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I. INTRODUCTION

Creep is the plastic deformation of & material which
oceurs as & function of time and results from & etress being
maintained over an extended period. The rate at which the
deformation occure for & given stress is highly influenced
by the temperature condition. "hils the designer is usually
concerned with ereep &t elevatad temperatures, it also ocours
and is often important at lower temperatures.

Technological advances have ilmposed very ssvere service
conditions upon gtructural parts. This hag resulted in
considerable effort being expended in the search for materisale
possesging good mechanical properties at elevated tomperatures,
To develop such metals, it is recognised that & botter undere
standing is needed of the mechanlsme which lead to mechanical
failure. The complexity of the problem is apparent when it s
obperved that even after years of investigation in the field,
no general theory of creep exists, and investigators muet
satisfy themselves with certain experimentally obeerved lawa,

Tantalum, because of 1ts high melting point (~3000°%)
and ability to withstand various corresive environments, has
received consideration as & material suitable for high
temperature applications. It is being used in reactor loop
gtudies (1) and in numerous process container applications,.
The determination of 1ts mechaniocal propertics has received
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some attention in recent years but large gaps in the
information exist.

It hag been noted that a cyclic temperature condition
can markedly alter the strain behavior of material as compared
to that obtained under constant temperature conditions. 1In a
nuclear reactor and indeed most applications where creep of a
structural part is to be eonsidered, a temperature variation
of some form will occur during the service life.

The concept that creep is & thermally activated process,
as developed by Dorm (2), provides the basgis for the analytie
cal squations used in this investigetion to represent the
ereep of tantalus under constant and eyclie temperature cone
ditions.



3
1I. REVIEW OF THE LITERATURE
As Creep Process

In general terms, Dorn states (2) that creep is 8 timee
rate phenomensa which ig known to be highly temperature
sensitive, dependent upon the previous history incurred by
the material, and ig attended by certain structural changes
of the material as the strain progresses, A qualitative,
much less & quanitative, treatment of these changes is
difficult because of the complex nature in vhioch they oecour.

Limited success along these lines hasg been achieved using
gingle crystals.

For many materials Plg. 1 represents the characteristie
creep curve observed experimentally. Initially the strain
rate decreages from the time of loading until it achleves a
constant value where the strain-time relationship is linear,
Following this reglon the strain rate begins to increage and
ultimately fracture of the specimen occurs. 7The firet stage
is an adjustuent period in which the material is adapting
itself in response to the load, The second stage is an
equilibrium period in which the material has attained the
optimum state for resisting the load, and in the tertiary
gtage the material has lost the ability to maintain this
equilibriws condition and must yield at & greater rate to
maintain integrity.
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Yost investigations have dealt with the primary and
sscondary stages. This is & result of practical consider-
ations since once the material has entered the tertiary
gtage, the strainetios relationship has limited englneering
application,

In gome materlials & second stage of creep does not appear
and the ereep curve reflects the initlially decreasing strain
rate followed by an inoreasing strain rate vhere the two
regions are geparated by a point of inflection.

Included in mathematical representations of the ereep
curve are strese, temperaturs, time and material parameters,
It i# in the choles of the latter that differences occcur.

The form of the equation is gulded by theoretical considerae
tions, dimensional analysis, and the experimental results.
fince ereep is dependent on material parameters, a mechanieal
squation of state involving only the external variables
cannot truly deseribe the phenomenon, although under some
conditions the application of such an equation has proven
adequate.

1.

¥ith only a few axceptions, creep tests have been cone
ducted under constant temperature conditions., Theoretically,
this impllies that the temperature condition does not vary
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from the desired level, but from a practical atandpoint an
absolutely constant temperature test does not exist.

Sherby et al. (3) has postulated that in the absence of
some thermal fluctuations, creep could not occur.

The introduction of & programmed temperature variation
as one of the controlled variables provides & moans of
studying its effect on the sitrain history when compared to
that resulting from & constant temperature test. Since there
iz no standard cyclic temperature test, considevable latitude
existe as to the type of temporature variation which can be
used,

A limited amount of testing has been accomplished under
eyelic temperature conditions. The results, which have been
sumnmarized by Hanson et al. (L), indicate that eyelie teompere
atures can have a large effect on the creep rate., The magni.
tude of the effect appears to be dependent on the material,
shape of the specimen, severity of the thermal variation and
the tempersature level., If metallurgical changes occur due to
the temperaturs variation or il severe thermal stresses are
developad, the creep rate will reflect & very large change.

As & result of the eyelle temperature testing which
has been accomplished, & number of mechanisms have been offered
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to explain the results obtained., Because of the applicae
bility to this investigation, & brief summary of these
mechanisme will be presented.

Transient plastic deformationt (4) (5) (6) (7) (8)

According to the theory of nucleation, plaetic flow
occurs by the formation and growth of embryo slip bands.
The growth of the slip band 1s relatively slow until &
eritical size is reached after which the growth continues
rapidly and adds to the total strain. Under the conditions
of constant stress and temperature a given rate of slip
band mlut;.m and strain 1s attained., If sither the stress
or temperature is suddenly increased, a portion of the sube
eritical slip bands become eritical and grow, The strain
rate initially becomes very high but then approaches the
characteristic rate for the higher temperature or atress as
the excess eritical embryos become exhausted, If the stress
or temperature is lowered, the eritical size for slip band
growth becowes larger than the existing embryos, and the
strain rate becomes sero until new embryos can grow to the
necegsary eritical sise, Experimente conducted by Turnbull
and Pigher (7), where temperature varlations were applied,
substantiated such & concept. It was noted in many instances
the net ereep occuring during a temperature cycle was greater
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than 1f the maximum temperature had existed for the entire
interval,

Aging and over-aging: (4)

The presence of finely dispersed precipitated particles
provide the strength and oreep resistance for many materials.
Any change in the number, size or shape may therefore alter
its mechaniecal properties., If the particles agglomerate to
produce & sise larger than the optimum, the hardness and
ereep resistance will decrease, The latter mechanism 1s termed
over-aging. Often aging sccompanies materials throughout
their servies 1ife at eleovated temperatures. Such aging can
be either beneficisl or detrimental. The rate of aging 1s
conaidered to be an exponential funetion of temperature.

Solution and nmﬂyiﬁﬂmx (9) (10)

The solution of carbide particles in Ni-Cr steels at the
high temperature and subsequent reprecipitation of larger
particles upon cooling was observed by Avery and offered as
the explanation for a resulting creep rate of 10 times or
greater than that obtained with steady state conditions.

Internal inhomogenity:

Boas and Honeycombe (11) report that temperature eyecling
in the absence of an external load on polyerystalline zine,
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cadmivm, and tin caused plastiec flow, graln growth and
recrystallisation. It was concluded such metallurgical
changes could alter the ereep behavior.

Embrittlement: (k)

A reduction in ductility due to metallurgical changee can
oceur and may be accelerated by oyelic temperature conditions.
The form of the fallure in this case 1s not considered true
plastic flow gince the fallure and observed creep rate are
the result of an early formation of internal microe-eracks.
Generally embrittlement produces failure at a lower total
slongation. |

Dynamic offectsl

The rate of achieving a given strain in & specimen can
produce & subsequent affect of the remaining resistance to
ereep. Lequear and Lubahn (12) reported that a rapild rate of
straining in CredoeV steel at 300% produced a lower cresp
registance than a more glowly strained specimen. Experiments
of the same nature on aluminum at 78°K conducted by Tietz and
Dorn {13) showed an opposite effect. ¥Thile the two cases
had eonflicting results, the importence of strain rate history
iz quite apparent.

The importance of cyeclie temperature conditions ls beet
illustrated by noting some of the specifiec results obtained
from the investigations which have been carried out, The
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earliest investigation was conducted by Brophy and Furman (1h)
where noneconstant temperaturs conditions were applied to
25«20 and 18«8 stalnless steels. Thie work, reported in
1942 and subsequantly verified by Avery and Matthews (10),
ghowed a marked alteration of the strain history. The test
temperature in the original work was varied from 1800°%
through a series of lowsr temperatures and then raised back
to the original temperature, Long periods were spent at
aach of the temperature levels and in a striet sense no
repatitious temperature pattern was used. Large temperature
increments were applied with rapid rates of heating and
eooling. The stralin rate obtained under the fluctuating
temperature condition wag 10 times that cbssrved for the
constant temperature test. Through the use of a4 thin tubular
specimen it was demonstrated the aceceleration effect in the
golid specimen was dues to thermal stresgses as no scceleration
of the eresp was observed with the tubular specimen. Avery,
in confirming the results of Brophy and Purman,used a tempere
ature pattern of heating the specimen to 1800%7, holding it
there for 20 hours and then allowing it to cool to room teme
perature in 2 hours. The creep rates were agsin much greater
than with constant temperature tests, although in some cases
a lower gtress was used for the oyclie temperature tests.
These results were explained on the basis of solution and
reprecipitation of the carbides.
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guarnierl (15) ueing a similar temperature pattern in
testing 321 stainless steel aleo found an aceslerated ereep
condition, The effect wap greatest at high temperature levels
and ineroased with the length of time spent at the higher
temperature. He attributed his resulte to thermal stresses
and intergranular ecrack propogation,

The effect of eycling the temperature at & uniform rate
about & mean test temperature is reported by Smith and Houston
{16). Alloyed stoele were tested about mesan tempsratures with
a eyelie variation of = 50°, A comparison of the minimum
creep rates for the eyclie temperature tests with the minimum
creep rates obtained for constant temperature tests run at
the average test temperaturs and the maximum temparature of
the cyele showed in all cases the eyelie temperature ereop
rate to be greater than that obtained for the constant
temperature conditien.

Two analytical methods have been proposed for treating
the problem of s nonesteady temperature condition. Thse O
factor method was developed by Dorn and his coeworkers (2)
and will be dealt with mors specifiecally under Analytical
Helationships. It was originally intended to be applied to
pure metals a4t temperaturss above one<half the melting peint
on an absolute scale, If the ereep ourve for a given stress
at one temperature is known, then the creep cuwrves for all
other temperatures at the same stress can be reagonably well
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predicted. To accomplish this, strain is plotted agalnst
G, a temperature_compensated time,

te for constant temperatures
test time

activation snergy for creep

2]

s ® 8

gas constant
absolute temperature

ﬁﬁﬁa@

E

This approach is based on the premise that at a glven strain
a certaln substructure of ths material oceurs nmﬁiuu of
the temperature at whiech the strain ceeurred.

The second analytiecal method is the Robinsen Hypothesis,
some times veferred to as the Cumulative Craep Life. (4) (17)
If & wmaterial is subjected to a strese and temperature for a
glven interval of time, then a particular fraction of its
total 1ife is used up., The creep ocurve under cyocliec tempere
atures can be deseribed by the summation of the portions of
the total life used up at each of the temperature levels.

Both the & factor method and the Robinson Hypothesis
have proven adequats in some instences in predicting cyelic
temparature creep curves., If metallurgical changes occur as
a result of the temperature variation, then nelither method
would be expected to be applicabdble,
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Be Hechanleal Propertiecs of Tantalum

Tantalum, like some other materials, shows a wide varie
ation in mechanical properiles depending on the method of
production, impurity content, and gaseous contamination during
testing. For this reason the reporting of mechanical prope
erties le usually accompanied by such detalls in order to
allow compariscen. Tantalum readily absorbs hydrogen, nitroe
gen and oxygen at elevated temperatures. The effects of such
gageous impurities, whether residual or obtained from contamie
nation, has not besen completely determined. Host of the known
mechanical properties have been summarized in two reports
prepared by Drennen et al. (18) and ogden (19). At 1200,
annesled arc cast tantalum was found to have a higher creep
resistance than annealed sintered tantalum, Ths highest
ereep reglstance was found in & fine greined sintered material
which wae degassed, cold rolled to BOY reduction and then
recrystallized prior to testing. The lowest ecreep resistance
was obtained for an extremely coarse grained thermally
degassed material. Varilation of the mechanlcal properties hae
algo repulted from different shaped specimens being used., A
comparison of room temperature tensile strengths given in
Table 1 illustrates the variance sncountered. The effect of
oxygen contamination wae determined by Glazier et al. (20).
The ultimate tensile strength of tantalum at L532°F, increased
from 1730 psi te 3540 pel upon being conteminated with oxygzen
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Table 1. Hoom temperature tensile stremgth of tantalum (19)

Condition Tensile strength

psi
Reerystallized sheet® 67,140
Recrystallized rod® 49,800
(anmesled 1 hr at 1700%) »
Reerystallized rod 33,500
(annealed 1 hy tt 2600%) ' .
Annealed sheet 40,000 to 50,000
Coldeworked sheet 100,000 to 200,000
4
Amnealed highepuri m«t 29,100
(mulua?}w u? 1200%¢) g
Soupplied mmz mmx:mgs.m Corporationee

6.9355% ¥, 0.013% ¥, 0.02% ¢, 0.10% Cb, 0.0 t, a.ewx Ve,
upplied Pansteel Metallurgzical Cor tionwe
a.m x“ﬁ 3 - o

»010% €.
wgoaonmﬂ powder««99,95% Ta, traces of Ni,
Pe, w; Wp Ca,; 8 aﬂy -
45)6¢ troneboamemel ted m plied by Temesca
Hetallurglieal Corporatione«0,00 + 001 s 0.000

0.00 ¢y 3&%3% cr, ﬁpﬂh@&Sﬁ Gh* QQ%B %u ﬁiw P‘#.
Q.MB% Hi.

during testing. From this it is seen that oxygen contanmie

nation produced an appreciable strengthening of the material,
#urphy and Uhrig (21) have reported that at 8500%C end

20 ksi the average value for the cresp sctivation energy of
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Fansteel sintered tantalum 1s 109,600 eal/guemole snd the
value of B, & stress parametor, is 5.65 x 107b u’/m.

They slso point out that at 500°C the second stage eresp 1s
limited to short intervals of the test and is followed by
an exponsntial stage im which both strain and strain rate
vary exponentially with time,
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IXI. OBJECTIVES OF THE INVESTIGATION

The investigations mentioned in Section IX. have shown
the marked offect of cyelic temperatures on the eoreep strength
of ecertaln materials. These investigeations were conducted
with large or relatively large temperature variations on
materials which were subject to metallurgiecal changees.

This investigation was conducted to study the effect
of eyclic temperatures of & small amplitude on & pure isotropic
metal to minimisze complicating factors. Any noticeabdle sffect
might thus be resolved on the basis of a particular structural
changes, or & basic mechanism of plastic deforsation. The
snall temperature variation and slow reates of heating and
cooling makes the effects of thermel stresses negligiblas.

From an enginsering standpoint, the application of the
pure metal, such ag tantalws, as the structural material for
& resctor container or liquidemetal hest oxchangers requires
knowledge as to the effects of oyoclie tomperatures upon its
ersep properiies. The development of & sultable testing
faeility was an integral part of the Investigation and is
also reported. Netallography of the material before and after
teating is necessary to determine structural changes.
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IV. ANALYTICAL RELATIONSHIPS

1f ereep iz considered a timeerate phenomenon in which
deformation cccurs by movement of "floweunita" through a
potential field with maxime and minima, then upon application
of the load, disloecations are free to move until bloeked by
& barrier within the eryetal. Por the dislecation to proesed,
it must be activated over the barvier or the barrier itself
removed. At temperaturcs above one-hall the melting peint,
Dorn (2) postulates the removal of the barriers to be the
mechanism allowing the dislocations te progress. itemie
diffueion within the meterial contrels the rats of removal of
such barriers. Experimental evidence of Sherby and Dern (22)
supporte this concept, where the sctivation energy for creep
of many materials above one-half their melting temperatures
is equal to that for self diffusion.

Based on such & concept & mathematioal expression for
the strain rate

A | AR

€ = ”‘30”6 (1)
€
£

]

change in strain with respeet to time
structural paramster

natural logerithm

material stress parameter
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o = stress

A = ereep activation energy
® = gar constant
T = absolute temperature,

Purthermore Dorn (2) has found above one-half the melting
temperature, AH is & constant independent of strese, strain,
temporature, structural changes, grain eisze, cold working and
niner &lloying addéitions. 5 is insensitive to structural
changes but does decrease upon alloying and eeldworking. K¢
must therefore vary with strain and reflesct the changes
secwrring in the material as ereep prograsses. Por second
stage creep E' becooes & constant, reflecting a unifors rate
of structwral change, and £q. 1 can be solved for the linear
stralnetime rolationship.

Egng = B 0™ gy + € (2)

To evaluate AH, & sudden temporature change 1s applied
te a test in progress. Thes strain rate is measured immedie.
ately before and after the temperature changs and substituted
inte Eq. 1. This gives two expressions for the strain rate
as & function of temperature

4
€y = Ko™’ ;#l



19

£a * m&’f;ﬁz
which can be solved for AN.
4, - %)

AR

T eonst., (3)

It is assumed K' vemaine ossentially wnchanged in the short

time interval involved if the temperature change is small,
The stross pavameter B can be evalusted im & similar

manney by applying & sudden stress change. In this case

. -
g ax
éa = K’ﬁ. *”

which can be solved for B.

B

m €1
€e

(

7y

F
-0

) T const. (%)
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For the exponsntial stage of oreep reported by Hurphy

and Uhrig (21) in which X' = K ,C, 5qQs 1 becomes

4%

€ = Kce® oM

:ﬁ .

oB
€ = G*n"’.

Dorn (2) has rearrvanged Uq. 1 to give the Zenere
Holloman parameter 7 as
ﬁ,
2 = éma‘ =x¢”—
An analogous parameter Y for the oxponential stage of
ereep oan bs obtained from Hg. 5.

4

T = %m' '# =z*0”r

Por a constant strese 7 and Y must be constants independent

of the temperature.
tnee AW has been experimentally determined for s

matorial and a single ereep curve for & given stress and
temperature obtained, a strain « G curve can be plotted,

where O, a tempevature compensated time, is defined

(5)

(6)

(7)

(8)
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by Dorn as

. . 2
& =/ .1; as = :# t + T const. (9
o

Predicted creoep curves for a different temperature can be
obtained by svaluating G for the new temperaturej; G having
corresponding valuss of strain on the experimental € « &
eurve., The value of & must be graphically integrated for
eyolic temperature tests.
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Ve HATERIAL

Tantalum in the form of 1/2 ia, diameter rod procured
from the Pansteel Hetallurgical Cerporation and the Hational
fesoaroh Corporation was used in this investigation. In
both instances the materisl wias tested in the received
econdition.

The Pansteel tantalum wae produced dy powdered metal
techniques receiving & sinter at approximately 0.650 sq. in.
then being rod rolled and swaged to the fimal 1/2 in, die.
ameter, Vacuws are wmelting was used o produce the Hational
Ressarech Corporation tantalum, The resulting 3 in. diameter
ingot was skinned and swaged to the 1/2 in, dismeter, Wei-
ther rod recelved sny ammeal after working. Based on the
reduction in diameters the amount of cold work present was
4545 and 837 respectively, Rockwell i hardness messurements
of the untested materials were 41.5 and 41.9 in the same
order.

The lmpurity content of the two materials ap recelved
iz given in Table II. Zxzamination of the grain structure of
the untested materiale was wade using mﬁs%‘ 108F s an
slectrolytic etchant, Well defined graine were present in
the Panstoel tantalum aes shown in Pig. 2, The results of
the cold working of the ¥RC tantalum are apparent in Flg, 3
where the heavy distortion of the material produced a fiberous
structure. Vaeroscopie obeservation of this distortion was
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Table 2. Impurity content untested material (ppm)

rlement WRC Ta Panstesl Ta®

0 60 165

| 15 66

u not determined 3

¢ 10 not determined
Pe 30 rre

Cr 10 ot

Wi 12 -

cu 50 44

Wb 25 560

81 63 pr

Al sl -

TS 10 20

#e 25 P

Sinalysis furnished by National Research Corporation.
bimes Laboratory smalysis.

®rPaint trace.

dgot detected.

possible slong the longitudinal axis where a definite "candye
etripe” structure was visible, FPig. L shows a recrystallized



Pig. 2. FPhotomierograph (200X) untested gintered
tantalus .

Fig. 3. FPhotemiorograph (50X) untested vacuum
are cast tantalum
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Pige L+ Photomicrograph (200x) rnwntmiwﬁ
& vacuum are csst tantalum (snmealed 1300%)
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sample of the WRC tantalum vhich had a Rockwell A hardness
of 28,

Tantalum iz & body centered oubie, isotreple material
having no phase changes up to its melting point.
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VI, FXPERINENTAL PROCEDURES ARD EQUIPHENT

Before & eyelic temperature investigstion could be
undertakon it was necessary to develop 2 suitable testing
facility. As in sny experimental investigation, ths es-
tablishment of procedures wasg necesgary to control the
variables effecting the results, This section will there-
fore include a deseription of the squipment and the proe
cedures followed in earrying out the investigation.

As Testing Equipment

The problems normally sspocisted with elevated tempere
aturs ecreep testing are obtaining accurate strain data,
providing reliable temperature control and affording oxidation
protection. To avoid the problems of training special persone
nel and the poseible intreoduction of human error, & standard
high temperature follow.up contast extensometer was used to
mosgure the strain, with the measurement being sutegraphically
recorded on the same strip chart as the temperature. This
greatly simplified the task of gathering the creep data,
provided s contimaous record of the strain and permitted
ready inspection of the strain rate as the test progressed.

Because ereep is highly temperature sensitive, precise
tomperature control is necessary. If small temperature
variations can markedly alter the strain rate, & reliable and
sensitive means of control must be provided over sxtended
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poriods of time. To permit the study of the effects of a
saall temperature variation, & controller was adapted to
produce & desired programmed oyclic variation with the same
degree of control. The desired temperature control was
provided by an electronic proportioning contrellsr (23)
which utilized one leg of & ¥heatastone bridge as the tempere
ature sensing element.

Oxidation protection was afforded by specimen encape
sultation (2),) which aveids the problems of large or cumbere
some vacuum or inert ges systems and permits greater flexe
ibility in the use of commercially available testing squipment,

Two test units were used for obtaining the creep data.
A genersl view of these units i# shown in Fig. 5. Zach unit
consista of & 12,000 1b lever arm oresp machine, & two pen
gstrip chart ﬁmﬁr. a multiple strip chart recorder, and
and electronic propertioning furnace controller. These
components provided the necessary systems for load application,
strain measuremsnt and recording, beating snd temperature
control, and temperature measurement and recording.

The protective hood shown in Fig. 5 on one of the creep
machines prevented room temperature convection currents from
affecting the furnace temperature and the extensometer.
Prior to use of the hoods, the air currents disturbed the
consistency of the strain measurement by causing irregular
thermal veriations.
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Load application:

The specimens were stresssd by means of dead weights
bung on the lever arms of the ersep machines. A sclssors
type jack was used to support the weights and the lever arm
while the temperature condition was achieved. Lowering of
the jack provided a single, shoeck free loading within & few
seconds, Prior straining of the specimen by the machine
tare or incremental loading of the weights was thus aveided.

Strain meagurement and recording:

The followsup contact extenscometer used to measure the
strain is shown in Pig. 6. The extensometer attached to the
shoulders of the specimen through two sets of contact points
set & right angles So each other., To obtain a simmltaneous
autographic record of strain and temperaturs versus time,
both quantities were transmitted to a two pen atrip chart
recorder. One pen of the recorder utiliszed a standard
potentiometer ecircult to measure and record the test temper-
ature from 0-1000°C on & time base of 2" per hour chart speed.
The other pen was activated with the extensometer by means of
a gynchro transmitter-receiver system. The synohro transmitter
wag mechanieally driven by the extensometer drive motor, the
receiver replaced one of the balancing motors furnished with
the recorder. A schematie wiring diagram of the synchre
system i shown in Pig. 7. Relays, operated by pen limit



Pige 6. Pollow.up contact extensometer
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switches, reversed the forward direction of the strain
recording pen when either of the chart edges was reached.
Fig. 8 shows the synchro receiver and pen limit switches
mounted on the recorder,

Pige 9 42 & rear view of the oreep mschine front panel
and Pig. 10 & schematie wiring diagran of those components
exeept for the symchro transmitter. The extensometer rew
versing mechanism permitted the extensometer to follow the
changes in length cecourring in the sxtensometer vods and the
specimen gage length vesulting from eyclie temperature
varistions, Onoce & minute, for & pericd of | secomds, the
reversing mechanism activated to drive the extensometer cone
tact downward until comtact was brokem. Upen retuwrn to the
forward direction, the contact was driven upward to the
clossd position.

The mechanical gears comnocting the extensometer drive
wotor and the synchro transmitter are shown in Pig. 11l. In
this investigation the gear ratio was 1il which gave & ree
cording sensitivity at the recorder of 12,31 micro inmohes/inch
for the smallest division of the chart paper, ( 1 divisiom -
1/10 inch or 10°C on the chart peper.)

Heating and temperature comtrol:

Harshall vertical tube furnsces were used to heat the
specimens, where the temperature distridution sleng the heat
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Figs 9+« Creep machine front panel (rear view)

Ae Synchre transmitter
B. Extensometer drive motor
Ce Extensometer reversing mechanism
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Fig. 11. Ocar train

A+ Extensometer drive motor shaft
and gear

Bs Adjustable 1dler gear
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sone was adjusted by means of variadle resistors in parallel
with the furnace windings. A platinum resistance thermome-
ter, wound in ¢lose proximity with the middle furnace winding,
served sz the comtroller sensing element.
ilectronic proportioning temperaturs controllers capable

of maintaining a constant temperature condition to within

* 0.019C wers dosigned and comstructed by the Electronics
Shop of the imes Laboratory (23). In this application the
veriation of the specimen temperature 4id not exceed * 19¢
from the desired condition.

A block diagram of the heating system is showm in

Pig. 12. The resistance thermometer (RT) is one leg of a
Fheatstone bridge cireuit, A stabilised oseillator provides
the bridge current. A signal due to bridge wnbalance is fed
to & high gein, narroveband amplifier and then to & phase
sensitive detector whiech controle the de power amplifier.
The de amplifier regulates the current in the de winding
of the saturable reactor core. The sc¢ windings of the
reactor are in series with the line and the furnace windings.
The addition of & motor driven sine funection potentiometer
between the bridge and narrow band smplifier provides a
programmed sinusoidal temperature variation.

Temperaturs measurement and recording:

Standard equipment and techniques were used bteo measure
and record the temperatures. Chromel-alumel thermocouples
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were omployed exclusively. The teat temperaturs was cone
tinuously recorded on the same time base sz the strain record
by the two pen recorderas. 7To provide & means of determining
the temperature distridbution along the specimen, & multiple
point recorder was used te measure and record the temperatures
at eix pointe uas the specimen assembly.

B, Specimen Preparation

The bein, eveep specimens shown in Fig. 13 were machined
from 1/2ein. dismeter tantalum rod, PFollowing machining, the
gage length of each speeimon wae polished with 600 grit silie
con earbide paper to remove the mechining marke. The specie
mens were washed in triehlorcethylene and rinpsed in alechol
to insure cleanliness prior to belng encapsulated, the method
used to afford oxidation protsctiom.

Pneapsulation of the specimens in small stainless cape
sules provides an oxygen tight barrier without eneumbering
other components of the testing facility. Application of
this technique to creep specimens is reported by Sohm. et.
al. (24). The ocutstanding advantages of this technique are
ites depondability with mo maintenance, and allowing commereial
high temperature testing equipment to be used,

Esch capsule was fabricated from three sections of
stainless stesl bellows which were welded to machined
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etalinlesy steel fittings. The assenbly of these components
ie shown inm Pilg. 14, 4 sectiomal drawing (Fig. 15) shows
the functiens of these components. Single ply, 5 mil seamless
bellows were used, where minor forming operations on the ond
convolutions of sach bellows were asccomplished to mateh the
corrvesponding weld flanges of the machined parte., Sealing
of the assemblies was performed by shisldedeare welding in
& specially designed unit shown in Fig. 16,

te Discussion of the Variables Introduced by the Techniques
Haterial differencest

The two materials used in the investigation have been
desoribed in Seetion V. It would be expescted the results
obtained under identical testing conditions for each material
would be different. Differences bDetwsen specimens of each
type were minimized by using material from & single rod in
each case, Variations in the amount of cold working, impurity
content and other fabrication variables are considered neglie-
gible. |

Load application:

| Variations in the rates of achiesving the initial stress
due to inconsistent loading teechniques was avoided by use of
the seispors jacks. The desired temperature condition was
achieved under zerc atress) after which, lowering the jJack
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applied the load in & smooth continuous manner within a
time interval of & few seconds.

Stress variations:

Constant load creep machines were used in the investi-
gation., ¥Whenm & localised reduction begins to cceur prier to
fracture, the offective stress hxm to inerease causing an
acceleration of the stralin rate,

Calevulation of the load for sach specimen was based on
the diameter to the neareet 1/2 mil., This load was placed
on the weight pan to the nearest 0.05 1lb, Hessurement of the
spocimen dlameters was made with a machinists ball micrometer,

The creep machines were calibrated by the manufacturer
to have less than 15 deviation from the true load. Variations
of the velative initial stresses were less than 1/2%,

Temperature conditions:

The desired temperature condition was maintained %o
within *1°. A continuous monitor of the temperatures
was meintained throughout each test. Observation of the
sutographic strain record also provided a means of monie
toring the temperature condition because the extensometer
was sufficiently sensitive to thermal chenges, to give an
execellont index of the degree of temperature cemtrol,

The point of fallure could conceivably be associated with
& hot spot oeewrring in the 5°C vertical temperature
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distribution, The use of the stainless sssembly for oxie
dation protection precluded direct thermecouple readings
of the specimen surface. It is not known what actual dis-
tribution occurred on the specimen, although it should not
be greater than that observed on the outside of the assembly.
To determine what effect the encapsulation might have
on the radial temperature distribution, a special assembly
was fabricated in which a thermocouple was placed inside the
stainlegs chamber to measure the specimen centerline tempere
ature. ¥ith several determinations at the 800°C level, under
both constant and cyclic conditions, the specimen centerline
temperature always fell within the ocutside vertical dise
tribvution. The difference was attributed to radiation losses
from the bellows and cenduction losses of the specimen in the
radial and vertical directions. ¥ith cyelic temperatures
the vertical distribution remained relative; that is, both
the outside bellows temperatures and the specimen temperature
followed the applied variation., ¥o discernable change in
amplitude or phase was noted,
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vii. RESULTS
As Creep Curves

Composite ereep curves for the two materials are shown
in Pige. 17 and 18, Specimen 06 gn Pig. 17 was tested at
800°C constant temperaturs and a stress of 21,000 pei. A
comparison of the reduction in ereep strength due to the
introduction of a ¢yelle temperature condition is mads om the
basis of this test. The four eyclic Semperature tests, 05,
07, 08 and 09, also shown gn Pig. 17, were tested at 21,000
pai with an 8500%C mesn temperature. The tempersture varie
ations were applled sinusoidally at & frequency of one cyels
per hour. From Figs: 17 it is seen that sach of the eyelie
temparature tests significantly weakened the material, the
+5% test producing the greatest effect. Specimens 02 and
0l were both tested at 800°C constent temperature, but at
lower stress levels. Specimen Ol was inftially teated at
18,500 pei, and after creeping %o O.5% strain, the stress
level was raised to 20,500 pei. Oxygen contamination during
testing of specimens 02, O} and 07 introduced an unanticipated
variable in these three tests,

Speeimen 11, on Pig. 15, was tested at 800°C constant
temperature and 19,800 psi. At the same stress, specimen
10 was tested under cyclic temperature conditions at * 5%,

The HRC wacuum &ye east tantalunm displayed four regions
of creept firast, second, sxpomentisl and tertiary. The
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absence of second stage creep was noted for the Fanateel
gintered tantulum, Pertinant information from the curves
has been tabulated and presented in the next section im
Table 4.

B, HZvaluation of the Haterial Parameters

A single specimen NRC 03 was used to determine the
valuss of AN and By The temperature or strese was suddenly
changed and the resulting change in strainerate meagured,
Using 5q. 3 or 4 as appropriate, the values of AH and B
were caloulated. Prom a total of 16 temperature and 12 stress
changes, average values of 115,925 * 2820 eal/pue-mole for

Hand (6,76 * 0,197) x10°% 1n.2/1b for B were obtained.
A tabulation of the determinations is given ia Tabdle 3.
¥ithin the temperature rvange of 780.825°C and stress level
of 19,500 « 20,750 pal, bdoth quantities were found to be
indopendent of temperature, stress and strain,

Using the above values of A K and B for the NRC veacuum
are cast tantalum and the values reported by Wurphy and
Ubhrig (21) for the Pansteel sintered tantalumj 2 and X for
seccond stage creep, and Y and Ky for exponantial ereep were
ealowlated for the various tests, It will be recalled

$ - € ¢§ - m®’ (N

-3
aT -

Y = -E»m e ‘..mr . (8)



Table 3.

AH and B determinations

Determination erature (°K)® Stress(psi Elapsed Accumulated Strain Rate AE B
Es;ora *Rer efore 33 Time Strain(«in/in) («in/in/hr) (cal/gm-mole) (1n2/1b)x10-4
(hr) Before After
aHy 1072.5 1086.0 19, 967 19,967 35 72 120 115,700 s
AHp 1086.0 1072.5 19,967 19,967 761 120 8 113,200 A0
AH 1072.5 1060.5 19,967 19,967 080 . 68 3 119,500 p—
AH] 1060.5 1074.75 19,967 19,967 L622 7 g 18,000 -
By 1074.75 1074.75 19,967 20,3 5121 ; ly —_ 6.6
B> 1074.75  1074L.75 20,3 19,561 5275 7 -— 6.9
By 10%.75 107h.75 19,5 19,967 5318 7 9 — 7.22
AR 1072.75 1060.75 19,967 19,967 5386 0 43, 114, 600 iy
B| 1060.75  1060.75 9,967 20,761 5]266 4 7 —_ 6,77
AR 1062.5 1052.5 20,761 20,761 5656 7 hg 119, 300 =
AH7 1054.25 1041.25 20,761 20,761 5823 3 18.5 116,400 —
AHg 1041.25 1049.0 20,761 20,761 29 18.5 gg 115,800 —
AHg 1049.75 1062.5 20,761 20,761 198 31 120,000 -
ARip 1063.0 1075.0 20,761 20,761 7017 37 68 115,000 —
AHY) 1072.25 108f.0 20,761 20,761 8839 49 8 115,800 .
AHY2 1085.5 1096.25 20,761 20,761 10,020 74 13 113,000 -
Bg 1096.25 1096.25 20,761 20, 36l 10, 340 130 9 o 6.87
B% 1096.25 1096.25 20,364 19,967 10,747 i11 g e 6.6
B, 1096.25 1096.25 19,967 19,568 13,2 89 6 - 6.77
AH13 1095, 0 1082.25 19,568 19,568 12,975 82 3 117,200 —
Bg 1082.25 1082.25 19,568 19,967 13,761 62 0 - 6.55
Bg 1082.25 1082.25 16,967 20, 3 13.893 74 96 _— 6.75
Bio 1082.25 1082.25 20,3 20,761 .37 9 130 —_— 6.86
amy 1083.5 1069.0 20,761 20,761 16, 754 ll; 83 112,100 —
By 1069.0 1069.0 20,761 19,967 :7,21-.2 83 49 — 6.55
NS 1071.0  1056.5 19,967 19,967 22,410 62 3i 110,000 rit
By, 1056.0 1056.% 19,967 20,761 23,097 68 117 e 6.8y
AR 1059.0 1071.25 20,761 20,761 368.0 30,473 20l 390 119, 000 —

8iverage of & values.

19



Table i fvaluation of terue

Specimen Stress b | S ta, € s Elapsed Duration Duration Duration Duration Z K Y Rup ture "
No. (Kst) (% - (7 xn/ii/hr) £ oxp 1'13. of 1st of 2nd exp. ter tiary (llgsg (1/&1& (1/5) (I;gﬁ Time AR . '3”
NRC € (hrs) stage stage stage stage X1 X0 X1 X10 (nrs) o RT B

(1/br) (hrs) (hrs) (brs) (hrs)
02 19.57 1073 2nd 88.88 0-95 30 65 3.65 6.6 288 2.5 5.5
exp. 0.00711 35.?.95 100 93 2.845 5.15 xio-2k  x105

03 19.97 1073 2nd 77.9 8- 8 complex temperature 3.16 b3y s 2.5 7.2

stress - history xm-?h X10:
ol 18.5 1073 2nd. 8.5 20- 20 r % 7.18 2 2.5 2.7%105

20.5 . go.és 60-116 56 3.2% 3.285 xio-2k 1. oh2x108
Oly 20.5 exp. 0.01285 116-240 12l 63 5.1 4.9
05 21.0 1073 8 2nd.  181.82 8,526, 8. 18 7.18 4.89 2.5 Al
05 oxp. 0.0252 26.5-515 5 24.5 22 9.925 6.79 J2 xmggﬁ x1lz‘> 1073.73
06 21.0 1073 2nd. 85.47 16-85 16 69 3.42 2.335 RSO E 1.)
06 exp. " 0.00707  85-192 129 26 . 2.835 2.3 2o xio-24  xio
07 21.0 1073 16  2nd 170.94 6.5-22.5 6.5 16.0 5.96 L.o7 2.86 1.h22
07 exp. 0.0222 22.5-61 38.5 ¢ 30 7.7 5.30 90 X10~- X10 1075. 68
08 21.0 1073 2.5 2nd. 106.4 10-46 10 36 b.2h 2.90 127est.  2.50 1.
08 exp. 0.0099 uﬁl 35 3.95 E: % X10= X10 1073.1
09 21.0 1073 5 2nd. 317.5 5= 5 5.5 12.5 8.54 30.3 20.7 2.5 1.4
09 exp. 0.077 3-17?5 i e 8.5 9.5 27 x10-2k  x10 1073.36
N
10 19.8 1073 5
10 oxp. 0.1108 2-12 2 - 10 6 2.225 30.8 18 4.98 7 1073.5
X10-23 X1

11 19.8 1073
11 ! exp. 0.0296 48-96 Sk o 0.597 s.21 8 4.8 7.2

X10°¢3  x1
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The values of the material parameters and other pertinant
dats from the experimental cwrves for esach of the teste are
tabulated in Table L.,

Ce Application of the S Parameter

By definition
t

o = ‘-ﬁ- a = :ﬂ t (9

o

provided the temperature ils constant. Using the latter
form and the respective wvalues of AH, € versus O ocurves
for the conatant temperature tests, WRC 06 and Pansteesl 11,
are plotted on Fig. 10. PFrom these curves, higher or lower
temperature creep curves are predicted by evaluation of O
for the new temperature. Cyolie temperaturs tests can alse
be predieted, whare S must be evaluated by graphical
integration to obtain & solution.

For a sinusoidal temperature variation

Oegerte = :éi (m) at = :é' B

o

vhere T! is an equivalent constant temperature to produce the
same value of © in one temperature cycle. As the eyele il
repetitious, the wvalus of 7' is applicable throughout the
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A

entire test. The values obtained for e ngand T by
graphical integration of the cyclic temperatures are listed
in Table lj. With the small temperature amplitudes used,

the values of T' do not differ greatly from the average test
temperature. Predicted creep curves, for T' equal to 1083%,
were obtained from Fig. 19, for both materials and are shown
ag the dashed curves on Fige. 17 and 18, It is apparent the
experimental cyeclic temperature ereep curves can not be
adequately described by the use of the O parameter. The
values of equivalent temperature, T", necessary to normalize
the experimental eyclic temperature curves to the respective
constant temperature curves at 1% strain are listed in

Table 5,

Table 5, Normalizing values of T™

Specimen AT(°K) ™ (°K) T (%K)
NRC 08 2.5 1078.1 1073.1
NRC 09 5.0 1102, 62 1073.36
NRC 05 8.0 1088. 35 1073.73
NRC 07 16.0 1087.8) 1075.68

Pansteel 10 5.0 1107.65 1073.5




1y

2 *By W3z

-2t @

02-0! 120! z2-0! g2-0! v2-O!
TR T 05 e | B s R P R S R S s e : Of
ol nnd
— —
e —
— e
= H%_
b )
o ——
b -
b p—
e =]
ﬁ ® SNSY3A NIVHLS %
r 3,008 WNIVLNVL >
£ e | i e e 0 1 L o L A e [l e i

NI/Ni 7 (3} Nlvnis



66
D, Metallography

Exsmination of the grain structure of each specimen
after testing showed ne apparent changes from the untested
condition. In partiecular, evidence of reerystallization was
gought in the more heavily worked vacuum arc cast material,
Examplos of thes grain structure following testing are shown
in Figs. 20 and 21,

Samples of sach teated specimen wore analysed for ime
purity content. The only significant change detected occoursd
in the gaseous impurities of the three contaminated speci.
mens. The values of the gaseous ilmpurities after testing
are listed in Tabdle 6.

Table 6. Oaseous impurity content (ppm)




ig '”ﬁ:mm“ﬁ‘* ( ) | °

Pig. 21. =L tegraph (200X
> S S ) s






&9

Average values of Rockwell A hardness determinations of
the tested specimens are listed in Tebls 7, Oxygem contamie
nation inereased the hardness. Constant tempsrature testing
of the veacuus are caest tantalum did not slter the hardness,
but eyclic temperatures produced & softening. A corresponding
softening under cyclie temperature teeting did not occur with
the sintered tantalus,

¥easurement of the specimen diameters along the gage
lengths after testing showed s unifors reduction of & few
0.001 in., oteurred sxeept im the necked down reglons of
failure, The distorted grain strusture in the vacuus are
cast tantalum produced a fiderous surface at the point of
greatest reduction, Ths same region in the sintered material
was characterised by an “"oreange-pesl” surface. Pigs, 22 and
23 show the fiberous and “orange pesl® surfeces.

Specimen WRC 08, which was tested to spproximately
1 1/2% strain, had begun to develop a regionm of localised
reduction in cross-pectional area., Ths enbire gage length
wap reduced 0,002 in, from the original dlameter of 0,358 in.
and the miniwue dlameter at the point of reduction wae
0.350 in, The expomential stage of oreep lasted until 1.3
total etrain.
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Tabls 7. Rockwell i hardness

Comments

Haterial Hardness

Pansteel untested k.5

Pansteel 10 L3.93 constant temperature

Pansteel 11 k3.4 eyeclie tempervature

FRC untested 1.9

ERC recrystallized 28,0 annealed 1300%

wRe 02 i9.2 constent ture
] - c-wa

¥RC 03 8.4 complex stress and

temperature history
BRC 5 congtant temperaturs
. . contaminated

WRC 05 33.1 eyclic temperature

HRC 06 §1.86 constant temperature

¥RC 07 1,5 elie | ture
o i o

¥RC 08 3.5 eyclie temperature

NRC 09

34435

eyelic temperature
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VIII. DISCUSSION AND CONCLUSIONS

The application of eyclie temperatures with small
amplitudes, produced & marked reduction in the creep strength
of both vacuum arc cast and sintered tantalum. The reduction
in strengths was much greater than was predicted on the basie
of the analytical technique. Depending upon the amplitude
of the temperature variation, the decrease in rupture times
varied to a factor of 1/2 to 1/9 of the constant temperaturs
tegta. The minimum creep rates obtained in the second stage
for eyelic temperatures inereased from the minimum creesp rate
for the constant temperature test by a factor of 1.3 to 3.8
and the ratio of -ef- in the exponential stage by factors of
1.3 to 10.

Softening of the more heavily worked vacuum are cagt
tantalum is indicative of & release of the strain produced
by cold working. As the softening occurred only under cyelie
temperatures, the change must be directly attributable to the
dynamie temperature condition. Release of the straln due to
cold working would allow the uﬁrul to yield more readily to
the applied load.

4 corresponding softening under cyelic temperatures did
not oceur with the sintered tantalum., Yet the resulte of
the = 5% eyclic temperature om the ecreep strength in relatiem
to its constant temperature test are in good agrecment with
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the results obtained for the vacuum arc cast tantalum, By
way of comparisen, the times for the * 5% eyclic temperature
tests to achleve 2% strain, are 13.25% and 17.8% of their
respective constant temperature tests. The similarity of
the resultas suggests that cyecliec temperatures of small ame-
plitudes enhances the mechanism of plastic deformation by
more than ome means, This would mean the release of the
initial atrain of ecold working in the vacuum are cast material
wag not the only accelerating effect. Discussion of the
acecelerating effect in terms of dislocation theory is not
warranted.

The results of the four cyclic temperature tests on the
vacuum are cast tantalum do not vary consistently with the
inereaging temperature amplitude. Contamination of the
*+16° test during testing, which would introduce interstitial
atoms, should strengthen the material. This might explain
why the resulting creep curve is quite similar to the * 8%
test. The combined effects of eyclie temperature softening
and contamination hardening left the hardness unaltered in
this instance.

The * 5°C test produced the greatest change in ereep
resistance for the vacuum arc cast tantalum., Provided the
resulte of thie single test are truely representative of
that temperature condition, an optimum temperature variation
for operation of the weakening mechanism or mechanisms exists,
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The axistancs of suoh an optimum does not coineide with the
present understanding of the mechanisms of plastic deformation.
The introduction of the unanticipated variable of cone
tamination in three tests, resulted from pin hele leaks in

the encapsulation assemblies.

Contamination did produce & notable change in the shape
of the tertisry stage in all three instances, Cther obaere
vations would be pwrely speculative, ar the contributions of
the other factors of stress level, stress change and tempere
ature condition are not knewn.
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PED TOPICS FPOR PUTURE INVESTIGATION

A study of eyelic temperature offects on annealed
tantalum will give & correlation between the magnitude of the
effect in the presence and absence of e¢old working.

The effsects of small eyclic temperatures, studied ag
other strese and teomperature levels, and with various
frequencies would provide & botter understanding of this
phenomenon. Such information is necessary defore an adequate
theory can be developed.
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