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NOMENCLATURE

Creep deformation
Initial deformation
Plastic deformation

Time

a,b,!&'KZ’l%'K‘*'d = Constants

T = Shear stress

G = Shear modulous of elasticity

Creep strain = Creep deformation in inches per inch

At
Ac

t

ol

Sc

« = X »

<

Average of t observations
Average of C observations

log t

Log ¢

Creep strain

Minimum creep rate in in./hr,
Stress

Number of observations

Speed, R.P.M.

Average temnsile stress due to centrifugal forces
Annular flow area in sq. in.
Specific weight of the materiml
Bending moment

Velocity in ft./sec.

Specific volume



g = Gravitational constant

V = Change
P = Change
h = Height
2 = Number
r, = Radius

= Radius

in velocity

in pressure

of the blade

of blades in a Turbine blade ring

of the Turbine wheel up to Turbine blade tip

of the Turbine wheel up to Turbine blade root

= Mean radius of the Turbine wheel

= Angle between the principal and X axis

Z = Modulous of section

2 = Distance measursments in Turbine blades

Ip,1q,Iy,Ix = Moment of inertia

Ixy = Product of inertia

a Stress

= Ri ppl e

v
L:Mr*’f:m

&
O

= Length

concentration factor

= Taper factor

factor

= Summation sign

= Partial derivative of F with respect to Q



INTRODUCTION

Creep i & continuing deformation at elevated temperatures
under constant stress. Creep data are important in the design of many
maching members subjected to high temperatures. Examples of these
would ba steam and gas turbine components, thermal cracking equipment
in oil refineries, jet air-craft, missiles, rockets and mobile reactors.

The second law of thermodynamics shows us that the efficiency
of an ideal heat engine can bas increased by increasing the temperature
of the working fluid. The optimum strength-to-weight ratio is an
essential requirement in aircraft structural design. But all these
facts bring us the problem of higher creep rates for the same stresses.
Few materials at normal temperaturem and the remaining at elevated
temperatures deform continuously with time under constant lomds. So
the necessity to investigate the factors influencing the creep and in
turn to develop the creep resistant materials is the main concern of
a practical engineer.

In some applications, the permissible craep deformations ars
critical, e.g., allowanca for cresp is important in turbine blades for
proper operation to maintain smell clemrances between the moving and
stationary parts and in others no significance. But the existenca of
creep, creates the necessity, to know the creep deformations that may

occur during the expected lifw of the machine member.,



The cresp phenomenon has bsen known for the last 80 ysars, but
knowl&dge of the phenomenon ha# &dvanced rapidly eince World War II,
due to more demand for high temperature materials, resulting in today'a
succe#ssful new mlloys. Progress has been made in developing the dis-~
location thsory in explaining the creep phenomenon and in obtaining
all the# dsta required in design by different Fechniques and experi-
ments.

Creep deformation can be determined in the laboratory with a
testing machine but conducting such temts for the entire life of the
machine® elem#nt i=s impracticable. 8o predicting ite behavior from
short time tests, i.e., 1% of the life time, and &xtrapolating the data
to the entire life of the memb&r is a great schisvamént in this field.

Ais we know, the op#rating charactéristics of an original model
can be obtained from a small scale mod#l by means of dimensional

@ has been

analysis. Pratt & Whitney Aircraft's Nuclear Oparation
experimenting with lead model teating in order to reduce the heavy
financial burden of creep testing of structures. The idea was to hava
lead creep curves similar to those of the original material in order to
obtain direct extrapolation from low tsmperature lead tests to

operating conditions. It is doubtful that we can get consistent results

in this way becauss of poor dimensional control, and other manufacturing

(I)Marin, Joseph (Editor), “"Materials Emgineering Design for
High Temperatures,'" Dept. of Engineering Mschanics, The Pennsylvania
State University,



variables involved in & lead model. If mt all muccessful, this would
be a great achievement because this would not only reduce tha heavy
financial burden, but it would also provide all the experimental data
within the minimum time,

Casea occur whare parts are subjected to combinad beading and
direct load. For example, turbine blades are subjected to a bending
action due to th# transverse loading appliamd by the steam, and to a
direct load due to centrifugal force. Parts under eccentric load are
also cases in which a cross ssction is subjected to both bending and
direct load. Under creep conditions, parts subjected to this combined
straining action when the predominant action is bending ar& much more
favorably stressed than would be thaz came if the material were
#lastic; and when the predominant action is a direct load the stress
conditions will approach those for slastic conditions. So analyzing
the forces acting on a machine mlement is an important =mtep in =&

design problem.



CREEP PHENOMENON

At ordinary temperatures the extension that appears on loading
disappears after the load is removed provided the load is not suffi-
ciently great to produce failures., At elevated temperatures, the
extension rontinues with time if the stress is maintained constant evan
under low stress. In other words materials subjected to a constant
stress at elevated tempsratureas deform continuously with time, and tha
behavior under thasa conditions is different from the behavior at
normal temperaturss. This continuouam deformation with time is called
creep. Creep can take place at any temperature above absolute zsro.
It seems creep of Cadmium has bmen observed at temperatures as low as
l.2*K, but from a practical point of view, we consider creep as signi-
ficant only at higher temperatures and neglect the small creep strains

at low temperaturas.

Creep Characteristic Curves

(2)

Thurston, an American Mechanical Enginear, was the first
person to present creep data in the form of a creap - time curve, and
this is still well known as tha creep charactaristic curve. This can

be divided into four distinct stages as shown in Figure I. They are

as followgs:

(2)Finniq, I. and Hellar, W. R., '"Creep of Engine#ring Materials,"
McGraw Hill Book Co., Inc., Hew York, 1959.



(1)

(2)

(3)

(4)

From

First stage: Total deformation is partially elastic which
is also known &s time independent deformation or static
elasticity and partly plastic.

Eecond stage: Here the creep rate decreases with time.

3

) =
3t O. This

This is known as transient or primary creep, 4
Bhows the effect of strain hardening.

Third stage: Here the creep rate is mimimum and constant
(d e
dt
is counterbalanced by the annealing influence of high

= 0) indicating that the effect of strain hardening

temperature., This is known as secondary creep.

Fourth or final stage: Creep rate increases until fracture
occurs due to decrease in cross sectional area. This is
also known as tertiary creep (%> )4

the measurements made in long time tension tests, a family

of creep - time curves can be obtained for various stress levels at

constant temperature. The final stage of the creep curve cannot be se&n

for low stresses and temperatures during the conventional creep test

periods. In tha second stage, the strengthening due to strain hardening

predominates. Thus the creep rate decreases with time until the minimum

or constant creep rate occurs, whereas in the final stage, the weak-

ening dus to the mmnealing influence predominmtes, and thus the creep

rate increases until the fracture takes place.

If large creep deformations are permissible and steady states

creep is well established, then the design can be based on steady state



¢reep alone. Otherwise, the initial partly elastic and partly plastic
and transient cras#p should be taken into account. Various authors

proposed different empirical expré&ssions to represent constant stréss

(3)

data. The #arlisst work was dona by Andrade who verified the

#xperimental rasults by means of an empirical relation, L=L°(1+itl/3)ebt
where Lo is the length immediately after loading, L is tha length at

any time t, and akb ars axparimental constants.

Finnie and Heller(q) proposed,
g~ € 12 LS N &
GE A T ay t 4 ol bjt
o<mic<l mj>1

where G% is the instantaneous deformation. It ssemz to be the best
fit for creap - tims curve since there are many constamts involved in

this expression. This is the most general exprasaion.

(5) (6) (?)

McVetty, Wsaver, and Sturm, used different expressions,

but these are all complicated because of the fact that the creep - time

curve must bs available for each stress.

<3)Andrade E.N.dac., "The Viacous Flow in Mstals and Allied
Phenomena," Proceedings of Royal Society (Londen), Vol. 84, p. 1, 1910.

(4)

(5)McV|tty. P. G., "Factors Affecting the Choice of Working

Stresses for High Temparature Service," Trans. of A.S.M.E., Vol. 55
(1933), p. 99.

(6)Weaver, S. H., "The Cremep and Stability of Stesls at Constant
Stress and Temperature," Trans. A.S.M.E., Vol. 58 (1936), pp. 745=751.

(7)Sturm, R. G.y Dumont, C., and Howell, F. M., "A Method of
Analyzing Creep Data." Trans. of AoStMoEo, Vol. 58 (1936). PP 62"670

Finnie and Heller, op. cit., pp. 10.
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Regarding creep - stress - tims relations, the modified log =
log method takes into a@ccount both initial strain (f?i)and time

dependent strain ((Z'p) as follows:
€" €i+ Qp

This is shown in Figure II.

Marin(B)

states that for many materials Gio and (Eb can be
approximatsly related to tha stress by the equations of the form,

KZ K“
Ce"* xls and ep = Kzts

where K1. K2’ K3' K&" are experimental constants which dapend on
material and temperaturs.

The log -~ log method neglects the initial strain and is the
easiest and most suitable mathod in calculating the creep rates in
turbine blades where the creep deformation would not exceed 0.001 inch
per inch during the expected life times of the turbine. 1In thim case
the initial strain is negligible when compared to time dependent crsep
for the entire# life time,

(9)

Nadai proposed a hyperbolic sine creep relation between

minimum creep rate (C) and the stresa (§) as

(8)Marin. Joseph, '"Ma&chanicml Behavior of Engineering Materials,"
Prentice Hall, Inc., Englewood Cliffs, N. J., 1962.

(9)Hadai. Ae., "The Influence of Time Upon Creep - The Hyperbolic
Sine Creep Law," Stephen Timoshenko 60th Anniversary Volume, The
Macmillan Company, New York, pp. 155-171, 1938.

5 KZ' | IS Kh’ a, b, and d are conastants and they do not have
the same value in each and every expression.



c.xlsng

where Kl and d are experimental constants.

There is no proof to show that the predicted values with the
help of these empirical relations represents actual values for the
period not covered by the test data, even if these empirical relations

fit well the test data.

Atomistic Theory

The data obtained on one material in differant laboratories(lo)

show ths scatter of cresp data (Figure III). So the load-carrying
ability determined on the simple tension creep data by empirical and
semi~-empirical methods may not be satisfactory. The results obtained
from the creap tests and further development of stronger materials can
be expected with confidence only with an understanding of micromechanism
of deformation, microstructire, and by considering th& depsndence of
flow rates of these materials on stress, time, and temperature.

The progress that has been made in understanding creep phenomena
is largely due to the atomistic theory. Theoretical strength of a
perfect single crystal is approximately equal to G/27l , where G is the
Bhear modulus of elasticity. But most of the single real crystals have

4

very low yield strengths of 10"'3 to 10”7 of this value. This discrep-

ancy ias due to tha pre&mence and motion of impsrfections that exist in

(IO)Clark, Ce L., "Cooperative Creep Tests on 0.35C Stasel K20
at 850°F and 7500 psi," Trans. of A.S.M.E., Vol. 59, pp. 439=440,
1937.
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113

real crystals. The concept of dislocation imperfections has come to
explain the difference between the observed strengths of crystals and
those calculated on a theoretical basis.

A dislocation is a line imperfection in the regular array of
atoms of a crystalline lattice. This demarks the slipped region from
the unslipped region in a crystal undergoing slip. Hence dislocation
must either form a loop or end on a surface of a crystal. These line
dislocations may be either an edge dimlocation or a screw dislocation.
Referring to Figure IV, the upper half of the crystal has been made to
slip by one atomic spacing b in a orystal at the left hand side, and
the line AB is known as an edge dislocation with a Burger's vector b
in a s8lip direction. This defect can be visualized in the atomistic
picture shown in Figure V in which the Burger's circuit closes every-
where except around the dislocation. This can be checked by going two
atom distances for each step (¢ to d, 4 to e, e to f, and f to g).

The Burger'm vector and the dislocation line defines the slip plane.
The edge dislocation moves in a Elip plane perpendicular to the direc-
tion of dislocatien line AB.

The screw dislocation is shown in Figure VI. From this figure
it can be seen that the uppsr right hand side of the crystal is made
to move one atomic spacing b, relatiwa to tha lower right hand side of
tha crystal. Thes motion of this dislecation is in a dirsction normal
to AB on the slip plane, but ths plane of the screw dislocation is

parallel to the Burger's vector.
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The problem of multiplication of thesm dislocations can be

visualized from a Frank-Read source. Under an applied shear stress,

the segments AB and CD of the dislocation ABCD shown in Figure VII will
not move, but the segment BC will move as shown in Figure VIII since
the dislocation must remain continuous in the crystal. Wwhen the loop

swings back upon itself as shown by stage e, the positive screw g*

k|
a

combines with the negative screw S, thus forming a dislocation ring ’

'f' and leaving the segment BC at g to continue the former proceas i.e., -

B

grinding out continuously a seriem of dislocation rings from a single
source. When the back stresses on these Frank-Read sources due to the |
plled up arrays of dislocations are higher, the source ceases to h
function. The time depsndent deformation following this condition is .
known as creep.

Referring to Figure IV, when the back force on an edge disloca=-
tion is equal and opposite to the force due to the applied stress, the
further motion of an edge dislocation is stopped, but the vacancies
present in the crystal wander about, exchanging their poeitions with
adjacent atoms. These vacancies increase as the temperature increases.
Under appropriate conditioms, vacancies will exchange their positions
with the lowest atom in the half plan# of an edge dislocation forcing
the dislocation to climb to highsr slip planes due to the centinuation. #sz
of this exchange process. When the# back stressas are lower, these d{s- urH

locations will @ct as new Frank-Read sources and n&w dislocation loops

will be formed. Otherwise the edge dislocation will ¢limb downward by :';

= |
"
q
=

LJ
5
.
5
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adding adjacent atoms to the bottom of the half plane allowing the
.|‘_L'. ":'J.'
vacancies thus formed to wander mbout in the crystal and thus act as ’

T ] -
a sink for vacancies. The net effect is continued climb resulting im ™

continusd creep.
The jog produced by the intersection of two edge dislocations
is shown in Figure IX in which the moving edge dislocation AB inter~

sects the stationary edge dislocation CD. This jog is also an edge jog

dislocation becsmuse the jog has the same Burger's vector ms the rest T
L1, 3

of the dislocation line. LS

Anothar jog produced by the intersmction of a screw and an odgﬁf
dislocation is shown in Figure X. Heras thes mcrew dislocation also

acquires an sdge jog having a Burger's vector bl' The slip plans of :.;ﬁ

the edge jog is defined by the jog and the Burger's vector. If we -

ob@erve the motion of a jogged screw dislocation and if the screw moves .
b

% as shown in Figurs XI, the edge jog travels along, moving perpendiculég};.
to its slip plane. This will occur only when the edge jog climbs by
leaving there a trail of vacancies or interstitial mtoms. These

vacancies will be filled up by diffusion due to high temperatures.

Thus, c¢limb in this way may contribute to continued high temperature

"R
ocreep. e
- -

The theory is not sufficient to predict the time laws for creep.
i el

#

| Tha three factors which will affect the creep rate are time, stress

and temperature. Even if we control stresme and temperature as con-

r w
stant, the time dependency of creep is not sufficient to find the f:

|
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EXPERIMENTAL STUDIES

Object

The requirements for using metal at slevated temperatures have
#mphasized the need for securing reliable information about creep under
high tempe#rature conditions. Experimental studies serve as a basis
for s®lection of thi# most suitable metal when there are many metals
available which satisfy other design requirements excapt creep. Exper-
imental studi#s ar# also required to extrapolate the data for the
entire life tim# of the machine member to be dasigned for high
temperature service. These experimental studies also help in studying
the bshavior of the material at various stages with the help of a sat
of curvés obtmine#d as mshown in Figure I. With thes# experimental data
as shown in Figure XVI, tha interpolation of minimum creep rates for
any other stress not covared in these experiments can bs detarmined
at that particulamr tempermture from Figure XVIII.

In this cre#p tension test, & specimen was hemtad to the desired
temperature, a constant load was applied by a lever type loading shown
in Figura XII and the r@sulting slow extension was measurad psriodi-
cally. The creep test has b#en standardized by th& American Society

(11)

for Teating Materials up to a certain extent. These standards

<11)Amlrican Society for Tesmting Mateérials, "Conducting of long
Time Tension Testz of Metallic Materials," A.S.T.M. Standards, Part 1,
Metals, 1958.



specify dimensions of specime#ns, methods of measuring loads, exten-

sions and temperatures and also methods of reporting thesa results.

Reguisites

The basic requieites for long time cresp tension tests are the
basic frame assembly having @ provision for mounting the specimen
and applying a load uniaxially, and other associated components to
maintain the load constant. A furnace ias nescessary to heat the speci-
men to the desired temperature. An optical system such as a creep
microscopa or some other automatic devic# is needed to measure the
extension periodically. Since the temperature effect on creep is very
significant, a temperature contrcller i® also required. In addition
to these acci#ssories, a thermocouple wire and a potentiometer are
required to measure the temperature along the specimen gauge length.
A thermocouple calibrating furnmce and a standard thermocouple are
required for calibrating thermocouples. An asxtensometer (two platinum
atrips moving relative to sach other) is required to determine the

creep that is taking place# during the test period.

Descrigtion

The mbove mentioned requisites and their description are related
to the equipmant available for long time creep tenaion tests in the
Mechanical Emginesring Departmaent at South Damkota State Univaersity.

The complete literature for operation and maintenance of the creep



testing machine is amvailable in the inmtruction manual for lever type
cresp testing machine provided by the Baldwin-Lima~Hamilton Corpora-
tion (now known as Wiedemamn Machine Company).

hccording to the manual the upper end of a test specimen is
attached to the shorter arm of a le#ver-arm assembly through an upper
specimen holder, spherical yoks and cross-head mssemblies. The lower
end of the specimen is attached to the output shaft of a screw jack
through a lower specimen holdar and spherical yoke assembly. The screw
Jack is connected to a gear motor through a clutch assembly. The
operation of the gaar motor and screw jack is controlled by a laveling
switch assembly. The load applied to the specimen depends upon the
weights added to the lever-arm assembly and th& ratio between the
lengthas of the shorter and longer arms of the laver-arm assambly.

As the specimen slongates under load, the outer #nd of the longer
arm (A in Figure XII) moves downward. This downward movement of ths
longer arm of the lever operates m mércury switch (load leveling switch)
which in turn closes a power circuit causing the gearmotor to operats
the screw jack to move the output shaft downward, Thism motion trans=~
mitted through the specimen, pulls the shorter mrm of the lever
downward and as the lever pivots about its fulcrum, the longer arm
movas upward. When the lever reaches a level position, the load
leveling switch opens tha power circuit and thus stops the downwmrd
movemant of the shortar arm. The sam# proceas will be rapsated when-

ever the lever arm is not within plus or minus one degrse to the
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horizontal, Whanaver the furnace is turned off or tha weights ars
removed one by ons, another mercury-type switch (unload leveling switch
in the leveling switch assembly) controls the level of the lever by
operating the gearmotor to move the screw jack output shaft upward,
thus allowing the specimen to contract which in turn permits removal

of the remaining weights.

The furnace is of tubular type having an electricazl resistance
heating elsment which is designed to operate on 110 volt, 60 cycle,
single phase current. This is rated at 1800°F and instructions for
operating it are available in the Harshall furnace instruction book.
,m‘Ih- most important and difficult step in this furnmce operation is in

controlling the temperature of the specimen within A.S.T.M.(la) 8

peci-
fications, i.e., maintaining within 13°F at temperatures from 1100 to
1500°F. Also tha temperature variation along the gauge length should
not sxcead more than 3°F., The tempasrmtur# exerts a great effect on
crigep strangth. The magnitude of periodically obs#rved extension i&
of the same order as that produced by s change of temperature of 2°F.
Becaus® of thesse ressons the above limits ara essential in @rder to
obtain reliable data.

It was obeervad that ths tempsrature variation was more than th#

above #.S5.T.HM. limits, in the Marshall furnace used, Th&re are four

(la)kmtrican Society for Testing iMatsrials, '"Tentative Recom-

mended Fractice for Conducting Creep and Time for Rupture Tension
Tests of Materials," A.S.T.M. Standards, Fart 3, pp. 274, 1961.
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binding posts on the furnace shunt panel to permit localizad control
of the furnac# temperature. This is for the purpose of dividing the
heating ®#lement into three zones as shown in Figure XIII. A resistance
wire shunt was added extermally batween the two middle binding posts
and this brought ths tamperaturs variation along the specimen gauge
length to within tha above limits. It may be possible to keep the
temperature variation to minimum by adding the external wire shunt
resistance by other alternative ways across the windings. The #&uthor
suggests that any future resi#arch worker performing tests with this
furnace, experiment by using a shunt by tha trial and error mathed
suggested in the Marshall furnace instruction manual, in order to
further reduce the# temperature variation along the specimen gauge
length. There is a furnace tempersture control panel on the creep
testing machine basic frame assembly. Thera are two rheostats pro-
vided, one on ths top and one on the middle winding, in order to vary
the tempsrature along the spscimen gmuge length. Thes# rhsostats
alon# are not sufficient to obtain the above accurscy.

In order to suppress the# variation of furnace temparature from
time to time due to the variation in lomd (i.®., voltmge and current),
or due to the other conditions, a furnace tempe&rmture controller i=
requir#d. The chromel-alumel control thermocoupl® which is located in
the furnace windings is the sensing device for this controller. The
instructions for opasrating this potentiometer controller ars available

in the Foxbore instruction book for potentiometer controller. The
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temperature at which it is desired to contrel the process is set on
the main dial. Any deviation of temperature of the thermocouple from
this setting results in a deflection of the galvancmeter pointer to
either a low or high position on this dial. Wwhen it is in low, a
depressor bar which descends at regular intervals arrests the galvano-
meter pointer. Wwhen the pointer is on the side or zero pesition on
the dial, the depressor bar descends completely downward. To the
extent that the depressor bar moves, the control contacts are posi-
tioned to either maximum or minimum heat connections. The combined
effect of this galvanometer pointer and depressor bar thus ensures a
uniform furnace temperature. An important point to be noted is that
the chesk switch should not be turned to check position until the dry
cell is attached to the battery brackets. Adjusting the zero error

of the galvanometer and potentiometer circuit must be done once for
proper standardizing. The battery must be renewed whenever the stand-
ardizing rheostat reaches the arrow marked on the controller.

Since the rate of extension in the creep test is small, of the
order of 1 to 10 percent per 1000 hours, a sensitive and most accurate
measuring device is required. The extension measuring part of the
apparatus consists of two pieces of platinum (welded to the brackets
which can be fixed on the shoulders of the specimen by Allen screws)
moving relative to each other by =liding one inside the other. This

is shown in Figurs XV,
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A measuring microscope is always used to measure the creep
deformations from time to time, The filar eyepiece micrometer con=
verts a standard microscope into an ordinary measuring instrument of
very high precision. In this microscope movable and fixed cross
hairs are mounted in the image plane of the objective. The movable
cross hairs are mounted on a small carriage which can be moved across
the field of view by a fine precision screw. This screw has a divided
drum (divided into 100 small divisions) with a knurled knob on top of
it for rotating. The fundamentals of the optical system are shown in
Figure XIV. The relay lens, without magnifying, projects the image of
the object so that it can be picked up by the objective of the micro-
scope. Ths objective has a magnification of five whereas the filar
eyepliece micrometar has a magnification of 10. The total magnification
of the optical system is 50,

Two brackets are fixed to the basic frame assembly of the creep
testing machine, one on each side of the furnace so that the average
of the microscope readings from both sid#s give& the true axial creep
deformations. There is a saw tooth index in the field of view to
facilitate counting of whole turns of the divided drum. The motion of
the bi-filar cross hairs is such that it can move from one tooth to the
next tooth whensver the divided drum or the knurled knob completes one
revolution. One revolution of filar drum equals 0.002". Since the séQ
tooth index is vertical when the filar drum is on top of the microscope,

the author took the readings as if reading on a vertical scale, by



considering the bottom-most deep#st notch as zero, and then counting
1, 2, 3, 4, ste., upwards as the spacing betwsen the successive teeth.
Every fifth and tenth notches is cut more deeply than the others for
convenience. For example, if the bifilar cross hairs ars between 10
and 11, and the dividad drum is showing 67, the measurement can be
noted as 10.67. Later on, the actual distance between any two refer-
ence points can be obtained in inches if we multiply the difference
between the two readings by 0.,002", since the actual distance between

any two teeth is 0,002",

Procedure

Long tim# creep tension tests are usually carried on to deter-
ming the creep deformation of a spscimen held at a constant temperature
undar a predetermined load for a long period of time. Th#se tests are
carried out for at least 1 percent of useful mervice life of the
machina mamber to which th# data is to be applied, and 10 percent of
the life time where it is feasible. The predetermined tension load
which is applied to a specimen held at a constant temperature is
constantly maintained as the spscimen elongates under load. For this
thesis project, the specimen materials used were thres bars of
Hastelloy alloy X, #ach 7/8 inches dismeter and 8 inches long, obtained
from Union Carbide Corporation. Th# specimen material is a nickel-base
alloy and has the chemical composition shown in Appendix A, This is

suitable for use in jet engine tail pipems, afterburner componints,
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turbin# blades, nozzle vanes, cabin hwmaters, etc., and is a#spscially
useful in furniace applications becauze it has unuasual resimtance to
oxidizing, raducing and neutrsl mtmospheres. Pratt and Whitney
ddrcraft authorities suggestead that the author conduct crsep tests on
this Hastelloy X nickel base alloy at 1800°F. Since we experienced
mome difficulties with the Variac of the p;wer transformar in tha fur-
nace# electricaml connections, it was decided instead to conduct creep
tension tests at 1200°F. The spacimens wers machined in the machine
shop to the dimensions shown in Figure XV. Smooth finishing was given
by #mery cloth to avoid str#ss raisers.

The lever of the creep testing machine was balanced before
starting the temt. The lever arm was pivoted about ita fulcrum in a
4O:1 position.* To balance the lever arm the upper specimen holder
was screwsd to upper adapter and the weight pan waz removed from the
waight rod. The counterpoise was now moved until the leve#r arm
balanced. Th& counterpoise& was fixe#d in this poasition by lock nuts.
When it was balanced propsrly, tha clsaranca between the top of the teop
plata and the bottom of the lever wam the mame at th# front and rear
of tha top plate.

The next mtap was making and calibrating the thermocouples to

measurs the tempesrature along the gauga length of the specimen at

frequent intervals. Three thermocouples were made from a 20 B and S

*Putting ong pound of weight on a weight pan equals applying 4O
poundg of tgnsion load on the specimen. The other ratio, that is
poseible in this machine is 10:1l.



gauge chromel-alumel duplex thermocouple wire., The insulation and
other foreign materisl were scraped off a one inch length of both
chrom#l and alumel wires. The two wires wers then bent together with-
out twisting, and the hot junction of the tharmocouple was then welded
with an oxygen-acetylene torch after applying borax as a flux at the
Junction. For the operation the oxygen-acetylene torch should be
adjusted in between the neutral and slightly oxidizing flame, and ths
weld should be completed in one pass. For a prospective tharmocouple,
tha diameter of th# bead should be approximmtely egual to thrae times
the diameter of the thermocoupla lead wire. . Since the thermocouple
properties may vary considerably due to the contacts with different
materials, they were calibrated in the following way. First the hot
Jjunctions of the thermocouple wiree were tied to the reduced section of
the specimen by a nichroms wire, in such m way that the weslded bead
would make contsct with the# specimen but not mlsewhere. Asbestos
string was then wrapped around the hot junction of the thermocouple,
and also along the thermocouple wire which will stay inside the furnace
to avoid radiation effects. To calibrate the thermocouples, the
specimen to which the hot junctions of thermocouples were attached, and
a standard platinum-rhodium thermocouple were suspended so that they
stand side by side inside the thermocotuple calibratinjg furnac#. Since
all thermocouple junction= wecre not in on# plmce, the distance from each
thermocouple junction toc the top of the furnac® was m#asured and the
standard platinum-rhodium thermocouple was varied accordingly by moving

inside or outside derending on which thermocoupl®# was under calibration.
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Instead of using th# cold junction at 32°F, the rafsrences
Junction inside the potentiometer was used by compsnsating the cor-
responding valug to ths room temperature. This was accomplished as
follows: After adjusting the galvanometer inside the potentiometer
for zero error, the potentiometer circuit was then standardized as
describsd in the potentiometer instruction manual, The value which
was to be compenzated inside the potentiometer was noted from the
thermocouple® conversion tables, to that particular thermocouple at the
room tamperature mt that time. This value was ast on the main dial,
the function switch was turned to tha refersnce junction position and
the reference junction knob was turned until the galvanometer stood at
zero. The potentiometer was thus compensated to the# room temperature.
To measure tha temperature, the function switch was turned to T.C.
measure position, tha voltage g&nerated by thermoel#ctric principl® was
measured and this was converted back into tempsrature from tha thermo-
coupla conversion tables am wé did for th& cold junctions at 32°F., It
im batter to uss the same potentiometer for both standard platinum~
rhodium thermocoupls and test thermocouples. The author suggssts this
procadura in the futura becmuse he obtmined moras accurate data in this
way rather than those obtained by using differ@#nt potentiometers, dif-
ferent cold junctions, and extending th# leads of thermocouple wires
by other tharmocouple wirss wher#ver ne#cassary. The corre#ction
reagdings to the standard platinum-rhodium thermocouple should be takén

into account in calibrating thase test thermocouplas.
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Bafore taeldng the extension measuremente with a creep micro-
Scope, it has to be adjusted in much a way that its internal light
#source and relay lens should focus on the same point. First tha eye-
piece must be adjusted by moving the syepiece inside or outside so
that the cross hairs are most clesarly vizible. This can ba dons by
directing the syepiece to a broad source of illuminmtion such as a
shest of white papsr. The micromcope is now fimed vertically to a
table edges by clamps so that the eyepiece points upwards. A white
paper with a cross mark on it is placed under the microscope at 74"
distance (mmchanical working distance is 7)2"') from thes bottom #nd of
the microscope. Since the maxdmum fiald of view that can ba picked
up by this microscope is 0.08" in diameter, the cross mark may not be
vimible through the microscopm. The following technique was used to
av¥oid this difficulty so that the center of the cross mark would appear
approximately at the center of the imags plane. The techniqu# is as
follows. If wa focus thes flash light through the eyepiece# of ths micro-
scope, thim beam of light must converge to & singl® point =mource on the
white paper, which is mt thes mechanical working distance of 74",
Whether the mechanical working disztance set up is 7/" or not can be
checkaed by loomening the focusing scraw on the microscope; then the
microscops may bs movad up or down so that the cross mark will be
clgarly visible, and then the focuming =crew is tighten®d in this
rosition. After this is done, thes internal light source i& adjusted

by movimg the bulb around inside the illumina&tor housing, so that the
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image of the cross mark can bs smen clsarly and the bulb ig fixed in
this position by tightening the illuminator clamp screws. Now the
microscope is ready for extension measursments.

When all the sbove equipment was brought to the propsr form by
various adjustments, the actual creep test wama next started. The test
thermocouples wire calibrated before attaching to the mpecimen. The
extensometer brackets were next fixed to the szhoulders of the specimen
as shown in Figure XV. The gauge length for this met up was 3.25".

The step by step procedure used in installing and loading the specimen
is as follows:

(1) After attaching the test thermocouples and extensometers
brackets to the specimen, the upper and lower specimen holders are
screwad to the specimen. Powdermd grsphite is applied to the threads
for easisr disassembly at the end of the test.

(2) The screw jack is operated manually after disenguging from
the gmarmotor to a pomition mpproximately 1" beslow its maximum upward
limit of travel.

(3) The furnace end covers are openad and the furnace is swung
on its guide rail away from the rear panel. The furnace puwer and fuse
cable is now pluggad into thes receptacle provided on the rear panel.

(4) The topmost thermocouple wire and the assembly of spscimen
holdars, specimen, #tc., are passed through the furmace from the bottom
opening of the furnamce towards the top opening until th#& upper mp@cimen

holder can be caught sscursly from the top of th&# furnace.
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(5) The furnace is now swung towards the rear panel by main-
taining the assembly of specimen holders, specimen, &tc., at the
center of the furnace until the upper spacimen holder and lower speci-
men holder are in line with their corresponding mdapters in the
sperical yoke assemblies. The furnace can ba fixed in that position.

(6) The upper and lower adapters are now screwed on to the
specimen holders. All the threaded connections are checked for full
thread engagement including those nuts on the spherical yoke assemblies,
If the specimen is not at the middle of the furnace, the furnace is
moved according to the adjustmesnt needed. In this s&t up one thermo=
couple wire is coming out of the furnace from the top opening and the
two other thermocouple wirem from the bottom opening.

(7) The furnace end covers are closed and kept tight enough by
spring action clamps without affecting the movement of specimen
holders, after first wrapping the spun glass insulation around the
specimen holders where they &nter the furnace. This reduces considér-
ably the tharmal draft that may occur due to the large temparaturas
differences between the surroundings and the radiation zon& of the
furnace.

(8) Ths brackets for mounting the cres#p microscope at the sides
of thg furnace are now adjusted so that focusing the microscope through
the window glsss and thus picking the image of the object from the .
center of the furnace (i.e., platinum strips in this caBe) is possible.

This can be accomplished only by trial and &rror by changing the
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positiona of th@& bracket and by observing for the image of the object
through the eyepiece for each position of the bracket. When the
brackets are fix=d, they mhould not be disturbsd until the =nd of the
test. It is to ba noted that the furnsce windings should be calibrated
before fixing the specimen to the machine as described on page 24 of
this thesis and also sccording to the instructions of the Marshall
furnaca instruction book.

(9) The load-unload switch on the leveling switch assembly
should b& set at '"load,'" and all othar switches &xcept load control
switch should be set at ''off." The lomd control mwitch should be set
at manual position.

(10) The electric power to the testing machine and to the
furnace temperature controllsr can now b# turned on. At this stage,
the furnace powsr switch can be set at ''on,'" and its controls for

position and tempsrature can b# adjusted.

(11) Now is the time for calculating the desired load on the
weight pan. Since the dimensions of the specimen are standardized,
wa can find the relation between tha weights we are adding to the weight
pan and to the strass that will be impressed on the specimen. The
reduced section of the specimen under test is 0.505" in diametar, i.e.,
0.200377 square inches in cross-sectiomal ar#a, Since the lever ratio
gelected is 1:40, one pound of waight on the weight pan implies 40
pounds of tension lomd on the specimen. In other words, one pound of
weight on the weight pan implies 40/0.200377 = 199.624 = 1995/8 psi

stress on a standard specimen used in this creep testing machine. With
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this relation we can det&rmin# the weighta to be addasd to the weight
pan to obtain the desired streEmm on the spscimen. It is to bm borne

in mind that thes small weight pan which weighs two pounds is already

on the weight rod and this should be considered in adding the remaining
weights to obtain the desired stress. The desired weights mre placed
on the weight pan such that the slots in the weights are alternately
faced in opposite directions which will provide an interlocking action.

(12) The time for the specimen to remch the test temperaturs
varies from 5 to 8 hours depending on the variac sstting on the power
tranaformer. In any case, the spscimen im brought to the test tempera-
ture and mmintmined there overnight, before the stress is applied. The
temperature along the spscimen gauge length can now be measured, and
if necessary adjusted by means of the fine rheostats provided on the
middle and top windings until they show within the American Society
for Testing Materials specifications.

(13) To actually load the specimen, the &tep by step procedure
ig as follows: The scréw jack is operated manually to move the output
shaft downward to rsmove any slack ir ths assembly of the specimen, the
specimen holders, and the adapters, but no load should be imposed on the
spbescimen in this operation. The next stap is to switch on the moter
power switch. When this is don&, the gearmotor can be engaged. The
direction contrcl switch cam be set mt load position. Now the g#ar-

motor will operate the screw Jjeck to moveé the& output sh&eft downwird.
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When this motion has brought a small clearance between tha top of the
#ph#rical yoke aiisembly and the bottom of the top plate of the basic
frame asaembly, the load control switch should be set at automatic and
the direction control switch should be at the '"off'" position.

(14) As soon as the lever has leveled and the gsarmotor stops,
the tim#r can be started, and then the initial microscope readings
mhould be taken from both mideam of the furnace. The most important
part of creep tenesion teat is taking creep versus time readings at
frequent intervals. Taking cresep readings with the help of a creep
microscope is the oldest technique and still adopted in mome labora-~
tories and industries.

Since the microascope magnified the image of tha object fifty
times, the lines marked on the platinum strips, fine scratchee and
other bright spscks could b# seen in thea image plane of the objectiva,
Special jigs and fixturss ares required to mark lines on platinum
gtripe. Since such facilities wer# not available, the muthor took
cartain bright specks or fine scratches k& the reference points, one
on each sheet of platinum near the boundary. It was observed that the
beat clear image of thes object could be seen only when the platinum
strip was at right angles to the beam of light or to the axis of the
microgcops. Since the platinum astrips were moving, one inside the
other, one strip of platinum was nearer to the microscop# thar the
other gtrip. Such difference of distances brought the problem of

sseing only one strip at a time very clearly, and the other only



vagualy. So th# microscope had to be focused so that a fair image
could be seen on both strips of platinum rather than seeing ona clearly
and the other one only vaguely. In other words, the microscope must be
focused in b&twean the two settings. Since the microscope is so sensi-
tive, the platinum extensometer parts must be made in such & way that
these platinum strips should touch each other throughout the test.

The next step is to measure the distance between the reference
points. Be&fore measuring this, we have to make sure that the divided
drum is at the top of the microscop#, so that the saw tooth index
setands vertically, and the bifilar eyepiece micrometer is attached
firmly to the stainless stmel body tuba by tightening the screws. The
divided drum can be# rotated now until the bifilar hair lines e&ncloses
one of the referesnce points. The reading is to be noted ms described
in the description of the equipment. The divided drum can be turned
further until the bifilar hair lines enclose the other rafersnce point.
The reading is to be notad in th& sam# way. Tha differenca bestwe&n the
two readingas gives the reference disztance for our cresep measurementa.
This distance may increase or decrease as the test progresses depending
on the relative movement of the platinum strips. Creep measurements
must be taken on both sides of tha extensometer devica to obtain truw
or axial crmep. The mbova process of taking the readings at the same
reference points ghould be repeated mt irequent intervals. The inter--
val depends upon the stress and temperature at whiech the test is

procegding. Wwhen the strass and temperatures are high, tha readings

should bg tgken four or five times a day in the# beginning. If the
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stress is low, taking the readings two times a day will be sufficient
in the beginning. When once the test snters the minimum or conatant
creep rate state, it does not make any differsnce whether we take
reéadings once in a day or once in twe days.

More consistent readings can be obtained if the focusing can be
done at the same place throughout the test, and the readings of the
two reference points taken after those reference points are located
with the bifilar cross hairs by moving the filar micrometer in the same
direction throughout tha test. Eaech reading should bs taken two or
three times and the mean of thesme readings recorded as the final reading
to improve the accuracy.

Since the temperature effect on creep is very significant, th#
temperatures along the specimen gauge length should be kept as alikm
as possibla, and the test temperature should be maintained constant.

To achieve these benefits, temperature readings of the test thermo-
couplas should be noted in the beginning at least up to one week and
corresponding adjustments should be made on the fine rheostats provided
on middle and top windings of the furnace. Adjusting first the zero
error of the galvanometer in the furnace temperature controller and
then potentiometer circuit standardizing must be done once# a day to
maintain the test temperature constant throughout.

When ths stress and tempermtur# are high, the refersnce points
noted in the beginning will move soon out of our field of view. Just

before thgy leave the field of view, two other reference points should b#



chosen and the sam# procedure followed. When thase two new refarence
points are chosen, we must take the final readings of the two old
reference points and compute the total crsep that occurred up to this
time. This total creep up to this stage should then be added to the
creep of new reference readings.

When enough data has be#n obtained as explained above, the
procedure to be carried out at the end of the test varies depending on
whether it was a rupture test, a long time tension test, or a test to
find the recovery rate of the test specimen as the load was removed.
After noting the final creep and time readings, the corresponding pro-
cedure should be followed as explained in the creep testing machine
instruction manual. At the end of the test, the diameter of the small-
est section on the specimen is measured with a micrometer in order to

check the reduction in area.
Results

The object of a creep tension test is to collect creep-time data.
41l these tests were conducted at a constant temperature of 1200°F,
The firmt test was at 12,500 psi stress level. This test was taken off
at 600 hours due to inconsistent creep readings. The main reason for
thie kind of failure may be due to the fact that the bifilar eyspiecs
micrometar is not attached firmly to the body of the microscope. Since
the stress ynd temperature are low for this particular material and

since there are no clear marks on the platinum strips, the measurement



Table 1.

b

Creep-Time Réadings for 12500 Pagi Strass Lavel at
1200°F on Hastelloy X Bar Material

c )

reep deformation (inches x 10"

Creep strain

(in. pé#r in. Time in
Left Right Average x 10™4) hours
*164,74 *17.36 0.3
5.27 5.09 5.18 1.59 9.7
9.61 9.63 9.62 2.96 18.
6.36 6.18 6.27 1.93 2k,0
7.52 7.64 7.56 2.33 333
11.50 11.36 11.38 3.50 4,6
13.92 13.64 13.78 L,24 57.1
14,77 14,71 14,74 L,54 68.85
15,54 15.28 15.41 L.75% 81.6
10.21 10.95 10,58 3.25 106.3
15.85 14,95 15.40 L,74 128.2
16.86 16.32 16.59 $:10 142.9
20.50 19.98 20.24 6.24 155.:8
18.51 18.01 18.26 5.62 178.8
19.78 19.30 19.54 6.01 190.1
22,32 21.58 21.95 6:75 202.3
23. kL 22.80 23,12 7:12 220.5
22.88 22.32 22.60 6.95 240.9
23.57 23.17 23.37 7.19 250.3
25,02 24,62 24,82 7.65 274.5
26.33 26.03 26.18 8.05 297.3
29.48 29.12 29.30 9.02 310.6
28.25 27.95 28.10 8.65 329.7
29.86 29.42 29.64 9.13 346.5
31.38 31,02 31.20 9.61 357.8
35.18 34,73 34,95 10.75 370.4
30.83 30.51 30.67 9.45 393.6
45,08 Ly, 12 44,60 13.72 405.8
33,74 33.31 33,52 10.31 L29. 4
31.53 .17 31,35 9.65 Lu8,7
33.11 32.65 32.88 10.12 474.6
Lo,02 39.59 39.80 12.24 501.3
35.23 34,67 34.95 10.75 S5ak.7
36,88 36:353 36.60 11.25 59,6

11.42

600.0

37.35 36.95 37.15

*The distance between the two reference points initially



Table 2. Creep-Tim# Readings for 25,000 Fsi Stress Lavel at
1200°F on Hastelloy X Bar Material

qufa - 10"3 inches
Cumulative Creep Time
deformation | Creep in
Left Right Left (LT) Right (RT) =Ly + RT strain | hours
;

17. 2.64 0.3
16.42 1.73 0.96 0.91 0.935 0.288 10.6
15.80 1.03 1,58 1.61 1.595 0.491 23.0
14,57 | - 0.16 2.81 2.80 2.805 0.863 34,9
13.56 | - 1.21 3.82 3.85 3.835 1.180 L4s.7
11.80 | - 2.81 9458 5.45 S«319 1.697 $7.2
9.80 - l"087 7058 7051 705“’5 2.321 71.7
8.36 = 6.27 9002 8091 80965 20758 83.8
6.33 | - 8.34 11.05 10.98 11.015 3.389 94,3
4L,06 | -10.42 13.32 13.06 13.190 4,060 | 107.6
2.40 | =12.13 14,98 14,77 14,875 4,580 | 118.8
O.41 | «13.89 16.97 16.53 16.750 5.150 | 130.4
- 1.‘*9 -15057 18.87 18.21 1805‘*0 50700 110207
- 3,18 | -17.49 20.56 20.13 20.345 6.180 | 154.7
- 4,80 | -19.04 22.18 21.68 21.93 6.7% 166.6
- 6.86 | -21.02 24,24 23.66 23,95 7.37 178.8
- B.84 | -22.96 26.22 25.60 25.91 7.97 190.7
=10.41 | -24.69 27.79 27.33 27.56 8.48 203.0
-11.84 | -26.43 29.22 29.07 29.145 8.97 215.0
-13.24 | -27.98 30.62 30.62 20.62 9.42 226.8
«14.76 | -29.55 32.14 32,19 32.165 9.90 238.8
=16.30 | =30.85 33.68 33,49 33.585% 10.33 251.3
-17.80 | -31.96 35.18 34,60 34,89 10.73 263.2
‘19050 -3“015 360'&'8 36079 360835 llo 33 27500
-22.,42 | -36.67 39.80 39.31 39.555 12.17 298.8
-23.64 | ~38.44 §1.02 41,08 1,05 12.63 210.9
-24k,66 | -39.21 L2.04 41,85 41 .945 12,91 321. 4
-26.72 | -40.68 44,10 43,32 43,71 13.45 334,8

19.81 3
18.73 | -b42.14 45,18 Lb,78 44,98 13.84 | 346.0
12.49 ;
17.E) 11.2% 46.80 46.06 Le. 43 14.29 358.7
15.89 9.80 48,02 47,47 47.745 14,69 370.7
14,98 8.78 48.93 48,49 48,71 14.99 381.8
13.62 7.47 50.29 49,80 50.045 15.40 394.8
12.40 6.47 $1.51 50,80 51.155 15.74 407.0
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Cumulative Creep Time
deformation Creep in
Left Right Left (LT) Right (RT) = Ly, + Ry strain| hours
2
11.40 S:23 52.51 52,04 52.275 16.08 419.0
10.18 4,20 53.73 53.07 53.40 16.43 430.0
9.18 2.80 54.73 5447 54,60 16.80 L42,6
790 1.66 56.01 59,61 55.81 17.17 454,5
6.91 0.67 57.00 56.60 56.80 17.48 66,0
4,57 | - 1.34 59,34 58.61 58.975 18.15 4L91.1
3.67 | - 2.43 60.24 59,70 59.97 18.45 502.6
2.60 - 3.45 61.31 60,72 61.015 18.77 S514,9
1.54 - 4,51 62.37 61.78 62.075 19.10 526.6
- 0049 - 6.32 64-40 63.58 63099 19.69 551.0
- 1,61 - 7.65 65.52 64,92 65.22 20,07 562.9
- 2,711 - 8.63 66.62 65.90 66.26 20.39 S74.4
- 3,83 | - 9.79 67.74 67.06 67.40 20.74 587.4
- 4,58 | =10.57 68.49 67.84 68.165 20.97 597.5
- 5.6B =11.95 69.59 69.22 69,405 21.35 611.1
- 6.73 | =12.76 70.64 70.03 70.335 21.64 621.7
- 7.5 <13.54 71.41 70.81 71.11 21.88 634,0
- 8.83 | =14.59 72.74 71.86 72.30 22.25 646.7
- 9.67 =15.72 73.58 72.99 73.285 22.55 659.0
-10.70 =16.55 74,61 73.82 74,215 22.83 671.0
%.16
0.63 -23,06 81.14 80.33 80.735 24,84 756.0
- 1.09 | -24.74 82.86 82.01 82.435 25.36 778. 4
- 2.94 | -26.50 84,71 83.77 84,24 25.92 | 802.8
- “089 -2801*1 86.66 85.68 36017 26.51 827.0
- 6.37 | -30.24 88.14 87.51 87.825 27.02 850.5
4,62
1.00 | =33.67 91.76 90.94 91.35 28.18 898.5
- 0.81 =35.31 93.57 92.58 93.07 28.64 922.6
- 2.57 | -36.95 95.33 94,22 94.77 29.16 946,2
7.20 -41,67 99.96 98.94 99.45 30.6 1000.0

W



Table 3(a).

Creep-Time Observations for 35,000 Psi Stress Level at
1200°F on Hastelloy X Bar Material

Creep deformation (].0-3 inch units)

Left _ Right Average
Total Total of both Creeg strain Time in

(1) (2) Average | creep (1) (2) Average | creep sides (10"° units) hours
8.92 9.04 8.98 11.48 | 11.64 11.56 0.l
12.82 | 12.84 12.83 3.85 | 13.34 | 13.74 13,55 1.99 8.7
18.18 | 18.14 18.16 9.18 | 15.76 | 15.60 15.68 15.6
23.76 | 23.86 23.81 14.83 | 20.68 | 20.92 20.80 21.6
25.46 | 25.64 25.55 16.57 | 21.20 | 21.24 21.22 27.8
25.32 | 25.14 25.23 16.25 | 21.34 | 21.44 21.39 34.9
2h.2h | 24.22 24.23 15.25 | 21.54 | 21.44 21.49 L2,7
24.30 | 24.30 24.30 15.32 | 21.36 | 21.40 21.38 47.4
23.96 | 24.00 23.98 15,00 | 21.62 | 21.50 21.56 58.6

Test stopped at 60 hours and started again after refixing the brackets of extensometer device to
the shoulders of the specimen.
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Table B(b).

Creep-Time Observations for 35,000 Psi Stress Level at
1200°F on Hastelloy X Bar Material

Creep deformation (10-3 inch units)

Left Right Average
Total Total |of both |Creep strain |Time in
(1) (2) Average |creep (1) (2) Average | creep sides |(10~3 units) | hours
19.98 | 19.92 19. 19.80] 19.82 19.81 0.2
26.72 | 26.72 26.72 6.77 | 12.86| 12.74 12, 7.01 6.89 2.0585 6.3
36.18 | 36.22 36.20 | 16.25 3.52 3.28 3.40) 16.41 | 16.33 5.0246 14.6

6.62 6.50 6.56
- 0.18 r 0030 = 0.§E 23.05 - ‘#.12 - ‘&.10 - l&.ll 23.92 2302”’85 7.226 20.lf5
- 9.58|-9.60 | -9.59 | 32.40 | -12.42| -12.58 | -12.50| 32.31 | 32.355 9.955 27.6
=16.70 | -16.84 | -16.77 | 39.58 | -20.08 | =20.08 | -20.08| 39.89 | 39.735 12.226 33.6

8.% 8-& w 27.88 27092 .27.%

0 0 ) 48.11 | 19.62| 19.46 | 19,55 48.25 | 48.18 14.82 4o b4
-13. M -13.36 -130“0 61051 5.60 5070 5.65 6201" 61.825 19.02 51.15
"2.1-"6 -21.% "210,"‘3 69.54 - 1072 - 1078 - 1075 69.5“ 69. 5‘* 21."‘0 57035
-28.60 | -28.66 | -28.63 | 76.74 | - 9.56| - 9.38 | - 9.47| 77.26 | 77.00 23.7 63.6

34.54 | 34,70 §.62

250% 25058 L3 85.82 -17.38 ‘17. 62 "17.% 85.29 85. %5 26.31 700‘*
26.10| 36.22 %.16

16.46 | 16.34 16.40 | 94.96 | 26.22| 26.42 32| 95.13 | 95.045 29.24 78..2

6.90 6.88 6.99 [104.37| 16.98| 16.98 16.98| 104,47 |104.42 32.13 85.9
- 2.44 |« 2.52 | - 2.48 [123.84 7.56 7.52 7.54| 113.91 |113.875 35.04 93.3
=13.70 | -13.48 | -13.59 |124.95| - 3.90| - 4.06 | - 3.98| 125.43 |125.19 38.52 101.7
=25.32 | -25.38 | =25.35 |136.71 | -15.34| =15.52 | -15.43| 136.88 |136.795 42,09 110.2

47.24| 47,04 47,14
-35.82 =35.60 | =35.71 |147.07 | 36.74| 36.38 36 147.46 [147.265 45,31 117.9
37.10 | 35.92 37.01
23.18 | 23.22 23.20 [160.88 | 23.16| 23.00 23,08 | 160.94 |160.91 4g,51 127.6
13.70| 13.60 13.65 [170.43| 13.02| 13.04 13.03] 170.99 |170.71 52.53 134.2
5.14 5.1l 5.14 |178.94 4,70 4,68 4,691 179.33 |179.135 55.12 140.1

Sh



Table 3(b). (Continued)

%

Greep defernation (10~ ineh wnits)

Left Right " Average

Total Total |of both| Creep strain |[Time in

(1) (2) Average | creep (1) (2) Average | creep sides (lO'g units) | hours

- 8.88 |~ 8.74 | - 8.81 [192.89| - 9.72 | - 9.64 | - 9.68| 193.70 | 193.295 59.47 149.7

-19.76 | -19.84 | -19.80 | 203.88 | -20.00 | -20.04 | -20.02| 204.04 | 203.96 62.76 156.9

Ly, 62 | L4,.36 Ly L9

-32.26 | =32.24 | -32.25 | 216.33| 31.28 | 31.32 31.30 | 217.23 66.56 165.0
33,14 | 33.14 33.14

19.36 | 19.22 | 19.29 |230.18 | 16.58 | 16.66 16.62 ! 231,91 70.82 173.7

5.80| 5.98 | 5.89 '243.58 | 3.5k | 3.62 | 3.58 | 244,95 74.96 181.6

- 8.02 | - 8.10 | - 8.06 257.53 | =10.72 | =10.70 | «10.71| 259.24 79.24 189.8

51.80 | 51.72 | S5L.76 |

-35.90 | =36.00 | =35.95 285.42| 22.22 | 22.28 22.25 | 288.75 87.82 205.8
32.78 | 32.94 2.86

18.74 | 18.78 %z:az 299.52 8.56 8.54 8.55| 302.45 92.16 213.5

3.62 3.52 3,57 | 314,71 | - 7.78 |- 7.64 | - 7.71| 318.71 96.83 222,0

i 8.51" - 8062 ~ 8.58 326086 100.57 228.9
49.14 | 49.04 | 49,09

36,00 | 35.88 | 35.9% | 340.01 104,62 236.0

18,16 | 18.26 18.21 | 357.74 110.07 245.6

0.40 | 0.46 0.43 | 375.52 115.54 254k.6

-13.82 | -13.84 | -13.83 | 389.78 119.93 261.5

=20.90 | «20.86 | -20.88 | 396.73 122,07 271.1




of such vary low crei#p readings also contributes to the lnconamistent
reéadings®. The readings ar# tabulated in Tabls 1.

The second test was conducted at 25,000 psi atrass level. Thim
test continued up to 1000 hours. In the author's opinion, the second
test gave very good results. These ara tabulated in Table 2.

The third test was at %5,000 psi streas level. The test went
on smoothly up to 21.7 houre. The author could not mmasure crasp after
27.8 hours as an unfortunate thing happened to the sxtensometer device
approximately 24 hours after the test started. To make sure that there
was no misteke in this conclusion, the author continued the taest up to
58.6 hours. The results shown in Table 3(a) indicate that there was
indeed a malfuncticn in the extensometer device. As a precautiocnary
measure it was determined that the gearmotor functionwd properly and
that the furnace and its controller worked as usual. At thiz =stage
then, wa suspected three reasons for this kind of feilure. Thay wera
as follows:

(1) If two reference points are picked up on one of the plati-
num strips, there would not be any possibility of noticing creep on
the gxtensomater device.

(2) At the and of the second test, when we tried to take out
the extensomgter brackets from the specimen, the spot wilded joints
at the two platinum astrips of one bracket, marked X in Figure Xy,
separated and were only rewelded in an unsatisfactory manner. Alsc one

of the stainless steel wires holding the platinum strip in position
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with the bracket became rather short in length. It was suspected that
these spot welded joints which were rewslded might have again become
separatad.

(3) One of the brackets of the extensometar device might have
bi#tcofie loosened due to the stress relaxation of the allen scraws at
elevated temperatures.

It was decided that the first reason was highly improbable
because the image of the object in the image plane was clear, the bor-
der line between the two platinum strips was clear, and the line marked
on on# platinum strip was discontinued at the border line.

The test was then terminated at 60 hours and inspectad for the
failure. The third reason listed abov# was found to be the correct
one. Since the time available was very short, and there were no extra
specimens on hand, we decided to continue the test on the same specimen.
The extensometer device was again fittad to the same specimen with new
allen screws and th# teat was again continued. The readings obtained
are tabulated in Table 3(b). As mentioned in reason two above, one of
the stainless steel wires holding th# platinum strip in position wWith
the bracket became shortened during rewelding process and the author
could not memsure the extension on this side after 222 hours. However,
the readings tabulated for 156.9 hours in Table 3(b) showed the same
creep readings taken from both sides of the extensometer device.

Hence it was concluded that there would not be amy appreciable error

in the readings taken all from cne side. Again the bracket was
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loosened after about 265 hours and thers was no measurable crgep after
this incident. The test was continued so that the rupture time could
be found at this stress and temperature, and it was found to be 569.1

hours (60 + 509.1).

Graphs

A family of creep-time curves can be obtained now from the data
collected in those three tests. The creep strain and time measure-
ments can be plotted to a linear scale on a graph paper as shown in
Figure XVI. The minimum creep rate can be determined for each stress
after establishing the minimum or comstant creep rate period by
approximating the points on the creep-~time curve in the secondary creep
to a straight line. The minimum creep rate vs. stress can be plotted
on a log=log paper as shown in Figure XVIII. It will be a straight
line for most of the stable mstals and alloys.

Plotting the creep-~time curves for the first two tests was quite
satisfactory. Since the creep readings in the third test were unsatis-
factory between 21.7 hours and 60 hours, special attention was needed
in plotting the creep-time curve. To compensate for the creep that
has occurred between 21.7 hours and 60 hours, the following techrique
was used. The creep-time curve up to 1.7 hours was plotted for the
readings in Table 3(a) on one graph paper. The Table 3(b) readings
belonged to the same specimen but actually started from and beyond 60

hours. So the graph of Table 3(b) s1id on the graph of Table 3(a) by
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keeping the creep strain axis at the ordinate of 60 hours of graph

of Table 3(a) until both graphs matched as shown in Figure XIX. The
technique was found to be logical and appropriate. This technigue

was smployed in plotting the crsep-time curve for the third teast
results. Since the cresp strain axis was mot sufficient to represent
all the data for test III, the complete creep-time curve wam plotted
on a separat# graph paper s shown in Figure XVII. It was not possible
to further reduce the scale of creep strain because almost all points
on the creep=-time curve for tha stresas level 12,500 psi touched the
time axis.

Unless we plot the data obtained in those three tests as shown
in Figure= XVI, XVII, and XVIII, we cannot make use of this data for
design purposes. The interpolation or extrapolation of data will be
posaible only with the help of graphs shown in Figures XVI, XVII, and

XVIII, but not with the raw data alone in Tables 1, 2 and 3.

Discussion

whils loading the mpecimen in &1l three tests, the author tried
unguccessfully to measure the initial partly elastic and partly
Plastic deformations. The main rsason for thim kind of failure was
that the initiel creep rate was high sad the tim® for applying the
load to the specimen was so short. Moreover, it was required tos take

care of switehing procedure for applying the load automatically.
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The first test was not vary satisfactory ms axplaingd under the
item Results. In the author's opinion, the second test at 25,000 psi
stress lével gave very jgood results. However, it wam clear from
Figure XVI that the initial transient creep was very low. The reason
may be in neglecting thes initial plastic deformmtion on loading and
immediately after loading (At very high straseses, this initial plastic
deformation may be even 100 times the elastic deformation). Since
there were no provisions to measurs initial deformations with that
kind of extension measuring apparatus, it was not appropriate to say
the readings were not satisfactory.

Regarding minimum cresp rate, the author could not find any
published resulta to compare with the minimum creep rates that were
obtained on Hastelloy alloy X bar material. It wiEs found that the
creep rate obtained in the mecond teat of that material was ths same
as the publishad creep rate of a sheet of the mame material. i com=~
parison of minimum creep rats datm providad by Union Carbide
Corporation(lj) on a Hastelloy alloy-X sheet with data on bar material
published by Mathew J. Donachie, Jr., and Robert G. Shepheara‘l™
indicgted that the minimum creep rates were higher with the sheet than

with the bar material. From these two statsments which are made in

(13)Union Carbide, "Hastelloy alloy-i," Union Carbide Corpora-
tion, Kokomo, Indiana, August 19Li.

(lu)Donuchie. Mathew J., Jr., and Sh#pheard, Robert G., 'Creep
Rupture Behavior of Hastelloy X," A.S.T.M. Proceedings, Vol. 61,
pp. 981, 1961.
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this paragraph, it is apparent that the minimum creep rate obtained
in the second test was higher than the mctual minimum creep rate.

The reation for obtaining this high#r minimum creep rate may be due

to the manner in which the author attached the extensometer device.
The position of attachment is shown in Figure XV. The gauge length
used for this s#t up was 3.25" as shown. It is possible to get a dif-
ferent minimum creeép rate if the gauge length im taken as the center
to center distance on the two brackets (distance B-B, on the sketch).
If the standard gauge length is B-B as shown in the sketch, the sffect
of fillet radii and the increase in diameter due to the shoulders
would probably complicate the problem. To adjust ths error caused

by this effect is theoretically impossible, but it is possible

experimentally as explained in Recommendations and Conclusions.

Besides stresses and temperatures which will affect tha minimum
cresp rates there are certain inherent characteristica of the metal
and manufacturing variables including phase transformations, alloying
elements, structure, grain size, precipitation effects, deoxidation
practice, grain boundaries, etc. The other factors like cooling rate,
crystal growth, heat treatment procesa, dislocations present in the
crystal and manufscturing variables like the furnace used for melting,
cgsting, extruding, rolling, ete¢., alemc affect the minimum cresp rate.
There will be a lot of difference in minimum creep rate betwe#n a cold
rolling mgterial and a hot rolling material even though the chemical

composition is the same. The effe#ct of hot working im the grain
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refinement brought about by recrystallization. The coarse structure
is definitely broken up and elongated by the rolling action. Because
of the high temperature, recrystallization starts immediately and
spall grains start to form and grow rapidly until the recrystalliza-
tion is complete. Creep resistance is also influenced by the grein
size of the material; at temperatures below the lowest temperature of
recrystallization, a fine grained steel poszesses the greater resist-
ance, whareas at temperatures above that point, a coarse grained steel
is more cresp resistant. Another important probable factor influencing
creep is presmsnce of more dislocations in a cold worked material. The
more dislocations there are, the more the slip takes place in a
crystal. Regarding heat treatment process, the bar ia solution heat
treated (2250°F end water quenched), whereas the sheet is solution
heat treated, 2150°F and rapid air cooled.

Some of these famctors contribute to higher creep rates in a
sheet material than in a bar sven though the chemical composition is

the sanme.



EXTRAPOLATION OF DATA

From a family of cresp-time curves, the Engineer must devise
methods of extrapolating the data for longer periods of tims depending
on the life of the machine element subjectad to high temperatures.
Because of obsolescence and because of the heamvy financial burden it
is not de#sirable to conduct teasts in order to determine the total
creep that may occur during the entire lifa#time of the part. In any
case, the extrapolation of datm ie @smential for all applications of
creep data, i.e., in any design of muchin# element with a longer use-
ful 1lifetime at elevated temperatures.

Extrapolation of the# rate of secondary creep has been employed
to provide design data for anginsaring applicationa. For this purpose
the creep test must continue long enough to define the slope of the
creep-time curve in the constant rate or third stage. In the deaign
of the machine membsr subjected to high temperaturs, it iz assumed that
the matarial will not pass into the tertiary stage during the useful
lifetime. Saveral methods are available to extrapolate the data.

The congtant creep rate lines in Figures XVI amd XVII can be extrapo-
latgd without much appreciable error. The graph plotted on a log-log
paper betwesn minimum creep rate and stress will be a straight lins
for post of the mtable metals. Similarly th® graph plotted between
the strems on a linear scal# and minimum cre#p rate on a logarthmic

scale will be a straight line. Usually it is possible to extrapolate
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the data with asaurance if there is a linear relation between any two

variables.

Fitting a Creep~-Time Curve

It is not an esasy task to fit all the experimental data with a
simple expression. First the author tried to fit ths experimental dats
obtained in the creep test with a logarthmic curve. No ona can exactly
fit all those 68 observations in the second test by a mathematical
model. What we have to find is some compromise curve which will come
as near as possible agreeing with all the 68 ocbservations in the second
test. There are three equations that can fit well enough these

logarthmic curves. Theee are of the formi

Log(Creep strain) = a + b (time) 1)
Creep strain = a + b Log(time) (2)
Log(Creep strain) = a + b Log(time) (3)

where a and b are #xperimental constants which depend on stress and
temperature at which the teat is conducted.

Equation (3) fits the author's experimental data better than
the other two equations. This conclusion has been reached when the
obsgrvations are plotted log(creep strain) versus time, creep strain
versus log(time), and log(creep strain; versus log{time) on a graph
paper. It iz found log(creep strain) versus log(time) is a better
approximation to a mtraight line than the other two cmses. The

constants a and b are evaluated by using the principle of the method



of least squar#s. The expressions ussd in finding the constants a and
b ar® developed in Appendix B, The constants a and b caloculated in
this way for 25,000 psi stresas lavel are as follows:
a = - 4,53116, b = 1.0343
Hence equation (3) will be
log(ereep strain) = « 4.53116 + 1.0343 log(time)

This expression did not fit well for the 25,000 psi strema lavel
experimental data. The points obtained with the help of this expres=
sion are enclosed by small triangles in Figure XVI.

Since this expression is not valid, we shall now apply the
principle of lasast mquares to the fitting of experimental data by
polynomials. There are 68 observations, and let it be desired to fit
these readings with a sscond degree polynomials.

That is of the form

e, + 8 t + a, tz
whire
t = time in hours.

By 8y 8, ara constants.
The procsdure used to calculate the constants SR and ay is
axplained in Appendix C. The numerical calesulations are shown below.
The summations that are required to form normal equations are
tabulated in Tabla 4.
Fi = 68 + 28859.7 + 16659161 + 1.026237 = 16688089
F, = 28859.7 + 16659261 + 1.1063335 x 10 . 573.8846 «
1.1080024 x 10%°



Table "’o

1

t +a t2

2

Quantities Required to Fit the Data of 25,000 Psi Stress Level
With an Equation, et = ao + a

$=-
£° t t2 t3(x105) t"‘(xlos) e(x10'3) i te(xlo"z) t°e

1 10.6 112.36 0.01191016 0.00012625 0.288 0.3053 0.032360
1 23.0 529.00 0.12167000 0.00279841 0.491 1.1293 0.259739
L1 34,9 1218.01 0. 42508549 0.01483524 | 0.863 3,0119 1.051134
1 45,7 2088.49 0.95443993 0.04361790 1.180 5.3926 2.464418
5 | $7.2 3271.84 1.8714925 0.10704937 1.697 9.7068 5.552312
5 7%..7 5140.89 3.6860181 0.26428750 2.321 16.6416 11.932006
1 83.8 7022, 44 5.8848047 0. 49314664 2.758 23.1120 19. 367889
1 94,3 8892. 49 8.3856181 0.79076378 3.389 31.9583 30.136649
1 107.6 11577.76 12. 457670 1.3404453 4,06 43,6856 47.,005706
3 118.8 15113, 44 16.766767 1.9918919 4,58 5k, 4304 64.639555
1 120. 4 17004.16 22.173425 2.8914146 5.15 67.1560 87.571424
1 142.7 20363.29 29.058415 4,1466358 5.70 81.3390 116.07075

| 154.7 2%932.09 37.022943 5.7274493 6.18 95,6046 147.90032

1 166.6 27755.56 Le.240763 7.7037111 6.75 112, 4550 187.35003

1 178.8 31696. 44 57.161359 10,220451 7.37 131.7756 235,61477

1 190.7 36366.49 69. 350896 13.225216 7.97 151.9879 289.84092

1 203.0 41 209.00 83.654270 16.981817 8.48 172.1440 349, 45232

1 215.0 b6225,00 99. 383750 21.367506 8.92 192.8550 4,63825

1 226.8 51438.24 116.66193 26.458925 9. 42 213.6456 484,54822

1 238.8 57025.44 | 136.17675 32. 519008 9.90 236.4120 564.55186

1 251.3 63151.69 158. 70020 39.881359 10.33 259.5929 652.35696

1 263.2 69274, 2k 182. 32980 47.989203 10.73 282.4136 7243,31260

1l 275.0 75625.00 207.96875 57.191406 11.33 311.5750 856.83125

3 287.2 82483.84 236.89359 68.035839 11.81 339.1832 974,13415

1 298.8 89281, L4 266.77294 79.711755 12.17 363.6396 1086.5551

1 310.9 96658.81 300.51224 93. 429256 12.63 392,.6667 1220, 8008

A 321. 4 103297.96 331.99964 106.70468 12,91 bik, 927k 1333,5767

&



Table U4,

(Continued)

2 |

t° t t £2(x10°) t*(x10%) €(x107) | te(x1072) t2e

| 334.8 112091.04 375. 28080 125.6440) 13.45 450. 3060 1507.6245
1 346.0 119716.00 414,21736 143.321921 13.84 478.8640 1656.8694
1 358.7 128665.69 461.52383 165.54860 14.29 512.5823 1838.6327
1 270.7 137418, 49 509. 41034 188.83841 14.69 5445583 2018.6776
i 381.8 145771. 24 556. 55459 212. 49254 14.99 572.%182 2185.1109
1 394.8 155867.04 615.36307 242.94534 15.40 607.9920 2400, 3524
1 Lon.0 165649.00 674.19143 274.39591 15.74 640.6180 2607.3153
1 419.0 175561.00 735.60059 308.21665 16.08 673,6520 2823.0209
1 430.0 184900.00 795.07000 341.88010 16.43 706. 4900 3037.9070
1 k42,6 195894, 76 867.03021 383.74756 16.80 743.5680 3291.0320
1 Lsk,5 206570.25 938.86179 426.71268 17.17 780. 3765 3546.8120
1 466.0 217156.00 | 1011.9470 471.56728 17.48 814.5680 3795.8869
i 478.9 229345.81 | 1098. 3342 525.99225 17.82 853.3998 4086.9316
1 491.1 241179.21 | 118L.4211 581.67411 18.15 891.3465 4377.4027
1 502.6 252606.76 | 1269.6016 638.10175 18.45 927.2970 4660.5947
1 514.9 265122.01 | 1365.1132 7202.89680 18.77 966. 4673 4976.3401
k 526.6 277307.56 | 1460.3016 768.99683 19.10 1005.8060 5296. 5744
1 539.2 290736.64 | 1567.6520 845,27794 19.42 10k7,1264 5646.1055
1 551.0 303601.00 | 1672.8415 921.73567 19.69 1084.9190 5977.9037
| 562.9 316856.41 | 1783.5847 1003.9798 20,07 1129,7403 6359.3081
1 S74.4 329935.36 | 1895.1u487 1088.5734 20.39 1171.2016 6727.3820
1 587.4 345038.76 | 2026.7577 1190.5175 20.74 1218.2676 7156.1039
1 597.5 357006.25 | 2133.1123 1274.5346 20.97 1252.9575 7486. 4211
1 611.1 373443.21 | 2282.1115 1394.5983 21.35 1304.6985 7973.0125
1 621.7 386510.89 | 2402.9382 1493.9067 21.64 1345.3588 8364.0957
1 634.0 401956.00 | 2548.4010 1615.6863 21.88 1387.1920 8794.7973
1 646.7 418220.89 | 2704.6345 1749.0871 22.25 1438.9075 9305, 4148
1 659.0 434281.00 | 2861.9118 1885.9999 22.55 1480.0450 9793.0365
1 671.0 450241.00 | 3021.1171 2027.1696 22.83 1531.8930 10279.002

29



Table 4. (Continued)

£° t t2 £3(x10°) 1 (x10%) €(x10™°) | te(x1072) t2e

1 o8k.2 468129,64 | 3202.9430 2191.4536 23.16 1584,6072 10841.882
1 706.9 499707.61 | 3532.4331 2497.0770 23,72 1676.7668 11853.064
3 732.7 526849.29 | 3933.4947 2882.0716 24.30 1780.4610 13045.438
1 756.0 571536.00 | 4320.8122 3266.5340 24,84 1877.9040 14196.954
1 7784 605906.56 | 4716,3767 3671.2276 25.36 19740224 15365.790
1 802.8 644487.84 | 5173.9434 4152,6458 25,92 2080.8576 16705.125
1 827.0 683929,00 | 5656.0928 4677.5588 26.51 2192.3770 18130.958
b 850.5 723350.25 | 6152.0939 5232.3558 27.02 | 2298.0510 19544,924
1 875.1 765800.01 | 6701.5159 5864 . 4966 27.57 2412,.6507 21113,106
1 898.5 807302.25 | 7253.6107 6517.3%€692 28.18 2531.9730 22749.777
) | 922.6 851190.76 | 7853.0860 7245,2571 28.64 2642.3264 24378.103
1 9h6.2 895294 .4l | 8471,2760 8015.5213 29.16 2759.1192 | 26106.786
68 28859.7 |16659161 1.1063335 7.9847868 1.026237 | 573.8846 | 371929.12

10 12
=S° =Sl 252 x 10 =S3 x 10 aSh ::Ko zKl =K2

€9
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Fy = 16659161 + 1.1063335 x 100 4 7.9847868 x 10%2
+ 371929 = 799.58671 x 10°°

A = 68

Aa = 28859.7

Ag = 16659161

B, = 3§%§2=Z = 424, 40735

o = 16659161 _ 5u4987.66

D, = l:9§§géz = 0,01509172
E, = 16688089 _ Lusu13.07

Check: 1 + B) + C, + D, = 245413.07 = By
B, = 16659161 - 424.40735 x 28859.7 = 4410892

By = 1.1063335 x 1010 - L2k 40735 x 16659161 = 3.9930646

x 109

c, = 1.1063335 x 10

D, . 523.8846 - 0.01292;2§%§_£§§22;Z = 3.1363747 x 1072

2 4,410892 x 10

10 _ 2u44987.66 x 28859.7 = 905.27383

10
4.410892 x 10

Check: 1 + C‘2 + D2 n 906.27386 = E‘2

C5 = 7.9847668 x 10*2 - 905.27383 x 3.9930646 x 10°

- 244987.66 x 16659161 = 288.681 x10°
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b, o 371929.12-3.1363747x10 73, 9930646x10%-0.01509172x16659161
> 288.681 x 10°

5 o 299:58671x10'0-906.27392x3. 9930646x10%-245413. 07216659261 _
3 9 o
288.681 x 10

Solutionm:

o, = - 1.6363183 x 1078

a) = 3.1363747 x 107 - 905.27383 x (- 1.6363183 x 1075

« 4.6176908 x 102

a, = 0.01509172 - 244987.66 x (- 1.6363183 x 1078

- 424,.40735 x 4.6176908 x el h,97321 x 10‘“

€ = - 4.97321 x Pl 4.6176908 x 1070 ¢ - 1.6363183
-8 .2
x10 " t

This expression fitted very well for the entire test period,
i.e., 1000 hours. The cresp strain increases with time up to 1411
hours and from thers decreases due to the second degres negative term
increasing more rapidly than the first degrame positive term. This

maximum point can be found by differentiating with respsct to t.

i.e., géi =a ¢+ 2 8, t=0

4.61769 x 10~
s —g = 1411 hours
,  3.27264 x 10

The gxprgssion to find the totml creep basyond the test period -
up to anywhere in the mecondary cresp region can ba written similar

to the following form.
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€ €t1+c(t-t1)

where t. is less than 1000 hours (the test period),

1
€ w Creep strain at a time t
C = Hinimum crwep rate
Example:

For the test 1200°F, 25,000 psi stress level, the total creep
strain at 2500 hours would be

€ + 2.4353 x 1072 (2500-800)

2500 ~ €800

But from the above second degree polynomial expression,

N

6800 = - 4,97321 x 10” ' + 4.,6176908 X 10"5(800)

- 1.6363183 x 1075(800)2

2.59725264 x 10™2

2

2.59725 x 10™2 + 2.4353 x 10> (2500-800)

L}

€ 2500
6.73726 x 102

Hinimum Creep Rate - Stress Relationship

The minimum creep rate for any other stress not covered in the
above tests can be obtzined from the graph shown in Figure XVIII.
Since this graph is a straight line, it is also possibl® to establish
a rglation betwegn the minimum creep rate and the =mtress at the test

temperature.

The general expression for such a straight line would be

Czasb



where C = minimum creep rate in inches per inch per hour
8 = stress in psi
a and b are constants.
The same expression can also be written as
logC = loga + b logs
where loga = intercept on the minimum cresp rate axis
and b = slope of the straight line
= 8.2353 (obtained from the graph in Figure XVIII)
8ince the straight line is not intersecting the minimum creep
rate axis within the graph paper, the intercept can b# found by sclving
any one linear relation correspond to that straight lina graph. This
can be done as follows:
log(2.4353 x 10-5) = loga + 8.2353 log(25,000)
or loga = ~ 40.8792 = B1.1208
Hence, a = 1.3206 x 10""1
Therefore, minimum creep rate - stress relationship is

C = 1.3206 x 20~k 82353

When there are many points which are spread considerably and when
it is not possible to join them in one straight line, the m&thod of
lgast squares is the beat fit for such a situation and the constanta
in the expression can be #valuated =s follows:

The minimum cresp rates oktained on Hastelloy alloy-X bar
material at 1200°F and at 12,500 psi and 35,000 psi =tress levels are

0.75 x 10-7. 2.4353 x 10-5 and 3.7742 x 10.# in/in/hr. respectively.
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Relationship between the two variables is C = et(S)b or
log. C = log. a + b log. S or a=log.a+b§

The required quantities to substitute in equations (5) and (6)
are summarized in Table 5.

Table 5. f“uantities to Evaluat® the Constants in the Relation
Between Minimum Creep Rate and Stress

T 3 S ()2
Z.8751 = - 7.1249 4,0969 - 29,19 16.7746
5.3865 = - 4.6135 4.32979 - 20.2897 19.3415
L5768 = - 3,4232 4,544 - 15,5554 20.6488

-15.1616 13.0389 - 65.0351 56.7649

Z2C 15,1616 _ _
g ==t v SSEES o = 5,050
___%5 _13.0389 _
AS = " = 3 lh}%}

Z SC - wmiAz Az - 65.0351 + 3 x 5.0539 x 4.3463

C 8

P = = 8.1“"16
=(3)° - nag)® 56,7649 - 3(4.3463)°

b

log. a = Az = ™M (A‘g)

- 5.0539 - 3(4.3453)
- 40,4397

H

51.5603

3.633 x 10"1'1

[
n



Hence, minimum creep rate - stress rslationship is

C = 3.633 x 10-41 (8)8.1416

This relationship can be used to find stress distribution in
a design problem whan there is both combined bending and direct load,
and steady creep. The relationship can also be used to predict the
minimum creep rate for any other stress at the test temperature

1200°F.
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APPLYING THE DATA IN A DESIGN PROBLEM

The amount that a member deforms or creeps depends upon the
stress, temperature, machining, pre-history of the material in casting,
heat treatment and the chemical composition of the material. Moreover,
the materials which will have the same characteristic¢s at room tempera-
ture may differ in creep characteristics at higher temperatures. So,
suitable values for working stresses at high temperatures can be
determined only by experimental methods.

When the part operates at high temperatures with a close clear-
ance, the designer must predict the amount of creep that may take place
during the entire life of the member. Where these close clearances are
not involved, the permissible creep deformations are limited by taking
into account the total deformations that may cause the embrittlement
and fracture. In either case, the creep data is essential.

Sometimes designs may impart brittleness tendencies to materials
which would otherwise be ductile. If a bar is subjected to an uniaxial
load, necking takes place as it approaches fracture. If the same bar
is loaded laterally as well as axially and if these lateral loads are
high enough, plastic behavior can be suppressed to the point where the
bar would break in a brittle manner with no elongation and no reduction
in area. So the complete analysis of the various forces which will act

on a member to be designed is very important.
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Sometimes th® concepts of & limiting creep stress can be used

15) defines the limiting creep

in & design problem. H. J. Tapsell
stress iig '""the lomd per unit of the original area which will just not
break the# bar when allowed to remain for a long time." This limiting
creep stress with a proper factor of safety may be used as the safe
working stress in design using the formulas based on elastic theory.
The part designed in this way may deform with time even though it
would not break. So this procedure may not be very satisfactory.

The experiments on creep show that the creep rate is particu-
larly @ensitive to temperature changes, Evan if there is 25°F higher
than designed temperature, it may amount to an increase in the creep
rate of 6 to 10 times, depending on the temperature at which it is to
be operated. So sufficient allowance must be made for possible temp-
erature fluctuations and the design must bde based on the maximum
temperature rather than on an average temperature.

The designer must also bear in mind that extrapolating on 1000
hour tasts and using in design is a matter of chance. So the designer
mugt be careful in selscting suitable methods for extrapolating the
data and in using proper safety factors to compensate for the unknown
variables.

Since the mechanical reliability and useful service life of a _

gas turbine plant are governed almast sntirely by the design of power

(15)Tapaell. He Je, "Creep of Metals,"” Oxford University FPress,
London, 1931.
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element, such & design muat be based on high efficiency, dependability
and low first cost. The most important factorm to be considered
before designing any gas turbine power element are expected useful
service life, maximum steady load and variable load and the desired

efficiency. According to H. D. Emmort,(l6)

these principles sontribute
to adopting mulfiple stages, employing maximum blade height ratios in
the low preassure elements and rotating at a maximum speed.

Here in this brief discussion, the author's object is to con=-
sider the creep aspect of view only, i.e., analyzing the forces acting
on a turbine blade, and to apply theé experimental creep data and its
results in the design of this turbine blade. The author has to assume
certain data as known, especially the fluid mechanics and the mechan~
ical design of the turbine blade path.

Creep rate and total deformation data can be used for sstablish-
ing actual working stresses for rotating parts. Fatigue strength at
operating temperature is of considerable importance in selacting blade
matarials. jAccurate fatigue data are not available for msny high
temperature alloys. Hence compensation must be provided by limiting

bending strgsses as much a@ posaible, and by controlling blade

vibrational characteristics.

(16)Ehmort. H. D., "Current Design Practice®s for Gas Turbine
Power Elegenty," Trans. A.S.M.E., Vol. 72, pp. 189, February 1950.
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The following important factors should be considered in selscting
the permissible working stresses. The machine must be protected
against failur® due to mither fracture or excessive deformations that
may occur due to the extra peak load conditions. According %o

Qa7 stability of steels should also be taken into asecount and

Weaver,
protection should be provided againat any changes in structure after
it is installed. Some allowance also must be provided due to inaccura-

cies in stress analysis in complicated machine elements.

é&ﬁll“inﬁ the Streases Acting on a Turbine Blnda

The forces acting on a turbine blade are centrifugal and bending
forces generated by rotation and fluid pressure differences respectively.
The higheat stresses acting on the turbine blades are due to centrifu-
gal forces in the rotating parts and these stresses will act at the

root of a blade. This can be calculated by using the following

equations

S, = 452 £ A (N/1000)%
Where ft = taper factor, can be obtained from a graph

= gpecific weight of the material in pounds per cubic
inch

N = mpeed in R.F.M.

A = annular flow arsa im square inches

sc = gverage tensile stress due to centrifugal forces in pai

17)

weaver, op. cit., pp. 745=-751.
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The derivation of this equation cam be obtained from any
standard textbook on gas turbines. The principle employed in deriving
this equation is Newton's second law of motion. Consider an slemental
mass. The centrifugal force acting on this elemental mass is the
product of mass and acceleraticn. The equation mentioned ¢an the pre-~
ceeding page can be obtained by integrating thias to the entire mase.

The bending strasses ars produced in a turbine blade by the
forces resulting from fluid velocity changes (Fx) and pressure dif=-
ferences across the blade row (Fy)' The expressions for the bending
momegnts produced due to these two forces can be obtained from "Theory

(18)

and Design of Steam and Gas Turbines'" by Jokn F. Lee or from any

othgr mtandard textbock on gas turbines. The expreesions are ss
followa!

Bending moment around the X-axlis of the root smection = Mx

2
r V. h V'
- sl ‘ngzA_! 1b. ft.

wWhere T mean radius of blade row in feet

V = axial veloeity of air in ft./sec.

-2
[ ]

blade length in ft.

ASY = ghange in rotational velocity component of air at mean
radius in ft./sec.

gravitational constaat in ft./tle.z

(]
"

(IS)L.e, John F., "Theory and Design of Steam gnd Gas Turbines,"
McGraw Hill Book Company, Inc., New York, 195k.



75

v = specific volume of air in cu. ft./lb.
2z = number of blades
Here asBumed that it is having a free vortex stage.

Bending moment around the y-axis and the root section = My

TThz AP (2 r, + rr)

= 3z lb. ft.

Where AP = change in pressure across the blade row in 1lb./sq. ft.

r, = radius of the turbine wheel to the tip of the blade
row in feat
rr = radius to the root of the blads# row in feet

The next step is tranaferring these moments to the principal

axes P and Q. The properties of a principal axis are the following.

(1) The moment of inertia at the intersecting point of the
principal axes ias #ither greater or lesmssr than at any other axis

passing through that point.

(2) The product of inertia for these principal axes is zero.

Thesa principal axes can be found by using the relation given

by Seoly‘lg) as
2 I
tan 2 6 'I__—.&i-
y x
where 6 = angle bstwesn the principle axis and X~-axis (shown

in Figure XXI)
Ixy' product of inertia about x and y axe=m

Ix and Iy are moments of inertia mbout x and y axes respectively.

(19)Seoly. Fred B., Insign, Nswton E., and Jones, P&ul G.,
“Analytical Mechanics for Engineers,'" John Wiley & Sons, Inc., New
York, 1958.
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Accurate control of blade frequency is required to limit the
vibrating stresses within the data assumed in stress analysis. The
design must be suitably modified in such a way that the frequency
corresponding to the first mode of transverse vibration lies above the

fourth multiple of the maximum rotational speed.

Numerical Example

To show the application of creep data in design, the author has
taken one standard profile of a reaction turbine blade shown in Figure
XXI and also assumed the following data to complete the problem.

Temperature of gas flow is 1200°F. Assumed the blade under
design is in free vortex stage, r = " r, = 13", N = 6000 R.P.M.,

z = 80, AP = 10 psi, V_ = 260 ft./sec., P = 50 psi, V= 380 ft./sec.,
specific weight of the Hastelloy alloy X bar material is 0.297 1lb./cu.
in.

The area of the reaction blade root profile in Figure XXI is
measured with a planimeter and found to be as 0.17 sq. in.

Area of the reaction blade tip profile = 0.085 sq. in.

h=r

¢ =T ® 13 =7 = 6"

» 0.082
Area ragtio = 6:i7 = 0.5

6
h/zrmga(z-g—l-z)go.s
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Assuming the taper as between linear and ceonical taper, the tgper
factor from the graph by Emm-rt<iz) can be found by interpolation and

is equal to 0.725.

RT «3 (1200 + 460)
V= ‘1;- = 21‘%0 x m = 12.25 cu.fto/lbo

A T2 rrz) s 123 a9%) e P76:8 By.tn,

8 wihsd Y ¥ A(NAOOO)Z
4,52 x 0.297 x 0.3 x 376.8 x (6000/1000)2

AP il 2 .
S T e
- 2
10 1 (6) ,2 X 13 +
e ¥ i S lg ;
= 13 1lb.in.
2
x " EV %

1 x 10, x 260 x (6/12 2 x
v 32,2 X 12.25 X g%

2.05 lbcftc = 2".6 lboino

At this mtage, m graphical construction is used to find the mom-
ents of inertia Ix and Iy as shown in Figure XXII (m) and cbtained the

following resgults.

4 4 &
Ix = 0.006 1n ’ Iy = 0.004 in 'Y Iw = 00001 in

(aa)Ehnort, op. cit., pp. 197.
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The direction of principal axis can be found as follows.

el 2 x 0.001

20 u ge——dhas o
L S R s 0.006 - 0.00%

v x
€ = 22,5 degrees or 112.5 degrees

= 1

The Mohr's circle can be constructed to get the moment of inertia
about the principal axis and it is shown in Figure XXI (c)
I = 0.0062k in", I, = 0.0038 in*
Section Module:
hel/%

Zy = 1./ B, = 0.00626/0.2 = 0.0312 in®

0.00624/0.17 = 0.0367 in-

= s % 3
Z3 Ip/ Z3 = 0,00624/0.155 = 0.0403 in

&3
i

3
_ _ 3
ZTE = Iq/ ETE = 0.0038/0.8 = 0.00475 in
Bending moments about the principal axes P and Q:

M
p

[

M sin © + M cos ©
Yy p 4
= 13 sin 22.5 + 2‘406 cos 2205

27.5 lb.in.

M =¥ cos ©® -M sin ©
y X

13 cos 22.5 - 24,6 sin 22.5

2-5 1b. in.

Bending Stresses

27.5/0.,0367 + 2.5/0.0076 = 1079 psi

LE

STE = :-qp/z2 - Mq/ZTE

SB = - Hq/23 = - 2.5/0.0“03 = = 62 psi

Minus sign indicates compression.

S. = Mp/zl + Mq/ZLE

27.5/0.0312 - 2.5/0.00475 = 354 psi
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Maximum steady stress at the concave side of the leading
edge = 8, + Sip * 13,266 + 1079 = 14,345 psi

Neglecting the variable stresses, the minimum creep rate at
this stress for Hastelloy alloy X blade material from Figurs XVIII is
2.5 16" in./in./hr.

Assuming the creep strain that is allowed in the turbine blades
as 0,001 inches per inch and neglecting the primary creep, the useful
lifetime of these blades is

0.001/2.3 x 10”7 = 4348 hours

If thia is too short a period for the life of the turbine
blade designed, a different material may be used posseseing greater
resistance to creep or the design can be changed by reducing the oper=-
ating speed which in turn reduces the stress acting on these turbine
blades.

Parts may be subjected to thes combined bending and direct load
straining action under creep conditions. When the predominant action
is bending, the parts are much more favorably strezased than would be
the casas if the material were slastic, and the design can b# basad on

(23)

as described by R. W. Bailey. when the predominant action is a

direct load, the atress conditions will approach those for elastic

conditions.

(23)Ba11ey, Re We, "Utiligation of Cresp Test Data in Engineer-
ing Design," Institution of Mechanical Engineers (Lendon), Vol. 131,

1935.
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RECOMMENDATIONS AND CONCLUSIONS

Because many millions of dollaras ars derived from the design
and assembly of equipment with an intrinsic safaty factor or factor
of ignorance, it would be demirsble to invest more money in testing
fquipment that would give mores accurate results in creap tests. Such
tests can ba applied with ralisbility and accurmcy in design for
optimum conditions. The prest&nt day squipment is enough to do the
baeic laboratory rasearch in this field.

The r&sults obtained in the experiménts are satisfactory sxcept
in the casme of the high minimum cresp rates. In the muthor's
experience, the differance betwsen the exact minimum cresp rate and
that obtained in the experiments incremsed as the strems increased.
This conclusion has besen reached after establishing the following
facts. The first fact is that the minimum creep rates are higher in
o sheet than in a bar of the same materiml. The mecond fact is that
the minimum cresp rate which the author obtained in his experiment is
less in the first test (12,500 psi), equal in the second test (25,000
psi) and higher in the third test (35,000 psi) in comparison to the
data supplied by Union Carbide Corporation on & sheet of the =ame
mgterial. Thg third fact is that ths minimum creep rates which were
obtained in ths muthor's experimentation all lay in oae perfect

mtraight line as shown in Figure XVIII,
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In spit® of the many difficulties that were experiencgd through-
out the author's experimentation, he is happy to say that he obtained
good results because the overall performance was good and the points
plotted in Figure XVIII were all located on a straight line. Sug-
gestions for improving the existing cree#p testing equipment at South
Dakota State University would first apply to the extasnmometer device.
Since the platinum strips are not in the same plane, the micrascope
cannot be focused prop#rly on both strips at the same time. Thus either
one or the other is in prop#r focus at any particular time,

By use of the mechanism shown in Figure XX, this difficulty can
be avoided. Figure XX is an illustration of a slotted stainless steel
section with a mating section designed to slide in the slotted section.
One platinum strip is welded to the front face of the slotted stainless
steel siction and the second platinum strip is welded to th&# front face
of the mating stainless steel saction. This is a configuratiom in which
both platinum seatings are in tha same plan# at all tim&. In order to
obtain mors accurscy in the measurements, an alternate slotted con-
figuration such ag a Tee slot can be investigated.

The grror in the minimum creep rate is cdue to the manner in
which the gxtensometer device is attached to the specimen. The effect
of fillet radii and the increase in diameter due to the &houlders of
thg specimen can be determined in the# following manner., #ttach thé#
brackets to which one set of platinum strips (instead of two s@ts as

wg did in all the tests) is welded, to the shoulder& of the specimen
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facing one of the windows in the furnece. Form g right angle bend
with each of two stainless steel wires. To one end of each of these
wires, spot weld & platinum strip. After this is accomplished, weld
the other end of each of these wires to the specimen under test.

Other than the changes mentioned above, the configuration is the same
as that previously described. The creep microscope readings can be
taken from both sides of the furnace. The distance between the two
welded spots on the specimen should be at least four times the diameter
of the specimen. It is to be noted that the effects of fillet radii
and increase in diameter due to shoulders of the specimen are avoided
in this case. If we measure the creep of both different attachments,
the difference between the two will give us the effects of fillet radii
and increase in diameter due to the shoulders of the specimen.

The other factors like calibrating the furnace by trial and
error method (as demcribed in the furnace manual) to minimize the
temperature variation along the specimen gauge length, calibrating the
tharmocouples accurntely and using new thermocouples for each test,
focusing the microscore on the same area and moving the bifilar cross
hairs in the same direction to reach both reference points, standard-
izing the potentiometer controller circuit everyday and using new
battery for each test improves the accuracy of the results.

It was also found during the first test (12,500 psi stress level)
that the leveling switches in the l&veling switch assembly were not

sensing even when the lever was inclined more than 1°F to the
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horizontal. When checked once, the inclination of the lever waas found
as follows. The author took two points which were 8" apart on the
longer &rm of th# lever and measured with accurate gauges the height
of thess two #nd points on the longer arm from the top of the top
plate of thke basic frame assembly cf the creep testing machine to the
bottom of the longer arm. From these measurements the angle of
inclination of the lever tc the horizontal is calculated in the first
test and found as 1.28., Before anyone starts an experiment on this
machine, better adjust the leveling switches in the leveling switeh
assembly as= described in the manual.

If there is a creep microscope stand which can b# moved
horizontelly and vertically with a device# of ball and socket arrange-
ment, it will be mors convenient than mounting the micreoscope on a
bracket. Algso if tha furnace is made in two halves with a provision
to clamp them firmly together during experimentation, this arrangement
would be more convenient to install the aspscimen in positien and to
focus the microscope on the platinum strips used for extension measure-

ments.

The rupturg time for Hastelloy alloy X bar material at 1200°F and
35,000 psi stress lavel was found by interpolation from a graph supplied
by Union Carbide Corporation as round about 470 hours. The comclusion
reachgzd by the author shows that the minimum creep rates obtained in
all the three tests are higher than the actual values because of the
manner in which the extensomster device is attached to the specimen.

The other fzctors like temperature variation along the specimen gauge
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length, the temp#rature variation from time to time, etc., also
effect the minimum creep rate. So the rupture time for 35,000 psi
Etre#ss level should bi# a little bit less than or at most equal to
470 hours. However, th& rupture time found at 1200°F and 35,000 pei
stress level was 569.1 (60 + 509.1) hours. The difference in rupture
time between the value obtainad in the author's experimentation and
the value published by the manufacturer is at least 100 hours. The
explanation for this difference is as follows:

The creep tension test at 35,000 psi stress lavel was carried
out in two stages. The test was stopped at 60 houra, cooled rapidly
at room temperature (75°F) without removing the load by sliding the
furnace away from the specimen. As the a@pecimen cooled down, the
gearmotor operated automatically and brought the lever to the horizon-
tal position, thus the load maintained constant until the specimen
approximately reached the room temp#raturs. The load was then rsmoved,
the brackets of the sxtensometer device to the specimen shoulders werm
refixed and the test continued. The way it was cooled affected and
increasgd the time for rupture to 100 hours due to recryatallization.
Apparently the materisl possess#s the property of either increased
resigtancg to crsep or grsater elongation. Th# other mechanical
properties were not determined after cooling to room temperature in
the middle of the test. If these mechanical propertie& satisfy the
required conditions for design, the procmss of cooling helps in getting

favorable high temperaturs creep properties on the same existing
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material. Further research can be done in improving the creep
properties in this way on the existing materials as well as finding
new materials which will be more creep resistant for high temperature

purposes.
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APPENDIX A

PROPERTIES OF HASTELLOY ALLOY X

Chemical Composition, Percent

Nickel| Cobalt|Chromium MolybdenumITungsten Iron| Carbon |Silicon|Manganese
Bal- [0.5 to| 20.5 to| 8.0 to 0.2 to [(17.0] 0.05 | 1.0* 1.0*
ance 2.5 23.0 10.0 1.0 to to
20,0 0.15
The bar is solution heat treated at 2175°F according to tha
specification: AMS 5754 - C, and then water quenched.

Melting

Density

temperature = 2350°F

= 00297 lbo/cuoino

Mean coefficient of thermal expansion (79 - 1200°F) = 8.56

micro inches/inch/degree F

Specific heat = 0.105 BTU/lb.-deg. F

Modulus of elasticity at room temperature = 28.49 x lO6 psi

Modulus of elasticity at 1200°F = 22.32 x 106 psi approximately

This material is a nickel base alloy with exceptional strength

and oxidation resistance up to 2200°F and also has forming and welding

characteristics.

Further details on this material can be obtained from Haynes

Stpllite division, Union Carbide Corporation, Kokomo, Indiana.

*Maximum values.
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APPENDIX B
METHOD OF LEAST SQUARES

The proposed equation for the experimantal data is
log(creep atrain) = a + b log(time)

or ;kal-fb?k

Suppose the creep mtrein that we get after determining mnd using

the constants 'a' and 'b' is ¢,, for any time 't °.

1k k
The principle employed in this method is to minimize the #rror

(ck - ;ik) by meking the sum of the squares of the residuals
(ck - clk) as small as possible.

n
The sum to be minimized is Z (:k -C
k=1

)2 . E-(a+bt)

.Zc +naf o ? Zt -hZo -2bzcktk+aabit

k=1 k=1
Where n = number of observatiocns.

To determine 'a' and 'b' which will make % (gk - Elk)z a

minimum, the partial derivatives with respect to 'a' and 'b' must be

equal to zero.

O - 42
ice., e . L(c ¢ ] na Z e, + Z

k=1 k=1
n em
ECk k.ltk - -
. -
or a = > - b S = Aek bAtk (6)
Ek
- p; | :
where Aey = K (the average of the ¢, 8)
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k=1 k=1 k=1
2 ¢ [
n n k k
or b T.i- cktk* k-i‘ -bk—"l-—-jl 'é'k.o
Kal k=1 B kel

n
4 -— - s - — 2
1.0, bZtk - Zok tk +n Ack Atk - nb (Atk) = 0

or b t. - n(at) ] B c,_ t - n Aec, At
=1 k k ol kE 'k k 'k

B
E'c"i:'-nAEAt
ik k k 'k

b =
n
> ?i - n(Atk)2
k=l
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AFPENDIX C
PRINCIPLE OF LEAST SQUARES TO FIT WITH POLYNOMIAL EQUATION

The proposed polynomial expression to fit the experimental data

2 i

of 25,000 psi stress level ias e+ alt + ;2t = E ait .
=8 + t+at2
C3™% "R %Y

£
€ 2=8,+ 8t +at

Ck™=9* altk + aztka
The principls of least Equares states that the best rapressnta-
tion of the data is that which makes the sum of the squarss of the
differences betwesn the calculated values and the obsarved valuss a
minimum. That is
(l°+a1t1+a2t12- )24(a ot tota, 22 G;2)2+.......+(a°+a1tk+lztk2- Gi
= F (ao, a), 12) must bs minimum.

)2

To satimfy this condition, the partial derivatives with respect

to 'a ' al and 'az' must be zero. That is,

2 2 & ¢
—_—a2(a o8yt tast 1)+(a°+ult2+a2 "R 2)+...+(l°+a1tk+a2tk - k)-0

2_ ¢ £ 2. € A
— a2(a +altl+a2 1 )t +(a +a1 ot 2 2 )t +...+(l°+nltk ot K

€
n)tk-O

2. 2. € ¢ 2. ¢
=2(a +a1t1 2 1 )t +(l +a1 o8, 2 )t +...+(a°+altk

2 2
- &
+a2t1 ) tl =0



or

2 2 2
uo+|1(t1+t2+t3+...+tk)+12(t1 +t, toautt, )= €1+ €2+...+ ek

2 , 2
..o (t1+t2+t3+o X +tk)+a1(tl +t2 LIX X} +tk2)+‘2(t13+t23+. X +tk3)-
€ : €
1t1+ €2t2+o X R4 ktk

2, 2 2 3.3 3 y 4 "
l.o(tl +t2 4-...+tk )+a1(t1 +t2 +...+tk )na(tl +t2 4-...-»1:k )=

€ t 2-0' €2t22+ooo+ € t :

11l k'k
or
S°a°+81a1+saa-l(° --------- - (1)
Sla°+82a1+53a -Kl-- ----- - - = (2)
Szao+sja1+s,+a2-l(2 ------- - - = (3)
whare S° -t1°+t2° toset tko =R

n
81-t1+t2+t3+....+tk-§ltk

2 2
32 L t]. + tz +eceot tk B

3 3 3
S = ¢t + t ‘oo et tk =

° k=l
2]
Kl = 61‘1 + €2t2 +eoset ektk = kZ-l: ektk

n
2 2 2
R IR AR AR

& ) R § 22
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The lin®ar equations (1), (2) and (3) ars known as normal
(24)

f#fquations. These equations can be molved by Crout's Method.

From the matrix of the system plus a check column

Sl 82 S3 Kl F2
SZ 83 Sn K2 13
where
F1 = So + Sl + Sa + Io
FZ = 31 + 82 + S3 + Kl
F} = S2 <+ S3 + S" + Ka
A derived matrix
N B & & B
A B G D B

A B C D E
can be calculated in the following manner.
g =By by ow By
Step 2: Firast row, B = Sl/So, C, = Sa/so. D, = Ko/so' E = Fl/so

Step 1: First column, Al = So. A

Check: El =1 + B1 + Cl + D1

Step 3t Second column, BZ = 82 - BlAa' B3 = 83 - 31A3

(2h)Crout. prescot D., "A Short lethod for Evaluating [etermin-
ants and Solving Systems of Linear Equations with Real or Complex
Coefficients," Trans. A.I.E.E., Vol. &0, pp. 1235, 1941,



Step 4:

Step 5:

Step 6:
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S, - C,A - DA
Remaining second row, 02 = _2_5__}_3 H D2 = Kl 5 12
2 2
s LRy
A "
Check: E, = 1+ C, + D2

Remaining third column, 03 = Sh - 0233 - ClA3

Remaining third row,

K, - DBy = °152
- c

D
3 3
E3 i F3 - EE;} - ElA3
.
Check: E3 =1l + D3

Solutions are then given by:

IZnD3
8.1 = D2 - 028.2

8, = D) = Gyay =~ Biay



	South Dakota State University
	Open PRAIRIE: Open Public Research Access Institutional Repository and Information Exchange
	1965

	Creep Tension Tests on Hastelloy Alloy X Bar, Predicting its Behavior and Applying the Data in a Design Problem
	Y. V. S. Rao
	Recommended Citation


	01242019_113505-0001
	01242019_113505-0002
	01242019_113505-0003
	01242019_113505-0004
	01242019_113505-0005
	01242019_113505-0006
	01242019_113505-0007
	01242019_113505-0008
	01242019_113505-0009
	01242019_113505-0010
	01242019_113505-0011
	01242019_113505-0012
	01242019_113505-0013
	01242019_113505-0014
	01242019_113505-0015
	01242019_113505-0016
	01242019_113505-0017
	01242019_113505-0018
	01242019_113505-0019
	01242019_113505-0020
	01242019_113505-0021
	01242019_113505-0022
	01242019_113505-0023
	01242019_113505-0024
	01242019_113505-0025
	01242019_113505-0026
	01242019_113505-0027
	01242019_113505-0028
	01242019_113505-0029
	01242019_113505-0030
	01242019_113505-0031
	01242019_113505-0032
	01242019_113505-0033
	01242019_113505-0034
	01242019_113505-0035
	01242019_113505-0036
	01242019_113505-0037
	01242019_113505-0038
	01242019_113505-0039
	01242019_113505-0040
	01242019_113505-0041
	01242019_113505-0042
	01242019_113505-0043
	01242019_113505-0044
	01242019_113505-0045
	01242019_113505-0046
	01242019_113505-0047
	01242019_113505-0048
	01242019_113505-0049
	01242019_113505-0050
	01242019_113505-0051
	01242019_113505-0052
	01242019_113505-0053
	01242019_113505-0054
	01242019_113505-0055
	01242019_113505-0056
	01242019_113505-0057
	01242019_113505-0058
	01242019_113505-0059
	01242019_113505-0060
	01242019_113505-0061
	01242019_113505-0062
	01242019_113505-0063
	01242019_113505-0064
	01242019_113505-0065
	01242019_113505-0066
	01242019_113505-0067
	01242019_113505-0068
	01242019_113505-0069
	01242019_113505-0070
	01242019_113505-0071
	01242019_113505-0072
	01242019_113505-0073
	01242019_113505-0074
	01242019_113505-0075
	01242019_113505-0076
	01242019_113505-0077
	01242019_113505-0078
	01242019_113505-0079
	01242019_113505-0080
	01242019_113505-0081
	01242019_113505-0082
	01242019_113505-0083
	01242019_113505-0084
	01242019_113505-0085
	01242019_113505-0086
	01242019_113505-0087
	01242019_113505-0088
	01242019_113505-0089
	01242019_113505-0090
	01242019_113505-0091
	01242019_113505-0092
	01242019_113505-0093
	01242019_113505-0094
	01242019_113505-0095
	01242019_113505-0096
	01242019_113505-0097
	01242019_113505-0098
	01242019_113505-0099
	01242019_113505-0100
	01242019_113505-0101
	01242019_113505-0102
	01242019_113505-0103
	01242019_113505-0104
	01242019_113505-0105

