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ABSTRACT

An experimental technique is estahlished for performing strain
controlled fatigue tests in torsion on thin-walled tubular specimens.
The results of such tests on a 1045 hot rolled and normalized steel are
reported. Fatigue crack initiation properties are determined in a
manner analagous to the method used with axial fatigue data reduction.

Mode 1@ (inplane shear) surface cracks are observed throughout a
significant portion of the life of the 1045 specimens. Often, many
cracks are ovhsecrved that have no apparent effect on the final failure.
This phenomenon is documented with surface replication techniques.

Finally, for the steel tested, it is established that the fatigue
strength exponent, fatigue ductility exponent and cyclic strain harden-

ing exponent are essentially the same in torsicnal and axial loading

modes.
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I. INTRODUCTION

A. Overview

Historically, there have been two approaches to dealing with the
phenomenon of metal fatigue inr terms of analytical representation and
design criteria. The ficst, the "endurance™ or "infinite 1ife" approach
attempts to define the stress limits below which failure will never (for
all practical purposes) occuf. Baseline values for an endurance limit
can be obtained in the laboratory and applied as a design criterion to
components that are subjected to low amplitude loads.

The second, and most recently developed, is the '"finite life'
approach. Qualitatively, it may be thought of as a refinement of the
endurance limit approach with the end goal of providing finite fatigue
life prediction methods. Although the testing and anélysis is different
than that to determine endurance limits, baseline fatigue properties arve
obtained in the laboratory. These properties may then be used in
conjunction with representative service or loading histories to predict
the fatigue crack initiation lives”of components in service. It should
be added that the finite life approach has been extended to permit

estimates of the fatigue crack propagation lives as well.



In the finite life approach, the baseline fatigue properties are
obtained from laboratory specimens tested in uniaxial strain controlled
tensicon-compression cyclic tests. The accuracy of the analytical
methods wusing these properties has been verified only for uniaxial
conditions. Since multiaxial loading environments are present in many
actual machine parts, it is necessary either to reduce the stress state
into a manageable form for comparison with uniaxial properties, or to
obtain baseline fatigue properties in stress states other than uniaxial.
The research included in this £hesis is meant to provide input in

addressing this point.

B. Background: Fatigue Failure Criteria

Most early work in fatigue is based on the enduranmce limit approach
where, in the case of uniaxial fatigue, an equivalent stress value is
defined below which failure will not occur. 1In general, the extension
of this approach to multiaxial loading (monotonic or cyclic) requires
defining an 'effective™ or "equivalent stress', i.e., reducing the
multiaxial stress state to a scalar such that it can be compared with
uniaxial data. Any one equivalent stress criteri; can be illustrated as
a surface or "envelope" in stress space within which failure will not
cccur, Often the equivalent stress is defined as the yield strength in
a monotonic tension testj hence these criteria plotted in stress space
repregents yield surfaces. Figure 1 shows some common eguivalent stress

criteria plotted in two dimensional principal stress space,



Gough[1]%* pioneered much work in the area of biaxial endurance
limits with test programs ranging from pure bending to pure torsion. He
fit his data from two ductile steels to an ellipse with the minor axis
representing the endurance limit in pure bending and the major axis

representing the endurance limit in pure torsion, This ellipse is

represented by

T RCE
(EE) + (%)2 = 1 {1

‘where: B = enduranée limit in pure bending

T = endurance limit in pure shear

a, = applied bending stress

T = applied shear stress

Note that by wvarying the ratio of the shear to bending enduraﬁce

limits the ellipse is reduced to different equivalent stress criteria,
according to the following:

T/B = .58 von Mises distortion energy criterion

T/B = .5 Treséa maximum shear stress criterion

There are two major technical objections to the infinite life

approach:

1. Some metals (e.g., aluminum) do not exhibit an endurance limit in
constant amplitude laboratory tests.
Often, metals that do exhibit an endurance limit in constant ampli-

tude tests do not in actual service applications. Just a few

cycles of high strain may eradicate an endurance limit.

*Numbers in brackets refer to the list of references following the text.



Many vother investigators, including Guest [2], Findley [3] and
McDiarmid [4] have also proposed modifications of various equivalent
stress criteria to account for multiaxial loading. Often these endur-
ance limit approaches are used to predict finite lives by defining the
mathematical constants at specifié life levels. TFor example, by
defining B and T in Eq. (1) as the bending and torsional strengths,
respectively, at 10° reversals to failure one could derive a "Gough
ellipse" for 10° reversals to failure rather than for infinite life.

Sines [5, 6] has done exﬁensive work along these lines. He
correlates fatigue life with the octéhedral shear stress, corrected for
any superimposed mean stress. Mathematically, this criterion can be

expressed as:

1/31(0; = 05)% + (g3 = 03)2 + (05 = 60212 <A - a (S, + s,+8) @

where: C;, O

2> O3 the alternating principal stresses

w
[#2)
[#7]
1f

the orthogonal mean (or static) stresses

>
=]
I}

materials properties for a given life level

Note that the expression on the left-hand side of Eq. (2) is equiv-

alent teo the octahedral shear stress, Toct” Graphically, Sines'

criterion is represented in plane stress space by a series of concentric
ellipses. The interior of any one ellipse defines the region of per-

missible alternating stress at a given life level with given mean

stresses. Qualitatively, Sines suggests that the octahedral shear

stress criterion "averages"™ the effect of shear stresses on many

different slip planes and that deviations from the criterion indicate

the incompleteness of the averaging.



In fatigue analysis the above methods are useful primarily in the
high cycle {low stress amplitude) regime for determining whether or mot
a fatigue problem exists. However, to make finite Life predictions the
low cycle'fatigue response must be characterized in additioan to more
precisely quantifying the high cycie response,

The strzin based approach as developed by Morrow and others{7, 8]
has been found to be the most useful method for determining crack
initiation life of wrought metals in uniaxial fatigue. Baseline
materials properties are obtained from constant amplitude fully reversed
strain controlled tests. Total strain range, Ag, is the controlled
parameter with stress amplitude, O,» elastic and plastic strain ampli-
tudes, AEE/Z, and Aép/Z, respectively, measured Zfrom the cyclically
stable stress-strain loop, Fig. 2. Reversals to faiiure, ZNf, as
defined by a predetermined drop off in load, are also recorded. The
elastic strain-life and plastic strain-life rélatiénshiﬁs have been
found to fit a power law such that the functions are linear when plotted
on a log-log scale. The total strain amplitude ié related to life by

summing the elastic and plastic components such that

Ag

he
Ae e+ " p
2z 2 (3)

0£ b c
5 = 7 (2Nf) + €f (ZNf) (&)



where: o = fatigue strength coefficient
b = fatigue strength exponent
EE = fatigue ductility coefficient

fatigue ductility exponent

N
H

[
=4
i

£ = reversals to failure
These relationships are shown graphically in Fig. 3.

Details of this type of strain-life analysis apnd its use in making
life predictions of actual components which experience variable ampli-
tude loading are presented in Reference [9]. Here it is appropriate to
question how-this uniaxial strazin-life relationship can be applied to
other modes of loading.

A frequent approach has been to modify Eq. (4) to account for
multiaxial strains by defining an "effective strain range" to relate to
life. Although the general form of the power law relationship still
seems acceptable, there are conflicting opinions about which "effective”
stress or strain parameter is appropriate.

Pascoe and deVilliers [10] investigated uniaxial, torsionmal and
equibiaxial stress states using 2 mild steel. They measured life as a

function of the equivalent plastic strain which, in turn, was related to

principal strains.

1

E
Seq = Jg_[(sz - £3)2 + (g m £3)% t+ (g5 - 51)2} (5)

In addition, they modified the fatigue ductility exponent to reflect the

"state of strains."



Taira [11, 12, 13] found that the results of combined axial-torsion
tests on a .16 percent C steel showed a good fit between von Mises'’
equivalent strain and life at elevated temperature. However, the Tresca
equivalent strain showed a better correlation with life at room tempera-
ture.

Havard and Topper {14] used a2 maximum shear stress (Tresca)
criterion, but added a hydrostatic stress modification. 1In a later
paper [15] they changed to an octahedral shear strain parameter modified
for the hydrostatic stress. In both cases they maintained a power law
relationship between stress and life.

Mowbray [16] has suggested different modifications for the elastic
and plastic strain-life relatiouship; for the biaxial loading case.
Qualitatively, the end result is a modification of the intercepts of the
elastic and plastic strain-life lines (see Eq. (4) and Fig. 4) to
account for the effects of biaxiality on fatigue strength and ductility,

while mairtaining the same slopes as in uniaxial fatigue. His biaxial

criterion is represented as:

-

BE1 ooy o (28 )P + 22~ g(A,m)e (28 )C (6)
2 ? E £ 3~m ? f f
where: égl = maximum principal strain range-
A= 2
1
v = Poisson's ratio
m =

material parameter weighting the effect of a hydrostatic

stress component on plastic deformation



The function, f(A,v), relates the maximum principal elastic strain
range to the effective range via the distortion energy theory. Equiva-
lent plastic strain based on distortion energy and the von Mises plastic
flow rule is related to the maximum principal plastic strain range by
the function, g(A,m). The factor, 3%;, was iptroduced as a modification
to the uniaxial fatigue ductility coefficiedt; sg, to obtain a biaxial
fatigue ductility coefficient. Note that a new material parameter, m,
has been introduced in the expression for plastic strain. Mowbray
suggests m is mathematically bounded in the interval 0 < m < 1.5, with a
realistic value of .7 for several engineering metals. It is also worth
noting that Eq. (6) reduces to Eq. (4) in the case of uniaxial fatigue.

There is. very little strain controlled fatigue data in a non-
uniaxial mode available. Halford and Morrow [17] performed completely
reversed plastic strain controlled torsion tests on two aluminum alloys,
60-40 brass and SAE 4340 steel. The only uniaxial data available for
comparison are for an SAE 4142 quenched and tempered steel[18], with
yield and ultimate strengths similar to the SAF 4340. Values of the
fatigue strength exponent, b, correlate fairly closely with b = -.088
for 4340 in torsion and b = ~.081 for 4142 in uniaxial fatigue. Values
for ¢ and n” do not compare as favorably, possibiy because the torsional

fatigue data were cbtained from plastic strain rather than total strain

controlled tests. Also, there are relatively few data points available

from the torsional fatigﬁe tests.,



Benham{19, 20] performed axial and torsional strain controlled
tests on pure copper in the annealed and cold-worked conditions. His
data from each stress state show the fatigue ductility exponent, c, to
be of slightly larger magnitude (i.e., a steeper nggative slope in the
plastic strain-life relationshiﬁ) in the axial mode of fatigue. The
values of ¢ in the axial and shear modes, respectively, were ~-.58 and
-.51 for the cold worked condition and -.54 and -.46 for the annealed

copper.

C. Present Work

The experimental work presented here is coanstant amplitude shear
strain controlied torsional low cycle tatigue data. It is analogous o
uniaxial constant amplitude fatigue data, but obtained in a different
loading mode. Although torsional fatigue is one—dimenrsional in loading,
it is two-dimensional in stress state, hence it may be useful in judging
whether or not uniaxial finite life fatigue properties can be extra-
polated to determine vresponse in 2 non-npniaxial environment. The
primary question addressed here is_ whether the exponents in the power
law fatigﬁe relationships are constant from one stress state to the

next.

As described in Eq. (4), the total strain-life relationship is a

summation of the elastic strain-life
Ae

o
e £ b
2 = E (2Nf) (73)
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and the plastic strain-life
AEP c
2 = gg (2N (7b)
relationships. Eliminating life from Egs. 7(a) and (b), one obtains the

cyclic stress versus plastic strain relationship

R n’ . §
o, = K (sp) (7c)
where: a = true stress amplitude
“ = cyelic strength coefficient
and n” = cyclic strain hardening exponent

Hence, there are six baseline materials properties determined for low

-

cycle fatigue analysis: Ué, cé, K°, b, ¢ and n”, of which only four are

independent. Mathematical and physical considerations dictate that

n’ =% (8a)
_and
o
K" = —L (8b)
- N
(e

These constraints are often ignored in reducing fatigue data, but are a

natural consequence of accurate results.

Equations 7(a) - (c) and 8(a) - (b) are expressed in uniaxial terms.

Analogous relationships for the case of torsional fatigue can be

expressed as follows:

Ay

€
2

L TN

)% (92)

Cﬁlt-i
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Fiv'y C ’
2=y @ ° (9b)
T, =% () & | (9¢)
where: Aye = elastic shear strain range

Ayp = plastic shear strain range

1, = true shear stress amplitude

I% = fatigue shear strength coefficient

‘yé = fatigue shear ductility coefficient

Ké = gyclic shear strength coefficient

b, = fatigue shear strength exponent

€, = fatigue shear ductility exponent

né = ¢yclic shear strain hardening exponcnt

Shear strain controlled fatigue test data are ideal for determining
n’, b and ¢ in a non-uniaxial loading mode, since the choice of a strain
parameter for use in the power law relationships in Egs. 7(a) and 7(b)
should have no effect on b and c, and therefore no effect on n . For
example, the differences between using a maximum principal straim-life,
maximum shear strain-life and octahedral shear strain-life are merely
scalar gquantitites. They would affect the coefficients, but not the
slopes of the power law relationships in Eqs. (7a) and (7b).

Assuming that in pure torsioen, the total shear strain is the
summation of the elastic and plastic shear strain, one arrives at the

following relationships between total shear strain and life:
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-

T b c
by . if 0 4y o

{10a)
and cyclic shear stress and shear strain
T 1 1/n’
Ay 2 _a_ 0
7 °§ " (xo) (100)

The purpose of this investigation is to determine whether or not

b=b, c=cy and/or n~ = n, for a 1045 hot rolled (HR) and normalized
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IT. EXPERIMENTAL PROGRAM

A. Test and Specimen Design

There were two basic requirements considered in establishing the

torsional fatigue tegt method:
1. Contro: of the total shear strain range within the gage length of
deformation.
2. Capability of measuring toﬁal shear strain, shear stress amplitude,
shear modulus and cycles to failure.
It was the second consideration that dictated specimen geometry.
The use of a solid round specimen would present difficulties in directly
calculating the shecar stress at the surface after plastic yielding, when
the stress distributien across the plane in torsion is nonlipear.
Nadai[21] has presented a method of back calculating this stress for a
solid round. A direct stress calculation from acquired load data can be
made for a thin-walled tubular specimen assuming that the stress is
constant across the thickness, and that the thickness of the wall is
constant. Hence, a specimen with a thin-walled gage length was used.
The ratio of wall thickmess to the outer an& ioner diameter was .1 and
.125, respectively. Note that the 4 mm wall thickness is of a dimension
comparable to the axial specimens, which were 6 mm in diameter.

Figure 4 shows the gedmetry and dimensions of the test specimen.
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According to the thin-walled theory:

- T
T "mRrR?Y an
m
where: T = torque

o
1]

mean radius

wall thickness

o
1l

This relationship is an approximation useful after plastic yielding has
ocecurred. Considerable error would be introduced in applying Eq. (I1)
to elastic response, the amounﬁ of error depending on the difference
between the outer and the mean radius. Hence, for modulus calculations

during elastic reponse, the stress is calculated by:

T R0
CTWY ®RECRD
where: R0 = outer radius
Ri = inner radius

The thin-walled approximation is used at all times after yielding has
cccurred.

Each specimen had a honed surface on the interior and a ground
outer surface. Thus, the surfaces were not as finely polished as would
be a smooth, round axial fatigue specimeu, huwéver, the grinding marks
were perpendicular to the crack direction.

The test system used throughout this investigation is not commer-
cially available, although most of the individual components are. The

basic system was that designed by Galliart and Downing[22] for use in

the biaxial fatigue program sponsored by the Society of Automotive



S

15

Engineers (SAE) Fatigue Design and Evsluation Committee. Tt included
two independent linear actuastors with two 10 kip locad cells. The
specimer was clamped into the test frame with a wedge-type fixture, and
into . the load arm with a collet. Most of the hardwgre was adapted from
WTS materials test systems, including a computer interface to a PDP
11/04 allowing computer control of the two rams, Figures 5{z) and 5(b)
show the testing apparatus.

In the SAE biaxial program, this test setup is used for load con-
trolled combined bending/torsion tests. Hence, some hardware and
software modifications were necessary to perform straim controlied tests
in torsion.

To reduce the péssibility of undesired bending, the load cell on
actuator npumber two was slaved to the inverted signal from actuator
number one directly through the internal hardware. Hence, at any point
in time, each ram theoretically imparted loads of equal amplitude but
epposite sign on the apccimen to achieve purc torsiecnal loading. In
actuality, there was a slight time lag between the measuring of the load
signal of ram number one and execution of the inverted signal by ram
number two. Any continued resultant difference in load amplitudes
between the rams would produce a cyclic bending stress. Typically, the

bending stress was less than 2% of the shear stress range and considered

negligible.
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A method of measufing the shear strain over the gage length which
could also be used as the feedback signal in the closed~loop control was
needed. The '"shear strain extensometer" devised{23] consisted of a
Schaevitz R30D RVDT (rotary variablec differential transducer) set into
two sleeves, one holding the body of the RVDT and the other attached to
the shaft, Figs. 6(a) and (b). Each sleeve consisted of two pieces
separated by an O-ring. By tightening the two pieces together, each
O-ring could be expanded against the I.D. of the specimen, thus
internally mounting the RVDT befween the two O-rings, within the gage
length of the specimen. Figure 7 shows the position of the transducer
during the test.

The RVDT produced a voltage cutput as a function of the angular
position of the shaft. In this test procedure the RVDT cutput indicated
the relative angular displacement between the O-rings. Since the angle

of twist is directly related to the shear strain by the relationship:

Y = Rme (13)
control of the angle of twist per unit length, ©, over a given gage
length is one means of controlling y over that same gage length.

Unfortunately, the raw signal from the RVDT was not compatible with
the strain conditioning module available on the MTS materials test stand
which normally receives the output of a2 linear extensometer. A new
conditioning module caompatible with the RVDT and the MTS electronics was
designed at the Deere & Company Technical Center[24] thus allowing not

only measurement, but control of angular displacement through a closed
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loop system. Finally, the vcomsvle avcepting the RVDT signral was
operated in strain control, with the ram movements controlled within the
computer software. The second console remained in load control such

that the load cell on its associated ram remained slaved via the hard-

ware to the other ram.
B. Material

The material chosen for. this study was 1045 HR and normalized
steel. The diameter of the bar stock was 63.5 mm.. Inland Steel donated
8 tons of this steel from t.;hc samc heat to the SAE Biaxial Program.
LaSalle Steel perforﬁed the normalizing treatment. The material tested
in this investigation was acquired from this SAE stock. Availability
aside, this material was chosen because the results will be complement-
ary to the SAE biaxial research currently underway.

Chemical composition of the steel is shown in Table I. Brinell
hardness measurements from all specimens fell within the range of 192 to
201. The microstructure consisted of fine grained pearlite and ferrite,
but also contained thin inclusions"along the rolling direction up to
.1 mm in length. Figure 8 shows the microstructure at 100X.

Tabies II and JTII 1ist the axial monotonic and fatigue propertieg
from 6 mm diameter specimens, respectively. Axial strain-life curves
are shown graphicaliy in Fig. 9. The associated cyclic stress-strain
curve superimposed on the monotonic, shown in Fig. 10, shows cyclic

softening at low strain amplitudes and cyclic hardening at high strain

amplitudes.
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C. Torsional Fatigue Test

Each specimen was strain gaged with & three-legged rosette, placed
approximately in the middle of the gage length. Prior to the fatigue
tests each specimen underwent several single cycle tests at Y, < .001 to
compare the RVDT and the rosette readings. Any initial disparity was
due to the gage length input parameter used with the relative angle of
twist to calculate the shear siLrain measured by Lhe RVDT. 1In a sense,
this method analytically "calibrafed“ the RVDT with the rosette.

The first and second fully reversed cycles to the desired shear
strain amplitude of the test were also performed as single cycle tests.
The RAMP test function of MTS Basic was used to control the linear
strain response. In most cases, 100 samples/cycle were used to gencrate
the RAMP signal. For the cycle of initial yield, 100 samples/cycle were
also used for the data acquisition performed on the RVDT, load cells and
rosette legs. After each single cycle the rams returned to a position
of zero shear strain.

Generally, the fatigue test was initiated with the third cycle,
again using 100 samples/cycle for generating the ramp. Data acquisition
from the RVDT and the load cells was perfofmed at the rate of 25
samples/cycle. These intervals were found satisfactory for all but the
largest shear strain amplitude where they were increased to 200 and 50

samples/cycle for the ramp signal generation and data acquisition,

respectively.
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There were predetermined intervals during the fatigue tesﬁs at
which data acquisition was performed and writtem to disk so that the
stress-strain response could be regenerated at a later time. These
intervale were at 1, 17, 33, 65, 129, 256 . . .ete., ec¢ycles, although
immediate mode data acquisition could be performed on demand at any
intermediate level.

Intermittently, during most fatigue tests, cellulose film replicas
were made that were later examined under an ordinary light microscope
for studying surface cracking; A microscope mounted on the frame of the
test stand was also used to cbserve surface cracking. In all tests the
life to failure was recoxrded.

Three specimens were tested a2t each of the following shear strain

amplitudes: y = #.0250, #.0150, +.0080, *.0050, and %.0040. One

i

specimen was tested at Y, 1.0060 before the strain amplitudes for

testing were firmly established and the remaiming specimen was tested at
Y, = £.003 to represent long life behavior.

One attempt to do a monotonic torsion test was made. The available
test equipment was not adequate for twisting such a ductile material to
failure in one cycle, hence only rather crude measurements were
possible. The majority of the test was e#ecuted manually since the

shear strain extensometer used ia the fatigue tests did not have the

range required for the monotonic test. There were several rectangular

elements scribed on the sample prior to testing. At pericdic load

levels, replicas were made of the deformed rectangular elements.

Dimensions of the deformed elements were theu measured through a

microscope and used to determine shear strain.
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III. RESULTS

A. TFatigue Test Results

There were two distinctly différentbmodes of failure observed in
all tests; a shearipg mode where longitudinal cracks formed followed by
a mode where the faces of the longitudinal cracks opened and closed.
Either mode in itself could be described in terms of initiation and
propagation, with the propagation of Ilongitudinal cracks in shear
preceeding the initiation of opening and closing across the faces of the
same cracks. Hence, defining the fatigue 1life to ' crack idnitiation
cannot bé done without qualifying the mode of cracking.

For the purpose of comparing fatigue initiation properties between
axial and shear strain controllied conditions, like modes of failure must
be considered. Therefore, for this discussion, failure in the torsional
tests is defined as that point where a crack ewxists that is opening and
clesing. This appeared to coincide with the occurrance of a through
thickness (4 mm) crack, causing a drop in the load amplitude required to
maintain strain levels. Although the actual percentage of load drop at
the point considered failure varied slightly fér each specimen, it was
typically between 10 and 20%. Ary error introduced by this variance is

slight since the load drop off is rapid after its onset.



21

Figures 1i{a) - (c} show the stress-strain response of a spécimen
tested at a strain amplitude of Y, T * .025. The first cycle of
amplitude Y, = * .025 shows distinct upper and lower yield points of 267
and 208 MPa. From there on the hysteresis loops assume the smooth shape
similar to that seen in axial stress-strain response. Fig. 11(c) shows
the hysteresis loop that was nearest to the half-life of the specimen.

Table IV lists the results of all fatigue tests. In all cases the
stress amplitude was measured at the half-life where it was assumed that
the stress-strain response ‘was stable. Where possible, the shear
medulus, G, was calculated with the data acquired in the first ramp to
yield. The average shear _modulus for the 17 tests was 79100 MPa.
Elastic strain was éalculated by dividing the shear modulus inte the
shear stress amplitude, and then subtracted from the total shear strain
to get the plastic shear strain, or

_A_}’E - EI - _..'.:..é (14)

2 2 G
The fatigue properties were obtained by linear regression of Egs.
9(a) - 9{c). Figures 12(a) - (c) shows the results graphically.

From this group of data the spgcimens with the median 1ife at each
shear strain amplitude, along with the -one long 1life test, were
regressed separately as shown in Table V and Fig. 13(a).

The cyclic stress-strain curve in torsion is superimposed on the

monotonic curve in Fig. 14. Mixed mode cyclic softenming and hardening

behavior is observed as it is in axial conditions.
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Table VI shows a comparison of the fatigue properties in the axial
and torsional cases. Included in this table are the transiticn fatigue
lives, where the elastic and the plastic strains are equal.

A crude representation of the monotonic curve is shown in Fig. 15.
The specimen buckled before final failure could be achieved. Table Vi1
iists the relatively few data points available from the monotonic test

in the high strain region.

B. Surface Phenomena Observed

The reporting of torsional fatigue tests results would not be
complete without describing the surface cracking phenomena that occur
long before any load drop off can be detected. Small (.25 mm) longi-
tudinal cracks were detected on the surface throughout the gage length
early in each test. As the early cracks grew to approximately 1 mm in
length, many other smaller cracks continued to appear. However, it
appeared that the majority of the cracks remained small while relatively
few continued to grow to the 2 and 3 mm lengihs. Near the ead of a
test, many of the cracks joined, greatly increasing the apparent crack
propagation rate. Finally, a crack would proéagate through the wall
thickness. Figure 16 shows the magnetic particle enhanced gage length
of specimen number 20 tested at Y, T + .025. It shows one through-
thickness crack which caused the load drop off and many of the lescser

cracks not associated with final failure.



23

Figures 17(a) - (£) show the progression of surface cracking at one
specific location for a specimen tested at Y, = 4+ .008. These pictures
were taken from the replicas made during the test. The horizontal
streaks are grinding marks, while the primarily vertical lines are the
longitudinal fissures. Note that.the alignment of the cracks is along a
plane of maximum shear stress, which also coincides with the rolling
directijon of the material. Any tensile stress normal to this plane is
negligible. Note also the similarity in alignment of the surface cracks
seen in Figs. 17(c) - (f) to that of the inclusions present in the
microstructure seen in Fig, 8. A different area of a replica from the
same specimen, where several cracks appear likely to j&in, is shown in
Fig. 18.

One would expect that the presence of cracks would cause a load
drop off. Actually the shear stress amplitude increased as the surface
cracking became more extensive. In the particular example shown in
Fignre 17, the material cyclically softened between N = 1 and N = 2579,
with the shear stress range decreasing from approximately 415 to
383 MPa. Coincident with the detection of cracks at N = 259, the shear
stress range began to increase unt;il it reached 401 MPa at N = 5195.
Failure of this specimen was recordéd at N ='5505 (2N = 11,010} due to a
detected load drop off. Note that the life to detection of a signifi-
cant surface crack in shear was only 5% of the total failure life. This
pattern of surface cfacking was exhibited by all the specimens, althiough

the degree of surface cracking and when it was detected relative to
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total life was dependent on the shear strain amplitude. The surface
cracks were often long compared to the wall thickness. A surface crack
on specimen number 14 (tested at ya = % .005) was directly observed

through a microscope growing from 5 mm to 23 mm in total length before

any load drop off occurred.
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IV. DISCUSSION

The shear strain controlled data presented here shows a good fit to
the power law fatigue relationships as written in terms of a torsional
stre%s state. This result alone enhances the prospect of extrapolating
the axial strain-based fatigue methodoloﬁy ingoAﬁﬁltiaxiél situations.
Even more promising is the comparison of the three fatigue exponents
between torsiocnal and ax:ial stress states.

Within the context of normal scatter of fatigue data, the exponents
in the térsional and axial states are essentially equal. It is important
to realize that iﬁcluding or excluding any one data point will somewhat
change the numerical values of b, ¢, and n°. However, the change should
be slight 1if enough good data -coveriug an adequate life range for
analysis are used. With the two data sets reduced here, the exponents
in torsion are within 6% of the axial values.

Assuming constant exponents, one might try to predict torsional
fatigue response using fatigue shear ductility and shear strength
cocfficients derived from the axial properties and ap equivalent stress
criterion. Using the Tresca (t£ = U£/2 and yé = 1.5 aé) or the
von Mises (t£ = 0£/J3 and y£ = 43-i£) criterion, the predicted shear
strength and ductility coefficients would envelepe the values
determined from the actual torsional fatigue data. The cyclic shear
stress - shear strain curve and the total shear strain - life curve
obtained from these criteria are shown graphically in Figs. 13(b) and

(c), along with the torsional fatigue raw data points.
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The presence of surface cracke with no corresponding locad drop
suggests that more attention must be given to establishing and defining
failure criteria for multiaxial fatigue than for uniaxial. For the
higher shear strain amplitudes tested here, surface cracks existed for
nearly the entire life of the specimen. Yet, a crack propagation
approach scems impractical to apply at the carly stages due to the vast
number of cracks apparently growing at different rates.

The longitudinal growth of these cracks, i.e., on planes of negli-
gible tensile stress, verifies .the occurrence of the shear mode of
failure. As mentioned earlier, the stress amplitude typically increased
elightly as this early surface cracking became more cxtensive. It is
unclear whether the stress increase caused the surface cracking or vice
versa.

These experimental results suggest many future research topics.
Undoubtably, any future investigator in the area of multiaxial fatigue
will be faced with the problems of defining failurc, defining initiation
versus propagation in different modes and handling the existence of a

large number of cracks, some propagating and others non-propagating.



27
V. CONCLUSIONS

The experimental results presented here support the following
conclusions:

1. Shear strain controlled fatigue data may be reduced with the same
power law relationships as in the axial case.

2. The steel tested exhibits c¢yclically mixed mode behavier in
torsional fatigue, i.e., it cyclicaliy softens ‘'at low strain
amplitudes and cyclically hardens at high strain amplitudes.

3. The fatigue strength exponent, b, cyclic strain hardeniug exponent,
n’, and the fatigue duetility exponent, ¢, are independent of the
stress states tested for like modes of failure for 1045 HR and
normalized steel.

4. The inclusions in this steel probably act as initiation sites for
the longitudinal shear cracks.

5. Relatively large surface cracks in shear exist during a significant

portion of the full load carrying lifetime.
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TABLES

TABLE 1
CHEMICAL COMPOSITION OF 1045 STEEL
Chemical Analysis From Optical Emission Spectroscopy..

(Courtesy Deere & Company Technical Center, Moline, IL)

.

£ M P s st N & Mo  Cu Al
b4 .70 .019 046 .23 .03 .05 Nil .03 .05
B v Nb Pb Ti
0002 .002  .008  .00S .002

TABLE T1

AXTAL MONOTONIC PROPERTIES OF 1045 STEEL

(Courtesy Deere & Company Technical Center, Moline, IL)

G a
vy f e E K
1D BHN (MPa) (MPa) “f %RA (MPa) n (MPa)
MO22 157 384 992 .71 51 203350 .23 1197
M104 148 379 977 .71 51 201400 .23 1172
Average 153 382 985 .71 51 202375 .23 1185
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TABLE III

AXIAL FATIGUE INITIATION DATA AND PROPERTIES

(Raw Data Provided by Deere & Company Technical Center, Moline,

E = 202375 Mpa Of = 948 MPa

K™ = 1258 Mpa b = -,092

n° = .208 €p = .260

c = -,445

Total Stress Plastic
Strain‘ Amplitude Strain Reversals
Amplitude (MPa) Aumplitude to Failure
.0200 524 .01741 514
.0150 499 .01253 770
.0100 452 .00777 3054
.0100 465 .00770 2922
.0080 445 .00581 6088
.0080 440 .00583 4093
-0060 400 .00402 13344
.0060 420 . 00393 13650
.0050 372 .00316 25826
.0040 351 .00227 35970
.0040 353 .00226 40398
.06030 315 .00144 73860
.0025 298 .00103 234268
.0020 270 .00067 523222
0020 269 -00067 762902
.0015 241 .00031 4901750

IL)
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TABLE IV
TORSIONAL FATIGUE INITIATION DATA AND PROPERTIES
T, = 505 MPa bo = -.087
g = 413 o = ~.445
K= 615 MPa n, o= .219
Shear Shear Plastic Reversals Speci-

Shear Stress Modulus Shear to Load men
Strain (MPa) (HMPa) Strain Drop Off No.
.0250 - 272 80200 .0216 940 20
.0251 270 78200 L0216 990 18
.0250 259 80100 .0218 1082 16
.0150 232 78400 L0120 2538 1
.0150 237 78200 .0120 2758 6
. 0150 232 78100 .0120 2934 13
.01540 235 78400 L0120 - 2%
.0082 198 81200 .0058 11010 12
.0082 200 80400 .0057 14264 3
.0082 194 79100 .0057 16716 4
.0060 186 76400 .0036 22146 5
. 0050 161 78000 .0029 60746 11
.0050 165 78000 .0029 70036 14
.0050 168 78300 .0029 72234 15
L0041 160 81200 .0021 83678 7K
L0040 159 78000 L0020 145928 10
.0039 154 78200 .0019 190536 9
.0030 148 80700 L0012 1092006 8

*Test aborted due to hydraulics failure.

**Test interrupted due to lack of agreement between RVDT and rusette.
Specimen and RVDT reset,
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TABLE V

TORSIONAL FATIGUE INITIATION DATA AND PROPERTIES
USING MEDIAN LIFE RESULTS

Of = 481 MPa bo = =,000"
. = .350 CD = =-.419
K~ = 614 MPa n” = ,217
0 [s]
Total Shear Shear Pilastic Reversals Speci-~
Shear Stress Modulus Shear to Load ‘ men
Strain (MPa) (MPa) Strain Drop Off No.
.0251 ' 270 78200 .0216 990 18
L0150 : 237 78200 L0120 2758 6
.0082 200 80400 L0057 14264 3
L0650 165 78000 .0029 70036 14
0040 159 78000 .0020 145928 10

.0030 148 80700 .0012 1092006 8
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TABLE VI

SUMMARY OF FATIGUE INITIATION PROPERTIES

Stress State

Fatigue Torsional Torsional
Property Axial (17 Test Points) (6 Test Paints)
b -.092 -.097 -.090
n’ .208 .219 .217
c - . 445 - =445 -.419
(as regressed)
¢=b/mn" - 442 -.443 -.415
K™ (Pa) 1258 615 614
{as regressed) .
Uf or If 948 505 481
(MPa)
€g Or Yg . 260 L413 .340

2Nt 87,382 159,790 204,919
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TARLE VII
TORSIONAL MONOTONIC RESULTS OF 1045 STEEL

{Estimates of Post Yield Results)

Shear Strain

Shear Stress

Amplitude Amplitude (MPa) Remarks
082 344
227 406
.349 421
415 o éég . Visible buckling occurred.
.576 473 Gross specimen buckling

occurred
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Fig. 5(a) Test Apparatus, Side View

Fig. 5(b) Test Apparatus, End View




Fig. 6{(a)
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Rotary Variable Differential Transducer (RVDT)

Fig. 6(b) Shear Strain "Extensometer"
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[T
O-RING RVDT O-RING
SHAFT OF RVDT
Fig. 7 Shear Strain Extensometer Positioned

in Specimen Gage Length

Fig. 8 Microstructure of Steel Used

(Magnification = 100X. Picture courtesy of D. Brodd

H
Deere & Company Technical Center, Moline, IL)
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:

Magnetic Particle Enhanced Gage Length of Specimen #20

(Picture courtesy of D. Brodd, Deere & Company Technical
Center, Moline, IL)

Fig. 17(a)

Replica of Specimen #12, N = 0
(ya =+ .008, Magnification = 50X)



Fig. 17(b) Replica of Specimen #12, N = 259
(ya =% 008, Magnification = 50X)

Fig. 17(c) Replica of Specimen #12, N = 340
(ya = * .008, Magnification = 50X)




Fig. 17(d) Replica of Specimen #12, N = 1399
(ya = % ,008, Magnification = 50X)

Fig. 17(e) Replica of Specimen #12, N = 4633
(ya = 008, Magnification = 50X)
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. 17(6) Replica of Specimen #12, N = 5195
(y, =t .008, Magnification = 50%)

Replica Showing Typical Surface Crack Alignment
(Specimen #14, Y, =% .008, N = 4123,
Magnification =" 50X)
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