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Evaluation of the stresses and the fracture characteristics developed by 
torsional loads in parts made of metal. Torsional stress diagram is  devel- 
oped for the analysis of surface and sub-surface stresses. Evidence pre- 
sented shows that the direct cause of fatigue failures from repeatedly applied 
torsional loads i s  always tensile stress; and the compressive stresses con- 
tribute only indirectly through altering the yield strength of the metal. 

HEN a twisting couple is applied 
to a uniform section specimen, 

such as a cylinder, every point on its 
surface is biaxially stressed. Tensile 
stresses act in the direction of 45 
deg. helixes, and compressive stress- 
es act in the direction of the oppo- 
site 45 deg. helixes. A third system 
of radial compressive stresses acts 
on sub-surface material. But the 
direct cause of fatigue failures from 
repeatedly applied torsional loads is 
always tensile stress, the compres- 
sive stresses contributing only in- 
directly through altering the yield 
strength of the metal. 

The pattern of stresses in a speci- 
9 men loaded in torsion is effectively 

shown in Fig. 1, in which i t  may be 
supposed that water is being pressed 
from a towel by the familiar process 
of wringing. In this analogy the 
stress acting in the direction of the 
woven stripes (left hand helix) is 
tension, and the stress acting per- 
pendicular to the woven stripes 
(right hand helix) is compression. 
The radial compressive stresses are 
the result of tightening of succes- 
sive layers on material beneath. 

If the twisting couple is sufficient- 

ly increased, some of the threads 
that are loaded in tension will break 
and a tear will develop. The tear 
will, of course, extend in a direction 
normal to the tensile stress; that is, 
in the direction of a right hand 
helix. With continued growth the 
direction of the "crack" may change 
as the local direction of the applied 
force is altered by the extension of 
the tear. Because of the pronounced 
directional characteristics of the 
woven fabric, the twisted towel may 

not be acceptable as a specimen to 
demonstrate the nature of static 
failures in metals. I t  does, however, 
illustrate the orientation of the tri- 
axial stresses and shows how static 
failures develop in this particular 
specimen. 

Ductile Torsional Fallurrr 

When cylinders made of the usual 
metals of construction are statically 
loaded in torsion, the elastic surface 
stress pattern is the same as in the 
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towel but the characteristics of fail- 
ure are not the same as noted in 
this simplified analogy. 

Under static torsional loading of 
cylinders made from ductile mate- 
rials, the fractures develop perpen- 
dicularly to the axis of the cylinder 
by transverse shear as  is shown in 
Fig. 2 ( B ) .  This illustration shows 
a smooth cylinder of modeling clay 
that was twisted in the same direc- 
tion as the towel shown in Fig. 1. I t  
will be seen that the formation of 
the fracture was preceded by exten- 
sive plastic yielding. The tensile and 
compressive stresses contributed in 
substantially equal part to this 
plastic yielding, and failure oc- 
curred when the capacity of the 
material for plastic flow was ex- 
hausted. This is not difficult to visu- 
alize. 

Since in static torsional tests of 
ductile materials the effect of the 
tensile stress component cannot be 
separated from the effect of the 
compressive stress component, i t  is 
convenient to treat them as a single 
new.stress. A cylindrical bar stati- 
cally loaded in torsion, therefore, is 
said to be stressed in transverse 
shear and longitudinal shear, each 
of which acts midway between the 
tens~le and compressive stress com- 
ponents and 90 deg. to one another. 

Brittle Fractures from Static Loads 

When static torsional loads are 
applied to materials in which the 
effects of tensile and compressive 
stress components are unequal, the 
effects of the two components must 
be considered separately, because 
the characteristics of the result- 
ing fracture will change from shear 
failure toward tensile failure as 
ductility is decreased. 

In Fig. 2 (A) a rubber cylinder 
is shown on which is glued a sheet 
of specially selected paper. This 
paper is peculiar in that it has a 
minimum of directional properties ; 
that is, its tear strength is substan- 
tially the same in any direction. A 
twisting couple of sufficient mag- 
nitude to tear the paper was applied 
to the rubber cylinder. Because of 
its low ductility, fractures occurred 
in the paper covering without vis- 
ible evidence of plastic deformation; 
that is, the failures were brittle in 
character. 

Since the rubber cylinder was 
twisted in the same direction as the 
towel, Fig. 1, the paper fractures 
are normal to the tensile stress com- 
ponents that caused the fractures. 
When the direction of the twisting 
couple is reversed, fractures in the 
paper covering the rubber cylinder 
will, of course, extend in the direc- 

tion of a left hand helix. 
Identical metal specimens that 

behave like ductile materials when 
fractured by a single load will be- 
have like brittle materials when the 
fractures result from repeated 
loads. This phenomenon is true 
whether the specimens are loaded in 
torsion, in bending, or in tension, or  
by combinations of these. 

This dual role is effectively dem- 
onstrated by the experiment re- 
corded in Fig. 3. The two steel speci- 
mens a t  the left, Fig. 3 ( A ) ,  have 
been subjected to static tensile loads 
of sufficient magnitude to cause 
plastic extension with the familiar 
reduction of area prior to fracture. 

The two specimens a t  the right, 
Fig. 3 ( B )  , also have been subjected 
to tensile loads. In these the calcu- 
lated stress ranged from a minimum 
of 32,500 to a maximum of 150,000 
psi. These loads were repeated a 
sufficient number of times on each 
specimen to develop the fatigue 
fractures shown in Fig. 3 ( B ) .  It 
will be seen that these fractures are 
brittle in character notwithstanding 
the fact that the specimens are iden- 
tical in material, heat-treatment, 
dimensions, and workmanship with 
the two specimens shown in Fig. 3 
(A) ,  which necked severely. 

In the foregoing demonstration 
tensile specimens are used, because 
their plastic deformations are more 
easily recognized than are the 
plastic deformations of equal or 
greater magnitudes that occur in 
metal cylinders loaded in torsion. 

Fatigue Failures 
A n  Brittle Failures 

As was shown by the paper cov- 
ered cylinder, Fig. 2 ( A ) ,  brittle 
f rac tures  develop f rom tensile 
stresses. Since torsional fatigue 
fractures, even in ductile metals, 
are "brittle" fractures, they also de- 
velop only from the tensile compo- 
nent of torsional loads. I t  is there- 
fore necessary to abandon the shear 
stress convention when dealing with 
fatigue and other forms of failure 
in which, because of the manner of 
loading or because the materials are 
inherently brittle, fractures occur 
without appreciable ductllity. Unless 
the shear stress convention is aban- 
doned, one cannot understand the 
mechanism by which r e s i d u a l  
stresses increase or  decrease fa- 
tigue or brittle static strengths, nor 



can pre-stressing processes be ap- 
plied to the best advantage. 

The direction of torsional fatigue 
fractures will sometimes appear to 
deviate from a perpendicular to the 
principal applied tensile stress but, 
in the absence of seams or other 
major defects, deviations can usu- 
ally be traced to residual stresses, 
surface stress raisers, or alterations 
in the stress pattern after a fatigue 
crack has begun to form. 

Deviations from the latter cause 
sometimes occur in torsional speci- 
mens failing after relatively few 
stress cycles because the test stress 
is great and because, under repeated 
loads, plastic yielding occurs a t  
stresses less than the static elastic 
limit. The extent of plastic yielding 
under repeated unidirectional loads 
varies with the magnitude of the 
dynamic stress and the duration of 
the load. Fractures in ductile fa- 
tigue specimens tested a t  high stress 
levels, therefore, may approach the 
characteristics of static torsional 
fractures. 

In sound cylindrical torsional spe- 
cimens free from residual stresses 

and severe stress raisers, tested by 
unidirectional load of such magni- 
tude that failures occur after large 
numbers of stress cycles, the initial 
cracks are normal to  the tensile 
stress components; that is, they ex- 
tend in a direction approximately 
45 deg. to the cylinder axis as  oc- 
curred in the paper covered cylinder. 

Fatigue Failuns of Tubular Shafts 

Portions of two marine propeller 
shafts 5.5 in. outside dia., which 
have centrally located longitudinal 
holes of 2.25 in. dia. are shown in 
Figs. 4(A) ,  (B),  and (B1). Both 
shafts (not from the same boat) 
failed in normal service from fa- 
tigue fractures originating in fret- 
ted areas on the shafts. Fretting 
resulted from small amplitude rub- 
bing of "pressed-on" bearing 
sleeves near the left (propeller) 
end of the shafts is shown by Fig. 
4 ( B 1 ) ,  in which an artist  has re- 
placed the bearing sleeve that is 
missing in Fig. 4 (B) . Minute rela- 
tive motion between the bearing 
sleeves and the shafts in regions ex- 
posed to water caused deep pits, 

Coil Springs 

Probably the most numerous of 
torsionally loaded machine elements 
are the familiar coil springs. The 
stress in the wire or  bar from which 
coil springs are made is torsional 
whether the load is applied to ex- 
tend or to compact the coils. The 
specimens A and B shown in Fig. 5 
are one coil each of a conventional 
coil spring, which differ only in the 
direction of the applied load. 

Specimen A is loaded in the di- 
rection to compress the coil as 
shown by the vertical load arrows. 
Under this load, the bar is twisted 
opposite to the twisting load that 
was applied to the towel, Fig. 1, 
and to the paper covered rubber 

which formed a ring of severe st- 
raisers. 

The combination of severe strcge 
raisers, torsional propeller load, and 
superimposed bending stresses 
from off-center thrust of the pro- - 
peliers locally altered the direction 
of the principal tensile stress, as  
is indicated by the direction of the 
initial fractures at the left end of 
Figs. 4 (A) and' (B) . As the cracks 
progressed away from the fretted 
areas toward the right, their direc- 
tions changed to approach normala 
to the directions of the torsional 
tensile stress, that is, they approach 
45 deg helixes. 

Since the shafts were tubular, 
and since the cracks progreaned 
slowly, catastrophic failures did not 
develop immediately but long helical 
cracks formed instead. 

Fraclurrr Show D O d o n  of b a d  

Note that the crack in Fig 4 (A) 
forms a left hand helix and that the 
crack in Fig. 4 (B) forms a right 
hand helix. Since torsional fatigue 
failures result only from the prin- 
cipal tensile stress, the direction of 
torsional loads causing fractures 
may be deduced by observing the 
direction of the fractures. It is thus 
apparent that the shaft of Fig. 4 
(A) was loaded counter-ciockwise 
as viewed from its ends, and that 
the shaft of Fig. 4 ( B )  was loaded 
in a clockwise direction. These de- 
duced directions of loading were 
later verified from service record8 
of the two shafts. 

cylinder, Fig. 2 (A). The tensile 
stress, therefore, is acting in the di- 
rection of a right hand helix as in- 
dicated by the stress arrows on the 
inner surface of the coil. 

A fatigue fracture resulting from 
compacting loads on this spring 
would extend perpendicular to the 
tensile stress component in the di- 
rection of a left hand helix. As h m  
been shown by Wahl (Ref. 1). the 
fracture would originate on the in- 
ner surface of the coil because of 
the greater stress in this region. 

Specimen B is loaded in the di- 
rection to extend the coil. The ten- 
sile stress in this coil acts in the 
direction of a left hand helix and 



any resulting fracture will develop 
in the direction of a right hand 
helix. 

I t  follows that the direction of 
the load applied to a coil spring that 
has failed by fatigue can also be 
deduced by observing the direction 
of the fracture near its point of 
origin in relation to the direction of 
coiling. Note, for example, that the 
spring coils shown in Fig. 5 are 
wound as in left hand screw 
threads. Had they been formed as 
right hand screw threads, the di- 
rections of the tensile stress and 
therefore the directions of the frac- 
tures would have been reversed for 
the same directions of applied loads. 

The ability to deduce the direc- 
tion of the loads by observing the 
direction of fatigue fractures is 
often invaluable in discovering the 
cause or causes of failure, and in 
specifying materials and processing 
operations to prevent the recur- 
rence of such failures. 

Folluror from Reriduol Strmssar 

The coil spring shown in Fig. 6 
was part of the elastic reaction sys- 
tem between the traction motor sta- 
tor and the truck frame of a diesel- 
electric locomotive. It was made 
from a hot rolled bar of AISI-1095 
steel 13/16 in. nominal dia, which 
was hot wound in six coils having 

outer diameters of 3% in. and inner 
diameters of 1% in., heat-treated to 
a hardness of Rockwell C 45-47. I ts  
purpose was to prevent the trans- 
mission of shock loads that result 
from rapid and violent changes in 
motor torque. A schematic sketch 
of the system is shown in Fig. 7, 
from which i t  is seen that the 
springs could be loaded only in the 
direction to compact the coils. 

In Fig. 6 (A)  is shown one com- 
plete fatigue fracture a t  C, origi- 
nating on the inner diameter of the 
tapered end coil where the stress 
was locally aggravated by a severe 
stress raiser. Numerous non-fatal 
fatigue cracks as a t  D are also 
shown, which are made visible by 
magnetic particles as white diag- 
onal lines on the inner diameters of 
most of the coils. More than 20 
cracks, none of which developed to 
complete failure, could be counted 
in less than one-fifth of the total 
length of the coils. 

In order that the characteristics 
of cracks and fractures could be 
more easily inspected, one coil was 
removed by grinding from the outer 
surface near the crack D as shown 
in Fig 6 ( B ) .  The complete fracture 
a t  C extends in the direction of a 
right hand helix originating in a 
sharp notch, apparently caused by 
the grip by which the bar was held 

during coiling; whereas each of the 
numerous cracks such as at I) ex- 
tend in the direction of left hand 
helixes, and have the origins in 
smooth surface metal. 

Referring now to Fig. 6. and 
taking into account that these coils 
are wound in the opposite direction 
to the coils in the spring, Fig. 6, i t  
is seen that the complete fracture 
a t  C is normal, being caused by the 
tensile stress component of the ap- 
plied load. 

Abnormal Fatisum Crocks 

The multiplicity of cracks as at D 
are however abnormal because: 
(a)  They  a p p e a r  t o  have  been 
caused by the compressive stress 
component of the applied load, and 
(b) Many large cracks were formed 
but none propagated through the 
bar to complete failure. 

Since fatigue cracks cannot de- 
velop from compressive stresses, 
the numerous cracke must have 
been caused by tensile stresses such 
as would result from extending the 
coils. I t  was not possible, however, 
to apply extension load8 to this 
spring through the mechanism of 
the elastic system shown in Fig. 7. 
It was, therefore, tentatively m- 
sumed that the cracks were caused 
by the following: 
(c) Rebound inertia loads extend- 



ing the spring upon sudden reversal 
of torque, or 

(d)  Tensile components of residual 
stresses that were induced during 
processing, or 

(e) A combination of the rebound 
inertia loads and tensile components 
of stresses induced during process- 
ing, (c) and (d) .  

Through correspondence with the 
manufacturer, i t  was learned that 
these springs were processed in 
such manner as to develop residual 
tensile stress normal to the direc- 
tion of the fatigue cracks. The 
stress was developed by repeatedly 
overloading the springs in the di- 
rection of normal service loads suf- 
ficiently to develop permanant set. 
This process is extensively used by 
spring makers and is variously 
known as pre-setting, prestressing, 
bulldozing, and scragging. As ap- 
plied to the spring shown in Fig. 6, 
the overloading produced a perma- 
nent set of % e  in. in its free height. 

Further discussions of the abnor- 
mal fatigue cracks in the spring, 
Fig. 6, will be deferred until a dia- 
gram capable of representing their 
causes is described. 

I r 
nal Stress Di s I 

I 
The two conventions now used to 

represent torsional stresses are not 
suitable for torsional fatigue studies 
because : 
( a )  The strain rosette indicates only 
surface strain without regard to 
sign, and 
(b) Section diagrams show only 
transverse shear. 

For torsional fatigue studies, i t  
is necessary to use a diagram that 
is capable of showing separately the 
magnitudes and distribution of bi- 
axial tensile and compressive stress 
components extending from the sur- 
faces of torsion specimens to their 
neutral axes. A torsional stress dia- 
gram suitable for this purpose has 
been developed. I t  is similar to the 
conventional diagrams used to illus- 
trate stress distribution through 
specimens loaded in bending and in 
direct tension or compression. 

A plane intersecting a cylinder a t  
an angle of 45 deg. is shown in Fig. 
8. The width of the plane 00' is 
equal to and coincident with the 
diametral line 00' of the cylinder. 
The axis XX' of the cylinder and 

WW' of the plane intersect the di- 
ametral line 00' a t  0". The angle 
XO"W is equal to 45 degrees. 

When a twisting couple is applied ' 1 1  
to the cylinder, the tangential 
stresses through the specimen act- 
ing along either 45 deg. helix are as- 

1 
sumed to increase in proportion to 
the radial distance from the XX' 
axis, where they are zero to maxi- 
mums at the cylinder surface. Un- 
der a clockwise twisting couple, a8 
indicated by the arrows on the cyl- 
inder, compressive stresses normal 
to the radial line 00" act in the 
direction of right hand helixes and 
lie in the plane W T W ' .  TenaiLe 
stresses normal to the radial line 
0"O' act in the direction of left 
hand helixes and lie in the WRLW' 
plane. 

In the diagram, compressive 
stresses will be shown to the right 
of the diametral line 00' in the 
plane OTLO', and tensile stresses 
will be shown to the left in the plane 
OPRO'. With this diagram, the nom- 
inal tensile and compressive etress 
components from a twisting couple 



may be expressed by the straight 
line N , N ,  in the plane PTLR pass- 
ing through the point 0 " .  The stress 
a t  any depth within the cylinder is 
indicated by the perpendicular dis- 
tance from the diametral line 00' 
to the nominal stress line shown on 
the diagram. 

Stressas Are Biaxial 

For straight cylindrical speci- 
mens loaded in pure torsion, the 
stresses a t  opposite ends of a di- 
ameter are correctly expressed in 
direction, sign and magnitude by the 
diagram because the stresses are 
symmetrically distributed with re- 
spect to the cylinder axis. In prac- 
tice, however, few specimens are 
loaded in pure torsion, therefore, the 
stress patterns are variously dis- 
torted. The stresses a t  opposite ends 
of a diameter may not be identical 
and the neutral axes may not coin- 
cide with the specimen axis. 

Since the diagram of Fig. 8 is 
designed to express biaxial stresses, 
it must always be remembered that 
the points 0 and 0' actually repre- 
sent a single point on the cylinder 
surface. The plane WRLW' is in re- 
ality a t  a right angle to the plane 
WPTW', as will be evident if the 
plane WRLW' is rotated 180 deg. on 
the cylinder axis XX', a t  which time 
the radii 00" and 0'0" will coincide. 
The arrangement shown in Fig. 8 
is used as a means of simplifying 
the diagram. 

Prestressing Induced by 
Torsional Overload 

In the plane PTLR of Fig. 8 is 
shown a diagonal line Nt0"N. .  This 
line represents the nominal tensile 
and compressive stress components 
acting normal to the diametral line 
00' as a result of a clockwise tor- 
sional couple applied to the cylinder. 
The portion N,O",  acting in the di- 
rection of a right hand helix, repre- 
sents the range of compressive 
stress from zero a t  the point 0" on 
the cylinder axis to a maximum of 
ON.  a t  its surface. The portion 
NdO", acting in the direction of a 
left hand helix, represents the range 
of tensile stress from a value of 
zero a t  0" on the cylinder axis to 
O'Nt a t  its surface. 

The compressive yield stress of 
the cylinder material is represented 
as the distance from the diametral 
line 00' to the parallel line Y.Y.'. 

Likewise, the tensile yield stress is 
the distance from 00' to the tensile 
yield line Y t Y , ' .  I t  is seen that the 
nominal stress N.N,  from the ap- 
plied torsional couple exceeds the 
surface compressive and tensile 
yield strengths by the quantities 
Y.N.  and YtNt  respectively. 

The triangular areas NtYtA  and 
NcYeB represent material that was 
plastically deformed by yielding, the 
actual stress is therefore repre- 
sented by the line Y t A B Y r .  Note 
that to avoid unnecessary complica- 
tions in this diagram any change in 
yield strength that may have re- 
sulted from the cold working during 
plastic yielding is neglected. 

Upon release of the external 
twisting couple, elastic recovery re- 
turned the spring to its original 
state except for the permanent set 
that resulted from the residual 
stresses induced by plastic yielding. 
Elastic recovery necessarily pro- 
ceeded until a state of equilibrium 
was attained between the clockwise 
and counter-clockwise twisting mo- 
ments. This condition is indicated 
by the zig-zag line DEFG. Since the 
specimen, Fig. 8, is a straight round 
bar loaded in pure torsion, equilib- 
rium is attained when the clockwise 
torsional moments represented by 
the area ODC and the counter- 
clockwise moments represented by 
the area CEO" are equal. 

Residual Streu 
From Plastic Yielding 

If no permanent set has occurred, 
the line E F  would coincide with line 
00' when the external twisting 
couple was removed. The deviation 
of the line EF, therefore, may be 
used as a measure of the permanent 
set. Permanent set is equal to the 
angle imparted to the specimen by 
an external twisting couple that will 
biaxially stress a point on the cyl- 
inder surface with the compressive 
component OE' and the tensile com- 
ponent OF'. 

Stresses represented by O D  and 
0'G are the biaxial residual stresses 
that were developed a t  any point on 
the surface of the specimen as  a 
result of plastic yielding. Compres- 
s-ive yielding equal to Y r N c  resulted 
in tensile residual stress equal to 
OD. Tensile yielding equal to YtNt  
resulted in compressive residual 
stress equal to O'G. Note that these 
residual stresses are opposite in 

sign to the respective stresses that 
were applied by the external twist- 
ing couple, and that they are great- 
est when the externally applied load 
is a t  its minimum. 

Fatigue From 
Residual Tensile Stress 

In many cases, the residual ten- 
sile stress OD becomes great enough 
to initiate fatigue cracks. Such 
cracks grow more slowly than cracks 
that are initiated by external loads 
because the stress decreases with 
depth unti1,at a depth somewhat less 
than is represented by OC, their in- 
ward progress is stopped by insuffi- 
cient tensile stress or by encounter- 
ing compressively stressed material. 

While the torsional stress dia- 
gram is identical in form with 
stress diagrams representing beams 
loaded in bending, i t  must be re- 
membered that the torsional dia- 
gram represents the two compo- 
nents of biaxial stresses normal to 
a common radius; whereas the bend- 
ing stress diagram represents 
stresses in a beam on opposite sides 
of the neutral plane. 

Although the torsional diagrams 
that follow will not include the cyl- 
inder shown in Fig. 8, the ellipse of 
intersection may be retained as a 
mark of identification to distinguish 
between bending stress diagrams 
and torsional stress diagrams. 

Cause of Abnermal Fatigue Cracks 

Returning now to the coil spring, 
Fig. 6, i t  will be recalled that, con- 
sidering only the nominal stress in 
the spring, the numerous abnormal 
cracks as a t  D appear to have been 
caused by compressive stresses. But 
since compressive fatigue cracks 
are impossible, i t  became necessary 
to discover sources of tensile 
stresses acting in the direction of 
nominal compressive stresses of suf- 
ficient magnitude to produce the 
observed cracks. 

During the discussion of the bi- 
axial torsional stress diagram, Fig. 
8, i t  was shown that, qualitatively, 
the required residual tensile stress 
O D  was developed aa a result of the 
plastic yielding that occurred upon 
the application of the overload 
N.NL A similar diagram represent- 
ing the residual stresses from over- 
loading the spring, Fig. 6, would be 
expected to supply even more inter- 
esting information. 



Reconstruction of Residual Stresses 

Although dissection stress anal- 
ysis of this spring has not been 
made, and little is known regarding 
the magnitude of the processing 
overload stresses, or the stresses 
that resulted from service loads, it 
is nevertheless possible to recon- 
struct the residual stresses with 
sufficient accuracy to show the cause 
of the abnormal fatigue cracks. 

From the hardness of the steel its 
yield stress may be estimated ; from 
the dimensions of the spring and 
the measured depth of the fatigue 
crack a t  D, Fig. 6 ( B )  the depth of 
the residual tensile stress can be 
judged; and from the character of 
the mechanism in which it was used 
it can be appreciated that inertia 
extensicn lcads were possible. 

The pre-setting operation was 
stated by the manufacturer to have 
reduced the free height of the 
spring 356 in. To understand how so 
small a permanent set could result 
in large residual stresses, it will be 
necessary to consider the effects of 
spring dimensions on the magni- 
tudes and distribution of stresses in 
this particular spring. 

Effects of Low Spring Index on 
Stress Distribution 

The diagrams Figs. 9 ( A )  and 
( B )  have been prepared in.accord- 
ance with the theories and test data 
of Wahl (Ref. 1) to show the dis- 
tribution of stresses in the elastic 
range along a transverse diameter 
of the steel bar forming the spring. 
Fig. 6. In Fig. 9 ( A ) ,  it is seen that 
the stress C A  on the inner diameter 
of the coils exceeds the stress C'B 
on the outer diameter by more than 
2.5 to 1. Note also that the point 0 
of zero stress lies a considerable dis- 
tance outside the center of the bar. 

In diagram Fig. 9 ( B )  is shown 
that the peak stress is concentrated 
in a relatively small area near the 
inner circumferences of the coils. 
This unfavorable stress distribu- 
tion results from the forming of 
proportionately small diameter coils 
from a bar of large diameter, that 
is, a spring having the very low 
index of 3.5. 

Applying the torsional stresses 
shown in the conventional trans- 
verse shear stress diagram Fig. 9 
( A )  to biaxial torsional diagrams 
of the type described in Fig. 8, the 
diagrams Figs. 10 ( A )  and ( B )  are 
obtained. These diagrams show, in 
biaxial terms, the same stress re- 
lationships that are represented in 
Fig. 9 ( A ) .  Fig. 10 ( A )  presents 
the greater stress range of Fig. 9 
( A )  from the neutral axis a t  0 to 
the inner diameter of the coil a t  C, 
and Fig. 10 ( B )  presents the lesser 
stresses in Fig. 9 ( A )  from the 
neutral axis a t  0 to the outer sur- 
face C' of the coil. 

The nominal biaxial pre-setting 
stress on the inner diameter of a 
coil is approximated in Fig. 10 ( A )  
by the diagonal line N,N. ,  of which 
O"N, represents the compressive 
stress component ranging from zero 
a t  the neutral axis to a maximum of 
250,000 psi a t  the surface, and 0"Nt 
represents the tensile stress compo- 
nent through the same range. 

Yield Stress Estimated From Hardnou 
of Specimen 

Tests showed that, below a decar- 
burized layer, the steel ranged in 
hardness from 45 to 47 Rockwell C, 
from which i t  was estimated that 
the initial tensile and compressive 
yield stress was 95,000 psi as is in- 
dicated a t  A  and B. These yield 

stresses are assumed to increase to 
120,000 psi a t  the surface along the 
lines AK and BH as  a result of cold 
working during extensive plastic 
yielding. By these assumptions the 
broken line KABH represents the 
actual stresses from the pre-setting 
overload. 

Upon release of the external load, 
elastic recovery returned the spring 
to its original height except for the 
3 i e  in. permanent set that resulted 
from plastic yielding. The magni- 
tude and depth of plastic yielding is 
indicated by the triangular areas 
N,HB and N , K A  which, respective- 
ly, represent compressive and ten- 
sile yielding. I t  will be understood 
that, because of the distorted stree.8 
pattern shown in Fig. 9 ( A ) ,  the 
magnitude and depth of plastic 
yielding varied continuously around 
the circumference of the bar from 
a maximum, as shown in Fig. 10 
( A ) ,  to no yielding a t  all for the 
diametrically opposite location rep- 
resented in Fig. 10 ( B ) .  

In the straight cylindrical speci- 
men represented by the diagram 
Fig. 8, equilibrium conditions were 
satisfied when the sum of the clock- 
wise and counter-clockwise torsional 
moments represented in the single - 

diagram were equal to zero. . 
I t  is not possible, however, to 

represent in any single diagram the 
residual stresses in a coil spring or 
other specimen in which the stress- 
es are not symmetrically distribu- 
ted. In such specimens, integration 
of positive and negative momenta 
of a section is necessary to repre- 
sent its precise equilibrium condi- 
tions. In view of the nature of the 
present problem, however, estimate8 
of residual stress magnitudes from 
the two diagrams (A) and ( B )  of 
Fig. 10 will be sufficiently accurate 
for all practical purposes. This fig- 
ure will be discussed further. 



Equilibrium Condition Established 

As previously stated, the dia- 
gram Fig. 10 ( B )  represents the 
biaxial stresses in the opposite side 
of the spring bar from the stresses 
shown in Fig. 10 ( A ) .  Since the lat- 
ter stress is more than 2.5 times as  
great as the former, the applied 
stress NtN.  of Fig. 10 ( B )  does not 
exceed the yield stress of the metal 
a t  any point. 

Equilibrium in the free spring is 
assumed to be established when the 
clockwise torsional moments, rep- 
resented by the residual stress areas 
CEO" and LFO" of Fig. 10 ( A )  plus 
the areas OEO" and O'FO" of Fig. 
10 ( B ) ,  are equal to the counter- 
clockwise torsional moments, repre- 
sented by the areas OCD and O'GL 
of Fig. 10 ( A ) .  By inspection these 
conditions are estimated to be sat- 
isfied by the residual stresses shown 
in the diagrams (A) and (8)  of 
Fig. 10. 

Mention has been made of a de- 
carburized layer on the surface of 
the spring,  he hardness of which 
was measured as low as  Rockwell 
C 35. To indicate other effects than 
relative weakness of this soft layer, 
the diagram Fig. 11 ( A )  has been 
prepared. This diagram is the same 
as that of Fig. 10 ( A )  except that 
the yield stress of the surface is re- 
duced to correspond to its measured 
hardness. I t  is seen that compres- 
sive and tensile yield strengths of 
the cold worked metal are reduced 
by an estimated 40,000 psi from OH 
and O'K to OH' and O'K'. 

D.carburization Increased 
R.sidual Stress 

Upon release of the external load, 
the added yielding appears as in- 
creased biaxial residual stresses 
GG' and DD'. These, like the pre- 
viously described residual stresses 
in the metal near the inner diam- 
eter of the coils, are of opposite sign 
to the nominal biaxial stresses from 
the applied load. 

With the added surface yielding, 
the residual stresses are repre- 
sented in the diagram Fig. 11 ( A )  
by the broken line G'GFEDD'. The 
yield stress of the carburized sur- 
face after cold working. however, 
was estimated to be 80,000 psi, 
which establishes this value as  a 
limit of residual stress magnitude. 

Much of the added surface resid- 
nal stress shown in Fig. 11 (A) is 
therefore lost when the spring is 
unloaded, and the residual stress ap- 
pears as the broken line G'GFEDD' 
in the diagram Fig.11 ( B )  . This di- 
agram is a representation of the 
probable stress range experienced 
by the spring, Fig. 6. In designing 
the spring the manufacturer calcu- 
lated, by the Wahl formula (Ref. 11, 
that the load applied in service 
would stress the inner surface of 
the coils slightly less than 100,000 
psi. The dashed diagonal line NtN, ,  
Fig. 11 ( B ) ,  therefore represents 
t h e  ca lcula ted  nominal  s e rv i ce  
stress. The actual applied stress, 
which is represented by the broken 
line K'KABHH', of course, is the al- 
gebraic sum of the nominal service 
stress and the residual stress. 

pressive component ranged from 
20,000 psi compression to 80,000 psi 

Actual Stross Range 
Opposlh to Nominal Stress Rang. 

The stress range for both stress 
components is indicated by horizon- 
tal lines between the residual and 
the applied stresses of Fig. 11 ( B ) .  
These show that the surface stress 
in the direction of the nominal com- 

tension ; and that the surface stress 
in the direction of the nominal ten- 
sile component ranged from 20,000 
psi tension to 80,000 psi compres- 
sion. This condition is seen to be al- 
most a complete reversal from the 
nominal stresses in the extra vul- 
nerable (Ref. 2) surface metal. 

In addition to the stresses ac- 
counted for in the diagram, Fig. 11 
( B )  , are possible biaxial stresses 
from rebound inertia when the ap- 
plied load was suddenly released. 
The inclusion of such stresses up to 
20,000 psi would not alter the mag- 
nitude of the surface stresses as 
represented in the diagram. They 
would only replace the remaining 
residual stresses from surface yield- 
ing DD' and GG', which would be 
dissipated in the process. 

From the foregoing i t  is seen that 
the numerous cracks on the inner 
surface of the coil spring, Fig. 6, 
which by superficial inspection a p  
peared to have been caused by the 
compressive stress component of 
torsional loads, are in fact normal 
tensile fatigue failures. They dem- 
onstrate again that fatigue failures 
are tensile failures. 



Development of Fatigue Cracks 

Having demonstrated that the 
numerous "compressive" fatigue 
cracks are actually tensile failures, 
i t  remains to show why so many 
non-fatal cracks formed in a single 
specimen, since i t  is usually found 
that a single crack grows to com- 
plete failure before another forms. 

The numerous fatigue cracks de- 
veloped because the depth of each 
crack was limitd by underlying 
compressively stressed metal. Refer- 
ring to Fig. 11 ( B ) ,  it is seen that 
the residual tensile stress that was 
responsible for the cracks is en- 
closed in the triangle OD'C. Each 
crack originated a t  the surface from 
the tensile stress OD,. As the depth 
of a crack increased, the tensile 
stress decreased until a t  C further 
progress is stopped because the 
stress, normal to the crack, became 
compressive (Ref. 3 ) .  

Since the tensile stress decreased 
with depth, the cracks advanced a t  a 
decreasing rate. Their progress pre- 
sumably sropped shortly before 
reaching the point C, unless re- 
bound inertia was great enough to 
momentarily increase the depth of 
the tensile stress and thus depress. 
this point. Evidence of slow growth 
is seen in the smooth surfaces of 
such residual stress cracks, one of 
which is exposed a t  D, Fig. 6 ( B ) .  

The depth of the crack a t  D sup- 
plies a means of checking the accur- 
acy of the assumptions made in 
constructing the diagrams Figs. 10 
and 11, because the crack depth 
should correspond to the depth of 
the residual tensile stress OC in 
these diagrams. 

The measured depth of the crack 
was 0.24 in., and the measured 
radius of the spring bar was 0.401 
in. but, as shown in Fig. 9 ( A ) ,  the 
distance from the surface a t  0 to 
the neutral axis a t  0", under stresses 
within the elastic range, is greater 
tban the radius of the bar by a p  
proximately 0.06 in. The depth of 
the neutral axis 00" in Fig. 9 ( A ) ,  
therefore, may tentatively be taken 
as 0.46 inch. 

The metal on the inner surface of 
the spring, however, experienced 
extensive plastic yielding during 
the pre-setting operation, as  shown 

further  increased to perhaps as 
much as 0.5 in. The depth of the 
residual stress OC, Fig. 11 ( B ) ,  
should be in nearly the same ratio to 
00" of the same diagram as the 
measured crack depth is to the 
depth of the neutral axis, that is, 
OC/OO" is approximately equal to 
0.24/0.5. With or without allowance 
for inertia stresses the agreement 
is seen to be very good. 

Crack Growth Rapid 

The behavior of fatigue cracks 
originating from the externally a p  
plied tensile stress is very different 
from the residual tensile stresses 
that have been discussed. Consider 
the tensile stress component of the 
external load in either diagram of 
Fig. 11. Assume a crack to be initi- 
ated by the tensile stress O'K'. As 
the crack depth increases, the ten- 
sile stress increases because the 
same external load must be sup- 
ported by a decreasing area of met- 
al. The rate of growth is therefore 
increased with crack depth and com- 
plete failure follows so quickly that 
rarely does a second crack have time 
to form. 

Evidence of the increasing rate 
of growth of the fatigue fracture 
caused by externally applied tensile 
stress a t  C, Fig. 6 ( B ) ,  is seen by 
the increasing roughness as this 
catastrophic crack advanced. 

The presence of one or several 
cracks normal to the nominal com- 
pressive component did not greatly 
alter the functioning of the spring. 
Fig. 6, because the externally ap- 
plied load acted to close the gaps and 
its behavior under load remained 
nearly normal. Continued operation 
initiated additional cracks that ap- 
peared a t  regularly spaced intervals, 
because as each crack formed the 
residual tensile stress was reduced 
for a distance on either side, and a 
new crack could not form in the 
stress relieved metal. 

As each crack was formed the free 
height of the spring increased 
slightly because some of the residual 
stress that contributed to its per- 
manent set was removed. 

Moderate Versus Severe Pro-Setting 

in Fig. 10 (A),  the distance from In Figs. 9 and 11, i t  has been seen 
the surface to the neutral axis was that the numerous pseudo-compres- 

sive fatigue cracks in the spring, 
Fig. 6, were caused by residual ten- 
sile stresses that developed from ex- 
cessive local plastic yielding during 
pre-setting. Although, under unidi- 
rectional loads such cracks seldom 
propagate to complete failure, it is 
nevertheless important to show the 
more desirable effects of moderate \ 

pre-setting in springs of high index. 
For this purpose, assume a spring 
similar in every respect to  the 
spring diagrammed in Fig. 11 ( A )  
except that the maximum nominal 
pre-setting stress is reduced from 
250,000 psi of the former to 140,000 
psi, as  is shown by the diagonal line 
N,N. of Fig. 12 ( A ) .  

Note that the actual applied s u p  
face compressive stress OH' and 
tensile stress O'K' are only slightly 
reduced from the corresponding 
stresses in Fig. 11 (A) but the per- 
manent set, which is measured by 
OE' and O'P' in the respective dia- 
grams, is greatly reduced. The low- 
er  permanent set has the effect of 
reducing the corresponding nominal 
residual stresses OD' and O'G' from 
  he nominal value of 110,000 psi in 
the more severely processed sprihg 
to 54,000 psi in the moderately pre- 
set spring. 

Under the same unidirectional 
operating loads that were applied to 
the severely pre-set spring, Fig. 11 
( B ) ,  in which the maximum resid- 
ual tensile stress OD' is seen to be 
reduced from 110,000 to 80,000 psi 
by local yielding, the equivalent 
stress in the milder pre-set spring 
Fig. 12 ( B )  is only 54,000 psi. 

The corresponding surface tensile 
stress O'R in the direction of the 
nominal tensile component of the 
applied load is seen to have in- 
creased from 20,000 psi in Fig. 11 
( B )  to 46,000 psi in Fig. 12 ( B ) .  It 
is, of course, possible to select a pre- 
setting load that will, under the 
nominal unidirectional test load of 
100,000 psi, produce residual tensile 
stress equal to the actual applied 
tensile stress, in which case each 
would be 50,000 psi. 

Since fatigue cracks originating 
from applied tensile stresses quickly 
grow to catastrophic proportions, 
whereas cracks from residual tensile 
stresses are relatively harmless, it 
is advantageous to reduce the for- 
mer stress a t  the expense of the lat- 
ter, as shown in Fig. 12 ( B ) .  In the . 

diagrams Figs. 11 ( B )  and 12 ( B ) ,  



the operating stress ranges acting 
in the directions of both right and 
left hand helixes throughout the 
specimens are also compared. 

Note in both Figs. 11 (B) and 12 
( B ) ,  that the lower yield strength 
of the soft decarburized layers de- 
creased the magnitudes of the 
dangerous tensile stress components 
from externally applied unidirec- 
tional loads by the amounts KK'. It 
is not known whether this stress re- 
duction is sufficient to compensate 
for the lower fatigue strength of 
the decarburized steel, but the ill 
effects of decarburization are a t  
least diminished. 

Pro-Setting May Be Ineffective 

Under reverse loading, whether 
the specimen is loaded in torsion or 
bending, this compensation cannot 
function because pre-setting in one 
direction will only increase the 
harmful stresses when the load is 
reversed. This qualification, as is 
shown in the diagrams Fig. 13, 
demonstrates again the fallacy of 
measuring fatigue strength by ar- 
bitrary test procedures and ac- 
counts for much confused thinking 
regarding fatigue of metals. 

Assume a spring identical with 
the spring described in the discus- 
sion of Fig. 12 including the pre- 
setting operation ; the only differ- 
ence being that instead of unidirec- 
tional loading the applied loads will 
be repeatedly reversed. 

After the prestressing operation 
the first load applies the nominal 
stress N,Nt ,  which produces the ac- 
tual stress H'HKK' as  shown in Fig. 
13 (A) .  These stresses are seen to 
be identical with the corresponding 
stresses in Fig. 12 ( B ) ,  since in 
both diagrams the loads applied to 
this point have been alike. 

When the load is reversed, the 
nominal applied stress is that which 
is indicated by the dashed diagonal 
N ' N ,  of Fig. 13 (A).  Except for 
plastic yielding, the change in ac- 
tual stress will of course be equal to 
the change in nominal stress as is 
i nd ica t ed  by t h e  broken l i ne  
D'DGG'. But since this change ex- 
ceeds the yield stress of the decar- 
burized layer by the amounts D'M 
and G'L', and of the harder under- 
lying steel by the amounts DN', and 
GN',, plastic adjustment must occur 
by which the actual stress becomes 
MN't N'aL'. 



After a few reversals the oper- 
ating stress range will be approxi- 
mately that which is shown by the 
horizontal lines in Fig. 13 ( B )  . This 
stress range is seen to approximate 
the range of the nominal applied 
stress, as indicated by the dashed 
line, except for repeated plastic 
yielding of the decarburized layer. 

Yielding occurs with each load re- 
versal because the applied surface 
stress ranges from plus 100,000 psi 
to minus 100,000 psi, but the yield 
strength of the decarburized layer 
is 80,000 psi in either direction. 
Plastic yielding of the decarburized 
layer must therefore occur with 
each load reversal as  indicated by 
the stresses N'tM, N X ,  N,L,  and 
N',L' of Fig. 13 ( B )  unless the ap- 
plied nominal stress is reduced to 
80,000 psi or less. 

A comparison of the tensile stress 
magnitudes in Figs. 12 ( B )  and 13 
( B )  shows why fatigue strength is 
greater under unidirectional loads 
than under reversed loads as is em- 
pirically expressed by diagrams of 
the Goodman type. I t  will also show 
why some experimenters find pre- 
stressing treatments of Iittle or no 
value, while others find such opera- 
tions indispensable. 

Railway Spring 
Failures 

Fatigue failures of coil springs 
having fractures normal to the nom- 
inal tensile stress component, and 
pseudo-compressive fatigue cracks 
extending in the direction of the 
opposite helix as shown in Fig. 6, 
frequently occur in railway equip- 
ment. Since the pseudo-compressive 
cracks rarely develop to complete 
fracture, they are seldom discovered 
because usually they can be detected 
only by magnetic or black light in- 
spection of springs after consider- 
able service use. 

The short section of a coil spring 
shown in Fig. 14 was cut from a 
railway car suspension spring, 
which had been removed because of 
the catastrophic fatigue fracture 
originating on the inner surface of 
a coil, as is shown at  the left of the 
portion A. Although there was no 
reason to suspect additional cracks, 
the spring, which was donated to 
the author's "scrap pile" by a rail- 
way repair yard, was subjected to 
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magnetic particle inspection. This 
inspection quickly disclosed a short 
"compressive" crack, also on the in- 
ner surface of the coil, a short dis- 
tance from the normal catastrophic 
fracture. 

To disclose the dimensions of the 
crack, a grinding cut was made from 
the opposite side of the bar near the 
plane of the crack and the remaining 
section was broken, as shown a t  the 
right of the portion A. Photograph 
C of Fig. 14 was made normal to the 
plane of grinding to better show the 
characteristics of the pseudo-com- 
pressive crack. The well defined "fish 
scale" markings show that the crack 
advanced slowly from the inner sur- 
face of the coil to its final depth, 

which was found to be one-sixth the 
diameter of the bar. 

Since this crack was caused by 
residual tensile stress, i t  may be 
concluded that its depth represents 
the approximate depth of the resid- 
ual tensile stress, and that its fur- 
ther progress was stopped by un- 
derlying compressive stress, as is 
shown a t  C in the diagrams of Figs. 
11 ( A )  and ( B ) .  No doubt this crack 
had reached its final depth long 
before the catastrophic crack com- 
menced. 

The photograph B, Fig. 14, shows 
details of the normal fracture that 
was caused by the tensile stress 
component of the externally applied 
load. The absence of well defined 



"fish scale" markings shows that the 
initial crack propagated quickly to 
complete failure with relatively few 
load applications. 

Residual Strru From Service Lwds 

Specification for material, heat- 
treatment and processing are not 
available but i t  is doubtful that this 
spring was intentionally preset. I t  
was made from a bar 1.3 in. dia., hot 
wound in coils 5.55 in. outside di- 
ameter, or a mean coil diameter of 
4.25 in. The spring index, that is, 
the mean coil diameter divided by 
the bar diameter, was 4.25/1.3 or 
3.27. This ratio is even more severe 
than that of the spring shown in 
Fig. 6, the index of which was 3.4. 
Nominal stress distribution, there- 
fore, was similar to that shown in 
the diagram Fig. 9 (A) by which 
i t  was found that the stress on the 
inner surface of the coils was 2.5 
times as great as the stress on the 
outer surface. 

Sub-surface hardness was found 
to be Rockwell C 44-45, and the hard- 
ness of a decarburized surface layer 
to range from Rockwell C 25 to 35. 
Residual tensile stresses of sufficient 
magnitude to initiate a fatigue 
crack, and of sufficient depth to cor- 
respond to the depth of the pseudo- 
compressive crack shown in Fig. 14 
(C), could develop from a few ap- 
plications of overload in normal 
service. 

An experimental railway suspen- 
sion spring is shown in Fig. 15, 
which has two left hand helix fa- 
tigue fractures normal to the tensile 
stress components of the applied 
service load, and several right hand 
helix pseudo-compressive fatigue 
cracks normal to the nominal com- 
pressive stress components. This 
spring was hot formed from a bar 
of 1% in. dia. into coils of 5% in. 
outside diameter. Its index was 5. 
Sub-surface hardness was found to 
be Rockwell C 47-49, and the decar- 
burized surface hardness to be 
Rockell 33-35. The depth of the non- 
fatal crack a t  the right was 0.16 in. 
This specimen presents no unusual 
characteristics. I t  is shown only as 
additional evidence that torsional 
fatigue failures are tensile failures. 
Ano the r  i n t e r e s t i n g  vehicular  
spring type consisting of straight 
steel bars loaded in torsion is some- 
times used in place of coil or leaf 
springs, and is discussed in the next 

Torsion Bar Springs 

In Fig. 16 is shown a torsion bar 
spring extensively used in World 
War I1 in the suspension system of 
a military vehicle. 

This spring is shown as i t  a p  
peared after having been laboratory 
fatigue tested to failure by uni- 
directional loads applied in a clock- 
wise direction. The reader can read- 
ily confirm the direction of the ap- 
plied loads by noting the direction 
of the fracture a t  its point of origin. 
Since the fracture was caused by 
the tensile component of the applied 
loads i t  is seen that, just as in the 
case of the paper covered cylinder 
shown in Fig. 2 (A),  the loads must 
have been in a clockwise direction. 

These torsion bars were provided 
with splined enlargementa 2.75 in. 
at each end, whereby the vehicle 
load was transferred from the track 
wheels through the elastic bars to 
their respective anchorages on the 
opposite side of the vehicle. The di- 
ameters of the effective elastic por- 
tions of the bars were 2.27 in. and 
their effective lengths between en- 
largements were approximately 72.7 
in. They were made of NE9262 steel, 
heat-treated to uniform hardness of 
Rockwell C 49-50 through their sec- 
tions. Surface decarburization was 
too shallow to be detected by inden- 
tation hardness measurements. 

Prestressing Increases Strongth 

For the purpose of further in- 
creasing the compactness of this 
suspension system the torsion bars 
were, as final operations, pre- 
stressed by shot peening and by 
overloading (pre-setting) in the di- 
rection of the normal service load. 

In a previous report concerning 
the same torsion bars, H. 0. Fuchs 
and R. L. Mattson (Ref. 4) state 
that these pre-setting operations 
had the effect of increasing the ini- 
tial yield strength of the bars from 
115,000 to well over 140,000 psi with 
a correspondinng increase in their 
fatigue strengths. They also stated 
that: "The practical importance of 
raising the safe load stress from 
about 105,000 to 140,000 psi may be 
readily appreciated. Since space and 
weight requirements are inversely 
proportional to the square of the 
safe load stress, i t  amounts to sav- 
ing almost half the space and weight 

which should be necessary without 
pre-setting." 

The sequence in which the pre- 
stressing operations were applied 
was important, as is shown by the 
bar chart Fig. 17, which is re-plotted 
from a report issued by the National 
Defense Committee of the O.S.R.D. 
(Ref. 5). It is seen that the fatigue 
strength was much greater in tor- 
sion bars that were shot peened be- 
fore pre-setting than when the o p  
posite sequence was followed or 
when shot peening was omitted. 
Shot peening before pre-setting was 
more effective, presumably because 
i t  reduced the damage to the surface 
metal that would result from exten- 
sive tensile plastic yielding. 

The pre-setting operations were 
performed by applying, through the 
splined ends, five successive torsion- 
al loads sufficient to twist the fin- 
ished bars to the same end position 
of approximately ninety degrees 
from the original free position. In 
t e r m  of nominal stress this twist 
was approximately 255,000 psi, 
which greatly exceeded the yield 
strength of the bars. As a conse- 
quence of extensive plastic yielding 
each bar developed a large perma- 
nent set. 

Damage by Tensile Yielding 

Since the hardness of the bars was 
Rockwell C 49-50 and their ductility 
correspondingly low, it is believed 
that the capacity of the unpeened 
vulnerable surface metal for tensile 
plastic adjusment was therefore re- 
duced. 

When shot peening preceded the 
pre-setting operation, the vulner- 
able surface became biaxially 
stressed in compression by an 
amount approximating one half of 
the yield strength of the steel. As 
a result of this residual compressive 
stress, no tensile plastic yielding oc- 
curred in the vulnerable surface and 
much or all fatigue damage was 
thereby avoided. 

Shot peening did not alter the 
extent of tensile plastic yielding a 
short distance below the surfaces of 
the bars, but since sub-surface 
metal is apparently lees vulnerable 
to damage by tensile plastic yield- 
ing than surface metal the lose of 
fatigue strength, if any, was small. 



Because shot peening induced bi- 
' axial compressive stress in the af- 

fected layer, the compressive strain 
in the direction of the compressive 
component of the pre-setting load 
was increased. Plastic yielding in 
this direction was, therefore, more 
than doubled by the peening. But, 

as is shown in Fig. 17, if any dam- 
age resulted, i t  was less than the 
damage from the tensile plastic 
yielding in the unpeened bars. 

Shot peening applied only after 
pre-setting was not effective be- 
cause the damage from tensile plas- 
tic yielding had already occurred. 

The measurement of effective re- 
sidual streeses in torsion bars by 
the dissection method (Ref. 4) is - 
discussed on the following pages. In 
only one were the measurements 
sufficiently r e b e d  to show the 
stress induced by shot peening and 
other important facts. 



Residual Stress in Bar Is  Measured 

To find the stress in a torsion bar 
measurements were made by grind- 
ing away successive layers of metal 
from the cylindrical surface of the 
bar, and measuring the resulting 
angle of rotation of one end of the 
specimen in relation to its opposite 
end. The magnitude of the residual 
torsional stress in each layer was 
equal to the torque necessary to hold 
the remainder of the bar in the 
angular relationship existing before 
the layer was removed. 

As measured the specimen would 
not respond to the biaxial stress 
originally induced by shot peening, 
because this streaa had no torsional 
component being compressive in 
both directions. The torsional over- 
load that was applied after shot 
peening, however, caused unequal 
plastic yielding in the shot peened 
layer, which distorted the surface 
residual stress pattern so as to pro- 
duce an additional torsional stress. 

The specimen used for the dissec- 
tion measurements is shown in Fig. 
18. A ten inch section was cut from 
a full length torsion bar, Fig. 18 
(A),  and accurate centers were 
drilled in both ends. Ferrules con- 
taining V-grooves were pressed on 
both ends as shown at (B). The 
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specimen was then ground away in 
80 layers, which reduced its diam- 
eter from 2.27 to 0.662 in. as shown 
a t  (C). At this diameter all of the 
stressed metal had been removed. 

The setup for measuring angular 
changes after the removal of each 
layer is shown in Fig. 19. Sine bars 
C and rest bar C' were clamped in 
the V-grooves of their respective 
ferrules. The rest bar C' and its end 
af the specimen were supported on 
the blocks F-F', which were always 
located on marked areas on a surface 
plate. The near end of the specimen 
was supported a t  an equal height 
from the surface plate by the block 
E, which also occupied a marked 
spot on the surface plate. 

The sine bar C was provided with 
spherical ends each spaced five inch- 
es from the center of the specimen. 
Both bars were located in their re- 
spective V-grooves by off center 
dowels to prevent any possibility of 
altering the location of either bar 
relative to the specimen. 

Angular changes in the specimen 
were measured by determining the 
difference in height from the sur- 
face plate of the spherical ends of 
the sine bar C. The measurements 
were made by stacking Johansson 

gage blocks, shown a t  G, to the 
same height as the sphere being 
measured. The height of the gage 
blocks and the sphere were com- 
pared with a dial indicator attached 
to a surface gage. 

To provide direct readings, the 
sine bar spheres were spaced ten 
inches apart so the differences in 
their heights were ten times the 
sine of the angle of rotation. 

The surface of the torsion bar 
specimen between the ferrules was 
ground away in successive layers at 
a slow rate to avoid development of 
large magnitude residual tensile 
stresses. This precaution was ob- 
served although i t  was realized that 
uniform biaxial residual stresses of 
one sign would not contribute di- 
rectly to the unwinding character- 
istics of the specimen. I t  was pos- 
sible, however, that the heat of 
grinding would slightly alter the 
residual stress induced during proc- 
essing in the remainder of the spe- 
cimen after a layer had been re- 
moved and thus affect the residual 
stress measurements. 

The length of the ground portion 
of the specimen ranged from 8.95 in. 
at the outer diameter, as  shown in 
Fig. 18 (B), to 8.89 in. when the 
last layer was removed as shown in 
Fig. 18 (C) .  

Dimensional data relating to the 



dissection processes are given in 
Table I. These data are given in 
considerable detail to indicate the 
painstaking accuracy that is con- 
sidered essential in such studies. 

I t  is seen that the thickness of the 
layers removed between measure- 
ments varies from approximately 
0.001 in. near the original surface 
to 0.015 in. a t  greater depths. Spe- 
cial attention to the residual stress 
near the surface is necessary be- 
cause of the greater vulnerability to 
fatigue and brittle failure of this 
portion of the specimen. Also, more 
frequent readings are required in 
regions in which rapid changes in 
residual stress are anticipated. 
When residual stress changes are 
small or of uniform magnitude the 
thickness of the layers may be in- 
creased. Unless the residual stress 
pattern is known with reasonable 
accuracy, however, important data 
may be lost by proceeding too 
rapidly. 

The last column of Table I shows 
the angle of twist in seconds of arc 
for each layer of metal that was re- 
moved. This column is presented to 
demonstrate that in spite of the pre- 
cautions taken in grinding and in 
measuring, the resulting angles of 
twist vary erratically. To overcome 
such variations, practice a t  the Re- 
search Laboraties Division of the 
General Motors Corporation is to 
make large scale plots of thickness 
of metal layer removed versus total 
deformation. A faired curve is then 
drawn to approximate the average 
of the test points, and corrected 
values of deformation for each Iay- 
er  are then taken from the faired 
curve. 

The angle of twist in the remain- 
ing cylinder of the specimen is a 
measure of the mean stress in each 
layer removed because, prior to re- 
moval, each layer forcibly re- 
strained the underlying cylinder 
from rotation through that angle. 
The mean stress in each layer re- 
moved is therefore that which would 
result from applying to the layer 
the torque necessary to twist the 
remaining cylinder through the 
measured angle. After the 81st 
layer was removed, the remaining 
metal was free of macro residual 
stress, as  is indicated by the de- 
creasing sine bar readings. The 
faired curve, referred to in the pre- 

ceding paragaph, indicates that the 
diameter of zero residual stress was 
0.630 in. and not 0.662 in. as is 
shown in Table I, first column. 

Torsional residual stresses from 
the surface to the center of the 
specimen, calculated from the data 
in Table I, are shown by the curve 
G'FO" in Fig. 20, which is a conven- 
tional torsional stress diagram in 
which no distinction is made be- 
tween tensile and compressive 
stresses. 

The curve G'FO" is seen td cross 
the zero stress line 0'0" a t  C, thus 
establishing the area CFOnC repre- 
senting a clockwise torsional mo- 

.eyer 
No. 

0 
1 
2 
9 
4 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

15 
16 
17 
18 
19 

20 
21 
22 
23 
24 

25 
26 
27 
28 
29 

30 
31 
32 
33 
34 

35 
36 
37 
38 
39 
40 

Bar 
Dia, 
In. 

L.270 
L.267 
L.2648 
2.2626 
L.2600 

2.2575 
2.2550 
2.2525 
2.2500 
2.2475 

2.2450 
2.2425 
2.2395 
2.2370 
2.2350 

2.2320 
2.2285 
2.2235 
2.2184 
2.2135 

2.2085 
2.2035 
2.1937 
2.1835 
2.1737 

2.1633 
2.1534 
2.1385 
2.1235 
2.0185 

2.0933 
2.0786 
2.0635 
2.0435 
2.0235 

2.0035 
1.9833 
1.963 
1.9435 
1.9235 
1.8935 

Layer 
Thick- 
ness 

emoved, 
in. - 

0 
0.0015 
0 0011 
0.0011 
0.0013 

0.00125 
0.00125 
0.00125 
0.00125 
0.00125 

0.00125 
0.00125 
0.0015 
0.00125 
0.001 

0.0015 
0.00175 
0.0025 
0.00255 
0.00245 

0.0025 
0.0025 
0.0049 
0.0051 
0.0049 

0.0052 
0.00495 
0.00745 
0.0075 
0.0075 

0.0076 
0.00735 
0.00755 
0.0100 
0.0100 

0.0100 
0.0101 
0.01025 
0.00975 
0.0100 
0.015 

h g l e  
of 

Twist 
Per 

Layer. 

0 
21 
0 
20 
21 

10 
31 
10 
11 
10 

31 
10 
11 
31 
10 

10 
21 
31 
10 
31 

31 
21 
61  
62 
31 

52 
62 
62 
82 
62 

93 
82 
73 

103 
123 

114 
113 
124 
114 
123 
196 

rotol 
Sin. 
Bar 

keod- 
i", 
In. - 
0 

1.001 
1.001 
1.002 
1.003 

1.0035 
1.005 
1.0055 
1.006 
1.065 

1.008 
1.0085 
1.009 
1.0105 
1.011 

1.0115 
1.0125 
1.014 
3.0145 
0.016 

D.017 
0.0185 
0.0215 
0.0245 
0.026 

0.0285 
0.0315 
0.0345 
0.0385 
0.0415 

0.046 
0.05 
0.0535 
0.0585 
0.0645 

0.070 
0.0755 
0.0815 
0.087 
0.093 
0.1025 

ment and the area CG'O'C repre- 
senting a counterclockwise torsion- 
al moment. Since to satisfy equil- 
ibrium conditions, i t  is necessary 
that the sum of these torsional mo- 
ments equal zero, the accuracy of 
the dissection measurements may , 
r ead i ly  be t e s t e d  f r o m  known 
stresses and the radii a t  which they 
occur. I t  was found that 
Clockwiac moment - = 0.991 
Countcrcloekwime moment - S R U R  

indicating an overall error of less 
than one percent. This statement 
does not mean that the errors in 
residual stress magnitude are less 
than one percent. It is extremely 

.ayer 
No. - 
41 
42 
43 
44 
45 

46 
47 
48 
49 
50 

51  
52 
53 
54 
55 

56 
57 
58 
59 
60 

61  
62 
63 
64 
65 

66 
67 
68 
69 
70 

71  
72 
73 
74 
75 

76 
77 
7a 
79 
80 
81 

Bar 
Dio, 
in. - 

1.8630 
1.8340 
1.8035 
1.7735 
1.7430 

1.7135 
1.6830 
1.6535 
1.6235 
1.5925 

1.5635 
1.5335 
1.5035 
1.4735 
1.4430 

1.4120 
1.3820 
1.3520 
1.3220 
1.2920 

1.2620 
1.2320 
1.2015 
1.1720 
1.1415 

1.1120 
1.0820 
1.0520 
1.0220 
0.992 

0.961 
0.932 
0.902 
0.8715 
0.842 

0.812 
0.782 
0.752 
0.722 
0.692 
0.662 

Layer 
Thick- 
ness 

emovmd, 
In. 
v 

1.01525 
1.0145 
LO1525 
1.015 
1.01525 

1.01475 
1.01525 
1.01475 
1.015 
1.0155 

1.0145 
1.015 
1.015 
1.015 
1.01525 

1.0155 
1.015 
1.015 
0.015 
0.015 

3.015 
0.015 
0,01525 
D.01475 
0.01525 

0.01475 
0.015 
0.015 
0.015 
0.015 

0.0155 
0.0145 
0.015 
0.01525 
0.01475 

0.015 
0.015 
0.015 
0.015 
0.015 
0.015 

Angle 
Of 

Twist 
Per 

Layer. 

176 . 
196 
185 
186 
216 

165 
227 
196 
227 
217 

217 
227 
237 
237 
279 

247 
237 
248 
167 
370 

247 
248 
299 
279 
268 

248 
111 
416 
257 
227 

197 
196 
144 
166 
82 

83 
62 
4 1  
41 
11 
20 

Total 
Sine 
Bar 

Rmd- 
ins. 
in. - 

0.111 
0.1205 
0.1295 
D.1385 
0.149 

0.157 
0.168 
0.1775 
0.1885 
0.199 

0.2095 
0.2205 
0.232 
0.245 
0.257 

0.269 
0.2805 
0.2925 
0.306 
0.3185 

0.3305 
0.3425 
0.357 
0.3705 
0.3835 

0.3955 
0.409 
0.421 
0.4335 
0.4445 

0.454 
0.4635 
0.4705 
0.4785 
0.4825 

0.4865 
0.4895 
0.4915 
0.4935 
0.494 
0.495 



difficult to measure stress near the 
surface of a specimen and the stress 
magnitude in this region is subject 
to relatively large errors. Also, the 
dissection method can, a t  best, mea- 
sure only macro stresses giving no 
indication of the sign or the magni- 
tude of micro stresses that may be 
present. 

Residual Strmrs from Plastic Yielding 

Torsional residual stresses, rep- 
resented by the line FG, were de- 
veloped during processing as a re- 
sult of plastic yielding when the 
torsion bar was subjected to the pre- 
setting overload. At the surface this 
stress O'G is compressive and equal 
to 18,000 psi. The residual stresses 
represented by the line 0°F oc- 
curred in metal that had experi- 
enced no plastic deformation but 
was elastically stressed by the per- 
manent set of the spring. The por- 
tion GG' of the residual stress equal 
to 14,000 psi is a remnant of the 
compressive stress induced during 
the shot peening operation, which 
was applied prior to pre-setting. 

The point F on the residual stress 
line O"G', Fig. 20, lies a t  a radius 
of 0.315 in., which as was shown by 
the faired curve is the limit of 
plastic yielding. This point marks 
the limit of elastic behavior of the 
torsion bar steel when the five pre- 
setting overloads, having maximum 
nominal surface stress values of 
255,000 psi. were applied. The in- 
dicated yield stress 

R max 
Sr== x S S ~ ~ X =  

X 255,000 = 'i'l,OOO psi 

is a very low value for this steel, 
which had a hardness of Rockwell C 
49. The question arises whether the 
initial torsional yield strength a t  
this depth may not have been de- 
pressed through the action of radial 
and tangential compressive stresses. 

Perrnonmnt k t  Mmasurmmmnh 

The angle of permanent set can 
be found from Fig. 20 by extending 
the line 0°F to intersect the surface 
of the specimen a t  F'. The stress 
scale shows this intersection to oc- 
cur a t  73,000 psi. The nominal angle 
of twist during pre-setting was 
given as 90 deg. (Ref. 4),  but this 
value was arbitrarily reduced to 86 
deg. by the author, equal to 255,000 

psi nominal stress to allow for elas- 
tic and plastic losses in the splines 
and loading gear during overload- 
ing. 

From these values the indicated 
permanent set angle is 

0 = 73'000 X 86 = 24.5 deg 255.000 
The angle of permanent set may 

also be calculated from the final 
sine bar reading in column four of 
Table I and the ratio of effective 
length of the torsion bar to the 
length of the ground dissection spe- 
cimen, Fig. 18 (C) 

72.7 0.495 
sin 0 = - 8.89 X -= 0.4 10 

0 = 23.5 deg 
This value is presumably more ac- 
curate than the preceding because 
it is obtained from the original test 
data. 

Neither of these angular values 
agrees with the nominal permanent 
set angle of approximately 32 deg 
measured during processing (Ref. 
4).  There are reasons to suspect 
errors in the latter measurement but 
the angular magnitude of these 
probable errors cannot be accurate- 
ly estimated. 

I t  is also possible that changes 
occurred in the magnitude of the 
residual stresses during fatigue 
testing of the torsion bar spring 
prior to the dissection stress an- 
alysis. The bar from which the dis- 
section specimen was taken was 
subjected to 70,000 stress cycles of 
unidirectional torsional loads at 

nominal stresses ranging from 20,- 
000 to 145,000 psi. Although the 
torsion bar spring was not broken, 
a portion of the test fixture failed 
during the test. I t  is possible that a 
large negative torsional load was 
applied by the inertia of the bar and 
the attached splined loading mem- 
bers upon sudden release of the load. 

Errors in permanent set angles, 
whatever their sources, would not 
alter the indicated initial yield 
strength of 71,000 psi but could 
have altered the magnitude of the 
surface yield stress obtained from 
the dissection stress data. 
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Analytical studies of fatigue fractures in torsion bar springs for military vehides 
that, in spite of inherent planes of weakness, show that torsional fatigue failures are 
caused by and develop normal to the tensile component of the applied stress. Data 
bearing on the characteristics of torsional failures obtained from fatigue tests 
of torsion bars that were subjected to experimental variations in processing. 

SUBSTANTIAL EVIDENCE was presented 
in the article "Torsional Fatigue Fail- 
ures," PRODUCT ENGINEERING, Sep- 
tember 1951, p 167, to show that 
tensile stress is the direct cause of 
fatigue failures from repeatedly ap- 
plied torsional loads. Data presented 
in that article also show that the com- 
pressive stresses contribute to fatigue 
failure only in an indirect manner 

through altering the yield strength of 
the metal. 

In the discussion on Torsion Bar 
Sprin s in the latter part of that arti- f cle, ata obtained by the dissection 
process were presented to rv~luate the 
residual stresses in a specimtn cr!t 
from a torsion bar spring, which was 
made of NE 9262 steel, heat-treated 
to a uniform hardness of Rockwell 

C49-50. In the final processing, these 
bars were prestressed by shot peening 
and by overloading in the direction of 
the normal service load. 

It was seen that the fatigue strength 
was much greater in torsion bars that 
were shot peened before pre-setting 
than when the opposite sequence wn, 
followed or than when shot peening 
was omitted. In terms of nominal 



stress, the twisting or pre-setting was 
approximately 255,000 psi, which 
stress exceeded the yield strength of 
the bars. 

When shot peening preceded the 
pre-setting operation, the vulnerable 
surface became biaxially stressed in 
compression by an amount approxi- 
mating one half of the yield strength 
of the steel. 

The data as revealed by the dissec- 
tion measurements on the torsion bar 
spring specimen are shown in Fig. 1. 
These data, together with an interpre- 
tation of them to a lower order of 
accuracy, are reported in Fig. 2. The 
diagrams of Fig. 2 also differ from 
Fig. 1 in that they present the data in 
terms of tensile and compressive stress 
components in the manner shgwn in 
Fig. 3. The construction of dia- 
grams such as Fig. 3 were discussed 
in the September 1951 article. These 
diagrams show separately the magni- 
tudes and distribution of biaxial ten- 
sile and compressive stress components 
extending from the surfaces of torsion 
specimens to their neutral axes. 

The diagonal line N,N, Fig. 2(A) 
represents the nominal tensile stress 
compressive stress component NtO" 
and the compressive stress component 
O"N, that resulted from the torsional 
prestress of 255,000 psi. Each com- 
ponent is arbitrarily given the same 
value as the resultant torsional stress 
in Fig. 1. The point A on the di- 
agonal NtN,  indicates the initial sub- 
surface yield stress in the direction of 
the tensile stress component, and the 
point B indicates the initial sub-sur- 
face yield stress in the direction of 
the compressive stress component. 
Since diagram Fig. 2(A) expresses 
biaxial stresses, the points A and B 
are actually coincident (the 'stresses 

- Ten bmp- 
n 

at these points correspond to the tor- 
sional yield stress at A in Fig. I ) ,  
and are presumably equal in magni- 
tude. 

Since the nominal torsional pre- 
stress N,N, exceeded the yield strength 
of the steel, the maximum surface 
stress was considerably less than 255,- 
000 psi. Based on the residual stress 
data shown in Fig. 1, but not includ- 
ing the stress remnant GG' from shot 
peening, the surface tensile and com- 
pressive yield stresses were less. than 
the nominal applied stress by an 
amount equal to the total plastic yield- 
ing F'G. By measurement, 17'0' 
equals 73,000 psi and O'G equals 
18,000 psi. From these data the ex- 
tent of yielding in the direction of 
both components is taken as 91,001! 

+-Ro Camp- 
Fig. 2 

psi. The surface yield strengths O'Y, 
and O Y ,  Fig. 2(A), are therefore 

255,000 - 91,000 = 164,000 psi 

The yield stresses at intermediate 
depths range from 164,000 psi at the 
surface to 71,000 psi at the depth A, 
somewhat as represented by the 
straight lines Y t A  and I.'$. 

The indicated yield strength of the 
cold worked surface metal, as well as 
the initial yield strength of sub-sur- 
face metal, is seen to be at variance 
with the values that would be ex- 
pected from conventional yield stress 
determinations. This instance is tfie 
only one known to the author in which 
the pattern of torsional yield stress 
has been determined from residual 
stress measurements. The method 
appears to be inherently more accurate 
than the conventional method in 
which an assumed yield attern is 
constructed upon static yiel ! measure- 
merits. Additional dissection measure- 
ments of residual torsional stresses 
will be required to establish the rela- 
tive merits of the two methods. This 
comparison should also be made for 
specimens that have been loaded above 
their yield strengths in bending, ten- 
sion, and compression. 

Shot Peening Residual Stresses 

Approximations of the biaxial re- 
sidual stresses that were induced by 
the shot peening operation are also 
shown in Fig. 2(A). This diagram 
also shows the dissipation of most of 
these stresses when the torsion bar was 
subsequently pre-set by overloading. 

As ~reviouslv ex~lained (Refs. 1 
, and 3): adquaie sshdt peening induces 

_ biaxial residual compressive stress ap- 



roximating one half of the nominal 
y~eld stress of the peened metal. The 
nominal yield stress of steel having 
a hardness of Rockwell C-49-50 may 
be assumed to exceed 200,000 psi, 
from which the biaxial (compress~on- 
compression) peening stress induced 
in the torsion bar is assumed to be 
slightly greater than 100,000 psi as 
indicated in Fig. 2(A) by the stress 
com nents 01 and O'M. C nominal compressive and ten- 
sile stress com onents at the surface 
of the torsion g ar from the prestress- 
ing overloads were 225,000 psi; but 
since these stresses were superimposed 
upon the residual biaxial compressive 
stress induced by shot peening, the 
total nominal stresses for the imme- 
diate purpose are assumed to be the 
algebraic sums of the residual and 
ap lied stresses. The combined nomi- 
n af' stress in the direction of the com- 
pressive component of the torsional 
stress is therefore 

01 + ON. = 01' 
Since this sum exceeds the yield 

stress of the metal by the amount Y J ,  
it is seen from this observation that 
all of the peening stress in the direc- 
tion of the compressive component is 
immediately lost. 

The combined nominal stress in the 
direction of the tensile component is 

O'Nt - O'M = O'M' 
In this direction, the portion YtM' 
of the peening stress remains, but the 
greater portion N,Yt was dissipated 
by plastic yielding. 

Tensile Yielding Reduced 

One effect of shot pending on the 
wlnerable surface layer was to reduce 
plastic yielding in the direction of the 
tensile component by the amount 
N,M' and to increase plastic yielding 
in the direction of the com ressive 
component by the amount &'. It 
is not known whether the damage 
caused by extensive plastic yielding 
was reduced by this exchange or if the 
increased fatigue durability (shown 
in Fig. 17, 179, Ref. 4)  resulted 
solely from Hecreasing the magnitude 
of the ap lied stress in the direction of 
the tens& component. 
' After release of the prestressing 

load, the two residual stress com- 
nents in the bar were as indicated 
the broken line DEFGGt in Fig. 

2(B). It is seen that the residual 
stress O"FGG', in the direction of the 
nominal tensile component of this dia- 
gram, is identical with OUFGG' of the 
torsional diagram Fig. 1 including the 
remnant GG' of the eening stress. 
The residual stress DEB" in the direc- 
tion of the nominal compressive com- 

ponent of Fig. Z(B) is also like the 
diagram Fig. 1, except that it is in- 
verted and no portion of the peening 
stress remains. 

Tensile Component Reduced 

The maximum load that was ap- 
plied during the fatigue test stressed 
the torsion bar to a nominal value of 
145,000 psi, as is indicated by the 
diagonal dash line hT',hT', Fig. 2(B) .  
The maximum stresses were the alge- 
braic sum of these nominal applied 
stresses and the residual stresses, as 
indicated by the broken line K'KH. It 
is seen that the combined effect of 
prestressing by overload and by shot 
peening reduced the tensile component 
of the applied stress by the amount 
N',K1. The surface tensile component, 
which because of surface weakness 
(Ref. 2) is the direct cause of fatigue 
failures in specimens that are not ade- 

uately prestressed, was thus reduced Tram 145,000 to approximately 113,- 
000 psi. 

The diagram Fig. Z(C) indicates 
the stress range that was applied dur- 
ing the fatigue t a t  as modified by 
the residual stresses from the nom- 
inal unidirectional range of 20,000 
to 145,000 psi. It is seen that, in ap- 
proxifnate terms, the surface com- 
presswe component LYH ranges from 
2,000 psi compression to 127,000 psi 
compression, and that the surface ten- 
sile component K'G" ranges from 
113,000 psi tension to 12,000 psi 
compression. 

This method, as used in the pre- 
ceding paragraphs for combining the 
biaxial residual compressive stress 
from shot peening and the biaxial 
torsional stress from the restressing 
overload, is an oversimplif!cation that 
leads to errors in the resultant stress 
magnitudes. Although these quanti- 
tative errors are undesirable, it is be- 
lieved that the diagrams of Fig. 2 
correctly represent the qualitative 
effects. 

Combining Biaxial Stresses 

A more accurate method for com- 
bining such biaxial stresses has been 
developed by Mr. Robert Schilling of 
the Research Laboratories Division, 
General Motors Corporation. This 
method, which makes use of the con- 
ventional yield elli se, is being pre- 
pared for early pu&ic presentation. 

The Schilling method will indicate 
that less plastic yielding occurred from 
combining the peening and pre-set- 
ting stresses than is shown In Fig. 
Z(A). It will also indicate that a 
small peening residua1 stress was re- 
tained in the direction of the com- 
pressive component (upper part of 

diagram) as well as a greater stress 
in the direction of the tensile com- 
ponent (lower part of diagram). The 
retaining peening stress components 
were, of course, unequal in magni- 
tude else no peening stress would 
have been detected by the dissection 
stress analyses. 

The net effect of the Schillinp. 
method is expected to be that thi  
(harmful) surface tensile stress is 
reduced by a greater quantity than 
KK' as is indicated in Fig. 2(C) with 
corresponding increases In the com- 
pressive stresses of the same diagram. 
Since this latter increase is in the 
elastic range, it does not affect the 
fatigue strength of the specimen. 

Prestressing at  High Temperature 

It is probable that the greater part 
of fatigue damage from extensive 
plastic yielding could have been 
avoided by performing the prestress- 
ing operation at an elevated or higher 
tem erature. 

h e  production tempering spec- 
ification required a ". . . minimum 
time at heat of two hours at not less 
than 850 F to produce hardness of 
. . . 47-51 Rockwell C." Presumably, 
therefore, prestressing could have 
been performed at a temperature 
where the bars were more ductile and 
plastic flow could occur with rela- 
tively less fatigue. 

This precaution was observed in 
straightening the bars after heat- 
treatment. According to specifications, 
the straightening operation was per- 
formed " . . . from draw heat at a 
temperature of not less than 600 F." 
Even at this temperature, straighten. 
ing by applying a bending load could 
be extremely damaging to those hard 
torsion bars, because the process in- 
duced residual tensile stress on one 
side of the bar and required yielding 
by direct tension on the opposite side. 
Direct tensile yielding could, and 
probably did, develop transverse 
cracks in bars that required exten- 
sive straightening. 

A number of ex erimental bars 
were given a secon% shot peening 
after pre-setting, which presumably 
increased surface residual compressive 
stress but it also required additional 
plastic flow. Tests of these doubly 
shot peened bars did not show greater 
fatigue life than resulted from a sin- 
gle peening prior to pre-setting. In 
one case the double treatment indi- 
cated a loss in fatigue strength, which 
is a relatively common experience 
with overpeened parts, but it is more 
probable that the loss in fatigue 
strength was due to defective material 
than to overpeening. 



Processing Variations Reveal Valuable Data 

As a result of numerous experi- 
mental variations in processin of 
military vehicle torsion bars and be- 
cause the effect of each variation was 
measured by many fatigue tests, val- 
uable data bearing on the character- 
istics of torsional failures are avail- 
able. Among these are transverse and 
Ion itudinal fractures that tend to 
con f use the observer as to causes of 
fatigue and the remedial measures that 
may be applied. 

The characteristics of fractures that 
developed in five experimental tor- 
sion bars from applying re eated uni- 
directional twisting loa i s ranging 
from 35,000 to 137,000 psi are shown 
in Fig. 4. These bars differed from 
regular production bars in a number 
of details. From the standpoint of 
fracture characteristics, the most im- 
portant differences were that thelr 
surfaces were in the rough 'as rolled' 
condition presumably in the interest 
of lower cost, and pre-setting was 
omitted presumably as a step in meas- 
uring the value of residual stress in- 
duced by this operation. 

Bars A, B, C, and E shown in Fig. 
4 are seen to have failed by trans- 
verse shear, only bar D failed by ten- 
sion in the manner that would be ex- 
pected. Transverse failures occurred 
in most of the specimens because the 
applied load stressed the bars above 
their yield strengths and extensive 
plastic yielding continued throughout 
each test. 

Although the maximum nominal 
test stresses were somewhat lower than 
were applied to standard production 
bars (such as is shown in Pig. 16 
Ref. 4)  their elastic strengths were 
exceeded because their unfinished sur- 
faces were decarburized. The decar- 
b~~rized layers were incapable of sus- 
taining their share of the applied 
loads (Ref. 2) ,  therefore, the stresses 
in the underlying metal were increased 
sufficiently to cause extensive plastic 
creep. The compressive and tensile 
stress components contributed in sub- 
stantially equal amounts to the plastic 
deformation, therefore, after a suf- 
ficient number of stress applications 
the failures resulted from the corn- 

bined effects of these components to 
exhaust the capacity of the steel to 
plastic flow. These specimens are seen 
to have behaved in the same manner 
as the modeling clay cylinder shown 
in Fig. 2(B) of Sept. 1951 article. 

The depth of decarburization and 
subsurface hardness were measured in 
bars D and E as shown in Table I. 
In terms of the standing height of 
the vehicle, Table I also records the 
extent of plastic yielding of all bars 
in the group after 5,000, of one bar 
after 10,000, and of two bars after 
20,000 load applications. 

A punch press, operated at constant 
stroke, was used as the fatigue ma- 
chine. Because plastic yielding con- 
tinued throughout the tuts the 
applied stress necessarily decreased be- 
tween periods of load adjustment. 
S~nce load restorations were made 
only after 100, 500, 1,000, 5,000, 
10,000, and 20,000 cycles, the aver- 
age applied stress varied appreciably 
below that of the specified load. 

Magnetic particle ins ection, which 
was applied to each o f the five tor- 
sion bars prior to fatigue testmng, re- 
vealed short longitudinal seams in all 
bars as noted in Table I. In only one 



specimen, bar D, was the character of fatigue fracture, the origin of which 
the fracture dominated by these de- is indicated in Fig. 4 by a circle. It 
f&. This bar had, in addition to is probable that, as noted in Table I, 
several short defects, a 5 in. seam the smaller depth of decarburization 
near the end of the bar. This long in bar D was responsible for its 
seam acted as a stress raiser for the greater fatigue durability and its rela- 
development of a normal tensile tively low plastic settling. 

Good Reports Require Good Photographs 
Photographic records of the fatigue 

fractures of the subject torsion bars 
were superior to those usually found 
in routine laboratory reports, but in 
only ocasional instances are they 
adequate for diagnostic purposes. A 
selected few show sufficient detail to 
establish definitely the point at which 
fracture originated and to identify 
material defects that caused or con- 
tributed to the failure. Note, for 
example the inadequacy of the photo- 
graph of bar D of Fig. 4. The report 
relating to this specimen states that 
the fracture developed from a longi- 
tudinal defect. The point at which 
the fracture originated can be dis- 
cerned in the photograph but, because 
of the angle at which it was taken, no 
evidence of the defect is seen. 

Similarly located fatigue fractures 
from the same causes are better illus- 
trated in specimens F and G, Fig. 5. 
These bars differed from the bars 
shown in Fig. 4 in that their surfaces 
had been machined to remove decar- 
burized metal and they were also 
otherwise processed to standarc1 spec- 
ifications, Including prestressing. The 
bar F was tested at a nominal s ~ i ~ s ,  

range of 8,500 to 135,500 psi and 
iailed after 87,000 stress cycles. The 
bar G was tested at a nominal stress 
ranzc of 22,500 to 150,000 psi and 
failed after 47,000 stress cycles. 

The excellent photographs of bars 
I: and G, Fig. 5, clearly show the 
points of origin of fatigue fractures 
as well as the open seams that sewed 
as stress raisers to hasten failure. Note 
that the longitudinal planes of the 
seams are discolored by heat-treatment 
and that they are entirely free of char- 
acteristic fatigue marking. In both 
specimens, fractures originate at the 
junction of the longitudinal fissure and 
the outer surfaces of the bars. It is 
also seen that the fatigue fractures 
advanced from their p i n t s  of origin 
at angles of approximately 45 deg to 
the axes of the bars, that is, the frac- 
tures are normal to the tensile com- 
ponents of clockwise torsional loads. 

Other details of the fracture sur- 
faces are relatively unimportant be- 
cause the states of stress in the 
remaining sections were drastically al- 
tered by the advancing fractures. Such 
unimportant leatures, howc\ er, are 
often found described in derail and 

no mention made of the importanr 
characteristics. In other instances, 
clearly defined evidence pointing to 
the fracture origin and to the contrib. 
uting causes of fracture is interpreted 
erroneously. 

The metallurgist's report on 1:1r 
fatigue fracture of bar I shown in Fig. 
6 states that the fracture originated 
in the longitudinal defect that ap- 
pears on the lower edge of the frac- 
ture. When discovered by magnetic 
particle inspection before fatigue test- 
ing, this defect was found to be 3.5 
in. long. Probably because of prior 
knowledge of the presence of this 
defect and because evidence of it ap- 
peared in the fracture, the unwar- 
ranted conclusion was reached that 
this defect was the origin of fatigue 
failure, notwithstanding the well de- 
fined nucleus a short distance below 
the opposite surface of the bar. From 
the same bar, the section H in Fig. 6 
was removed a short distance from 
the fracture to show another longi- 
tudinal seam, this one 2 in. long. 

Principal interest in the fracture 
of bar I, Fig. 6, is that: (1) Its point 
of origin was not influenced by the 
presence of at least two major longi- 
tudinal defects; (2) the fracture was 
caused by the tensile components of 
counter clockwise torsional loads; and 
(3)  the point of greatest effective 
stress was ap roximately 0.35 in. be- 
low the sur ? ace of the bar. Direct 
evidence is not available, but it is 
probable that a large inclusion or 
similar defect served to amplify the 
stress at the fracture origin. 

. . 

O r g k  



Extra Hard Torsion Bars 
The fractured specimens L and M 

of Fig. 7, which failed by tension 
from repeated clockwise twisting 
loads, are also of sub-surface origin 
but their nuclei are not so deep as the 
nucleus in Fig. 6. No effort seems 
to have been made to determine the 
nature of the stress raisers that con- 
tributed to these failures. But since 
the nuclei were between 0.1 and 0.2 
in. below the surface, where the noin- 
inal prestressing stress was 85  to 90 
percent of the nominal surface stress, 
possible damage during prestressing 
should be suspected as \ \ d l  as lie. 
fects originally present in the rnnte- 
rial. 

These specimens were made :o 
standard specifications exce t in 11a:d- B ness. They were tempere at 750 I: 
to Rodcwell C 54, whereas standard 
production bars were tempered at 850 
F to Rockwell C 49. These specimens 
were therefore more susceptible to 
damage from lastic yielding during 
prestressing an: to early faiiure from 
this damage than bars tempered to 
greater ductility. 

Because fatigue weakness of sur- 
faces increases with brittleness, com- 
pressive stresses induced by shot peen- 
ing and other superficial mechanical 
operations become more effective in 
increasing fatigue strength as hard- 
ness of the peened steel is increased. 
Since surface weakness, however, is 
relatively just as detrimental to the 
internal surfaces of defects such as 
inclusions, voids, seams and cracks, 

as to external surfaces, and since these 
internal surfaces cannot be reached 
by peening through hardened highly 
stressed machine parts must be as free 
of internal defects as possible. 

Deep Prestressing 

Prestressing by overloading is the 
only mechanical rocess now in use 
that is capable oPinducing favorable 
residual stresses at depths sufficient to 

be effective against defective steel. 
Even this operation is relatively in- 
effective against any deep defect in 
very hard steel unless damage fmm 
extensive plastic yielding is reduced 
by prestressing at an elevated tem- 
piriture. 

- 
Torsion bars L and M. Fie. 7. failed 

after 66 and 310 load $plkations 
respectively while being fabgue tested 
at nominal stresses rangingfmm 8,500 
to 135,500 psi. 

The fatigue fracture of torsion bar 
K, Fig. 7, also originated in sub-surface 
metal but in this case the stress raisers 
that hastened failure are prominent 
in the photogra h. This specimen 
was not only d i c t e d  with a longi- 
tudinal seam but a transverse defect 
is also in evidence. Characteristic fa- 
tigue markings have their origins at 
the junction of the 45 deg plane of 
the tensile fatigue fracture with the 
90 and 0 deg planes of the two de- 
fects. 

This longitudinal seam, like the 
same defects in other specimens, was 
no doubt formed during rolling of 
the bars at the steel mill. The trans- 
verse defect could be, and probably 
was, a result of straightening after 
heat-treatment. The original report 
does not venture an explanation. 

The bar was made to standard 
specifications except that it was given 
a second shot pecnlng after pre-setting. 
Additional peening could not, how- 
ever, have affected its fatigue stren 
because the origin of the failure, fe 
ing sub-surface, was out of reach of 
the shot. 



spring testing machine having a set sp 
As here shown, tbe coil spring mounted 
under test to determine fatigue life. A s 

s in torsion can be installed in machine 

&-Tensile fatigue failure from repeated dockwise tor- 
loads hu its origin below nvface between short wunr 

Procuring included shot peening follbwed by prestressing. 

Considering the severity of the 
stress rakers the durabiiity of the 
specimen was good. It failed after 
81,400 cycles at nominal stress mnp 
ing from 8,500 to 135,500 psi. 

The original rewrt on the specimen e 

J, Fig. 7,;tates ihat the failire is of 
sub-surface origin, but the photograph 
does not show details beyond the fact 
that the fracture advanced at a 45 deg 
angle to the bar axis and downward 
from the top. This bar failed after 
23,600 cycles at the same nominal 
stress range as was applied to the three 
specimens K, L and M. Its short life 
supports the original statement that 
failure originated below the surface, 
presumably in a relatively large defect. 

Photographic Details Important 

The photograph Fig. 10, showing 
the fatigue fractured section of one of 
a group of four torsion springs, is so 
sharp in all details that the point of 
fracture origin is clearly seen to be a 
short distance (0.04 in.) below the 
upper surface between two short lon- 
gitudinal seams. Crack width was 
confined to the narrow space (0.13 
in.) between the two seams until its 
inward growth on a 45 deg plane 
exceeded the depth of the seams (0.22 
in.) after which it spread in all 
directions. 

This bar was made from X-9165 
steel heat-treated to a hardness in the 
range of Rockwell C 47-49. Processing 
included shot peening followed by 
prestressing. Examination indicated 
the presence of longitudinal defects 
with nonmetallic inclusionc in all bars 
of the group. The bar illustrated was 
fatigue tested by applying unidirec- 
tional loads at nominal strccr rangin,? 
from zero to 137,000 pzi. Failure 
occurred after 30,000 stres applica- 
tions. 

Torsional Fatigue Failures Are 
Tensile Failures 

Military vehicle torsion spring fa- 
tigue fractures have been discussed at 
considerable length because they show 
that, in spite of inherent planes of 
weakness, torsional fatigue failures 
are caused by and dwelop normal to 
the tensile component of the applied 
stress. 
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