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RESEARCH MEMORANDUM

TORSION, COMPRESSTON, AND BENDING TESTS OF TUBUILAR
SECTIONS MACHINED FROM 758-T6 ROLLED ROUND ROD

By R. L. Moore and J. W. Clark
SUMMARY

Tests were made of tubular sections machined from 755-T6 sluminum- *
glloy rolled rod and having ratios of tube dlsmeter to wall thick-
ness D/t ranging from 2 to 150. The purpose of the investigation was
to establish curves of strength In torsion, compression, and bending
against D/t for the tubuler sections end to show to what extent these
strengths may be correlated with the mechsnical properties of the mate-
rial. In view of the acceptable mechanical properties cbtained for
the material, the relations obtained between these strengths and D/t
may be used as a tentative basis for design of memberg of the type
investigated.

INTRODUCTION

The tests described In this report were umdertaken in response
to requests from aircraft manufacturers for information to be used in
the design of tubular members of aluminum slloy 755-T6. Although such
design generally involves conslderations other than simple tension, com~
pression, and bending, as discussed herein, relations between strengths
under these loadings and ratios of tube diameter to wall thickness D/t
constitute essential deslgn dsta. These tests were made on round sec-
tions machined from 755-T6 rolled round rod, and having D/t ratios
renging from 2 to 150; they supplement gome earlier tests of the same
kind mede on T55-T6 extruded tubing.

It was the object of this investigation to establish curves of
strength In torsion, compression, snd bending against ratios of diameter
to wall thickness D/t for the tubular sections asnd to show to what
extent these strengths mey be correlsted wlith the mechanicsl properties
of the material.
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This work was done by the Aluminum Company of America and has been
made svailable to the National Advisory Commitiee for Aeronautics for
publicatlon because of 1ts general iInterest.

MATERTAL

Tegst specimens were cut from five 12-.foot lengths of 2-inch-
diameter 755-T6 rolled round rod. Average mechanical properties for
this lot of materisl are ligted in table I. The longitudinal tensile
properties are sbove guaranteed minimum values for T55-T6 rods, bars,
and shapes (reference l), and above the values recommended for design
in reference 2. Figure 1 shows longltudinsl and transverse stress-
strain curves in tension snd compression for specimens cut from one of
the rods. The tensile strength and, tensile and compressive yleld
strengths for these specimens were all within 1.6 percent of the average
values listed in table I. The stress-strailn curves from which an
average yleld strength 1n shear was selected are shown 1In figure 10,

SPECIMENS AND TEST PROCEDURE

The tests were made on specimens of the type shown in the photo-
grephs in figures 2 %o 6 and in the sketches in figures 7 to 9. Dimen-
slons of the test sections are given in tables II, ITI, and IV. The
tubular specimens were made by first turning down the reduced section
to approximate size in a lathe, boring and reaming the hole, and finally
finighing the exterior of the reduced section and cutting to length.
Measurements made on cut speclimens after completion of the tests Indi-
cated that maximum and minimum thicknesses were within 0,002 inch of
the average values listed 1n tables II, IIT, and IV, In terms of per-
cent of the aversge thickness, the maximum variation from the average
was 6.5 percent for the tension specimens, 3.0 percent for the com~-
pression specimens, and 4.5 percent for the beam specimens.

The torslon tests were made in an Amsgler Torsion Machine of
1200 foot-pound capacity. Intermediate torque ranges of 240, 40O, and
800 foot-pounds were used in addition to the maximum range., Measure-
nments of shear straln were obtained for the three specimens with the
smallest D/t ratios (2, 10, and 15) by means of Amsler troptometers,
graduated in degrees, fastened to the specimens near the ends of the
- reduced test sections. Snug-fitting steel plugs, having a length of
about 4 inches, were inserted in the ends of the tubular specimens
before gripping in the testing machine.
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The compression specimens were tested in a Southwark-Emery .
50,000~pound capaclty testing machine and an Amsler 300,000-pound
cepacity testing machine, using approprlate load ranges. As is shown in
figures 4 and 8, the specimens originally had a 6-inch-1ong reduced sec-
tion with a short length of thicker materlal at each end. This design
was adopted since 1t provided the same type of transition at the ends
of the reduced fest sections in all three types of specimens. Since gll
of the compression specimens failed at the end of the reduced portion,
it was questioned whether the strength was Influenced by the geometry
of the shoulder. Following the first tests, therefore, the ends and
the buckled portion of the test sections were cut off and the remeining
length of undameged uniform sectlon subjected to retest.

The bending tests were msde in an Amsler %0,000-pound capacity
mechine, using the loading fixtures shown in figure 2. These filxtures
were deslgned and fabricated at the Aluminum Regesrch Lsboratories in
1937 and have been used in previous investigations of this kind (refer-
ence 3). Since the bending specimens could not be made more than about
22 inches long with the boring and reaming tools readily avaeilsble, the
effective length for test purposes wese Increased by the use of steel-
plug extensions having a drive f£it in each end. The specimens were
supported at the ends and at the Intermediate load polnts by snug-
fitting yokes with knife-edge supports in the plane of the neutral
axis, The end yokes were mounted on rollers 1n order to minimlze
restraint agalnst horizontal movement of the ends accompanying vertical
deflections, Deflectlon measurements were made orn six of the beams with
small D/t ratios by means of a dlal gage, graduated to 0.001 inch, with
sultable extensions. The deflection of the tube relative to the beam
of the testing machine was measured at the center and near each end of
the reduced section of the tube. In the test of the solid round aspeci-
men the diasl gage readlngs were supplemented by measurements with a
gteel scale graduated to 1/50 inch. The scale was also used to determine
the deflection of +thils specimen at the load pointa. Although these latter
megsurements were not made in the other tests, the deflection of the load
polnts was Indicated by the autographic dlagrams from the testing machine.

RESUIA'S AND DISCUSSICN

Torsion Tests

Table IT gives the maximum torques and the corresponding average
shear stresses at fallure for the torsion speclimens., For all except
the solid specimen (D/t = 2), the shear stresses were computed by the
following formula, based on the assumption of & unlform shear stress
over the thickness of the tube wall:
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Fop = —ok 1)
5% T Pt (

where

Fog average shear gtress at failure, bsil .
T torque producing feilure, fi-1b

r mean radius, in.

t wall thickness, in.

For the solid specimen the value of the uniform shear streas assumed at
fallure was computed by the formula

- 4T (2)

F
st ﬁD3

where D 18 dlameter of the rod in inches.

The difference shown in table II between the shear stresses computed
for the solid specimen 10, and the tubular specimens 8, 9, and 11, which
elso fractured without buckling, apparently reflects the insccuracy of
the assumption of a uniform dlstributlion of the shear stress in speci-
men 10. A closer approach to such a condlition would be expected in a
material having more ductility than 755-T6. The average stress of
53,900 psi determined from the values given for specimens 8, 9, and 11
18 believed to represent a more reliable value of torsional shear
strength for the materlsl,

Photographs of the torgion specimens sfiter failure are shown in
figure 3. With the exception of the four specimens noted sbove, all
feiled by buckling. Secondary fractures were obtained in many cases
after buckling, however, as shown in figure 3(a).

Flgure T shows the result obtalned by plotting average shear
stresses at failure against ratios of D/t. The test points in the
range of D/t ratios greater than asbout 50 sgree clogely with the theo-
retical solution of Batdorf, Stein, and Schildcrout for elastic buckling
of thin-walled cylinders with simply supported edges (reference 4). The
curve obtained from this solution is aleo shown in figure 7. Using 0.33
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as the value of Poisson's ratio i, the above solution can be repre-~
sented for tubes of the proportions used in this investigation by the
approximate formula:l

- o. 75(1,)5/ (¥ )l/ : (3)

where

E modulus of elasticity, psi .
r mean radius, In.

L length of test section, in.

Since the values of L/r listed in teble II were nearly constant for
the various tubular specimens, an aversge value was substituted in
equation (3) to obtain the corresponding curve in figure 7.

If the modulus of elapticity E 1is expressed in terms of the
modulus of elasticity in shear G, equation (3) may be written

Fg _20c5(4°)5/k )1/2 - (b)

In figure 7, equation (4) has been extended into the plastic stress
range by substituting the shear secant modulus Gg for G. This pro-
cedure has previously been suggested as an zpproximste method of pre-
dicting the critical shear stresses for flat plates (references 5 and 6).
Values of (g were determined from the shear stress-strain curve shown
in figure lo?a) The shear secant-modulus curve In figure T glves close
agreement wilth test values except for the specimens with D/t ratilos

of 10 and 15, where the theoretical curve is conservative by about

10 percent,

Also shown in figure 7 is an empirilcal shear-buckling curve based
on tests of tubes of the lower strength aluminum alloys (reference 7).
Except for the range of low D/t ratlos the test values are lower than
this curve, the maximum dlscrepency being about 12 percent.

IPhis formuls is appliceble when 100 < % 1 -2 < 10(};-)2.
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The torsionsl strengths observed in these tests ranged from about
5 to 25 percent higher than those obtalned in previous tests of speci-
mens machined from T5S-T6 extruded tubing. The spread between the two
sets of teast values increased with increasing ratios of D/t. A con-
giderable part of these differences may be attributed, it is belleved,
to the grester wniformity 1n wall thickness and diameter attalned in
the specimens made from the rod. The latter were machined on both
inside and outside, whereas the tubing specimens were machined on the
outsilde only.

In figure 10 are plotted shesr stress-strain curves for the torsion
speclmens with D/t ratios of. 10 and 15. Shear stress was computed by
equation (1), and shear strain at the mean fiber was obtained by the
formala:

. > ) (5)
18 L
where e
a shear strain at mean fiber, in./in,
r mean radlius, in.
@ total twist, deg
L gage length over which total twist is measured, in.

Figure 11 shows a similar curve for the sclid roumd specimen plotted in
terms of extreme- fiber stress, assuming elastlc actlon, against shear
straln et the extreme fiber. These stresses were computed by the
equation:

- ".‘Jx_'. (6}
where . - e o
8 shear gtress at extreme fiber, psi
T torgue, in-Ib
r radius, in.

J polar moment of inertia, in.h
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The slopes of the straight-line portlions of the curves in figures 10
and 11 correspond to a modulus of elagticity in shear of 3,900,000 psi.

Compression Tegts

The ultimate stresses reached in the compressive tests of tubular
gpecimens are listed in table IIT and plotted in figure 8. Photographs
of the specimens after failure are shown in figures I and 5. In both
sets of tests, with and without the thick-end sectlon, the specimens
falled near the end of the test section, forming from one to slx buckles
around the circumferences, depending on the thickness. The compressive
strengths found in the second series of tests, with the specimens

machined down to a h%--inch—lqng_uniform section, were 1.5 to T.3 per-

cent higher than the strengths.of the game specimens In the first tests.

In the elastic-stress range, the theoretical buckling strength for
a thin-walled cylinder of intermediate length and no Initial defects is
(reference 8): :

Foo = Bt (7

'rd3(l - p2)

where

Fee compressive gtrength, pel
r mesn radius, in.

W Poisson's ratio

Critical compressive stresses for actusl cylinders have been found to
fell below the values given by equation (7) by an amount depending upon
the size and nature of initlal imperfections in the material and the
geometry of the cylinders (reference 9). Though numerous empirical
expressions for critical stress have been suggested on the basis of test
regsults, they have generally bemn applied to cylinders wilth D/t ratios
considerebly greater than the values for the tubes used in these tests.

If the expression for critical stress of the tubes of this investi-
gation is assumed to take the form of equation (7), and the coefficlient
of Et/r is based on the average strength of the two specimens having
a D/t ratlo of about 150, which failed in the elastic-stress range of
the materisl, the resulting equation is:
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FCC

Et
= O.k2 22 (8)

This equation is plotted with the test results in figure 8. The coeffi-
clent of 0.4k2 given above is 31 percent lower than the theoretical value
for perfect shells according to equation (7). It is alsc slightly lower
than the coefficient of 0.45 used as a basis for determining the com-
pressive strength of sesmless tubes 1in reference 10.

It is pointed out in reference 11 that an equation of the form of
equation (8) may be used to predict buckling of curved magnesium-alloy
sheet panels in the plastic stress range if the gecant modulus Eg 1is
substituted for E. The result of this substitution in equation (8),
using “the secant modulus determined from the longitudinal compressive
gtress-strain curve in figure 1(b), is shown in figure 8. Alsc shown
in figure 8 is the curve obtained by substituting the tangent modulus Ei
for E in equation (8). In genersl, the test points lie closer to the
tangent-modulus curve, :

Bending Tests

Table IV gives the maximum losds for the beam speclmens and the
corresponding modull of failure in bending cpmputed by the formula:

Fp = 52 (9)
where .
Fy modulus of fallure in bending, psi
M bending moment at maximum load, in-1b
c distance from neutral axis to extreme fiber, in,
I moment of lnertim of cross section, in.l"

In computing the maximm bending moment et failure for the specimens
having D/t ratios less then 40 it was found necessary to take into
account the shortening of the moment arm of the load due to large
deflectlions. ;

All speclimens except the solld round speclmen and the two tubes
heving D/t ratlos of 10 falled by collapse of the tube wall and the
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loads given were clearly maximum values. The loads given for the speci-
mens which did not buckle are no doubt near the practical meximum
although the tests were stopped when the kmife edges reached the end

of the free travel. The nature of the fallures may be seen in the
photographs of the specimens after testing (fig. 6).

The modull of failure In bending are plotted against D/t ratios
in figure 9. Also shown in figure 9 are the corresponding estimsted
values of actusl maximum stress at failure. The modull of failure, of
course, represent fictitious stresses when they exceed the proportional
limit of the materisl. Values of actusl maximum stress were estimated
by calculating the maximum strain from the messured deflections and
finding the stress corresponding to this strain on an average stress-
strain curve for tension and compression. The purpose of plotting the
values of estimated actual maximum stress in bending in figure 9 was to
show a comparison with the compressive-strength curve from figure 8,
based on tests under axisl compression. The comparison indicates thet
for D/t retios less than sbout 60 spproximately the same maximum
stresses were reached umder the two types of loading. For a D/t ratlo
of about 80 the maximum stress indlicated in the bending test was about
6 percent legs than that developed in compression. Some previous experi-
ments on cylinders with D/t ratios larger than those for the tubes of
this Invegtigation have indicated criticsl stresses in bending appreci—
ebly greater than Por axiasl compression (references 12 and 13).

A comparison of the moduli of failure ohbserved in these tests with
those obtained for specimens machined from T58-T6 extruded tubing shows
good agreement in the range of low D/t ratios (from about 10 to 30)
but higher values for the present tests In the range of higher D/t ratios.
The maximum dlfferences were gabout 25 percent. As Indicated previously in
connectlon with the torslon tests, the greater uniformity in dimensions
sttainable in specimens machined from the solid was probably largely
regponsible for the differences in gtrength noted.

Curves of nominel maximum bending stress Mc/I agalnst deflection
aere plotted in flgure 12 for six of the speclmens having smasll D/t retios.
For tubes of these proportlons the maximm practical load will probably be
limited by deflection rather than buckling. The deflections measured in
the elastic-stress range show reasonable agreement with calculated values
based on a modulus of elasticity of 10,400,000 psi.

CONCLUSIONS

The following conclusions seem Justified on the baesis of these tests
of T58-T6 tubular sections machined from 2-inch-dlsmeter rolled round rod:
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l. In view of the acceptable mechanical properties obtailned for -
the material used, the relations obtained between strengths 1ln torsion,
compression, and bending and ratlios of diameter to wall thickness D/t
mey be used as a tentetive basis for design of members of the type «
investigated. :

2. The torsional strengths of the tubes having D/t ratios greater
than sbout 50 agreed well with the theoretical values computed for
elastic buckling of tubes wilth simply supported edges. T T

3. The torsional strengths of tubes having D/t ratios from about
20 to 50 agreed well with values calculated by substituting the shear
secant modulus in.the equation for elastic buckling of tubes with simply
supported edges. The test values for lower rstios of D/t were in
closer sgreement with the buckling strengths predicted by an empirical
relationship based on tests of other aluminum alloys.

4, The compressive strengths F.. for a D/t ratlo of about 150
were within the elastlc-stress range of the material and could be
expressed approximately by the equation F.. = 0.42Et/r, where E is
modulus of elagticity and r 18 mean radius. The compressive ptrengths
of the specimens having smaller D/t ratios were observed to be in
fair agreement with the curve obtalned by substituting the tangent
modulus for the modulus of elasticity in the equation.

He. Although the modull of fallure in bending exceeded the strengths
in axial compression for specimens with D/t ratios less than about €0,
the estimated actusl maximum bending stresses at failure were about equal
to the compressive gtrengths of specimens with the same D/t ratios. The
modulus of failure for the bending specimen with the largest D/t ratio
was slightly lower than the corresponding compressilve-strength value.

Aluminum.Research Laboratories
Alyminum Company of America
New Kensington, Pa., August 1, 1949
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TABLE I.- MACHANICAL PROPERTIRS OF 2-INCH-DIAMETER 755-16 ROLLED ROUND ROD USED
TN "INVESTIGATION OF STRENGTH OF MACHINED TUBULAR SECTICONS

Tensile and compressive properties are averages for determinationas mede on
three different 12-f£t lengthe of rod. Shear strengths are averages for -
two determinations. All individual strength determinations were within

4 percent of averages shown.]

0.2-percent offset . Bhear strength
yleld (Btﬁmh Tensile (]253') Elongation
P8 atren 2 {percent
Direction (pei - in kD)
Tension Compression Shear Eﬁeue Torsion
b c b
Longitudinsl 76,100 82,000 438,000 85, 700 50,000 53,900 11,3
Transverse 870,000 196, M0 c8e,300 | 49,600 8.7

8gheer strengths determined from double-ghear test with steel shesr tools and from torsion tests of
short tubwlar gpeclmens.
Plongitudina] tensile properties determined from stendard 1/2-in,-diam. tensile specimens (see
reference 14, fig. 3). ' '
“Longitudingl comprespive yield strength determined fram 3/%-in.-diam., 3-in.-long specimens,
Ughear yleld stirength determined from torsion tests of tubular specimens having D/t retios of
10 and 15, .
 STransverge tensile properties determined from A.S.T.M. standard 1/8-'.Ln. -diam, tensile specimens.

frransverse compresaive yield strength determined from 1/2-in.-diam., 1. 5-in,-long specimens.
L 3

G2IG WM VOVN




NACA RM 52125 : 13

TABIE II.- DESCRIPTION OF SPECIMENS AND RESULTS OF TORSION TESTS OF T55-T6

TUBUIAR SECTIONS MACHINED FROM 2-INCH-DIAMETER ROLLED ROUND ROD

Dimengion of reduced
test section
(in.) Ratio of Corresponding
Ratio length of | Maximum average
Specimen| - Aversge D/t ’ me?n t?;%ui_é)'f shear E(’tri?s’ Fat
Outslde wall Lengt radius - 8
dla.mzter, thickness, Bs) Lir f'b)
D t
(a)

10 1.000 0.500 6 2 1086 ckg,800
11 1.24k9 J12h5 8 9.9 1.2 1100 €53,400
12 1.153 .0T65 8 15.1 k.9 580 50,000
13 1.111 .0555 8 20.0 15.2 353 k3,600
1 1.527 0760 10 20.1 13.8 gho ik ,800
2 1.h95 .0600 10 2k.9 13.9 67T 3,900
3 1.473 .0kgo 10 30.1 k.1 sho k1,700
4 1.448 .0360 10 Lo.2 14,2 363 38,600
5 1.1433 .0293 10 48.9 1k,2 27h 36,200
6 1.hp3 - .0248 10 57.4 1k.3 210 33,100
7 1.410 L0175 10 80.6 gk g1.5 20,600
8 1.527 LOTT 5/8 204 .86 1135 €55,000
9 1.528 .0T65 5/8 20.0 .86 1125 e53,400

SMgximum snd minimum thicknesses measured on cut sectlons after tests were
within £0.002 in. of average. :

PFor solid 1.000-in.-dism. gpeclimen, Fgi was computed on assumption of
miform stress by formula Fgg = lll-ll-T/nD3. For remsining specimemns, ¥Fgiy was

computed by formula Fgy = 12T/2xr2t where r is mean radivs, in.
Cspecimen fractured without buckling. All other specimens falled by buckling.
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TABLE IIT.- DESCRIPTION OF SPECIMENS AND RESULTS OF COMPRESSION

TESTS OF 75S-T6 TUBULAR SECTIONS MACHINED FROM

2-INCH-DIAMETER ROLLED ROUND ROD

Dimensions of reduced Maximum Compressive
section strees
(in.) (psi)
Ratio,
Specimen | teide Wall D/t
diameter, thickness, | . First test | Retest
D t (2) (3)
(1)

1 1.719 0.1719 10.0 99,300 | —===-=
2 1.478 .0515 28.6 82,300 83,800
3 1.433 .0288 49.8 79,100 80,300
L 1.410 .0176 80.1 71,500 73,300
5 1.k01 .0121 115.8 63,500 68,100
6 1.394 .0093 149.9 58,400 60,500

IMaximum end minimum thicknesses measured on cut speci-
meng after test were within 10.001 in. of average.

2Specimens with 6-in.-long reduced section between
shouldered ends as shown in fig. L,

3Specimens having h%--in. length as shown in fig. 5, cut

from undamaged portion of reduced sections after first tests.
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TABLE IV.- DESCRIPTION OF SPECIMENS AND RESULTS OF BENDING
TESTS OF 755-T6 TUBULAR SECTIONS MACHINED FROM
2-INCH-DIAMETER ROLLED ROUND ROD
Dimensions of reduced
test section .
(in.) Modulus of
Average Ratio, Mi:igum failurei Fy,
Speclmen| outeide | wall Length Al sy (‘?g)i
dismeter, |thickness, I
D t
(a)

8 0.998 0.499 6% 2 c4100 | 157,000
11 1.250 .1250 8 10.0 | <4090 133,000
12 1.154 .0T70 8 15.0 2060 115,700
13 1.112 .0560 8 19.9 1280 106,700

9 1.719 L1720 10 10.0 | c9600 123,700
10 1.586 .1055 10 15.0 5180 113,000

1 1.528 L0762 10 20.1 3290 107,100

2 1.497 .0609 10 2k.6 2500 103,200

3 1.473 .0kg90 10 30.1 1840 96,400

4 l.hk7 .0366 10 39.5 1275 90,900

5 1.434% .0297 10 48.3 956 8k ,500

6 1.h23 .0250 10 57.0 T30 77,400

7 l.h11 0177 10 79.8 453 68,000

8Maximum and minimum thicknesses measured on cut sections
after tests were within 10.002 In. of average.

YFy, was computed by formula Fp = Mc/I where M, bending
moment at maximum load, in-1b; c = D/2; and I, moment of inertias
of cross section, inlt,

Cload limited by deflection. All other specimens failed
by buckling.
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Flgure 1.- Conecluded.
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Figure 2.- Arrangement for tests under pure bending.
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(a) Specimens 1 to 9.



NACA RM 52125

(b} Specimens 10 to 13.

Figure 3.- Cong¢luded.
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Figure 5.~ T58-T6 specimens after retest under exial compression with
original reinforced ends removed,
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(a) Specimens 1 to 7.

Flgure 6.- Specimens after failure under pure bending.
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(b) Specimens 8 to 13.

Figure 6.~ Concluded.

43

G2I2s W VOVN




AVERAGE SHEAR STRESS AT FAILURE, psi
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Fignre T,- Toreional strength of tubular sections machined from

758-T6 rolled rod.
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COMPRESSIVE STRESS, psl
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Figure 8.- Compressive strength of tubular sections machined from
T58-T6 rolled rod.
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EXTREME-FIBER BENDIN® STRESS AT FAILURE,
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Figure 9.- Bending strength of tubular sectione machined from
T58-T6 rolled rod.
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SHEAR STRESS AT MEAN FiBER, psi
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Figure 10.- Shear stress-strain curves for torsion specimens 11 and 12

SHEAR STRAIN AT MEAN FIBER, inper In.

(a) Specimen 11.

machined from 758-T6 rolled rod.
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SHEAR STRESS AT MEAN FIBER, psi
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SHEAR STRAIN AT MEAN FIBER, in parin

(b) 8pecimen 12,

Figure 10.~ Concluded.
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NOMINAL SHEAR STRESS AT EXTREME FIBER, § , psi
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Figure 1l.- Nominal shear stress-astrein curve for torsion specimen 10

machined from 753-T6 rolled rod.
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NOMINAL BENDING STRESS AT EXTREME FIBER, Y& py
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DEFLECTION IN &7in. LENGTH, In,

(a) B8pecimen 8.

Figure 12.- Stress-deflecticn curves for bending specimens 8 to 13
machined from 758-T6 rolled rod.
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(b) Specimens 9 and 10.

Figure 12.- Continued.
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Flgure 12.- Concluded.
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