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The results of short-time creep-buckling and creep-bending tests of
2024 ~Th aluminum-alloy columns of slenderness ratio 111 are presented.
The tests were performed at 600° F, and strain measurements were teken
with high-temperature electric-resistance strain gages. A description
of the development of the gages 1s given in an appendix. The column
tests show that the critical time decreases much more rapldly with
increasing load than with increasing initlal deviation from stralightness.
The bending tests Indlcate that the steady creep rate of the curvature
is a simple power function of applied moment. These latter results,
together with a previously derived creep-buckling theory, are used to
develop & semlempirical formuls suitable as a guide for the determinaetion
of the critical time for colwmms.

INTRODUCTION

¥When a losd-carrying structure is used at elevated temperatures,
its structurel elements deform with time even though the extermsal losds
mey not change. If the structure contains components which are subjected
to compressive loads, the danger of a local or general Instebllity exlsts
because of the interaction between the loads and creep deformations. The
need for sultable design criteria covering such fallures is apparent.
Unfortunately, such problems are extremely complicated and generally not
amenable to simple calculations. Such 1s the column problem. Kotwlth-
standing, several more or less approximate column creep-buckling theories
have been published in the past few years (for example, refs. 1 to 6).
Some appropriate column tests have also been reported (for example,
refs. 4 and 7 to 11). In reference 10 & fairly comprehensive test pro-
gram, the results of which were presented in the light of the theoretical
results of reference 2, faciliteted the construction of column curves for
TOT5-T6 aluminum-alloy columns., These curves appesr to be satisfactory
for design purposes in the temperature range 300 to 600° F.
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The present report represents an extension of references 11 and 5,
respectively, inasmuch as 1t reports on the resulis of a serles of creep-
buckling tests on 2024-T asluminum-slloy columns and applies the results
of the creep-buckling theory described in reference 5. Data obtained
from creep-bending tests and used in the correlation of column tests
snd theory are also presented. In the column and beem tests, high-
temperature electric-resistence straln gages were used to measure strain.
The development of these gages 1s described in the appendix. A semi-
empirical formula is derived which may serve as a gulde for determining
the menner in which the critical time of a column depends upon losad,
initial deviation from strlaghtness, and the physlcal snd geometric prop-
erties of a column.

Thils investligation was carried oult under the sponsorship and with
the financiel assistance of the National Advisory Committee for Aeronautics.
The authors asre grateful to Profeasor N. J. Hoff for his valusble sugges-
tions and to Messrs. Francis W. French and Samuel Ledermann for their
agsistance In ‘the test program.

SYMBOLS
A aree of cross sectlon of column
8y amplitude of nth Fouwrler component of initial deviatlion fram
straightness
E, Ep modulus of elastlelty at room temperature and at elevated

temperature, respectively

E1 " creep congtant

elhot value of 8q / p @etermined at ueJ._eva'bed tgmpera‘bure

fTo ratio of total midpolnt deflection to column depth at + = 0,
el - Gl

h depth of cross section of column

h* depth of idealized H-sectlon equivalent of rectangular

section, h / \/g
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I least moment of Ilnertia of rectangular cross section

k, m creep constants —

L colum length

M bending moment

n Integer

P axial load on column

Pg Euler load

R radius of curvature

t time

tor critical time

tq time at which z = 1/2

Wy Initial deviatlon from stralghtness

w(t) deflection due to loads

w(t) emplitude of w(t)

w¥ total midpoint deflection immedistely prior to collapse

x axial coordinate

z ratio of total midpoint deflection to column depth at any
time ¢

o ratio of applied loed 4o Buler load or ratio of average
axial elastic strain to Euler strain, P/PE or €fep

€ gtrain, positive In compression

ex Fuler strain, (mp/L)2

€ average elastic strain ascross colum depth, P/AE

A€ difference in strain on convex and concave surfaces of beam
or column . . .
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average of Ae taken over central two-thirds of column

av

A creep constant

o radius of gyration of rectengular cross section, h/2,j3
a atress, posltive in compression

g =P/A

op Euler stress

T nondimensional time pasrameter

Ter critical value of time parameter

Ty value of time parsmeter coxrwresponding to 2z = 1/2

COLWMN TESTS

The results of two series of elevated-tempereture tests performed
on colume fabricated from 2024-Th aluminum slloy were presented in an
earlier report (ref. 11). Except for the technique described therein
for the determination of the initlel deviations from straightness, the
method of testing and the testing epparatus used In the present (third)
serles of tests were the same and, hence, are not described. Determina-~
tion of the initial deviations from straightness in the tests reported
here was accomplished st room and elevated temperatures with the ald of
the high-temperature electric~resistance streln geges described in the
appendix.

Determinstion of Initial Deviation From Straightness

The Inltiel deviation from stralghtness can be represented by the
Fourier series .

Wy = . 8y sin(onx/L) (1)
n=

in which wy vrepresents the Initial deviation of the center line of the
colum from the line of action of the axial load, &, 1s the smplitude
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of the nth Fourier component, and x and L, respectively, are the coor-
dinate and length messured along a straight line from one knlfe edge to
the other (fig. 1). If an axial compressive load is applied to an elastic,
simply supported column of rectangular cross sectlon, the difference in
the strain on the convex and concave gides is, from reference 11,

Ae = -(x/T)%ha g[x@ /(n2 - a.):lan sin (noex/T.) .(2)

in which h 18 the depth of the cross section, « 18 the ratio of the

applied load P to the Euler load Py = (:K/L)EEI, E d1s the elastic
modulus, end I 1s the least moment of inertia of the cross section of
the columm. The average elastlic strein across the depth 1s

€ = P/AE ' (3)

in which the strain is considered positive in compression and A 1s the
cross-sectlional area. Since the depth of the rectanguler cross section
is related to the radius of gyration p according to h = 2/3p and

since the Euler strain is given by e = (rcp/I.)z, equation (2) can be
expressed in terms of stralns as

pe = 23 ey Y /(6 - )] en statacx/n) )

n=1

in which ep = a.n/p and o = P/PE = E/G:E.

In ordex to correlate the creep-buckling characteristics of columns
with the amplitude e; of the first harmonic of the initial devietion,

1t 1s desirable that this quantity be determined very accurately. In the
present work this is accomplished with the use of suitable-gege-length
high-tempersture strain gages (see appendix). These gages are attached
to the columm In such & manner as to measure the change In the extreme
fiber lengths over the central two-thlrds of the column length. The
average straln difference over thils length 1s then
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: 5L/6
beg, = (3/2L) L/6 Ae dx (5)

Equations (4) and (5) yleld
De, = -(6/31)\/3(er E:-El/(ne - a.)]en sin(nrc/2)sin(nx/3) (6)
n=

It may be noted that those harmonics for which n is a multiple of 2
or 3 do not contribute to Aeav. Thus, &, &35, 8, &g and so forth

do not affect the calculations. Hence, 1f the applied load i1s not too
difflicult from the Euler load, all harmonics other than the first will
contribute Insignificantly; end, therefore, the average strain difference
can be approximeted by

he,., = -(9/n)[oo/(1 - aﬂ €5y (1)

This relation can be expressed in s form enalogous to that used for e
Southwell plot:

Negy = € (AGEV’E) + (9/1\:)(—:Eel (8)

in which Ae,,, and (Aeavl'e') are considered as variables; and, hence, the

equation is that of a straight line, each point of which corresponds to
8 given end load. The slope of the line 1s the critical strain ey and
the intercept is proportional to the nondimenslonal initial deviation
amplitude ey. Hence, if Aeg, and € are measured for a series of end

loads, €q and e; can be determined.

Measurement of Aeg, end € and Determination of ey

For the experimental determination of the average extreme fiber
strains, four high-temperature strain gages, each of whose length was
one-third of the colum length, were attached to the test specimen as
indicated in figure 2{(a). In figure 2 the locations of the gages are
indicated by the numbers 1 to 4. These gages were connected to = .
Baldwin SR-4+ strain indicator to form a complete four-srm bridge as
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shown in figure 2(b). This configuration efforded the direct determina-
tlon of twice the difference of the average maximum £iber straln; that
is, 2Aeg,. Tt also provided for automstlec temperature compensation and

for maximum outpubt from the bridge. In eddition, a switching system
enabled the gages to be coupled as indicated in figure 2(c}. This
arrangement faclilitated the measurement of twlce the average strain,
that is, 2e.

The procedure for the alinement of a colum was similar to that
described in reference 1l. This was always performed at room tempersture.
The upper pair and lower palr of gages were used separately (fig. 2(a)),
and known increments of load were applied to determine whether the two
peirs of gages yielded the same average strain € for a glven load.

This requirement was met in all tests. To Insure symmetry of the deflec-
tions, at the load level corresponding to that at which the creep-buckling
test was to be conducted the columm was alined In such a manner that the
upper and lower palrs of gages ylelded the same strain difference. During
this period of adjustment, the knife-edge supports were set to glve strain
differences in close accord with those calculated to correspond to &
prescribed value of the inltlal deviation emplitude ey,

When the alinement was completed, the circulits were arrsnged as
described previously in order to permlt the determination of Aey,, and
€. At room temperature several sebs of measurements of these quentitiles
were made for load veriations corresponding to o = 0.70 to 0.95, and
the results were plotted in accordance with equation (8) to obtein a
curve of A€y, versus Aeav! €. A typical curve is shown in figure 3.
For each column tested, the slope and Intercept of the stralghbt-line
portion of the corresponding curve of Aecg, vVersus A€y, € were deter-
mined by the method of least squares (see eq. (8)). The resulting Euler
strain ep and nondimensional initisl-deviatlon amplitude ey, 80 deter-~

mined, are listed in table 1. It may be noted from equation (8) that,
although values of ep depend upon the gage :_‘.‘ac-bor s values of ey do
not, provided all gage factors are ldentical. Alsc Included in table 1
is the Euler strain calculated fram eg = (wp/L)S. The test results for

€g &are seen to be in good agreement with the calculated value. The table
also contains values of the inltisl-deviation esmplitude elhot s which were

determined at the creep-buckling test temperature of 600° F. Because the
length of time required to messure strain increments at varlious load levels
would be sufficient to cause considerable creep at 600° F, elh L Vs

o

determined with the ald of equation (7) from a single measured change heg .,

corresponding to the increment in load from preload (o = 0.091) to colum-
test loed (o = 0.70%). Thus, the results obtained for elh cannot be
ot
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consldered too relisble, even though the effects of many of the higher
harmonics are autometlically eliminsted by the technique employed.

Results of Creep-Buckling Tests

The results of creep-~buckling tests performed on the slx columns
each of slenderness ratio 111, 12 inches long, and having a cross section
of 3/8 by 1/2 inch are presented in teble 1 and figures 4 and 5. In each
case the test temperature was 600° F and the end load was TT4 pounds
(¢ = 0.704). The time necessary for a column to collapse is denoted as
the critlcael time and designated as toy in table 1 and figures 4 and 5,

Collapse alweys occurred suddenly. During the course of each test heg

was megsgured as a function of time in the meanner previously described.
The deflections due to load of a column can be expressed in terms of
Ac(t) 1f it is assumed that cross sections of the column remain plsne
during bending and that the deflection w(t) is small and can be repre-
sented by a simple half-sine wave. Then

ae(t) = u[aw(s)/ax?] (9)
w(t) =_F(t)sin(rcx/L) (20)
and
5L/6
se(t)_ = (3/2)(n/1) f Eiaw(t)/ax'f‘_] ax (11)
av . L/6
Hence
w(t) = -(2/on) J3 (LQ/h) Ae(t) g, (12)

in which w(t) is the midpoint deflection at any time % and Ae(t)yy

is the corresponding difference in the extreme fiber stralins averaged
over the central two-thlrds of the columm length. In figure k the ratio
of the total midpoint deflection w(t) + aq to the colum depth h is

glven as a function of the time. The value found for thils ratlo lmmedi-
ately prior to collepse 1s designated as w*/h and 1is listed in table l.
It 1s seen to vary between 0.49 and 0.63 for this series of tests, and
for a preliminsry series of tests on columns of slenderness ratia 166 it
ranged from 0.53 to 0.56. In reference 10 it was noted that for

7075-T6 aluminum-alloy columns having slendermess ratios of 30 to 100,
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respectively, the quantity w*/h varied from 0.10 to 0.75. These tests
were performed at temperatures of 300 to 600° F., The small deflections
encountered in reference 10 and 1In the present tests Justlfy the use of
equation (9), that is, a small-deflection theory.

The criticel time +,,. gliven in table 1 is shown plotted against
ey in figure 5. The triangles and circles, respectively, correspond
to values of e; measured at room temperature and at test temperature

for o = 0.704. The remaining symbols represent data obtalned from
reference 1l. The curves, which are based upon theory, will be discussed
later. The results show that collapse time is much more sensitlive to
changes in end load than to changes in the Initlal deviation from straight-
ness. As pointed out in reference 11, the results may also be influenced
by the presence of higher harmonics in the initial deviation from straight-
ness and by the preload required during the hegting-up period. In e=4ddi-
tion, since 2024-T is a precipitation-herdened material, its physical
Egggerties may alter significantly with time at the test temperature of

F.

BENDING TESTS

In order to determine the material properties in creep bending of
the 2024 -Th aluminum alloy of which the columms were fsbricated, a series
of pure-bending tests was performed at 600° F. Some of the geocmetrical
and physical properties of the beams tested are:

Specimen size, in. 1% vy 1/2 vy 17

Tes.t length., jllo - o - L] - L 3 - .. [ ] Ll L] L - - L ] - * - L ] * - L] L] L ] 12
Beam depth, By M. o o o « « s0e o o o o o o o o s s o s o s o o 1/y
Modulus of elesticity et room tempersture, E, psl « . . » . 10.64 X 100
Modulus of elasticity at 600° F (see appendix), Ep, psi . . . T.4 X 106

Test Apparatus and Procedure

The test apparatus consists of an oven cgpable of meilntaining constent
temperatures up to 1,000° F and a loading device designed to apply a pure
bending moment to beams of rectengular cross section (figs. 6 amnd 7). It
mey be noted from fligure T that the entire aspparatus is supported on shock-
absorbing shoes to reduce the transmission of vibratioms to the test
specimen.

Oven.- The oven consists of a bottom plete and a cover (fig. T).
To the bottom plate, which is febricated from l-inch-thick Transite, are
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attached two 1,000-watt end two 250-watt electric strip heaters aa well
as knife-edge supports for the beam (fig. 6). The cover is made of two
boxes of Transite plete with 3-Inch-thick magnesls block iInsulation
between the walls. The inner volume of the assembled oven is approxi-
mately 1/2 cublc foot. Thirty minutes at full power 1s required to
obtain a temperature of 600° F, and one-third of this power is required
to meintalin this temperature during test.

Temperature measurement.- The temperature was measured along the
12-inch test length of the specimen with three equally spaced lron-
constantan thermocouples which were conmnected through e switch to &

Brown potentiometer (model 1117). The thermocouples were tied to ‘the
specimen with copper wire in such a manner that the hot Junctions were

In contact with the specimen. Since 1t was found that the temperature
difference between any two stations was within 2° F, only the thermocouple
at the mlddle of the specimen was used during the test. This thermocouple
operated an automatic temperature controller (Phen-Trols) which maintained
the test temperature to within 130 F,

Curvature measurement.- Strain measurements were made in e menner
analogous to thait described previously. However, two gages were attached
slde by side to the upper face and to the lower face of the beam, each
gage extending over the central one-third of the beam (fig. 6). 'The
average strain difference so obtained is also the straln difference at
any position along the beam becsuse the beam under a pure bending moment
deforms with a constant curveture change along its length and 1 = Ae/h,
where R 1is the radlus of curvature.

Test procedure.-~ The specimen was placed in position on the supporting
knife edges, end, with the load supported by mechanicel Jacks, the loading
knife edges were placed on the beam. The oven was then assembled and +the
temperature of the specimen stabllized at 600° F. Before the load wes
transmitted from the Jacks to the beam, the straln-indlcator reading was
teken. A reading was also made shortly after the Jacks were lowered.

The time lapse between the first and second measurements was from 20 to
30 seconds. For the first several minutes after loading, readings were

taken at the end of each minubte; theresfter, intervals of 2% to 5 minutes

wvere used. The test was termineted before excesslive deformations were
cbtained but not before 2 1o 3 hours of steady creep was observed.

Results of Creep~Bending Tests

The results of four creep-bending tests are given in figure 8 and
table 2. In figure 8 the curvature l/R is plotted against time. Since
the time intervel between loading and the first test point 1s not kmown
accurately, all points in figure 8 are subject to a possible shift
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equivalent to 20 to 30 seconds. The points shown along the sxis of ordil-
nates are computed from an elastic analysis with Bp = T4 X 106. A
conslderable portion of each plot 1s seen to lie in a range of approxi-
nmetely steady creep rate of the curvature. A straight line drawn through
the corresponding polnts of each of these plots yields the rates given
In table 2. The corresponding intercepts are designated as l/Ro. The

curvatures caleculated from elastic analysis are designated as 1/Re.
If the steady creep rate da(1/R)/dt from teble 2 is plotted on a
logarithmic scale as shown In figure 9, a straight line can be drawn

through the plothted polnts. Thus, the creep rate can be represented by
a power law of the form

a(1/r)/at = w® (13)

in which M is the appllied moment and Xk and m ere constants. With
the date given in table 2, the method of least squares yields m = 2.9%

and k =808 x 10712, TFf m is taken as the nearest integer,

m=3 ' (13=)

and Kk Dbecomes

k = 633 x 10712 1n,*11-Smin-1 (13b)

These values are used In the analysis. When inserted intoc eguation (13).,
they ylelds values of the creep rate in very good agreement with the
experimentsl velues (compare the third and last columms of table 2).

CORRELATION OF THEORY AND EXPERIMENT FOR CREEP BUCKLING

An analysis of creep-bending and creep buckling of an Jdealized
H-sectlion beam column was presented in references 5 and 6. In this
work a power-function creep law was assumed in the form

defat = (1/31) (do/at) + (crm'ﬁ\) (1)

in whiech € is the creep strain, o 1is the stress, and El, A, end m

are creep constents. The analysis presented could be extended in the
menner of Libove (re:f.'. 2) to columns of rectangular cross section, but
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the amount of labor required for the calculations does not appear
Justified, partlicularly in view of the many simplifying assumptions
necessary. Instead, the simple closed-form results of references 5 and

6 are used in conjunction with an effective H-section depth defined so
thet the statlic properties of the rectangular and ideslized E section
are equlvalent. Thus, since the moment of Inertls I and area A of
the equivalent H section, respectively, must equal the moment of Ilnertila
and area of the rectanguler section, the equivelent depth is

h* = h/\/3 (15)

In the case of pure bending of a beam whose creep parameters are the same
in tension or compression, equation (12) of reference 5 ylelds

a(1/r)/at = (2/nnx) (2m/an*)™ (16)

When applied to the H-sectlon equivelent of +the rectangulsr sectlon,
equation (16) together with equation (15) yilelds

a(1/r)/at = (2 ﬁ/‘Na) (2\/'3'M/Ah)m a7)

This equation 1s seen to be of the same form as the empirilcally derived
equation (13).

The corresponding creep deflection-time characteristice of a simply
supported column can be obtained from reference 5 or 6. It 1s hypothesized
In these references that the creep constants Involved can be determined
from simple uniaxisl creep tests together with equation (14). The actual
loading of a column involves both simple axial compressilon and bending,
Because of the importance of the bending, it is probably more Jjustifiable
to obtaln the creep consiants from creep-bending tests than from unisxilal
creep tests. Hence, for the present analysis the creep constents m
and A are determined with the aid of equation (17) and the resulis of
the pure-bending tests. The creep constant m of eguation (17) is then
equal to the corresponding experimentally determined value in equation (13),
and the creep constant A 1is related to k accordlng to

A= (2 J3/kn) (2 ﬁ/Aﬁ)m (18)
From equations (13a) and (13b), m =3 and k = 633 X 10'125_n.‘1‘1b'3m1n‘1,
and, from the specimen properties given previously, h = l/h- inch and
A = 1/8 square inch. Hence, equation (18) yields



Iy

NACA RM 56020 13

A = 268 x 10%F 1n. %1t7min (18)

Tn reference 6 closed-form expressions are given for the creep deflection-
time characteristics of H-section colums for arbiltrary Integrel values
of m. For the case m = 3, table 2 of refergnce 5 yields

z = fTo{ 3e3T/ EI—:E'TOQ (1 - eBT) + 5]}1/2 (19)

r ;

Tap = (1/3) log, l_l + (3/'th02):|[ (20)

in which z end £mq,, respectively, are the ratlos of the total midpoint
deflection to the column depth at any time + and immediately after loading

(g__-l;. t = Q)- T ds a nondimensional time narsmehber. and T... is the
7 iadend - 7 cr Se—

corresponding ceritical-time parameter., In the nobatlion of the present

fpg = (al/h*) / E. - (EIGE)‘J (21a)

z = (1/h%) [1'?(1:,) + a._L] (21b)
T = 2(E1/7\) [?/(GE - ’c?)]t (21e)
T = P/A (214)

og = (tp/L)?E; (21e)

In equatlions (14), (2lc), and (2le) the constent E, appears. It
is seen from referemce 5, or directly from equation (1), that B, is

an effective modulus corresponding to the intercept of the creep-strain
axis of the stralght line obtained In a plot of € wversus + £for con~
stant stress. Since the value of this strain intercept 1is always greater
than the corresponding elastic straeln, the effective modulus B, ie=

always less than the actusl elastic modulus, Hence, if equation (2le)
were used, the Euler stress so obitalned would be less than the actual
instanteneous buckling stress; and particularly when the applied stress T
is close to ‘the actusl buckling stress, equetions (21s) and (21lc) would
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yleld unreslilstic (nega.tive) values. In view of this, El is taken as
the actual elastic modulus at test temperature glven earller as

Ep = T.4 X 106 psl, Values for E; determined from the bending tests
and the relation 1/R, = M/E;I are given in table 2.

The critical time obtained from equation (20) with B = Ep 1is
plotted 1n figure 5. In general, the calculated results are in poar
agreement with the test results, particularly in the reglon of large
initisl deviatlon from stralghtness. In the theory this critical time
corresponds to infinite deflections and, hence, In part, to a region in
which the deflectlons are too large to be accurately characterized by
the small-deflection theory employed. Rather, useful column life might
be characterized by a limiting deflection, small enough so that the results
of the theory employed can be justified at least in this respect. The
curves of deflectlions versus time given In reference 5 indicate that,
after the total midpolnt deflection of the columm becomes equel to half
the depth of the column (i.e., z = 1/2) s the deflectlons increase very
rapidly. At this time the stress in the convex flange of the H section
1s zero and thereafter becomes tensile, Of course, the corresponding
action of a solid-section columm would not be go drastic, since stress
reversal starts only at the extreme flber of the convex side. The test
date for the present series of colum tests also Indicate that column
collapse starts when w¥*/h 1is approximstely 1/2. However, the date
given In reference 10 and mentloned earlier show that w*/h ranges from
0.10 for slenderness ratlos of 30 to 0.75 for slenderness ratios of 100
for a wide range of column parameters for TOT5~T6 aluminum slloy. This,
of course, suggests that choosing 2z = 1/2 to determine an approximate
value of the critical time is rather srbltrary. Nevertheless, when =z
1s taken equal to 1/2 in equation (19) and the remaining parameters are
chosen as described previously, the so0lid curves shown in figure 5 are
obtained. These curves deplct the trend of the data fairly well. The
corresponding equation in terms of the parameter T1s which corresponds

to the time at which z = 1/2, is from equation (19):

T, = (1/3) loge {(1/h) 1+ (3/4) (l/fTo) 5_{} (22)
From equations (2lc) emd (22), the time 4y is
ty = (1/6)(7\/El) (1/5)2 [(J_/d,) - 1] log {(1/1+) 1+ (3/4) (1/fTo) 2]} (23)

Tt should be noted that when equation (22) or (23) is used El should be
taken equal to Em. '
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The experimental and semiempiricel results shown in figure 5 are
replotted in terms of the parameters T and fTo in figure 10, The

scatter shown by the data 1s considersble., This is due in part to the
experiments, the results of which were discussed previously (see fig. 5),
and in part to the highly simplifled form of the analysis employed. The
results suggest, however, that, for columns whose slenderness ratlios are
of the order of those tested (111), equation (23) affords a reasonable
guide for the estimation of the collapse time. The present work also
indicates that, if a column is fabricated from a material whose behavior
in creep bending can be characterized at the working temperature by =a
simple power function (eq. (13)), a semlempirical formulas, corresponding
to the sppropriate vaelue of the creep parameter m, can be obtained with
the ald of reference 5 or 6 for estimating the critical time.

CORCLUDING REMARKS

The results of the present and previous creep-buckling tests on
2024 -T4 gluminum-alloy columns of rectangulsr cross section indicate
that the collapse or critical tlme decreases much more drastically with
an Increase in load than 1t does with a corresponding percentage increase
in the amplitude of the initisl deviation from straighitness.

From creep-bending tests on 2024-T4 aluminum-alloy beams, it is
concluded that the steady creep rate of the curvature is a simple power
function of the applied bending moment. The creep constants determined
with such a fumction are used in the correlation of the results of the
colum tests with those of & previously developed creep-buckling theory.
This theory, which was derived for idealized H-section celumns, is modi-
fied by the Introduction of en H-section egulvalent of the rectengulsr
section, and a semiempirical formuls based on the concept of a limiting
deflection 1s suggested as a gulde in determining collapse time.

Polytechnie Institubte of Brooklyn,
Brooklyn, N. Y., April 7, 1955.
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APPENDIX

DEVELOFMENT OF HIGH-TEMPERATURE STRAIN GAGE

In the Investigation of creep buckling 1t appeared desirable to
measure changes 1n strain in columns at elevated temperstures over
extended periods of time. As commercially available strain gages were
not sultable for thils purpose, an electric-resistance straln gage was
developed as part of the Investigation. Imn its present form the strain
gage 1s & single straight Cupron wire bonded to +the specimen in which
the strain 1ls to be measured, The end sectlons of the gage are copper
plated; these sectlons replace the lead wires which in ‘the commercislly
available gages are thicker wires welded to the thinner gage wire., The
copper-plating procedure is alsco useful 1In conbrolling the effective
gage length. Detalls of the manufacturing process are glven, end tests
are described vhich Indlcate proper functioning of the gages at a tem-
perature of 600° F.

DESCRIPTION OF STRATIN GAGE AND OF
ITS MANUFACTURING PROCESS

Cholce of Wire

As the strain gage 1s to measure stralns at various temperatures,
the wire chosen for it should fumectlon properly at elevated temperatures
and 1t should have as small a change in reslstance with temperature as
possible., The material selected 1s Cupron wire manufactured by the
Wilbur B. Driver Co. of Newark, N, J. The diameter of the wire 1s
0.001 inch and its resistance, 281 obms per foot.

Copper Plating of Ends of Gage

The ends of the gage are copper plated for e number of reasons.
First, the process used for copper plating allows a control of the
effective gage length with satisfactory accuracy. Secondly, the thickened
ends of the wire are sturdy, make possible the handling of the umattached
gage without extreme care, and eliminate a great deal of breakage such as
occurred in the neighborhood of the welded Jjolnts at the ends of the
earlier gages. In consequence of the pleting 1t 1s not necessary to weld
thicker lead wires to the thin gage wire proper; the thickened sectlons
gerve as lead wilres end allow easy sattachment to the wires of the electric
cirecuit, Finally, the welds of the earller gages are known to have
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caused irregularities in the reslstance of the gages when the temperature
changed; thils effect 1s eliminsted when welding is abandoned.

The plating is done in an acid tank with an electrolyte conbtelining
the following chemicals per gallon of solution:

CU.SO}_I_.5E20,OZ¢Q-QQQO¢Q-on--c.o.o.-o..-co21‘[‘

Hamll. b oZ L4 L - L L] - * - - L] * L] L ] - L] - - L] * L] - - L] L] a L L * L] 6

In addition, a mucllage glue is used as a brightener; 1/8 ounce of it is
added to each gallon of the solution. The tank is a glass conteiner of
5~ by 10-inch base snd 7 inches in height; 1/6-inch-thick copper plates
placed In it serve as the anode.

Many gages are plated simultbtaneocusly by partially submerging a long
wire and cutiing it into shorter elements after completion of the copper
plating. Each gage wilre is wound sboubt 20 times around a recteangular
frame of stalnless steel. Three such frames are connected 1n parallel
and form the cathode; they slide in the grooves of two vertical blocks
of lucite mounted on a metel base, and the assembly is placed in the acid
tank., The blocks and the frames with plated wires sre shown in figure 11
and the assembly in the glass tank, together with the electric power
supply, can be seen in filgure 12,

The length of the gage is controlled by edJusting the level of the
electrolyte. The total unsubmerged length of each turn of the wire on .
the frame 1s the gage length, and the two copper-plated ends of the same
turn can be considered the lead wires. Gages made wlth the same level
of the elecitrolyte naturally have the same length.

It was found advantageous to increase the dilameter of the wire in
two steps. In the first operation the diameter is allowed to increase
to gbout 0.012 Inch. Then the level of the electrolyte is lowered
3/8 inch or 1/2 inch and the plating process 1s comtinued untll the
final dismeter is approximately 0.025 inch. The two-step arrangement
results In a satisfactory attachment of the gage to the specimen as is
1llustrated in figure 15. After it is annealed, the 0.,025-Inch-~thick
wire has good resistance to bending and twisting and does not break
easily when it is connected to the wires of the electric measuring circuit.

TIn the power supply of the copper-plating process a L£ilament trans-
former reduces the 110- to 115-volt alternating current to 10 volis of
alternating current. The reduced-volbage current enters a selenium
rectifier to obtain a direct current. Capecitors are used on the direct-~
current side of the cirecult to diminish fluctuations in the volbage. Im
the plating process described the maximum volbage of the dilrect current
was 8 volts and the maximum current, 18 amperes.
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The circult diasgram 1s presented in figure 14 in which the comporents
shown are specified as follows:

™ Variasc (controls voltage supply to primary of the transformers):
0 to 135 wolts alternating current, TOO watts

To, T5 filament transformers: Triod F-11-U

v selenium rectifier: Sarkes Tarzian, catalog no. D-16

Cc two capacltors: Mallory metal can electrolytic, catalog

no. W.P. Okl

Annesling of Gages

When wire straln gages are used for prolonged periods of time at
high temperstures, they are likely to oxidize with & consequent change
in their electric resistance. To Insure that the gage willl yleld stable
readings, that is, that the readings on an instrument will not vary with
time when the straln is kept constani, 1t 1s advantageous to preoxidize
the wire. Thls can be accomplished by heating the wire to a sufficlently
high tempersture and by malntaining it at that temperature long encugh
during the mamufacturing process. The heatling has the added adventage
that 1t annesls the copper deposit and increases its ductility.

Of course, heat treatment may Influence ‘the Cupron gage wire also,
which is objectionable. As the snnealing temperature of the gage wire
is about 1,200° F, the gage should be snnealed below 1,200° F, On the
other hand, the gage must be heated above 600° F because the annealing
temperature of the copper plating is between 600° and 1,200° F, Finally,
the heat treatment must be undertaken at a temperature well above the
temperature at which the strain gages will be used because, octherwlse,
the layer of oxide mgy Increase In thickness duwrlng the test. A series
of experiments has shown that the best results are obtained when the
gages sre asnnealed st 800° F for 1 hour.

The actual annealing process 18 carried out in the following manner:
After completion of the copper platlng the wires are cut elong the bobtom
edge of the stainless-steel frame., The individual gages so obtalined are
stralghtened out and are placed loosely, wilthout belng stretched, on an
aluminun plate. The ends of the lead wire are attached to the plate by
means of drafting tepe (Mimmesota Mining and Manufecturing Co.), and the
plate is placed horizontally in an oven. The oven is heated to 800° F
and maintained at that temperature for 1 hour. At the end of the heating
period the geges are allowed to cool slowly to room temperature. They
are removed from the oven with care beceuse the drafting tape 1s charred
and does not hold them to the plate. The Indlvidusl gages are placed



NACA RM 56C20 19

on sheets of paper to which they are atbtached by adhesive tape applied
to the thickened ends; they are then ready for use.

ATTACEMENT OF STRATIN GAGE TO SPECIMEN

The strain gage must be bonded to the test specimen in which the
strain is to be measured. Before sttachment, the surface of the specimen
muat be prepared in the Pollowing manner:

(1) The surface is cleaned with emery paper and scetone in the
standerd manner.

(2) A thin layer of Dow-Corning vernish no. 993 is applied with an
artist's brush.

(3) T™e varnish is cured as directed by the manufacturer.
(1) The shine 1s removed with emery paper.
(5) The procedure described under items (2) to (&) is repea.fed..

When the preperation of the surface ‘is completed, ‘the straein gage
is attached in the followlng stepss

(1) The strain gage is placed on the surface of the specimen. Care
must be exercised to keep the gage stralight without any tension.

(2) To maintain the gage in the desired location and to keep 1t in
contact with surface of the specimen, the thickened ends of the wire
are attached to the specimen by means of drafting tape. The tape has
been found to work satlsfactorily up to temperatures of 650° to 700o F,

(3) A thin layer of Dow-Corning varnish no. 993 is applied with an
artist's brush.

(4) The varnish is cured as directed by the manufescturer.
(5) The procedure described under items (3) and (4) is repeated.

The strain gage is then bonded to the test specimen; its emds can
be connected with the wires of the electric measuring circuilt.
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EXPERIMENTS

A few experiments have been carried out to verify the proper
functioning of the high-temperature strain gages. 1In one test, readings
of this straln gage were compared with readings of standard Beldwin-
Southwark SR-Ii strain gages; all the gages were attached to a beam
subjected to a constant bending moment at roam temperature. This test
yilelded a gage factor of 2.1 for the high-temperature strain gage, and
the same value was obtained at 600° F.

Other tests were carried oub with a column of a serles used for
preliminary tests in creep buckling. The column wes placed In an oven
and the load was applied to it by means of a lever with an advantage of
5 to 1. Simultaneocus readings were made of the load and of the average
change in resistence In the strain gages bonded to _copposite sides of the
columm, and the latter values were converted into average strain with
the aid of the gage factor of 2.1. The stress-strain curves derived
from these date are shown in figure 15. One of the two tests represented
in the figure was carried oub at a temperature of 720 F and the other,
at 600° F, The curves are sitralght lines 3 their slopes are proportional
to Young's modulus of the material. At room temperature the value of

10.64 x 106 psi was obtained for the modulus. At 600° F the corresponding
value was T.k0 X 106 psi. The test at 600° F was carried out at the
highest possible speed to avold creep deformatlons.

The column was 12 inches long and had a cross section of 1/2 by
1/% inch; its material was 2024-T4 aluminum alloy. It had a slenderness
ratio of 166.2; consequently, it was easy to determine its buckling load
experimentally at room temperature withoult causing permenent deformations.

The critical strain of a perfectly elastic columm is (:tp/L)2 and, hence,
the theoretical critical strain of the column tested was 356 x 10-0. At
0.988 times the critical load the theoretical strain was 352 X 10"6; the
experimental strain was found to be 351 x 10-0,

o If the column also behaves perfectly elastically in the test at
600~ F, the theoretical critical strain is unchanged even though the
modulus 1s reduced. At 0.991 times the critical load corresponding to

the high temperature, theory yielded a strain of 353 X 10"6 and experi-
ment, one of 350 X 10 . '

It can be concluded that the high-temperature strain gage developed
adhered well to the surface of aluminum-alloy specimens and eppeared to
be stable at a temperature of 600° F,
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TABLE l.- RESULTS OF COLUMN TESTS

Column ‘E €1 €1hot Topy ™D | ye/n
1 828 x 106 | o0.045 | 0.035 80.95 0.496
2 82 075 084 5k , 00 92
3 845 .096 072 28.30 «560
) 820 111 093 26,05 .526
5 879 .168 .123 32.00 634
6 820 184 131 18.88 .562
Calculated 801 @ | memmm | mmmmm | e | e




NACA RM 56C20

25

TABLE 2.~ RESULTS OF BERDING TESTS AND CAILCULATIONS
Steady
Applied|opeep rate Elastic @
Beam moment, a (l ? Intercept:l curvature, E,, pst e aie’
l'bb—{j_n d.'b R), l/RO’ il'l- l/Re, i'l’.l.-l ? :Ln -l min"l
¢ -1 -1
in. min
1 | 40.00 | b2 x 1076 |15.8 x 1073| 8.3 x 1073] 3.9 x 106} k1 x 1076
2 | s4.85 |102 17.7 1tk 4.8 107
60.00 (131 1.9 12.5 6.2 137
L 64.85 |180 18.1 13.5 55 175
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Bending specimen end bhottom plate of oven.

Figure 6
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Figure 1l.- Winding fremes and holder for copper plating gage ad wires.
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Figure 12.- Plating tank and power supply.
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