is also the possibility of a large, randomly varying yield
" activation time mentioneé before. Residual stresses by vary-
ing from point to point in the metal on a microscopic scale B
will smear any yield point; thus the absence of a yield point

in the stress relieved material.

Strain Aging
The strain aging behavior of columbium and columbium-

hydrogen alloys was studied by the yield point return method.
The strain aging'behavior observed is best explained by a
Wessel type yield point, although oné might bé able to fabri-

cate an explanation from the éross—slip theory of the yield
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point (41, .,42). Begley (13) and Tankins and Maddeﬁ.(l4) found
an activatidg energy for the return §f the yield point‘of 27
kcal/mole, whereas Wilcox (12) found an activation energy of
8-11 kcal/mole. Thelformer value implies a Cottrell atmos-
phere of oxygen as the agent of strain aging and the latter
value implies a Cottrell atﬁosphere of hydrogen.

In the present study three specimens, one with % ppm
hydrogen or less and the others with 4% and 8% ppm hydrogen
(all from the recrystallized third heat mater;al), were
pulled at room temperature. By measuring the time for yield
point return as a function of aging temperature, an activa-
tion energy of 18 kcal/mole without hydrogen and 22 kcal/mole
with hydrogen wés determinéd for the process. The results.of
these tests are presented in Table V. The constant factor

increased by a factor of about 103 on hydrogenation also.

TABLE V

EQUATIONS FOR THE YIELD POINT RETURN IN COLUMBIUMa

—

—o—— —
m———— p————

Hydrogen Content of _ Equation for Yield
Columbium, ppm ‘ . Point Return
less than % -11; = 8.7 x 102 x exp (-18,000/RT)
4% 1 =19.3x 10" x exp (-22,800/RT)
8% $=2.1x 10" x exp (-22,600/RT)

aT is the absolute Kelvin temperature.

t is the approximate time of yield point return, in hours,
as determined from a number of criteria.

R is the ideal gas constant in cal/mole-deg. K.
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Timéé of aging were all greatér'than 20 minutes and very rough
correction was made from the thermal relaxation time observed

for a thermometer. Thus thermal lag times are a lesser source

Sap en

of errgr than in previous works where times of 6 minutes were
used without correction for thermal lag. However three speci-
mens do not provide conclusive evidence. The yield éoint
return was determined by the consensus of several-criteria.

The effect of hydrogen in our data, and the discrepancy
between these data and other works, can be explained on the
basis of a Wessel yield point. On yielding the Frank-Read
sources activate and slip bands form. If yielding is stopﬁed
stresses remain "frozen in" at the slip band and pileup ends
.so that if there is immediate reloading yielding recommences
at the final‘stress level of the previous time. However if
sufficient time is allowed to elapseAthe drift of dislocations,
perhaps at an initially rapid rate, relieves the residual
stresses. Thus the longer'reidading is delayed, the more
stress ﬁust be applied to return the residual stresses to
their initial values on unloading. |

The dislocation creep that relieves the residual
stresses will be accelerated by heating. The dislocation
will be élowed in this motion by Cottrell atmospheres. This
interaction .will in generai be’complex.and dependent on history
and analysis. The addition of hydrogen to such an atmoéphere
would be expected to change the kinetics of the motion, or

what one might call the "activatlon group" of the dislocation,
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' which.depends on a;alysis and history, not necessarily‘ghang-
ing the heat of activation to that of.hydrogen diffusion.
One could thus obtain a éifferent result for each history and
analysis tested. Thus this set of mechanisms can explain the
divergent data of columbium strain aging.‘

| One shbuld keep in mind of course that the Cottrell
atmosphere and other strain aging mechanisms can change with
straining temperature. A hydrogen c6ntribution to the height
of the yield point should appear below -75°C and annealing in
a lower temperature range should restore the hydrogen contri-
bution to the yield point after straining. Our aéing took

pl;ce in the 75°C range.

Strain Aging and The Effect of
- Hydrogen on Strength

~ Above theA-75°c strain-aging temperature hydrogen
does not strengthen columbium. The hydrogen atoms can adjust
too rapidly to dislocation motion to maintain a retarding
force. Below_this_temperature a maximum strehgthening of
about 20% 'is observed at approximately 40 ppm hydrogen; This
.maximum represents the optimum hydrogen atom spacing for ais-
location pinning at the -190°C testing temperature. There_ |
.1s in general the poséibility of an effect due to Guinier-
; Pfeston zones, however. At the strain aging temperature the
maximum of strain rate dependence expected is observed, but
R the éxact temperatﬁre of thé maxiﬁum of the tensile and yield

strengths was not found because of the widely spaced testing
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temperatures employed. Also, the multiple cracking phenom- -
| enon complicates the mechanical property dependence at this

temperature.

Additional Results

Low strain rate hydrogen embrittlement Qas not observed
in columbium of the histories and analyses tested and for the
range of strain rate employed of this investigation. Delayed
failure was not observed in two specimens of columbium hydro-
genated to'455 ppm hydrogen and held an hour at room tempera-
ture at a stress level near the fracture stress.

The fracture surfaces of specimens broken in =190°C
tensile tests were of sparkling.appeérance, indicating trans-
granular fracture. Above -75°C, however, failure 6ccurred
by ductile processes and fracture surfaces were dull.

From data on sheet specimens of the first heat and'
as impiied, but not proven, by the multiple cracking behavior
of hydrogenated columbium, hydrogen does not greatly increase
the notch sensitivity of columbium. Above the ductility
transifioﬁ columbium is not notch sensitive in the pure
state; below the ductility transition notch sensitivity is
expected.

Anneaiing a rod of dimensions lcmx 4 cm} sealed in
an irén pipe, for an hour at 1150°C in air pioduced a ductile
specimen. The aﬁnealing treatment was carfied out in this
manner because there was no vacuum furnace available which

could be operated at this temperature. This specimen was
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fully recrystallized but exhibited no yield point. Calcula-
tions from éontaminatipn hardening data (16) indicated that
the gage section of the specimen was-not'contaminated by the
treatment. There was very little oxidation of the coliumbium
rod. This procédure is indicated as an expedient for' the:
treatment of columbium (and no doubt some other metals) in
thelébsénce of vacuum equipment. The treatment was evidently

equivalent to'an anneal in impure nitrogen.



CHAPTER VI
THEORETICAL DISCUSSION

The Determinantsg of Ductiling~‘

There is‘a critical 1ével of aﬁplied stress depend-
ing on type and treatment of a metal at which a microcrack
will propagate. There‘is also a level of applies'stréss at
whiqh dislccations will begin to move and multiply sc as to
produce plastic flow. These two stress levels,; and to a
lesser extent the straih hardening exponent, determine the
strain at which crack propagation occurs, and thus the duc-
tility. When, during the course of the tensile test, the
yield strength is attained, plastic flow commences. There-
after, the applied stress hust increase for'straining to
continue, by an amount dependent on the strain hardehing
exponent. If the ductility is great, maximum load will be
passed without failure and necking will occur, the'stress
at the minimum cross section increasing the more rapidly.
At length the stress level is attained at which é érack
will traverse the specimen. The smaller the difference
between yield and fracture strengths and the larger the
'strain'hardening exponent'the sooner or the lower the strain

at which this will 6ccur.

93
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Starting from very elementary considerations one can
- obtain a maﬁhematiéal statement of the above, assuming frac-
ture occurs at or bgfore the necking strain is attained on
the engineering stress-strain record. One writes the equation
-of‘thé true stress vs. true strain curve. If F is the theo-
retical frécture stress, K the streés concentration factor of
the mechanism of crack initiation, e the fractional elongation
éﬁ failure, S the nominal or engineering stress at failure,
Y the yieid strength or stress at the end df the lower yield
point trough if such exists, n the average strain hardening
exponent and L the strain at which the yield streés is taken,
then:

CF/R=s5(l+e) =Y ((e-%’/L)"
Thus én"increase in Y or K or n will decrease ekand thué the
ductility. Nedking introduces a complication, but one might
devise a change of variable to extend the fdrmula to large -
ductilities. | g o
| | Thus an additiQe which does.not at all affect the
microcracks can embrittle a metal th;ough strengthening; like-
‘wisé an adaitive which does npt impede dislocation transport
can embrittle a metal by intensifying the concentration of
stresses at the microcrack vertices and thus lowering experiF
mental fracture stress. There are then these two aspects
to embrittlemenﬁ: Loss ofvductility»by strengthening with-
out microcrack interaction and loss of ductility by microcrack
| interaction without strengthening. These‘aspects will of

course generally both be present in a given problem.
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The influence -of hydrogen on columbium is one more of
microcfack interaction than of strengthening. Hydrogen causes
the engineering stress-stréin cufves.ts terminate "prematurely"
without significantly affecting the yield strength. There is,
however, a significant strengthening effected byvhydrbgen at
about ;75°c, due to strain-aging strengtheniné dﬁring the
tensile test. Hydrogen has a greater effect on fracturé'stress
than on yield strength in thg-casg_of columbium.

For the case of vanadium; wﬂich is immediately above
columbium in the periodic table, the effect of hydrogén may
be one more of strengﬁhening than of microcraék aggravation.
Eustice and Carlson (24) found a large strain-aging strength-
ening due to hydrogen at about -75°C. Although they do not
considér the matter themsélQes, what data they present show
a fracture strength minimum connected in thé expected manner
with the strain-aging strengthening. The minimum yay be’much
less pronounced thanvin columbium. |

| A similar study in depth is lacking for tantalum, the
lowest of this group of three vertically in the periodic
table. With the limited variation of electronic structure
down this group such a study might give iﬁsight as to the

significance of atomic structure to ductility.-

Experimental Difficulties in the Measurement
of Fracture Stress
As straining progresses the microscopic inhomogeheity‘

of a metal increases (31,39) with the result that the stress
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concentration factor becomes large in microregions. Thus a
érack cah nucleate, exhausﬁ the local stress concentrétion,
but thereby grow sufficiently large (dependiﬁg on the course
of change of crack geometry) to continue propagation at the
unmagnified applied stress. Thus the experimental fracture
stress appears to be lowerl than the criticai stress for the
microcrack alone. Furthermore, in such as the silent frac-r.
tures with rounded-terminus strip-chart records, Griffith
fracture propagation is not macroscopically attained. 1In
such cases one does not actually attain fracture stress‘in
the sense above, and the failure stress one calculates is
lower than the Griffiih failure strengih, on this ground alone.
In‘cases not exhibiting a definite curvature peak or break-off
indicating~failure, an experimental fracture strength cannot
be calculéﬁed. ;‘

The central crack that often appears in highlj duc-
tile séecimens (31,32) furthermore gives a negative error in
the determined fréctﬁfe streﬁgth as its extent cannot be
measured at the proper point on the stress—-strain curve. It
also introduces‘a mécroscopic stress concentration féctor,’
partially eliminated by plastic flow, in regard to the mate-
rial at its edge. Also since the reduction in area is meas-
ured in a precision shadowgraph, the perimetrié convolution
‘introduces an additional negative error into the frécture
stréngth.

All of these errcors, due to the inhomogeneities of

plastic deformation, are of the same sign and grow with
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increasing ductility, until at 90% RA the fractﬁre étrength
is é quantity of indeterminate value and significance. How-
ever, perhaps fortuitously, we observe pronounced minima of
fracture strength at constant hydrogen concentrétion at the
strain aging temperature. This means that the true fracture
stress, defined as the stress to render microcracks in homo-
genuous material of criticél size, exhibits even more pro-
nounced minima over the température-hydrbgen content plane
than we have observed. Thus our conclusions are reinforced
by consideration of the errors. The situation might have

been largely otherwise for Eustice and Carlson (24).

The General Effect of Hydrogen
The effect of hydrogen is evidently to aid crack

initiation and piopagation in proportion to the extent of )
the hydrogen supply to the microcrack vertex. This is depehd-
ent on hydrogen conceﬁtration_but for a given hydrogen con-
céntration is also dependent on temperature, the effect being
a maximum at about the strain-aging temperature where the
Cottrell atmospheres are retained at maximum size by the dié-«
locations coalescing ihto Stroh or Cottrell c:acks.

- The presence of an expanded secohd phase presents an
obvious,explanaﬁion for embrittlement at high concentrations
of hydrogen. It may also explain a portion of the lower
concentration embrittiement in view of the uncertainty in
the solubility of hydrogen in éolumbium.- There was no.indi-

cation of this from the step-cooling test described earlier,
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but‘sincé cocling ratés were not closely controlled, the nega-
tive result was not necessarily conclusive. Thus a brief

account of the second phase and its effects follows.

_ Thé Second Phase

The high-concentration embrittlement of columbium by
hydrogep is readily explained by the presence of a second
phase (ééé Fig. 26). A phase diagram of the columbium~hydro-
gen system exhibits aﬁbell-shaped region of two phases, a
single phase occurring. elsewhere. This second phase pre4
cipitates as flakes on (100) type planes (43) and is expanded
about 10% by volume coﬁpared to thé saturated matrix (3).
The columbiumlatéms'are practically immobile and as hYdtogen
>clusters into the nucleus and the 'flake grows the resulting
expansion mﬁst be relieved by plastic flow or crack propaga-
tion. Thus the second phase constitutes prestressed Griffith
cracks on_cleavage planes. It is then to be expected, as is
observed, that failure will commence at a far lower stress
at high hydrogen concentrations than at low hydrogen concen-
trations. |

A large flake may render a microcrack near its rim
of critical size, or a small flake may, through the higher
energy and thus lower strength of its interface, initiate a
crack at its rim which then overcomes the adhesion across
the interface. Thé second phase is also an explanation of
the peculiar manner of cracking exhibited by columbium. The

maintenance of crack propagatioh in a ductile matrix in the
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face of the plaétic work term would depend on, among other
things, the distribution of second phase flakes in front of

the crack. In a transition region of stress and hydroéen

content cracks would grow macroscopically large only to some-

- times "pull out" on entering a region of few flakes. 1In a
ductile metal a crack initiated in a region of high stress
concentration will lose the ability to propagate (31,39) and
‘will round into a spheroidal cavity if the stress and nature
of the metal outside the region of initiation provide a suf-
ficiently profuse dislocation flow to the vertex. Rogers
(31,39) has studied the phenomena of ductile failure and
présented an expe:imental pPaper thereon.

Figqures 21 and 22, the photomicrographs of pure and
hydrogenated columbium; féspectively, described in Chapter V,
exhibit the behavior indicated above. Several "pulled-out"
crécks are shown. Note the consequences of the blocked slip
in Fig. 22 and the flake-like cracks and the high void den-
sity. These featurés of Fig. 22 in contrast to Fié. 21 dem-
onstrate the hydrogen-induced initiation of cracking, the
cracks being subsequently extinguishéd by plasﬁic flow.

The second phase might still~explain the ductility
minimum. There were differences in cooling rate between the
liquid air and dry‘ice tests. The second phase could have
' been absgent in the iiquid air tésts, while because bf the
slower codling rate precipitation may have occurred in the

dry ice tests. As mentioned earlier, however, results
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obtained after step-cooiingAto 5190°c tend ﬁo negate this
hypothesis. |

| In the formulation of an explanation of the data on
the basis of a‘precipitation of the second phase, cne must
consider also the results of the"prestrain investigation.
As noteé before in Chapter V, any plastic stréin eliminated
the dﬁctility restoration at ;iquid”air temperatures. This
can‘be explained'as the provision by the prestrain of‘oppof—
tunity for hydrogen segfegation into microcracks. ‘The mico-
cracks would be formed during straining, and any previous
microcracks presumably would-have'been decomposed by £he 500°C
anneals ccincident to hydrogenation. ©On the other hand, there
has been a suggestion that the second phase is partly marﬁen-
sitie inlnature (44). Thus strain induced precipitation is
also possible. . |
_ It is to be noﬁgd that the prestrain data was taken
with matefial~having a hydrogen content of one-sixth the low-
est estimate of the hydrogen SOIubility at room temperature
in columbium (3). The second phase was noﬁ observed metal-
lographically beiow 500 ppm, and the limited control of cool-
ing rate during the low temperaﬁuré.tésts was not mirrored
in any irreproduceability of liquid air mechanical property
behavior. Thus, whilé an explanation of the data on the
basis of microscopic and submicroscqpic precipitation cannot
be,ruied out, a submicroscopic interaction between hydrogen

and microc:acks such as is described later may be preferred.
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Figufe'26 presents for comparison the onset of appreciable
embrittlement and two estimates of the solvus of the colun-

bium-hydrogen system.'

The Nature of Crack Initiation

When a stress is applied to a metal the basic set of
lattice vectors is distorted and the lattice as a result is
displaced from its lowest energy configuration. The energy
levels available to its component particles are 1ifted, the
particle énergies are raised, and the necessary flow of
energy quanta is provided by the straining mechanism. If a
microcrack is created, fqr example by dislocation coalescence,
the stress will be relieved adjaéent to the free surface away
from the edges, but will be concentrated next to the edges.
Work against the interatomic forces is required to create
thevmicrocrack by separating the opposihg surfaées. The
relief of strain occurs roughly in the circumscribed SPhere
of the microcrack and the created surfaces occupy a disc,
more or less.

When the microcrack enlarges, the region of strain
reiief grows and energy is liberated, but work is done against
the interatomic forces at the crack vertex. This work is
equal to the'éheréy content of the new surfacé,.plus any
plastic flow work due to dislocation moéion. However, since
the amount of energy £urned eventually into heat by the growth
of the region of lesséned strain varies.as‘the cube of the

crack diameter, but the work of surface formation provided by
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the straining sources varies as the square, taking the micro-
crack as roughly circular, there will be a crack radius at
which the straining source is sufficiently aided by the
release of strain energy to result in crack initiation and,
if the straining source is permitted to remain effective,
propagation. This radius is termed the critical radius and
one has the Griffith fracture theoryi

Thus one can, by maintaining sufficient stress, cause
the propagation of any microcrack. Hoﬁever, this energy
criterién is not the sufficient condition for fracture, though
it is a necessary one. There must not only be a mechanism
which will cause the reclagsification of energy as hsat but
there must be another mechanisﬁ by which this process will
occur in a reasonable time. A mixture of hydrogen and oxygen
will exist for a long time at room temperature without a
spark.

The mechanism for crack propagation is the .concentra-
tion of stress at the microcrack rim. Suffiéient force must
be at hand to break the interatomic bonds at the crack vertex.
The effectiveness of a microcrack as an initiator of fracture
can be expreésed bf the value of its stress concentration
_ factor. At a stress of F/K, where F is theoretical fracture
stress and K is the stress concentrétion factor of the micro-
crack, the appliéd stress will result in the initiation of
fracture. Fracture is the .successive breaking of interatomic

bonds situated along a line advancing through the metal.
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" Thus the critical size of a microcrack deperds on the
sharpnegs of thé crack vertex as well as applied ééress. Aﬁ
energy—-liberating mechanism canlcccur only to the extent per-
mitted by its mechanism of occurrence. Further geometrical
factors are injected by the manner in which abgorbates and
pseudonuclel wedge themselves intb the microcrack vertex,
which will be discussed in the next section. The Griffith
criterion one obtains from the point of view of stress con-
centration is not experimentally differentiable from that
obtained from free energy considerations, due to the inac-
curacy with which one must proceed in the necessary tésk of
couhting each quantum once and none twice.

Once initiated, a crack may be extinguished. If dis-

- locations are sufficiently generable and mobile their motion
és the crack vertex approaches a Frank-Read gource will act
to round off the vertex and rednce the stress concentration
factor; or, the plastic work term in the crack surface energy
becomes large, depénding on one's choice of criterion. 1If
these dislocation bursts become sufficientlj profuse crack
propagation will cease, especially if the crack commenced
propagation in a region of high stress concentration favor-
ablé to crack initiation. 1In cases where microscopic inhomo-
geneities produce high and variable residual stresses on a
microscopic scale, one can then haQe phenomena such as "hair--
line cracking‘ or our competing cracks. The ductiliﬁy tran~

sition temperature found in body centered cubic metals is
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essentially that point in the decrease of temperature at which
the yield gtrenéth rises rapidly but tﬁe fracture stress doés
not, and the above mechanism of crack propagation quenching

ceases to operate.

Action of Hydrodgen At The Crack Vertex

Hydrogen may segreégate into microcracks by volume

and surface diffusion, the latter from the point of Cottrell
atmdsphere delivery'at‘the base of the microcrack or multiple
dislocation. Depending on the relative magnitudes of chem-
ical attraction and electronic repulsion forces hydrogen atoms
may energetically prefer the region of tensile strain at the
crack vertex, so as to form a Cottrell atmosphere in the
region of tensile strain at a dislocation. This is to be
expected as hyarogen is an inte:stitial which dilates the
lattice. Hydrogen sites on the atomically clean surface of

a recently formed microcrack nay belexéected to be much lower
in energy than sites in éhe ldttice in view of the é%rong
chemisorption exhibited by gas-metal systems in general,

' regardless of the free energy of solution.

Hydrogen sorption on a microcrack surface, which will
be atomically clean except for surface redistribution of
Cottrell atmospheres and segregation from the metal lattice
if the crack is old enough, will lower the surface energy.
Since the surface energy is the work done in the breaking of
an interatomic bond times the surfacé density of bonds, hydro-

gen effects a force tending to break the bonds at the crack
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vertex. Thus from the siress cqncentration as well as enérQ‘
getic viewpoint hydrogen lowers critical or fracture stress
for the metal. The work per atomic area of surfacevformation
for the crack is the integral of the restoring force exerted
by the “chemica; bond" over the distance from zero stress té
the point where the attractive force exerted by the bond has
practically vanished. This distance is a few lattice spac-
ings at most. The restoration force is initially small (Hook's
law), increases to a maximum and then asymptotically wvanishes.
The maximum restoration force is the theoretical fracture
strengfh times the atomic area on the plane. It is this ﬁaxi-
mum force which hydrogen must reduce by a general flattening
of the curve of restoring force vs. distance, unless its
effect on the integral is to be sfraﬁgely localized. Thus
there is at leagt a virtual maxiﬁum restoring force-reduction
by surféce édsorbates in the microcrack. The force reduction
is evidently.a couﬁterfbrce arising geomet;ically from forces
of repulsion.between thé adsorbate atoms; Stress lines will
originate at the hydrogen atoms drawn by the maximum adsorp-
vtion-forces:at the crack vertex and add‘theméelvés to the
dense array of stress lines just outside the vertex of the
microcrack. If one has a notched beam in tension and one
- applies a mechanism exerting forces to expand or "break open"
the notch, one will need a smaller tensile load on the beam
to effect failure; thus the addition of stress lines to the

concentration thereof at the vertex will reduce experimental
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fracture strength and effectively increase the stress concen-
tration fuctor.

'Also,,a sihple calculation shows that the solubility
of hydrogen with respect to pseudonucleus of the secqnd phase
at the microcrack vertex is halved or so from the macroscopic
solvus at room temperature end reduced morefold below. Sup-
'pose one had a mechanism that applied stress on a microscopic-
scale so as to achieve hydrostatic tensions much in excese
of.fhe_elastic limit. A hydrostatic tensile strain of 3%%
would place the Cb atoms on the lattice of the expanded sec-
ohd phase. Then admission of rhe hydrogen to the lattice
would permit second phase formation without the hydrogen
doing the work of hydrostatic tension against the attractive
forces of the columbium.in theqbrecipitation process. Thus
"the free energy of formation of'ﬁhe second phase would be
- changed so as to permitlprecipitation at lower concentratione..
"The extent of this change in solubility is given by exp.
1_/RT), where E is the energy or work of hydrostatic ten-
Ision. If the work density of uniaxial tension is %Ee '
where E ie the elastic modulus and e.is tﬁe strain, tﬁen
although'one is exceeding the elastic limit in terme of
Hook's law the energy density of hydrostatic tension is
-approximately 3/2.Eez. At room temperature this quantity is
about 440 cal/mole Cb. The strain energy must vanish aﬁ the
critical temperature of the miscibility gap since the lat-

tice constant differential must vanish there. Thus to a
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crude approximation the free energy saving is proportional to

(T, - )2, and is given by:
Fg =3 E e? (Tc - T)2 / 2 (Te - Tr)2

where Ff is the change in the free energy per unit volume
of formation of the second phase, e is the strain of precipi--
tation at room temperature, Tc the critical temperature of
the miscibility gap, T the temperature of interest, and T; is
room temperature. |

The concentration shift of the solvus in the Cb-H

system is given'by:

f%S_ = exp (-—F;/RT ) ... approximately

where C' is the new solubility aftef prestraining and C is
the solubility under normal circumstances. The prime on: Fé
significg the free energy per mole of hydrogén rather than .
columbium, acd is increased by the :eciprocai'of:the atomic’
raﬁio, or atoms of H per atom of Cb. Howevef this factor
:is ignored in Fig. 27 as one is not able to obtain the actucl
effect of the tensile strains (largciy uniaxial) at the ver-
tex of the microcrack and one might be somewhatlconservative
in one's estimate, in this case by 25-50% in the free energy.
Figure 27 shows the macroscopic solvus of Albrecht
(3) and the nominal submicroscopic sclvus discussed before.
Also the horizontal lines give the temperature from the form-

ula:s
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T = E/R 1n (Do - t/a2) |
which comes readily from the Ahrennius diffusivity law. The
time and characteristic distance printed on the line are
substituted inté the formula to éive the approximate cutoff

temperature for segregation processes of that scale. These
lines serve as a guide together with the solvi, to relating
the daﬁa to the mechanisms suggested for the embrittlement.
Thus Fig. 27 shows Albrecht's sclvus (3) and a repre-
sentative shifted solvus. Tﬁe actual solvus is a matter of
the Schr8dinger equation applied to an assymetric many body‘
problem and is not practically accessible, and the geometry
of the crack vertex must remain poorly known. However, it
is evident that a pseudonucleus of the second phase, which
is expanded sufficiently to initiate considerably many lines

of stress, may occur at the microcrack vertex, shifting as
well as adding to the lines of applies stress concentrated

at the crack vertex.

The effect of hydrogen segregation into a pseudb-'
‘nucleus on the value of K for the microcfack will depend on -
Ahow the hydrogen distribﬁtes itse;f about the vertex and the
‘accompanying expansive strains created. The seéregatioh of
‘ h}drogeh’wiii evidently be accompénied by an expansion of
the strained region of a kind which will hot only displace
the lines of streéss from the segregate region but add lines
of‘étress originating in the ségrégaﬁe to the concentration
adjécent to the vertex and segregate. This, as in the case

of the surface adsorbates, will decrease experimental

fracture strength, although a rigorous proof requires a
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microscopic elastic theory and knowledge of the atomic geome-
try at the vertex, as well as a semiclassical approach of
known validity. One has atoms and not a homogenuous medium.

Thus by both surface adsorption and probably segre-
gation hydrogen evidently lowers fracture strength by intén~
sifying the concentration of stress lines next to the crack
vertex. Thus fracture is initiated at a lower applied stress.
However the propagation of the crack must be maintained. 1In
the case of the surface adsorbate the crack will be élightly
larger when the adatoms are left behind, and possibly sharper;
surface diffusion of columbium atoms should not blunt a Stroh
or Cottrell crack below 100°C in a reasonable time. However
with the loss of coﬁnter-festorative'force from the adatoms
the atomic bonds may hqld. Thus the adatoms must attain the
ﬁew vertex by surface diffusion, permitting sigamﬁﬁtraccelera—
ting crack growth until enough‘stress lines are crowded
against the enlarged crack vertex to produce propagation with-
~out the aid -of surface diffusion.

' One also has the possibility of a divided microcrack,
fracture being ipitiatéd on the other side of a segregate.
Then’ lines of stress from the new;y fractured region are
shifted to the segregate, being thén,concentrated at the two
sharp vertices extending into the segregate. This sifuation
may result in immediate fracture of the segregéte and creé—
tién of a considerably 1arge¥ microcrack which will immedi-

ately propagate under the applied stress, especially after a
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time delay for surface diffusion of adsorbates. Since the
site energy on a sufface will lower if additional attractive
‘atoms are brought near, the site energy on the microcrack
'surface drops as the vertéx is approached, rising subsequently
at the vertex if repulsi&e forces dominate at closer approach.
Thus a transfer of adatoms to the new vertex is to be expected,
especially over thé outer adlayers where binding is weak and
diffusivity willvbe high.

Thus one may have crack propagation (although the
craék may subsequently be extinguished as it—paéses a Frank-
Read source) due to hydrogen adsorption and segregatioﬁ by
diffusion on the microcrack surface to the vertex, and to
segfegation of hydrogen to a pseudonucleus of the expanded
second phase adjacent to the cfack‘vertex. However, a rig—
orous proof has by no means been presented. The semi-classi-
cal treatment‘that is possible will be‘very E6mp1icated, and
a rigorous soiution is still prevented by the nature of the

quantum-mechanical many-body problem.

Ceorrelation of the Data With Observed Behav;or

As temperature decreases with hydrogén éonﬁent con~-
stant, the surféce and volume microsegregates would eventually
form, and evidently to the left of the macroscopic solvus of
Albrecht (3). Thus one wduld expect the fracture étreﬁgth
to diminiéh with decreasingitemperature as obsérved. By
-175°C however the mobility of hydrogen in the Cb lattice

would no longer permit this to occur by volume diffusicn.
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Thus onefwoﬁld expect'ihe fractufé strenéth to rise again as
obéervéd. The Cottrell aﬁhospheres would cease to keep up
with the dislocations below -75°C 140); except that the resid-
ual Cottrell atmosphere consisting of the balance between
those hydrogen atoms trapped in the moving line-void and
those excited out by thermal agitation will still be dumped
at the base_of the microcrack by the coalescing dislocation.
Thus as temperature decreases, one would have a maximum hydro-
gen supply to the microcracks at an intermediate point. The
population of the Cottrell atmosphere increases as temperé-
ture decreases above -75°C, the "strain aging" temperature,
as hvdrogen atoms will segregate more and more to the less
tightly bound outer sites about the dislocation. The popu-
lation should be essentially pure hydrogen since, due tq
lower diffusivity, the other iﬁterstitial atoms should 5e
left behind at 325°C. However at -75°C the same situation
should occur with hydrogen and the population drop to tﬁe
above noted minimum. With the méximum»hydrogen supply occur-
ring at perhaps -75°C it is cquorting to observe a pronounced
fracture strength minimum there; . .

With Stroh.and cOttfell cragks forming ét yield one
-expects the fracture strength to depend on the yield strength
and the minimum in fracture stress observed may be the result
of thé ductility tranéition. The strain rate'dependence of
the fracture strength at’-75°cvfor the recrystallizedvmate—
rial, although in the desifed direction, may likewise be the
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result of the large strain-aging Strainirate dependence of the
yield strength at this teﬁperatu:e. »
| During the hydrogenation runs all material was annealed

in the range 450-550°C. One would expect that Stroh and Cot-
trell|cxaacks would be dissociated by this treatment and not
reformed until the beginning of the tensile test. Thus the
pre-strain results, as mentioned before, (any plastic defor-
maéion eliminated the ductility minimum) can be explained by
the segregation of hydrogen prior to or‘during the cooling to
liquid air temperatures, this being greatly reduced if the
cracks are not formed until aftér liquia air temperatures are
attained.

Due to the larger grain size at 45° to the specimen
axis of the recrystéllized material, the fracture strength
of this material was expectedly lower. The Stroh or Cottrell
cracké, the latter not without diff;gultf of interpreﬁation,
would be larger. Thus the concentration of stress lines at
the vertexA(of unchanged geome£rY) would be more déﬁse. ‘The
equivalent hollow_ellipse for the microcrack would be of
greater eccentricity. With more dislocations in ﬁhe micro-
crack; the Cottrell atmosphere population pér unit length of
the microcrack vertex would be greater.  Providing surface
adsorption is sufficient to provide an outer layef for rapid
diffusion at liquid air températures, a greater vertex segre-
gate would form for a larger Stroh crack, and thus the reduc-

tion in fracturé strength would be proportionately greater.
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The loss of the ductility restoration for the recrystallized
material may be due to the effect of the larger vertex segre-
gate in maintaining fracture strength reduction in spite of
the low supply per dislocation of hydrogen at liquid air tem-
peratures. |

The mode of fracture at higher (room) temperatures
indicates that some regions of the Cb léttice are prepared
for brittle fracture and other regionms, or rather the remainder
of the lattice, are such as'to extinguish cracks. One has an
internal notching by the second phase and the proposed sub-
microscopic mechauism as well. Notch sensitivity is the
result of the inoperativity of the extinguishment mechanism
in the limit of experimental fracture strength approaching
yield strength; then a tool mark of nearly microscopic scratch
can iuitiate a crack that will manage to traverse the speci-
men. On the other hand if local microscopic conditions are
maintained so that crack initiation can occur at much 1ower
stresses, the subsequently extinguished cracks will produce
only the voids of Rogers (31,39). Thus notch sensitivity has
not been observed and is not to be expected much above the
pure-Cbhb trainsition temperature in hydroéenated columbium.

Whereas our fracture strength data is a@equately
explaiued by the above theories, at the present stage of
metallurgical theory it is net possible to decide whether
this set of mechanisms is the proper set. ' Rather in view of

the mauy defect types and the complexity of possible
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iﬁteractions there ﬁay be several theories which will have to
be assigned equal a priori validity. | |

Becausé of the lower diffusivity of oﬁhér interstitials,
having greater atomié radii and stronger chemical bindinés,
behavior such as has been ascribed to hydrogen will be seen .
only at superambient temperatures; furtheimore, stronger dis-
location interactions and lower solubilities will change the

embrittlement picture presented.



CHAPTER VII
SUMMARY AND CONCLUSIONS

The mechanical properties of columbium and coluﬁbiﬁm?
hydrogen alléys were investigated as functions of hydrogen
content, strain rate and temperature. The primary results
of this investigation are summarized following.

"l. Hydrogen embrittles columbium. The amount of
hydrogen required to effect a given degree of embrittlement
increases exponentially, approxhﬁately, with increasing tem-
beraﬁure. At l120°C hydrogen contents in excess of 406 ppnm
by weight are required to effect a significant decrease in
duétilitj from that of the pure columbium. At ambient tem-'
perature, however, 80 pém hydrogen will effect the same
decrease in ductility. At -75°C, only a few ppm of hydrogen
are reqﬁiféd fo effect this decrease. | ."

2. Depending on analysis and history, there may be
a‘ductility minimum, or rather a- ductility restoration below
-75°C. A few ppm'of hydrogen} in the absénce of a ductility
restoration, wi;l cause severe embrittlement of columbium at

lbw temperatures. Thus the hydrogen contents common to com=-
mercial columbium may cause serious difficulties at low
temperatures, depending on history and analysis.

117
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3. Warming hydrogenated columbium ;ufficiently will
result in decomposition of thelembrittlémeﬁt'meéhahism and
restbratiqn of the ductility as long as the elevated temﬁera—
‘ ture is maintained. - Vacuum dehydrogenation of columbium
completely embrittled by hydrogen will restore the original'
.vductility almost completely. There Qill, however, be a
purity dependent éermanent'damage threshold. It was oﬁsérved
that the repeated hydrogenation of columbium will break ﬁp
the metal,'the faéter the lower the purity. Alsg large hydro-
gen gradients, at least involving second phase formation, will
break up columbium.

4. Low strain rate hydrogen embrittlement did not
appear in the régions of strain raté, hisio;y and anslysis
investigatea. Delayed failure did not appear in the course
of a limited investigation for this phenomenon.

5. Hydrogen has only a minor effect on'the strength
| of'columbium; A straiﬁFaging—in-the-tensile-test effect on
the mechanical propertiés exists due to hydrogen at the‘
expected temperature of -75°C. Hydrogen has negligible
effect on the étrength of columbium above this témperature.
Below this temperature hydrogen effects a mild strengtheningJ
of columbium. This strengthening exhibits a‘maximum of 10-20%
near 50 ppm hydrogen. The yield and tensile sﬁrengths of
pure and hydrogenated columbium increase slowly with‘increas-
ing strain rate.

6. A yield point was observed in part of the columb-
ium used in this investigation. The yield point changed into
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a long, low bulge when the temperature was decreased. from
-75°C to -190°C. Three possible explanations are noted.

7. Strain aging in'columbium and columbiuﬁ-hydrogen_
alloys waé investigated by the return of the yield point
method. The activation enefgy for the-return of the yield
pdint on aging detefmined‘in this investigation was d;ffer-
ent from and intermediate to the values obtained by othgr
investigators.-'A model for the yield point and strain aging
‘by means 6£ which these data can be rationalized is presentedf

8. It was found in tensile testing that any degree
of plastic prestrain at room temperature eliminated the duc-
H1lity restoration at -=190°C in columbium containing 41% ppm
‘hydrogen. Two possible expianations were suggested, Qne‘ |
involving the segregation of hydrogen to microcracks formed
in advance of tensile testing; and the other involving strain
induced precipitation of the second phase of the columbium-
hydrogen system. |

| 9. A model-is-preSented by means of which the déta

obtained in this investigation can be r&tionalized. The
second phase of fhe cdlumbium-hydrogen system is observed
'to effect considerable embrittlement within the two ph;se
region of'the'columbium-hydrogen phase diagram. A volume
expansion of ten percent is associated with the formation

of the second phase. However, embrittlement is observed at -
hydrogen concentrations below the available estimates éf_

the solubility of hydrogen in columbium. Thus a submicro-
scopic mechanism of embrittlement is suggested. Hydrogen
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would segregate to microcracké, especially to their vertices.
At the vertex the hydrogen atoms, by forces deriﬁed from the
forces of attraction between the hydrogen atoms and the col-
umbium atoms, would add stress to the stress concentrated
before the microcrack vertex. This internal stress would
then cause the microcrack to begin to propagate at a reduced

external, applied stress.
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APPENDIX
DATA SUMMARY

This appendix presents the analysis, history, anneal-~-
ing and hydrogenation treatments, and resultant tensile prop-~
erties of the columbium used in this investigation. Tables‘
1 through 9 present this data for the first heat used, tables
10 through 19 present this data for the second heat used, and
tables 20 through 41 presemt this data for the third heat
used. Of tables 20 through 41, tables 20 through 30 pertain
to standard temsile tests on third heat columbium stress
relieved by an hour at 825°C, and tables 31 through 37 per-
tain to standard tensile tests on third heat columbium
recrystallized by % hour, at 1200°C; tables 38’on pertain to
prestrain and other types of test on third heat columbium.

The specimens are numbered within the heat consecu-
tivelyhaccording-to posit ion along the rods supplied by the
DnPoﬁt Company. The treatments for the first heat were

carried out on finished specimens, and for the second and

third heats, on rods. -
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TABLE 1

' CHEMICAL ANALYSIS, COLUMBIUM, HEAT NO. 1*

(DuPont Heat No. . 129-005)
Wm

Analysis--PPM by Weight

0 296 Fe < 50 ‘ 81 < 50

H<1 cr < 30 B < .6
N 72 i< 30 ° 2r < 15
c 36 Ti < 30 Cr <130

| Ta 300

*The material was received in the form of 0.4 inch diameter
rod which had been extruded and swaged from a four inch
diameter electron-beam-melted ingot. The ingot hardness:
was 61 BHN. The rod was in a 99 per cent cold worked condi-
tion. The chemical analysis was provided by DuPont.
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TABLE 2

AMBIRNT TEMPERATURE AS~RECEIVED TENSILE PROPERTIES*

Specimen Number

Quantify _ v -
1-7 1=2 1-3 1-4

Strain Rate, .
ipm/.75% 2.0 0.2 0.02 0.002
Proportional
Limit, psi e 64,900 62,600 £5,200
«2% Yield
Strength, psi 71,300 68,300 67,100 62,500
Tensile
Strength, psi 71,300 €2,000 | 7,180 ©5,5C0
Per Cent
Blongation 23.1 24.2 22.4 21.8
Per Cent
Reduction
in Area 92.5 95.5 86 92.5
Fracture : o
Strength, psi 282,000 158,000 284,000

420,000

*Four specimens of the first heat were tested at room temper-
ature (approximately 27°C) at four different strain rates.
The strain rate is indicated by the crosshead speed in the

above table.

The gage length of the tensile specimens was

.75 in. The specimens were numbered according to position
along the rods received from the supplier.
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TABLE 3
LIQUID AIR AS-RECEIVED TENSILE PROPERTIES*

Specimen Number

Quantity
1-11 1-13 2=-21 1-16 1-1

Strain Rate
ipm/.75" 2.0 0.2 0.2 ¢.02 0.002

Proportional
Limit, psi - 122,000 126,000 118,700 108,000

0.2% Yield ,
Strength, '
psi 142,000 138,700 133,500 136,500 125,000

Tensile
Strength,
psi 142,000 139,600 133,509 137,600 127,000

Per Cent .
Elongation - 18.7 . 20.3 19.3 25.9 25.7

Per Cent
Reducation :
in Area 76.5 75 71 71.5 76.5

Fracture .
Strength, . ‘
psi 320,000 292,000 343,000 279,000 278,000

*Five specimens of the first heat were tested in liquid air
at four strain rates. The testing temperature was approxi-
mately ~-190°C as measured by a thermocouple suitably placed.
The specimens had undergone no treatment other than that
performed by the supplier. The strain rate is indicated by
the crosshead speed in inches per minute. The gage length
of the tensile spscimens was .75". .
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* * 'PABLE 4
 PESTS OF AS-RECEIVED COLUMBIUM AT ELEVATED TEMPERATURES*

Specimen Number.
. Quantity

1-15 1-8 1-12 1-14 1-10

Testing Tem- :
perature, °C l66 254 254 254 393

Strain Rate, )
ipm/.75" . 0.02 0.2 .. 0.02 .0.002 - 0.02

Proportional
Limit, psi 59,600 57,800 .59,100 55,100 53,000

0.2% Yield
Strenath, ( .

Taensile .
Strength,
psi 65,400 63,000 66,400 - 66,600 59,200

Per Cent _ ' _ . ,
Elongation 18.5 19.7 17.5 29.4 21.4

Per Cent -
Reduction - ' .
‘in Area 4 91 92 87 90 93

Fracture
Strength, .
psi 229,000 220,000 248,000 254,000 178,000

*PFive specimens of columbium from the first heat were tested
in the as-received condition at elevated temperatures. The
strain rate is given as crosshead gpsed in inches per min~
ute; the gage length of the specimens was .75".
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TABLE 5

TENSILE PROPERTIES RESULTANT FROM 510°C, 1 HR AIR ANNEAL¥*

Quantity _ v Value
Strain Rate ' 0.02 ipm/.75"
Test Temperature | 27°C
Proportional Limit, psi . 52,800
0.2% Yield Strength, psi 58,300
Tensile Strength, psi . 61, 600
Per Cent Elongation o : - 22.8
Per Cent Redudtion in Area ‘ %4
Fracture Strength — ’ 324,000

* Specimen No. 2-18 was annealed an hour at 510°C in air.
The resultant tensile properties are summarized.
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TABLE €

TENBILB PROPERIIES RBBVLTANT FROM "BAD VACUUH
CONTROL ANNEAL ..

Specimen Number

Quantity
2=16 2«17 2=19

Strain Rate, .
ipm/.75" 0.2 0.02 0.002
Proportional
Limit, psi 51,100 53,800 _ 54,100
0.2% Yield |
Strength, psi 56,400 57,500 57,100
Tensile s
Strength, psi €0,100 61,500 59,800
Per Cent
Blongation _ 24.0 23.5 20.8°
Per Cent '
Reduction .
in Area . 92 93 88.5
Practure

‘Strength, psi 259,000 274,000 174,000

*Three svecimens were annealed in a poor vacuum averaging 20
microns (for control purposes) at 510°C for 12 hours. The
tensile properties resultant from this treatment are summar-
ized in the above table. The test temperature was 27°C.
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TABLE 7

TENSILE PROPERTIES RESULTANT FROM 2% HR.,
700°C VACUUM ANNEAL*

Quantity ~ Value
Proportional Limit, psi 43,700
0.2% Yield Strength, psi . . . 47,700
Tensile Strength, psi 83,600
Per Cent Elongation B - : 29.5.
Per Cent Reduction in Area ' }91
Frécture'strength ’ . 208,000

*Specimen No. 2-20 was annealed for 2% hours in high vacuum
at 700°C. The tensile properties resultant from this treat-
ment are summarized in this table. The sgtrain rate employed
was 0.02 ipm/.75". The test temperature was 27°c.



TABLE 8

TENSILE PROPERTIES RESULTING FROM ONE HR,, 825°C VACUUM ANNEAL

Specimen Numbexr

Quantity ,
2-1 2-3 2-5 2-6 2-7 2-2 2-4
Tegst Temperature, °C 28 28 28 28 -185 -187 =187
gtrain Rate, ipwm/.75" 0.2 0.2 0.02 0.002 0.2 0.02 0.002
Upper Yield ‘ ’ ' :
Strength, psi 43,300 44,300 42,900 41,400 116,400 105,000 105,000
Lower Yield
Strength, psi 40,500 40,500 40,100 39,200 108,000 93,300 99,000
Tensile Strength, psi 49,500 48,800 48,100 47,100 116,400 105,000 105,000
Per Cent Elongation 39,2 34.1 32.0 33.1 21.9 21.5 25.5
Pexr Cant Reduction
in Area 96 91 92 92 84.5 84 85.5
143,000 306,000 291,000 275,000

Fracture Strength, psi 250,000 160,000

135,000

*Seven specimens were annealed for 1 hr. at 825°C in high vacuum. The tensile proper-
ties resultant from this treatment are summarized in this table.

PET



TABLE 9
TENSILE PROPERTIES RESULTANT FROM THE PRELIMINARY HYDROGENATION TREATMENT

Specimen Number

t R
Quantity 2-15  2-12  2-11  2-9 2-8 2-13  2-10 2-14

Test Temperature, °C 29 29 29 =185 =185 =185 28 28
Strain Rate, ipm/.75" 0.2  0.02 0.002 0.2 0.02 0.002 0.02 0.02
Proportional ' ' .

Limit, psi 55,000 55,000 52,000 fractwad 108,000 98,600 53,600 54,900
0.2% Yield ' : _

S8trength, psi - finctured 57,000 fractured finctmed fractired 120,000 58,200 . 57,600
Tensile S8trength, psi 57,000 57,500 55,500 118,000 122,000 122,500 62,000 61,000
- Per Cent Elongation 0 0 0 0 0 0 5.1 4.1
Per Cent Reduction '

in Area 0 0- 0 0 0 0 4.6 9.0

Fracture S8trength, psl 57,000 57,500 55,500 118,000 122,000 122,500 65,000 66,500

*Bight specimens from the £irst heat were subjected to a hydrogen atmosphere foxr six
hours at 510°C. The resultant average hydrogen concentration was 640 ppm. The hydro-
gen contents and distributions for the individual specimens varied as the specimens
were strung out to obtain a nonuniform temperature. In addition, two of the specimens
hydrogenated were. turned down on a lathe. Specimen No. 2-10 was turned down 1l1% by
diameter and Specimen No. 2-14 was turned down 43%. This machining treatment increased
the very low ductility otherwise observed for these hydrogenated specimens.

SET
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TABLE 10

' ANALYSIS OF SECOND HEAT OF COLUMBIUM*
(DuPont Heat No. T-35-S)

Analysis--PPM by Weight

o 180 Fe < 50 Ta 490
H 2 <€r < 30 si < 50
N 32 Ni < 30 B < 0.7
c 9 Ti 60 Cu < 130

€r < 100

*The processing of the columbium was as follows. The colum-
bium, originally in a 3" diameter electron beam melted ingot,
was swaged at 1100°C down to a diameter of 1". The 1" rod
was then machined to remove oxide, and swaged at room temper-
ature down to a diameter of 3/8". The ingot hardmess was 69
BHN. .
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TABLE 11

‘AS-RECEIVED TENSILE PROPERTIES OF THE SECOND HEAT¥

Quantity

Specimen Number

T

28

29

30

Test Temperature
Degrees Centigrade

Proportional
Limit, psi

0.2% Yield
Strength, psi

Tensile
Strength, psi

Per Cent
Reduction
in Area

Per Cent
Elongation

Fracture
Strength, psi

-75

45,300

55,200

61,800

91

23

269,000

27

38,750

45,700

48,700

97

20

405,000

202
36,600
43,600

44,700

97

17

*Three specimens of the second heat were tested in the as-

received condition.
are summarized in this table.

The tensile properties of this material
Specimen numbers apply to

second heat. The strain rate employed for the whole second
heat was 0.02 ipm/.815".
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TABLE 12

126 PPM HYDROGEN¥*

e ——}

Quantity

Specimen Number

15

13 16

14

Test Tempera=- -
ture, Degrees
Cent. =191

Proportional
Limit, psi

0.2% Yield
Strength, psi

Tensile
Strength, psi 123,000
Pér Cent Reduc=~

tion in Area 3

Per Cent
Elongation - 3

Fracture

Strength, psi 127,000

106,500

119,000

27 64
37,100 33,600
41,600 37,700
48,400 42,800
87 94
25‘ 25

203,000 231,000

123
34,500
38,600
’41,800
98

22

437,000

*The tensile properties of columbium of the second heat that
was hydrogenated to a uniform hydrogen content of 126 ppm

are summarized.

concurrent to h.ydrogenat:l.on°

0.02 ipe/.815".

The additional history is 2.3 ‘hrs. at 536°C
The strain rate employed was
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TABLE 13

TENSILE PROPERTIES, SECOND HEAT, 147 PPM HYDROGEN*

Specimen Number

Quantity
18 19 20 17

Test Tempera-
ture, Degrees
Cent. -185 -75 27 121
Proportional
Limit, psi 102,000 40,800 37,000 32,400
0.2% Yield |
Strength, psi 116,500 49,200 41,800 37,400
Tensile .
Strength, psi ‘121,000 57,100 48,600 40,100
Per Cent Reduc-~
tion of Area 4 5 42 95
'Per Cent .
Elongation 1l 2 14 - 20
Fracture - - : _
_Strength, psi 121,000 61,000 77,000 167,000

*The tenslile properties of columbium of the second heat that
was hydrogenated to a uniform hydrogen content of 147 ppm

are summarized.

concurrent to hydrogenation.

0.02 ipm/.815".

The additional history is 1.7 hrs. at 536°C
The strain rate employed was
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TABLE 14

TENSILE PROPERTIES, SECOND HEAT, 220 PPM HYDROGEN

' Specimen Number
Quantity

11 12 : 9 10
Test Tempera-
ture, Degrees ‘
Cent. =190 -79 27 204
Proportional '
Limit, psi - 38,300 35,100 33,200
0.2% Yield
Strength, psi - 56, 100 40,000 38,200
Tensile o
Strength, psi - 58,900 48,500 40,300
Per Cent Reduc- '
tion in Area ' 3 l 23 : 99
Per Cent . _
Elongation _ 3 2 le 19.5
Fracture . o
Strength, psi - 55,000 63,000 -

*The tenslle properties of columbium of the second heat that
was hydrogenated to a uniform hydrogen content of 220 ppm
are summarized. The additional history is 2.9 hrs. at 533°C
concurrent to hydrogenation. The strain rate empleyed was
0.02 ipm/.815".



141

TABLE 15

TENSILE PROPERTIES, STRESS RELIEVED,
SECOND HEAT, 399 PPM HYDROGEN*

8 5 6 7

Test Tempera-

. ture, Degrees ’
Cent. =189 -79 27 127
Proportional
Limit, psi _ 92,100 31,400 20,100 16,600
0.2% Yield
Strength, psi - 39,000 25,400 19,300
Tensile | , o - ,
Strength, psi 96, 100 44,800 38, 600 28,500
Per Cent Reduc- -
tion in Area 0 5 23 . 92
Per Cent :
Elongation , 1l 1.5 23.5 37
Fracture
Strength, psi 96,000 47,000 50,000 144,000

*The tenslle properties of stress relieved columbium of the
second heat that was hydrogenated to a hydrogen content of
399 ppm are summarized. The additional history iz 2.7 hrs.
at 795°C (stress relief anneal) follewed by 4% hrs. at 536°C,
concurrent to hydrogenation. The strain rate employed.was
0.02 ipm/.815". ‘
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TABLE 16

TENSILE PROPERTIES, STRESS RELIEVED, SECOND
HEAT, 655 PPM HYDROGEN*

Specimen Number

Quantity

Tegt Temperature, : o :
Degrees Centigrade -717 27 130

Prqéortional T
Limit, psi 32,600 19,100 14,350

0.2% Yield .
Strength, psi 38,900 22,200 17,300

Tenslle : : ,
Strength, psi © 40,400 36,250 27,400

Per Cent ‘ -
Reduction
in Area 0 16 . 84

Per Cent '
Elongation 1 17 30

Fracture : . :
Strength, psi 41,000 44,000 97,000

*The tensile properties of stress relieved columbium of the
second heat that was hydrogenated to a uniform hy’drogean con-
tent of 655 ppm are summarized in this table. The additicnal
history is 3.0 hrs. at 800°C (stress relief anmeal) followed
by 3.0 hrs. at 498°C, concurrent to hydrogemation. The
strain rate employed was 0.02 ipm/.815".
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TABLE 17

TENSILE PROPERTIES, SECOMD HEAT, 669 PPM HYDROGEN¥*

‘ Specimen Number
Quantity" :

24 26 27 ‘25

Test Tempera-

ture, Degrees .

Cent. =76 27 65 120
Proportional o

Limlt, psi_ 41,500 36,300 33,800 33,600
0.2% Yield :

Strength, psi 52,500 42,500 40,600 39,000
Tensile )

Strength, psi 60,800 52,200 47,200 42,900
LPer Cent Reduc- | |

tien in Area : 0 21 33 75
Per Cent

Elcngation 1 14 19 ' 18
Fracture '

Strength, psi 61, Co0 65, 000 57,000 73,000

*The tensile properties of columbium of the second heat that
was hydrogenated to a uniform hydrogen content of 669 ppm
are summarized. The additional history is 2% hrs. at 522°c,
concurrent to hydrogenation. The strain rate employed was
0.02 im/oelsno ’ : ’
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TABLE 18

} TENSILE PROPERTIES, SECOND HE2T, HYDROGEMATED
AND DEHYDROGENATED*

Specimen Nuﬁber

Quantity
21 22 23

Test Temperature, '
Degrees Centigrade =191 27 121
Proportional Limit,
psi 108,000 33,500 32,100
0.2% Yield
Strength, psi 118,000 38,200 36,700
Tenslle . :
Strengthk, psi 118,000 45,200 , 40,500
Per Cent
Reduction ) :
of Area - , 78 . 96 100
Per Cent o
Elongation : 19 23 ~ 20
Fracture ,
Strength, psi 230,000 345,000 -

#Specimens Nos. 21, 22 and 23 of the second heat were hydro-
genated to 930 ppm, in which condition they were too brittle
to take a thread. They were subsequently dehydrogenated by
high vacuum anneal to under 2 ppm and tested in the dehydro-
genated condition. The tensile properties resultant from
this treatment are summarized in this table. The additional
higtory is 3.7 hrs. at 594°C, .concurrent to hydrogenation
and 12 hrs. at 603°C concurrent to dehydrogenation. The
strain rate employed was 0.02 ipm/.815"%.
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TABLE 19

TENSILE PROPERTIES, SECOND HEAT, ANNEALED
AT 700°C FOR 2% HOURS*

—

Quantity _ Value
Proportional Limit, psi 27,600
0.2% Yield Strength, psi 31,000
Tenslle St;ength, psi , 38,500
Per Cent Elongation 28

*Specimen No. 1 of heat two was annealed 2% hrs. at 697°C.
The hydrogen content was well under 2 ppm. The test tempera-
ture was 27°C and the strain rate 0.02 ipm/.815". The
tensile properties are summarized.

TABLE 20
ANALYSIS OF DUPONT HEAT D-1190+%

Element Content in ppm by weight
Oxygen - 206
Nitrogen * 50 or 1less
Carbon 50
Iron 122
Nickel . 75
Chromium 10 or 1less
Copper 10 or less

Approximate history of DuPont heat D-1190
1) Extruded warm from 3" round to 3/4" round.
2) Swaged from 3/4" round to 3/8" round at room temperature.

*The hydrogen contenﬁ of heat D~1190 was not given, but from
the other amalyses is 1-2 ppm. This hydrogen content applies
to the three as-received specimens tested; the stress-relieved

and recrystallized material was dehydrogenated by these treat-
ments tc hydrogen contents below % ppm.
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TABLE 21
TENSILE PROPERTIES OF AS-RECEIVED THIRD HEAT COLUMBIUM*

Specimen Number

Quantity .
104 103 “105

Test Temperature
Degrees Centigrade -192 24 126
Proportional .
Limit, psi : 119,300 59,200 54,300
0.2% Yield _
Strength, psi 129,500 67,500 61,400
Tensile N
Strength, psi 137,000 75,700 66,000
Per Cent
Reduction
in Area 71.5 92 93
Fer Cent : ‘
Elongation 21.5 19 15
Fracture
Strength, psi 273,000 302,000 246,000

*Three as-received specimens of the .third heat were tested.
The hydrogen content was l1l-2 ppm. The tensile properties
resultant are summarized in this table. The strain rate



TABLE 22

TENSILE PROPERTIES, THIRD HEAT STRESS RELIEVED PURE COLUMBIUM*

- 1] [ag | -~d -{ L ]
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51 0.002 -193 102,800 112,000 115,000 76 23 247,000
81 0.002 =77 48,500 52,400 64,000 90 27 240,000
49 0.002 21 43,100, 47,000 62,100 92 24 243,000
82 0.002 129 38,800 44,100 55,200 92 20 252,000
84 0.2 -193’/ 112,700 121,500 123,600 75.5 20 266,000

A ) :

83 0.2 -76 60,300 63,300 73,500 77 32 111,000
50 0.2 28 44,900 48,300 62,000 93 27 - 274,000
79 0.2 116 42,500 46,600 57,900 92 23 236,000
97 2.0 27 - 49,100 61,700 94 28 -
54 0.02 -193 108,000 117,000 122,000 71.5 21 243,000
100 0.02 29 43,100 45,700 57,700 93 29 236,000
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TABLE 22--Continued
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80 0.02 27 41,800 46,000 57,700 92.5‘ 23.5 343,000
53 0.02 1lle 40,000 43,900 55,200 90 20.5 200,000
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*Thirteen specimens of the third heat were stress relieved an hour at 825°C in: high
vacuum. The hydrogen content was under % ppm. The tensile properties resultant from
this treatment are: summarized ‘in this table.



TABLE 23

STRESS RELIEVED COLUMBIUM TENSILE PROPERTIES, THIRD HEAT, HYDROGENATED TO 19 ¥ % PPM

Specimen Number

Quantity
73 76 75 78 : 74 : 77
Strain Rate, ipm/.815" 0.02 k0.20 0.02 0.02 0.02 . 0.02
Test Temperature, °C -193 =76 0 27 79 132
?ropoftional Limit, . A | ‘

" psi : 123,000 59,500 44,490 42,000 42,300 42,100
0.2% Yield : )
Strength, psi 129,300 62,600 47,800 - 46,700 46,100 44,800
Tensile | )

Strength, psi 130,500 66,800 63,600 60,600 57,300 55,400
Per Cent | ‘ - V

Raeduaction in Area 56.5 18.5 89 91.5 ' 92 92
Per Cent Elongation 22.5 17.58 - 28 26 20.8 20.5
Fracture Strength, psi 232,000 46,000 233,000 240,000 230,000 230,000

*8ix specimens of the third heat stress relieved materials were hydrogenated to a uni-
form hydrogen content of 19 T ppm by weight. The additional histoxry is 1 hr. at 825°C
(stress relief) followed by 8 hours at 445°C (hydrogenation). Thes tensile properties
resultant from this treatment are summarized in this table. . ’

348



TABLE 24

TENSILE -PROPERTIES, STRESS RELIEVED THIRD HEAT COLUMBIUM, HYDROGENATED TO 43 PPM¥

Specimen Number

Quantity
' 72 70 67 71 68 69

8train ﬁate, ipm/.818" - 0.0 0.02 0.02 0.02 0.02 0.02
Test Temperature, - ‘
Degrees Centigrade =193 =74 0 25 79 131
Proportional
Limit, psi 124,500 59,800 43,600 46,900 39,300 41,100
0.2% Yield strength,
psi 133,000 62,300 47,500 49,500 43,500 45,100
Tensile Strength, psi 135,000 66,300 63,400 64,000 57,000 56,800
Per Cent Reduction
in Area 52 7.5 80 91.5% 20 91
Per Cent Elongation 16 1.5 26 31.5 20.5 21.8
Fracture Strength, psi 222,000 71,000 169,000 255,000 213,000 236,000

#Six specimens of the third heat stress relieved material were hydrogenated to a uni-
- form hydrogen content of 43 ppm by weight.
(stress relief) followed by 16 hours at 450°C (hydrogenation).
resultant from this treatment are summarized in this table.

The additional history is 1 hxr. at 825°C
The tensile properties

ost
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TABLE 25

TENSILE PROPERTIES, STRESS RELIEVED THIRD HEAT
COLUMBIUM, HYDROGENATED TO 70 PPM¥

Specimen Mumbe>

Quantity ’
42 44 45 41 43

Strain Rate,
ipm/.815" 0.002 0.002 0.002 0.2 0.2
Z7est Temper- |
ature, °C -193 -77 27 -72 27
Proportional '
. Limit, psi 106,400 53,600 42,000 60,500 42,160
0.2% Yield
Strength,
psi 117,300 56,600 44,700 65,500 47,300
Tensile
Strength [} : :
pai 124,000 61,200 59,200 66,600 63,800
Psr Cent
Reduction
in Area 9 9.5 88.5 11 82.5
Per Cent
Elongation 5 1.5 25.5 2 30.5
Fracture '
Strength, '
psi 136,000 68,000 210,000 75,000 180,000

*Pive specimens of the third heat stress relieved material
were hydrogenated to a uniform hydrogen content of 70 ppm by
weight. The additional history is 1 hr. at 825°C (stress
relief) followed by 7 hrs. at 540°C (hydrogenation). The
tensile properties resultant from this treatment are swmmar-
ized in this table.
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TABLE 26

TENSILE‘?ROPERTIES, STRESS RELIEVED THIRD HEAT COLUMBIUM,
HYDROGENATED TO 98% PPM*

. Specimen Number

Quantity —
62 63 - 65

Strain Rate,. .
1pq/;815" 0.02 0.02 - 0.02

Test Temperature,
Degrees Centigrade -193 =77 29

Prepexrticnal
Linit, psi . 115,000 58,500 42,100

0.2% Yield
Strength, psi 133,000 62,100 46,500

Tensile
Strength, psi 140,000 63,500 61,900

Per Cent
Reduction
in Area 2 11 17

Per Cent
Elongation 1 1.5 25.5

Fracture , :
Strength, psi 143,000 71,500 143,000

*Three specimens of the third heat stress relieved material
were hydrogenated to a uniform hydrogen content of 98% ppm
by weight. The additional history is 1 hr. at 825°C (stress
relief) followed by 37% hrs. at 480°C (hydrogenation). The
tensile properties resultant from this treatment are summar-
ized in this table.
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TABLE 27

TENSILE PROPERTIES, STRESS RELIEVED THIRD HEAT conunnzuu,‘
. EYDROGENATED TO 151% PPM*

Specimen Number

Quantity — ,
- 56

Strain Rate, .
ipm/.BlS" : 0.02 -0.02 0.20

Test Temperature,
Degrees Centigrade . -194 - =76 29

Proportional
Limit, psi 105,600 51,900 -

0.2% Yield
Strength, psi 124,280 58,200 47,800

Tensile | ‘ '
Strength, psi 134,009 65,100 66,100

Par Cent
Raduction
in Area 3 : 9 53

Per Cent
Blongation 1.5 1.5 24.5

Fracture ‘ .
Strength, psi 138,000 71,000 -

*Three specimens of the third heat stress relieved material
were hydrogemated to a uniform hydrogen content of 151k Ppm
by weight. The additiomal history is 1 hr. at 825°C (stress
relief) followed by 17 hrs. at 510°C (hydrogenation). The
tensile properties resultant from this treatment are summar-
ized in this table.
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TABLE 28

TENSILE PROPERTIES, STRESS RELIEVED THIRD HEAT COLUMBIUM,
‘ HYDROGENATED TO 252 PPM HYDROGEN*

8pecimenxﬁumber

Quantity —
€6 47 48 46 60

Strain Rate, - '
ipm/.815" 0.002 0.002 0.002 - 0.20 0.29
Test Temper- o . '
ature, °C =193 =76 27 =75 29
Proportional _',
Limit, psi 94,900 45,300 42,100 50,000 45,600
0.2% Yield
Strength, . .
psi | 115,400 53,800 44,000 81,500 48,800
Tensile
Strength, ‘
psi : 128,000 58,600 58,200 68,700 55,000
Per Cent
Reduction ‘ ‘
in Area 2 4.5 16 6.5 8.5
Per Cent 7
Elongation 2 - 0.5 9 1.5 2.5
Fracture ,
psi 131,690 61,300 69,000 73,500 60,500

- *Pive specimens of the third heat stress relieved material
were hydrogenated to a uniform hydrogen content of 252 ppm
by weight. The additional history is 1 hr. at 825°C (stress
relief) followsed by 6 hrs. at 540°C (hydrogemation).  The
tensile propsrties resultant from this treatment are summar-
ized in this table.



TABLE 29

TENSILE PROPERTIES, STRESS RELIEVED THIRD HEAT COBUMBIUM,
X HYDROGENATED TO 455 PPM HYDROGBN* -

Specimen Number

Quantity . :
87 85 89 86 88 90

Strain Rate, ipm/.815" 0.02 0.02 0.02 0.020 . 0.002 2,0
Test Temperature, °C -75 22 30 114 22 27
‘fropoftional _ ~
Limit, psi 46,800 . 42,100 37,200 39,300 42,600 -
0.2% Yield | | - :
Strength, psi 56,500 45,500 40,000 43,000 47,800 -
Tensile Strength, psi 57,500 51,500 53,500 54,500 54,600 -
?er Cent Reduction
in Area 4 ) .6 17 9 8
Percent Elongation 0.5 2 5.5 19.5 2 0.5
Fracture Strength, psi 60,100 56,800 57,100 130,000 60,300 ——

*Six specimens of the third heat stress relieved material were hydrogenated to a uniform

hydrogen content of 455 ppm by weight. The additional history is 1 hr. at 825°C (streas

relief) followed by two days at 450°C (hydrogenation, four increments)

SS1
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. TABLE 30 .

HIGH STRAIN RATE TENSILE PROPERTIES, VARIOUS HYDROGEN

‘CONTENTS, THIRD HEAT STRESS RELIEVED COLUMBIUM2

P

Quantity

Specimen Number

94

101

38

Tine-Temperature
of Hydrogenation

Eydrogen Content,
Ppm by Weight

Test Temperature,
Bagress Centigrade

0.2% Yield
Strength, psi

Tensile
Strength, psi

Per Cent
Reduction
in Area

Per Cent
Elongation

Fracture
Strength, psi

137,800

141,800

54
14

71,900

71,900

6.5

5.5

69,000

=121

132,400

137,800

1.5

142,000

aadditional hydrogenated specimens of third heat stress
relieved columbium were tested at a strain rate of 2.0 ipm/
.815". All three were stress relieved 1 hr. at 825°C. The

‘tensile properties are summarized in this table.

bg nrs. at 460°C.
C3k hrs. at 520°C.



TABLE 31

TENSILE PROPERTIES, RECRYSTALLIZED THIRD HEAT COLUMBIUM,
LESS THAN ONE HALF PPM HYDROGEN¥ :

. 8 ~ -t -t | o .
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1 0.002 =194 92,600 101,000 e == 104,000 67 21 178,000
33 0.002 =76 = == 42,700 39,800 52,700 - 93 44.5 263,000
31 0.002 28 - -- 28,8500 25,700 38,300 95.5 44”216,000
32 0.02 =193 100,300 107,000 e == 109,300 72 23 206,000
4 0.02 §76 - -= 44,600 44,100 54,100 88 35.5 180,000
7 0.02 27 — -- 26,800 25,300 37,000 91.5 45 119,060
5 0.2- =193 94,300 107,200 e -= 112,400 52.5 18.5 174,000
34 0.2 =78 e == 852,000 49,100 57,100 91 43.5 195,000

35 0.2 - 28 = == 31,000 26,100 37,900 93.5 46 147,000

LST

*Ten gpecimens of the third heat recrystallized columbium with a hydrogen content of
less than % ppm were tested at various strain rates. The additional history is ¥ hr.
at 1200°C (recrystallization). The temsile properties resultant from this treatment
are summarized in this table.
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TABLE 32

NOTCH TENSILE PROPERTIES, RECRYSTALLIZED PURE
THIRD HEAT COLUMBIUM¥%

Quantity ' . Value

Specimen Number 3
Crosshead Speed 0.20 ipm
Test Temperature, °C 28

Stress of First

- Measurable.Strain 41,700 psi
Tensile Strength 63,000 psi
Percent Reduction of Area,

Based on 0.162" Diameter 87

Percent Elongation, Based

on 1.12" Smooth Section 12

Fracture Strength 73,000 psi

*Specimen No. 3 of the third heat columbium recrystallized
by % hr. at 1200°C, with hydrogen content below.* ppm, was
used to obtain the notch-tensile properties of this mate-
rial. The notch diameter was .162", the notch radius 0.008"
and the angle 60°. The smooth section diameter was .225".

'~ The tensile strength ratio (to the unnotched average) was
1.68, characteristic of great ductility, which was also
indicated by the extensive deformation of the straight sec-~
tion. The notch-tensile properties derived from this speci-
men are summarized in this table.
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TABLE 33

TENBILB PROPERTIES, RECRYSTALLIZED THIRD HEAT COLUMBIUM,
: FOUR AND ONE HALF PPM HYDROGEN

Specimen Number

Qﬁantity
12 28 25

Strain Rate,
ipm/.815" 0.2 0.2 0.02

Test Temperature,
Degrees Centigrade -193 -78 28

Proportional
Limit, psi 103,000 — mom

Upper Yield

0.2% Yield
Strength, psi 110,700 _— —

Lower Yield
‘Strength, psi nem 51,400 25,800

Tensile '
Strength, psi 116,000 63,500 =

Per Cent
Reduction
in Area 4 - 72.5 -

Per Cent :
Elongation 2.5 40 : -

Fracture
Strength, psi : 120,700 140,500 oo

*Three specimens of the third heat recrystallized columbium
with a hydrogen content of fout “and<% ppm were tested at
various strain rates. The additional history is % hr. at
1200°C (recrystallization) followed by 24 hrs. at 655°C
(hydrogenation). The tensile properties resultant from this
treatment are summarized in this table. -
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TABLE 34 -

TENSILE PROPERTIES, RECRYSTALLIZED THIRD HEAT COLQMBIUH,
EIGHT AND ONE HALF UNIFORM PPM HYDROGEN* -

4

‘ SPQcim_en Number

Quantity 20

-

13

30

17

Strain Rate,
ipm/.815"

Tegst Temper-
ature, °C

0.002

-193

Proportional
Limit, psi 96,800
Upper Yield
Strength,

psi ——

0.2% Yield
Strength,

psi 106,200

Lower Yield
Strength, A
psi -

Tensile
Strength,

psi 109,900

Per Cent..
Reduction

in Area S T

Fracture _
Strength, - '

psi 114,100
Per Cent

Elongation 4.5

40,400
37,800
50,600

11l.5

57,300

10.5

0.020

28

0.2

=194

104,700

115,500

120,700

50

193,000

19.5

0.2

53,800

49,900

A 62,100

59

108,500

37

*Fiva specimens of the third heat recrystallized columbium
with a uniform hydrogen content of 8% ppm were tested at

. various strain rates.

The additional history is ¥% hr. at

1200°C (recrystallization) followed by 48 hrs. at 600°C

(hydrogenation) .

treatment is summarized in this table.

The tensile properties resultant from this
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TABLE 35

TENSILE PROPERTIES, RECRYSTALLIZED THIRD HEAT COLUMBIUM,

FOURTEEN AND ONE THIRD PPM HYDROGEN*

—v—

—————

Specimen Number

Quantity
24

27 6

23

Strain Rate,
ipm/.815" 0.002
Test Temper—
ature, °C -185
Proportional
Limit, psi 102,000
Upper Yield

Strength, psi -

0.2% Yield
Strength,
psi 110,200

Iower Yield
Strength,
psi e

Tensile
Strength
psi 113,500

Per Cent
Reduction
in Area 5

Per Cent : o
Elongation 4

Fracture
Strength
pai 118,400

0,002 0.2
=76 -188
- 104,000

. == 114,900

39 )800 -

45,400 120,300

4.5 4

48,400 130,000

51,600
49,200
51,600

1.5

0.2

26

29,800
28,400
43,000

87

48

47,300 138,000

*Five specimens of the third heat recrystallized columbium
with a uniform hydrogen content of 14 1/3 ppm were tested at

various strain rates.

The additional history is % hr. at

1200°C (recrystallization) followed by 10 hrs. at 570°C

(hydrogenation) .

The results are summarized in this table.



162
TABLE 36

TENSILE PROPBRTIES,-RECR!ST%LLIZED THIRD HEAT COLUMBIUM,
THIRTY AND THREE POURTHS PPM UNIFORM HYDROGEN®

- Specimen No.
Quantity

1° 11 9 29 18

8train Rate, o
ipm/.815" 0.002 0.002 0.2 0.2 0.2

Test Temper-~ '
ature, °C -76 26 -188 - =76 26

Proportional ’ )
Limit, psi - -— 107,400 - -

Upper Yield

Strength,
psi 39,400 24,600 - 56,300 30,400

0.2% Yield

Strength .
psi ’ - -- 118,900 - —

Lower Yield
Strength, :
psi 38,900 23,300 - 52,200 28,800

Tensille
Strength : ~
psi 40,900 38,4900 126,500 56,300 44,300

Per Cent
Reduction

in Area 7 89 4.5 4.5  84.5

Per Cent : ' .
Elongation 2 ‘51% 2.5 4 42

Fracture
Strength,psi 44,500 133,000 132,000 59,000 136,000

*Five specimens of the third heat recrystallized columbium
with a uniform hydrogen content of 30 3/4 ppm were tested at
various strain rates. The additional history is X% hr. at
1200°C (recrystallization) followed by 18 hrs. at 550°C
(hydrogenation). The tensile properties resultant from this
treatment are summarized in this table. '
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TABLE 37

SIXTY-FOUR PPM UNIFORM HYDROGEE2

COLUMBIUM,

‘Specimen Number

Quantity.

160

15

10

- 22

14

straim Rate,
ipm/.815"

Test Temper-
ature, °C

Proportional
- Limit, psi

Upper Yield
‘Strength, psi

0.2% Yield
Strength, psi

Iower Yield
Strength, psi

Tensile
Strength, psi

Per Cent

- Reduction

in Area

Per Cent
Elongation

Fracture
Strength
psi

0.002

-193

77,800

77,800

0,002

41,800

41,100

42,600

46,400

0.2

=193

105,000

118,200

125,600

128,500

0.2

55,600

54,400

55,600

805‘

0.2
27

30,600
29,600

43,900

79.5

44.5

59,200 114,000

2pive specimens of the third heat recrystallized columbium
with a uniform hydrogen content of 64 ppm were tested at

various strain rates.

The additional history is % hr. at

1200°C (recrystallization) followed by 42 hrs° at 525°C
(hydrogenation) .

bSPecimen No. 16 broke in the fillet-—=~there were circumfer-

ential tool m

arks.
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TABLE 38
TENSILE PROPERTIES, STEP COOLING TEST*

Quantity : l:. Value
Strain Rate, ipm/.815" = 0.02 _
Test Temperature, degrees Cent. - =192
Proﬁortional Limit, psi 116,300
0.2% Yield Strength, psi 134,000
Tensile Strength, psi , 135,900
Per Cent Reduction in Area 48
Per Cen£ Elongation | 29
Fracture Strength, psi 238,000

*Specimen No. 93 of the stress relieved third heat material
hydrogenated to 41% ppm uniform hydrogen content was utilized
in a step cooling test. Dry ice chunks were placed about the
specimen and Solux poured in. Then, after several minutes,
_the dry ice and Solox was poured out and immediately replaced
by liquid air. After cessation of bubbling the specimen was
pulled. The tensile properties resultant from this treatment
are summarized.
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PABLE 39

TENSILE PROPERTIES DERIVED FROM PRESTRAIN TESTS®

Quantity

"8pecimen'8umber

102° 99 98

Strain Rate, '
ipm/.815" . 0.02 0.02 0.20
Upper Test Tem-
perature, °C 27 27 27
rfcpartianal Limit, :
psi=27°C - 44,400 42,500
0.2% Yield
Strength, psi-27°C |- - 46,000
Amount of Prestrain ‘ -
(Per Cent Elongation 6.0 0.075 1.07
iower Teét Tempera-
ture, °C -191 -191 -191
Tensile Strenmgth, |

~ lower Test Tempera-

- ture, psi 136,700 136,200 137,500
Fracture Strength,
Lowsr Test Tempera- ;
ture, psi 229,000 139,600 139,400
Per Cth Reduction
in Area 53 3 1
Per Cent Elongation 3 1

21

qNine specimens of various conditions and hydrogen contents
were strained varioms amounts at room temperature and subse-
quently pulled to failure in liquid air. The percent reduc-
tion in area and the percent elongation pertain to the lower
temperature alone, the diameter of the gage section having
baen remeasured after prestrain. The material was stress
relieved by annealing 1 hr. at 825°C in hig¢h vacuum. After-
ward the material was annealed 8 hrs. at 460°C in the course
of hydrogenation to a2 uniform hydrogen content of 41% ppm.

bsPeeimen No. 102 was stressed to 40,000 psi, below or at the
proportional limit; there was no plastic strain.
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TABLE 40
TENSILE PROPERTIES DERIVED FROM PRESTRAIN TESTS2

————
e ——————

Specimen Number

- Quantity
%1 96
Conditicn o ) S b b
Eydrogen Content - C _
(niform), ppm by Weight  41% 41%
Time-Temperature _ "
of Rydrogenation E 8 hrs.=-460°C - 8 hrsg.-460°C
Strain Rate, ipm/.815" = 0.20 0.02
Upper Test Temperature, B |
Degrees Centigrade 27 27
. Proportional Limit, - _
psi-27°Cent. 43,200 - 43,200
0.2% Yield Strength _ :
psi-27°C ’ 45,800 46, 400
Amount of Prestrain ' '
(Per Cent Elongation) o 3.15 9.5
Lower Test Temperature, : '
Degrees Centigrade - : -191 T =193
Tensile Strength, psi,
Lower Test Temperature 139,800 141,500
Fracture Strength, psi, -
Lower Test Temperature 145,200 148,000
Percent Reduction
in Area 4 4.5
Percent Elongation - - 1.5 0.5

8rhe percent reduction in area and the percent elongaticn per-
tain to the lower temperature alone, the diameter of the gage
section having been remeasured after prestrain.

bStress relieved at 1 hr.-825°C,
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 TABLE 41
TENSILE PROPERTIES DERIVED FROM PRESTRAIN TESTS2

Specimen Number

Quantity-

92

36

55

21

Condition b

Hydrogen Con-
tent, Uniform, % or
PPm by Welght less

Strain Rate,
ipm/.815" ' 0.02

Upper Test Tem~
Perature, Degrees ‘
Centigrade 27

Proportional
Limit, psi, 27°C 41 200

0.2% Yield
- Strength, psi
27°C 45, 100

Amount of Pre-~
strain, (Percent .
Elongation) - 10.58

Lower Test tem-

perature, Degrees
Centigrade =190

Tensile
Strength, Lower
Temperature 123,300
Fracture
Strength, Iower

Temperature 249, 000

72

0.02

27

42,600

45,600

4.78

-189

137,000

. 139,500

151%

0.02

27

42,800
46,500

3.33

-192

- 137,000

138,400

"less
than %
0.02

27

13
~190
115,000

192,000
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TABLE 4l-~-Continued

sbeciﬁen Number

Quantity
92 36 , 55 21
Percent Reduc-
tion in Area 75 2  _ 1l 66
Peréent

Elongation 19.5 1l 1.5 17.5

aThe percent reduction in area and the peréent elongation
pertain to the lower temperature alone, the diamester of the
gage section having been measured after prestrain.

bStress relieved by 1 hr. at 825°C.

®Recrystallized at % hr. at 1200°C.



169
Test for Delaved Fzailure

- One pure and three'hydrogehated {455 ppm) stréss
relieved specimens were tested for dalayéd failure at room
temperature. The crosshead was stopped just before the
specimen hight be expected to bieak 1n.t$e course of the
conventional tensiie test. 1In an.hour near the maximum
load of the conventional tensile test, failure did not occur.
Instead an asymptotic decrease in load amounting to several
percent occurred. stopping the crosshead before yield
resulted in relativsly no load drop, demoﬁstratihg ﬁhat the
load drop resulted from plastic £low in the specimen.
Delayed failuré, however, may occur in hydrogenated high-
strenagth columbium alloys, as an increage in yield strength
and the structural changes which bring it about may intro-

duce different fracture mechanisms.



