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ABSTRACT

Torsional properties of various spring materials were
evaluated. All materials tested were of solid circular cross
.section with a diameter of approximately,200 inch. Test spec-
imens were twisted on a torsion tester equipped with an auto-
matic recorder by which torque-angular strain diagrams were
plotted. Diagrams were analyzed and measurements made to de-
termine valuet for proportional and elastic limits. The
amount of increase to the proportional and elastic limits that
results from strain hardening was determined. The ,effects of
shot peening on the elastic limit were also studied. Strain
hardening of the high carbon steels had little effect on the
proportional limit, but did poduce a substantial increase in
the elastic limit. The shot peening operation had little
noticeable effect on the torsional properties. Detailed tables
of torsional properties are presented and results discussed.
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OBJECTIVE

The objectives of this project were (1) to evaluate the
tqrsional prope.rties of various spring materials, (2) to de-
termine the amount of increase to the proportional and elastic
limits from strain hardening of the material and (3) to deter-
mine the effect on the torsional properties produced by shot
peening of the material.

INTRODUCTION

The suitability of a material for helical compression and
extension spring applications can best be decided by consider-ation of its torsional properties., The torsional elastic limitand yield point, rather than the tensile strength., provide more

reliable criteria to determine the energy storing capacity ofa spring, its resistance, to permanent set, and the capacity
for a satisfactory spring service life, This is true because

the principal stress in a helical "spring under compression is
torsional, and the material behaves essentially as a straight
bar twisted under torsion, The torsion moment, T, which pro-
duces the twist is the product of two factors, the load, P,
acting along the axis of thi helical spring ard the effective
moment arm, D/2, where D is the mean coil dimelteco The for-
mula for the torsional stress i obtained simply by the di.
viding of the torsion moment acting on the spring b the sec-
tion modulus in torsion, which for round wire is d /16t where
d is the diameter of the wire,

PD
Torsional Stress, S 8PD (1)

This formula, is related to the one used for calculating the

stress in torsion bar springs,

Torsional Stress, S '16T (2)

DISCUSSION

Material

Torsional properties of the following spring materials
were measured in this study. All the material had soi.d cir-
cular cross sections,



Material Diameter (inch)

g Music Wire, QQ-Vb 470 200
Hard Druwn, QQ-W-428, Type II o207
Chrome Vanadium, QQ-W-412, Comp, I ,.207
Oil Tempered. QQ-W-428, Type I ,200
Stainless Steel,, QQ-W-423, Cotp, FS302 i207
Stainless Steel, QQ-W-423, Comp, FS316 o187

Material was obtained from the supplier so that the diameters
were as close to ,200 inch as possible., Material was cut to
12 inches in length, this allowed 5,5 inches of gauge length
specimen after the rod was secured into the locking chucks
of the torsion tester. The application of right angle bends
at the ends of the rod for anchoring purposes was unnecessary.,
The material was inserted in straight form directly into the
gripping jaws of the chucks,

Testin, Equi ~ent, and Procedures

The torsion tester used to measY'e the torsional properties
is shown in Photograph 11-199-2086/AMC-72 in the Appendix, The
tester consists of two major units, an indicating unit and a
loading unit, The loading unit in turn is composed of two sep.
arate parts, a weighing head and a power or load applying head,
A torque arm which is permanently fixed within the weighing
head transmits the torsional, load to a load cell which directlyL converts the torque value to an electrical signal that is then,displayed on the indicating unit, The power head is mounted
on rollers and is free to travel on round rails to permit rapid
lateral adjustment for varying specimen lengths, and automatic
compensation for changes in specimens length during test,, All
loading was performed with the power head rotating in a counter-F-- clockwise direction,

The tester is equipped '"kh a record r by which the load
angular strain relationship of the specimen under test is auto-
matically plotted. The torque load is plotted along the ordi-
rate in terms of inch - pounds and the angular strain is shown

LI along the abscissa in degrees, All testing was performed with
a torque scale range of 0-500 inch - pounds, that is, each major
division along the ordinate represents lO inch - pounds. The
strain magnification was selected so that each inch along the
abscissa represents ]0 degrees, 'The test speed both for load-
ing and unloading was at 60 degrees per minute. The propor-
tional limit and the elastic limit in torsion for each material
were read directly from the load strain curve, The propor-
ti-onal limit is that point on the load - strain diagram where
the curve begins to depart from a straight line., Beyond the
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proportional limit, unit deformation begins to increase at a
faster rate than does the unit stress., The elastic limit is
that point on the load-strain curve where further deformation
results in permanent set to the material,

Test Results

Material As Received 'Not Shot Peened

The load-strain diagram of the initial loading that wa.s
applied to the music wire material is shown in Figure I in the
Appendix, The measured proportional limit and elastic limit
are respectively 150 inch-pounds and 205 inch-pounds, Note that
a sizable difference exists between these two values; this is
in contrast to the material loaded under tension where, gener,
ally, the proportional limit and the elasti.c limit practically
coincide The loading extends beyond the elatic limit and into
the plastic range, as can be seen in Figure lo The angular de-
flection of 25.5 degrees that occurred beyond the elastic limit
resulted in a p'ermanent set to the material, The slope of the
unloading line is approximately equal to'that of the elastic
loading curve, The results of subsequent loadings that were
made to the same piece of music wire are shown in Figures 2,
3, and 4. In each case loading was applied beyond the elastic
limit and into the plastic region of the material, The propor-
tional limit increased to 160 inch-pounds and the elastic limit
increased to 235 inch-pounds due to the effect ol the strain
hardening of the material (Figure 2). Further cold working had
no effect on the proportional limit; however, it did increase
the elastic limit sliahtly to 250 inch-pounds (Figures 3 and 4),.
Torsion testing of spring materials in this study has shown that
little, if any, changes occurred in the physical properties after
the fourth loadinq. The load-strain diagram of the music wire
material torqued up to its elastic limit of 250 inch-pounds and
then unloaded as shown, in Figure 5. Note that the unloading
line returned to the original position; no set occurred in the
material since the elastic limi-t was hot exceeded, Some energy
dissipation occured in the loading and unloading cycle as repre-
sented by the area between the two curves. This energy has been
lost mainly in the form of internal friction within the rod,.

Torsional properties of subsequent materials will be elown
only at the following three important stages of loading, initial
loading, fourth loading, and a complete cycle within the elastic
range. The torsional properties of hard-drawn material QQ-W-428.
Type II are represented in Figures 6, 7, and 8, Strain harden.,
ing had a slight effect on the proportional limit, i. e, its
value was increased from 150 to 160 inch-poundso However, strain
hardening did have a profound effect on the elastic limit i e,1,
its value was increased 25 per cent, from 200 to 250 inch-pounds,
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The hard.drawn material can safely withstand a stress of
144,000 psi (250 in,-Ib,) without incurring any permartent
spc (Figure 8),

Torsional properties of chrome-vanadium material and
its reaction to strain hardening are illustrated in Figures
9 0, and 11, The proportional limit increased from 190
to 240 inch-pounds, and the elastic limit similarly in-
creased from i25 to P.75 inch--pounds,

A slight change occurred in the torsional properties of
oil-tempered material, Strain hardening had no effect on
the proportional limit, its value remained at 150 inch.
pounds throughout the testing (Figures 12 and 13), The
elastic imiit increased by 30 inch-pounds, from 190 to
220 inch-polindso

The test results for stainless steel . FS302 and stain-
less steel, FS316 are shown in Figures 15 and 16, and in
Figures 18 and 19, respectively. The proportional limit

A for the FS302 type increased from 100 to 140 inch-pounds,
and its elastic limit increased from 155 to 200 inch-
pounds. The initial proportional and elastic limits for
stainless steel , FS316 were 100 inch-pounds and 130 inch.
pounds. Each value was increased by 20 inch-pounds be-
cause of strain hardening to 120 and 150 inch--poundso

The torsional properties of all the materials for con-
venient comoarison are listed in Table I of the Appendix.
Stress values shown on Table I were calculated with the
use of Equation 2

Torsional stress, S = 16T (2)

The most relevant value to spring design is the final
elastic limit since the point at which a spring will com.
mence to set and fail to support the applied !oad is de.
termined by this value, The music wire and chrome-vana-
dium materia'ls have the highest elastic limits and are
about equal (Table 1), The hard-drawn and oil.tempered
materials which have comparable chemical compositions
also have similar elastic properties, The stainless
steelst FS302 and FS316, have approximately equal elastic
strengths , which were the lowest of all measured values.,
The strain hardening of the high carbon steels had a greater
influence on the elastic limit than on the proportional limit,
This is particularly true for the oil'tempered material whose
proportional limit remained unchanged, but its elastic limit
was increased by 30 inch-pounds because of the cold working,,
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The following standard formula by which ,he torque-deflec-
tion relationship is expressed enables one to describe the
test curves very closely up to the proportional limit of
the material.

Gd 54 )

Gd~G l 5S x 1061.207)~ 3
,,T 793=  (3)

T - Applied torque load, inch-pounds

G - Modulus of elasticity in torsion, pounds per square inch

d - Diameter of rod, inches

0 - Angular twist over ga-ige length, degrees

L - Gauge length, inches

For example, the measured and, calculated torqUe- atinu! ar de-
flection values for the hard-drawn material (Figure 7) which
has a proportional limit of 160 inch-pounds is as follows;

Deflection MearTor9Je Calculated Tojrue

5 Deg. 35 In,-Lb, 33 In,-Lb,

10 65 66

15 95 99

20 120 132

25 150 164

30 170 197

35 195 2301

Six materials of the same type, were also shot peened

in accordance with the following procedure

(1) Type of shot material steel

(2) Shot size, ,033 ino

(3) Shot hardness, Rc 45-50

(4) Almen intensity, 012-,016A

This procedure is the standard method practiced by the
Arsenal Operations Directorate in the shot peening of pro-
duction springs with wire diameters of o150-t500 inch,

5



Load-strair, curves for the shot-peeped materfaI are 94ven in
FigLres 21 to 26, For convenient compar;son, each figure
contains 2 curves, showing the init,,;1 loading and the final
loalhig after the materill has been fully strain hardened,
The initial and final elastic limits for the as--received ma-
"erial and the shot-peened material together with the a..so-
ciated stress values are listed in Table 2 of tile Appendix,,
The peening operation had little noticeable effect on the
elastic limits, (table 2), As a matter of fact, no changes
o(,cured in the elastic properties of the hard ,drawn and oil-
tempered materials.

Bauschi ner Effect Produced by Tor ueReversal

The interesting effect caused by the reversing of the
twisting moment is shown i-;, Figure 2?. The initial loading
of the material is shown 'by curve OAB, The rod is then un-
loaded along curve BDO, then torqued in the opposite direc-
tion along curve OE, and then allowed to return to 0 torque;
as s,,own by curve EFo The proportional 1:id eidstiC - ,rn Ai,
the original loading direction are respectively 160 and 230
inch-pounP1s. However, these values decrease considerably
when the bar is twisted in the opposite direction,, Also.
in the reversed direction, the peoportional and elastic limits
col rcide at the value of 40 inch-pounds° This sharp decrease
in physical properties is known as the Bauschinger effect and
this effect is used to explain why spring manuals contain
caution notes that torsion bars be loaded only in the same
direction as that of the presetting torque.

The Bauschinger effect is produced by two factors, One
is the nonuniformity of yielding in a Po)ycrystal'ine met °
Because the cryst+als ate oriented at random throughout the
metal, they yield by different amounts so that on a micro
.copic scale the stress varies slightly from crystal to crys-
tal- When the member is 1*nloaded, it rontracts unt i t ie
average stress is zero, Iowever, the, crystals that yielded
the ),east do not quite return to zero, these remain stressed
in the original direction while those that yielded the most
go beyond zero and are strossea in the opposite direction.
Thus, microscopic residual stresses called Heyn stresses or
textural stresses exist throughout the metal, Therefore,.
when the twisting moment is roversed, the crystals that
already hive residual stresses in that reversed direction
will yield at a lesser stress level and the overall yield
stress will be lower,

The effect observed in polycrystals cannot tIe attrib,
uted entirely to these residual stress, and the effect in
single crystals cannot be explained by them., Another
factor is the behavior of dislocations ti,,L can be explained
as follows. When the material yields in the frst direction.

*



the dislocations move th'ough the crystal structure until
obstacles are encountered by which proqress is slowed down
or stopped entirely. As other dislocations adproach, they
also are slowed or stopped, and strain hardening takes place,
W,1hen the load is removed, the elastic strains are recovered,
but the dislocations still remain immobile and tinder some
,train from having been crowded together behind t-he various
obstacles, Consequently, they move more easily in the re.
verse direction and at a lower than normal stress, ThiF
phenomenon enables one to explain the Baushinger effect insingle crystals and, at least, part of that in polycrystals

CONCLUSIONS

l Strain hardening had a minor effect on the propor-
tional limits of the high-carbon steels that were tested.
but did produce a noticeable effect on their elastic limits.

2, The formula T Gd'O approximates the test re-

st'ts very closely up to the proportional limit of the ma-
terial o

3, A sizable difference exists between the proportional
and elastic limits in torsion; this is in contrast to the ma-
terial loaded under tension, where generally these limits are
approximately equal.

4. Music wire and chrome vanadium had the highest tor.
sional elastic limits of the six materials tested.

5. The shot-peening operation had little noticeable
effect on the elastic limits of the materiats., Evidently,
the beneficial effects of shot peening can not be measured
in terms of the elastic limit.

b A torque-deflection diagram provides an excellent
criterion for the determination of quality sp-ring material.

RECOMMEN DATIONiS

1, Torsional properties should be considered in the
evaluation of material for spring applications

2, Critical springs should be strain hardened by pre,
setting to increase the elastic limit of the material.

3. Music wire and chrome-vanadium materials should
be recommended generally for highly stressed applications
because of their higher torsional elastic limits

7



40 Stainless steel-materials should be recommended for
only those areas that~ involve corrosive or high temperature
envi ronmerits.
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