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NOMENCLATURE

Crossectional area of specimen

A0  Initial area of specimen

e Engineering strain AX/to

e p Engineering plastic strain

E Young's modulus of elasticity, monotonic

Kf Fatigue notch factor

Kt Elastic stress concentration factor

AK Crack tip stress intensity factor excursion
L A low cycle fatigue factor

N Cumulative number of complete load/strain cycles

Nf Cycles to failure by macro-crack

initiation

Ni Cycles to micro-crack initiation

NOD Notch opening displacement

P Axial load

S Engineering stress, P/Ao

Smax Maximum stress of cycle

Smin Minimum stress of cycle

R Smin /Smax

C Total true strain

e True plastic strain
p

p Notch root radius

o True stress, P/A

a Maximum notch stress
max
A Total excursion in one cycle

8 Tensile tangent modulus dS/det

Oto Elastic tensile tangent modulus

O Elastic true strain hardening rate
0

e tPlastic tensile tangent modulus

0 True strain hardening rate do/de

ep True plastic strain hardening rate

iv

1 II IN . ....



FURTHER TRIALS OF A STRAIN HARDENING INDEX OF FATIGUE DAMAGE

INTRODUCTION

This study is part of an NRL program probing influences of
microstructural variables on the fatigue endurance of a-$
titanium alloys. Fatigue is important in naval aircraft where it
often limits the safe life of jet engine components. Reported in
earlier papers, Yoder, Cooley and Crooker [1, 2] have identified
large beneficial reductions of fatigue crack growth rate with
increased grain size, such as obtained by annealing at near or
above the beta transus temperature. Consequence of such
treatments in terms of fatigue crack initiation, the primary
event in failure of jet engine components, is yet of concern. To
assess this, low cycle fatigue (LCF) crack initiation from smooth
specimens has been studied by this writer [3] while from notched
ones by Yoder et al [4]. Intercomparison of the two kinds of
fatigue data was postponed, however, since the ranges of cyclic
life scarcely overlaped. Present smooth-specimen data provides
such overlap, so a comparision is attempted here.

The enlarged data base on cyclic strain fatigue of smooth
specimens is of some interest in itself. For it permits a more
critical test of a damage algorithm devisfd for the earlier data
in the cyclic life range of less than 10 [3]. Here, some heat
treatment conditions of Ti-6AI-4V, as well as of Ti-SAI-1Mo-1V,

showed an unusual endurance pattern. Relative to the normal
straight-line Coffin relationship between log endurance and log
plastic strain excursion, some materials exhibited a distinct
rightward shift of points in the 10 - 100 cycle fatigue life
range. It was noticed that materials which show this effect also
exhibit a transient development in the form of the cyclic stress-
strain curve. Termed "inverted strain hardening", what appears
as ordinary cyclic softening in the first half of each excursion
is reversed by extra strain hardening in the latter half,
restoring the peak stress to its normal level. In extreme cases,
this effect results in a complete reversal in the normal decline
of strain hardening rate with strain, producing a concave rather
than convex-upward tensile stress-strain curve. Clearly, the
extra endurance could be associated with extra strain hardening
rate in the peak stress regions of the hystersis loop. A direct
correspondence between the two behaviors was achieved by
associating resistance to initiation damage with the stress-
normalized rate of plastic-strain hardening. A factor L, which
is proportional to the initiation life Ni, was defined as

LE P - I) z-, Ni (1)

Indeed plots of the L factor as a function of the plastic strain
excursion corresponded nicely with the trends in fatigue
endurance, including the curious low-life-range endurance
enhancements. This seemed useful as the proportionality factor

*The earlier work used /3/2 vs present simpler 1.0 for thiE

constant, a minor change.
Manusript submitted August 13, 1982.



N I/L provided a single-parameter characterization of an entire
L6 behavioral pattern. But whether applicable over a full range
of LCF life could not be determined with the limited range of
earlier data.

Evidence for the Ni to L connection being only
circumstantial, a rationale was sought. The rate of plastic-
strain hardening is inversely related to the transient creep
strain in each cycle, simply inversely proportional. in an
algorithm used in fatigue crack propagation modeling [5]. Strain
range partitioning studies of Manson, Halford and associates [61
often show the least endurance when tensile straining is
exclusively of constant-load creep. But whether such damage
could dominate in these alloys at ambient temperature was
unresolved by the earlier data collection. The new data probes
this question too.

TEST MATERIALS AND PROCEDURES

Titanium alloys of this study are of the Ti-6Al-4V system.
Originally, four 25.4 mm (1.0 inch) plates were purchased with
differing levels of interstitial oxygen. The new data has been
gathered on three of these, all but that of 0.11 oxygen.
Chemical analysis, heat treatment schedules and resulting
mechanical properties are listed in tables I, II and III
respectively, including the 0.11 oxygen material.

At this (late) stage in our overall titanium program,
available stocks of specimen material and the cost of preparing
specimens limited the number of specimens available for this
study. A good number of mild steel specimens remained from an
earlier study by Stonesifer and author [7), so these were used to
devtl)p techniques and probe hold time effects, despite the
extreme differences between A36 and the titanium alloys. The

specimens of A36 steel were obtained from a 25.4mm (1.0 inch)
thick plate, and chemical analysis showed it to meet the
requirements for ASTM A283 Crade C: C 0.17%, Mn 0.86,
P 0.015, S 0.021, Si 0.29, Cu 0.03, 0 0.065, H 0.005. Tensile
properties are also within this specification: lower yield
strength 0.256 GPa (37ksi), ultimate tensile strength 0.456
(66ksi), reduction in area 59%, and elongation at rupture 30% in
a gage length of four diameters (2 inches). No extra heat
treatment was given the plate, and the uniformity of data from
various specimens indicate none was necessary.

The two types of specimen, smooth and notched, are shown in
Fig. 1. The notch fatigue specimen is the IT-CTS of ASTM test
method E647-78?. The smooth round specimen is scaled to a size
which permits broken halves of the IT-CTS to be used as specimen
stock. Both titanium and steel specimens were tested in long
transverse orientation (TL). The smooth specimens were finished
with a fine lathe cut and then smoothed rotationally with #400
grit abrasive paper. Trials on effects of surface finish showed
this preparation to suffice. The A36 notches were smoothed by a
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final cut with a straight fluted reamer, and although some
circumferential machining marks remained they did not appear to
act as crack starters. This is consistant with results of May et
al [81 who find no sensitivity to notch smoothness over the range
of surface finish from 2 to 30 micro inch. The excursion in
maximum stress at the notch root is calculated from the crack tip
stress intensity factor AK, as given in ASTM test method E647-78a
for this CTS specimen, applied in the manner Barsom and McNicol

[91
2AK Ao - -- (2)

max

The cyclic frequency limitation in earlier tests performed
in a mechanical INSTRON machine was increased by the availability
of a more modern electro-hydraulic servo-control machine of the
same manufacturer. It was augmented by a programmable MTS
function generator, allowing hold time after ramp loading to be
varied at will. An alignment subpress, described earlier [31,
was used for the smooth specimen tests. Longitudinal strain on
the titanium alloys was detected with an opposed-contact, four-
finger strain gage. However on the A36 steel, cracks tended to
initiate in the finger contact regions, so a two-lobed diametral
gage of low contact pressure was used instead. Conventional X-Y
recording, pen chart as well as oscilloscopic, was complemented
by a digital peak signal indicator. With the notched CTS type
specimen, a standard ASTM E399 type clip gage detected
displacement at the mouth of the notch slot.

Since load hold time effects are sought, most of the tests
were run in the load-control mode. Wave forms for the notch
fatigue loading was sinusoidal, while a trapezoid form, with hold
to (tensile) loading time ratios of of 0.1 and 1.0 generally, was
used for the smooth specimens. The cyclic frequency for each
test was selected to minimize test duration while assuring
fidelity of loading pattern and recording, generally in the range
0.1 to 3 Hz. A load ratio R of 0.1 was maintained.

Crack initiation was detected both mechanically and
visually. A plot of minimum and excursion values of notch
opening displacement is shown in Fig. 2, where the points of
macro-crack initiation are marked. On the smooth specimen tests,
load exrursion and mean load was manually adjusted in order to
maintain the excursion and mean level of strain constant. After
cyclic equilibrium is reached, little adjustment is required
until crack initiation, after which it ffust be decreased
regularly. With such a small test section, crack initiation and
final failure are relatively close together, so the figures in
this paper show only the latter, conservative values of Ni
designated as cycles to crack, Nf.

3 ,



PROCESSING CYCLIC CURVES FOR L-FACTORS

L-factor values may be obtained from the cyclic stress
strain curve of each test, or alternatively from a single test of
full cyclic excursion. In the individual tests of differing
strain excursion, values of stress excursion and tangent modulus
at the extreme of tensile loading are measured relative to the
plastic strain excursion to that point. A corresponding set of
values on the full cyclic curve is taken on it at the same value
of plastic strain excursion, with stress excursion measured from
the compressive toe to that point. The latter procedure is
illustrated in the right hand insert of Fig. 3 for a full cyclic
test of A36 steel. Measured values are "trued" by usual
conversion formulas such as given in Ref. [10]. Plastic
values of strain hardening rate are found by subtracting the
specific value of true elastic compliance which is measured in
that test. Values of L using the measured tensile values
directly, shown as the alternative form of Eq (1), agree closely,
as shown in the upper block of Fig. 3.

The lower block of Fig. 3 shows these L-values in a
logarithmic plot against total strain excursion. Throughout this
paper, the elastic part of total strain is based on (the measured
value of) the monotonic Youngs modulus E, Table III, which is
usually somewhat greater than the cyclic alue. The scatter in L
values from different tests is usually quite low, although some
differences could be associated with different heat treatment
batches of the titanium alloys.

RESULTS ON A-36 STEEL

The amount of stress-relaxation-induced creep strain was varied
by using different hold time relative to a loading time (tH/tL)
in a trapezoidal wave form, as noted earlier. From results on
the A36 steel, Fig. 4 shows both the total plastic strain
excursion and the tensile creep portion of this vs cycles to
crack Nf. If the creep strain were in control of damage, both
hold time ratios would form a single data trend. Obviously they
are separated, whereas the total plastic strain range does merge
data of the two hold-time ratios. The same result is found in
the titanium alloys, although once this became evident, hold time
was eliminated as a systematic test variable.

In view of the "non-effect" of hold time, subsequent data
plots are referred to the total strain excursion. This
facilitates comparison with notch fatigue data, and also provide
a definite measurement near the LCF endurance limit where the
plastic strain range becomes too small for accurate
measurement. Fig. 5 shows the A36 data of Fig. 4 plotted vs the
total strain excursion. The curve through the data (upper plot)
is transferred from the plot of L values in Fig. 3. A reasonable
degree of correspondence is found, with a location at Nf/L
(=Ni/L)of about 150, a value high relative to those typical of
high strength titanium alloys as listed in Table III. The notch
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fatigue data is shown on Fig. 5 as an elastic strain excursion,
equivalent to the Eq (2)-calculated stress excursion value
relative to the monotonic value of Young's modulus. The trend in
notch stress data is consistant with data of Novak [III for A36
steel in salt water when the stress excursion exceeds the
endurance limit of the air environment. However, the notch-stess
points fall below the smooth specimen results as the strain
excursion increases.

The divergence of notch vs smooth specimen strain excursion
for given endurance is a problem of long standing [121. It is
often characterized by a variable fatigue stress concentration
factor K . Use of Neuber's rule [13] often reduces or even
removes Ee variability in Kf. A form of this rule suggested by
Topper, Wetzel and Morrow [14] is to compare the elastic-
calculated values of notch strain with the geometric mean of
individual values of smooth specimen elastic strain and total
strain excursion. This is done in the lower part of Fig. 5 where
each of the small circles corresponds to an to an upper large
circle but plotted vs 4 rather than vs Ae alone. With
this, the agreement of Smoot with notched specimen data is
better. It could be further improved by a slight change
(increase) in the value of Kf, taken here as equivalent to K
Recent work of Soanouni and Bathias [151 provides a systematic
way of making this adjustment in Kf. The dashed curve was
obtained by graphically fitting the sets of L-values from Fig. 3
after plotting them vs the Neuber strain equivalent.

TITANIUM 6A1-4V RESULTS

Results of the smooth specimen LCF tests on titanium alloys
are presented in the same format as Fig. 5 for the A36. Fig. 6
shows data for the 0.20% oxygen material in recrystalIization
anneal (RA) condition. All of the data points beyond 10 cycles
are new, while those below comprise also those reported in
reference [3]. The new vs old data points are not coded as they
were found to merge into the same data trend. Conversion to
Neuber strain drops the position of data points significantly
only for &E values above about 1.5%. Below this, the shift is
negligible and the single data point covers both positions. The
notched (CT) specimen results appear to parallel the smooth
specimen data but lie some 20% higher, suggesting a (strain
based) Kf of about 80% of Kt for this material. Notch radius and
R-value may also affect the value of Kf which present results do
not address, although present notch radius, 1.6 mm, is thought to
be in a range of low sensitivity to notch radius. Both the
current A36 specimens and those used by Yoder et al for Ti alloys
employed a 1.6 mm notch radius.

5



The L-factor curves for the titanium alloys are branched to
show maximum allowance for the "inverted strain hardening"
effect. The prior work [3) showed that this can be done by
increasing the early-life values of plastic strain hardening rate
by a constant increment, &0, independent of the strain
excursion. This extreme value of L is calculated then as

L [e + AG)/2A0 - (3)

p

Values of 48 are taken from Ref. (3) as listed in Table III. As
the value of 0 increases, the AO change becomes relatively small
and the branch merges with the basic L-trend. Experience shows
the actual data to follow the right hand branch for a while but
at very high-strain, low-life, to cross over to the normal curve
since here failure occurs before the strain hardening in -siaon
is complsted. In Fig. 6, the L-curves fit well in th- range
below 10 cycles but ride about 20-30% above the smooth s -Imen
data in the range beyond.

Results on the 0.18% oxygen material in beta anne 1A)
condition are shown in Fig. 7. Here the L-curve fits the oth
specimen data nicely. Notch data above the endurance limit was
not available on this material, but what is present suggests a
value of Kf close to Kt.

The 0.06 oxygen plate BA material, Fig. 8, ha one notch
fatigue dfta point in the endurance range around 10 , and four
beyond 10 . Agreement between the two data sets is good, and a
Kf slightly greater than Kt is indicated.

Yoder et al have collected notch fatigue data on two other
conditions of the 0.20% oxygen plate: its as-received mill
anneal condition, MA and after a beta anneal in NRL facilities,
BA. These are shown in Figs. 9 and 10 respectively, as compared
to the smooth specimen LCF data and L factor curves developed
earlier (31. AgreemenI seems good but the lack of new smooth
specimen data beyond 10 cycles prevents critical comparison.

DISCUSSION

A stated objective of this program was to assess losses in
LCF endurance relative to gains in propagation resistance. One
way of ranking smooth specimen performance is through the L-curve
fitting constant Nf/L (wNi/L). The values used here are
essentially as found in the earlier study of these materials as
listed in Table III; they range from 3 to 8. A36 by way of
contrast has a value more than lOx that of any of the titanium
alloys: 150. Actual rankings depend to some extent on the
manner of presenting the data and the strain-range of interest.
Since design allowables are generally based on a stress criteria,
such a format is used in Fig. 11 for the three conditions of Ti-
6AI-4V for which a complete range of data is available. This
combines the total strain excursion plots of Figs. 6, 7, & 8 but
normalized to individual values of E from Table III. Here in the16



low life end, the ordering is pretty much as indicated by the
ranking of L parajeter fitting factors. However, for endurances
greater than 10 cycles, the range of usual engineering
importance, the data merges together into a single scatter
band. This is not to say that differences may not occur at
greater cyclic life. But it does say that gains in propagation
resistance need not necessarily incur a penalty in initiation
life. Both kinds of data are needed to make an assessment. The
notch fatigue data taken together has led Yoder et al [4] to the
same conclusion.

CONCLUSIONS

From tlis extension of Ti-6AL-4V smooth specimen LCF data
into the 10 to I0 cycle range, with supplementary smooth and
notch-specimen data on A36 steel, the following conclusions are
drawn:

1. Crack initiation life at room temperature in these
materials is little affected by load hold time, and corresponding
stress-relaxation-induced creep, except to the extent that this
contributes to the total plastic strain excursion, with which the
endurance correlates closely. This result eliminates the creep
damage criterion as a possible explanation for an observed
correlation of initiation endurance with stress normalized
plastic strain hardening rate.

2. The L-factor of stress normalized plastic strain
hardening rate correlates the extended LCF data sets fairly
well. Further trials are needed to establish its utility as a
predictive tool, however.

3. Notch fatigue initiation data based on the AK-derived
elastic strain correlates with smooth specimen data relative to
total strain excursion in the region of small plastic strain
excursion. However, the data on mild steel shows a marked
divergence with increased plastic strain excursion. Comparing
the data using a Topper et al adaptation of Neuber's rule brings
the data into much closer agreement, and a constant near-K value
of Kf provides a close correspondence of the two kinds of ata.

4. In the LCF endurance range bel.w 10 cycles, increases
in grain size or of interstitial oxygen content appear
detrimental to strain based initiation endurance in Ti-6AL-4V.
However, in the range above, little difference is observed. This
result is consistant with that of Yoder et al derived from notch
fatigue data on these same materials.
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Table I - Chemical analyses

Content (wt-%)
Alloy 0 1 Al Mo IV Fe I N C H Al*

Ti-6-4 0.06 6.0 - 4.1 0.05 0.008 0.023F 00050 7.0
Ti-6-4 0.11 6.1 - 4.0 0.18 0.009 0.02 0.0069 ]7.6
Ti-6-4 0.18 6.6 - 4.4 0.20 0.014 0.02 0.0058 8.9
Ti-6-4 0.20 6.7 - 4.3 0.10 : 0.011 0.03 0.0060 9.2

Note: AI" is the aluminum equivalentSnZr
Ai" - Ai + - + -- + 10(0 +C + 2N).

3 3

Table II - Heat treatments for Ti-6A1-4V

Heat Treatment Specification
Type

MA 788"C, I h /AC (as received)

RA 954"C, 4 h/HC @ 180°C/h to 760*CAC
@ 370"C/h to 482"CIAC

BA 10380C, 0.5 h/HC to RT + 7320C, 2 h/AC

*Anneals performed in vacuum furnace; h - hour, WQ - water quench, FC furnace cool,
HC - cooled in He @ approx. air cooling rate , AC=air cool.

Table III - Mechanical properties

Alo0O2% Yietdi Tensile FYoung'slEfcie ISH Ni
ATry 1 eatn g I , Ie

reamenStrength Strenth Modulus! Reduction Elongation Grain

-- Orientation (T h Srth in Area Elng Size

Oxygen No ypeI (MPa) (MPa) (GPa) (%) (%) (24/m) GPa. .cycles.
I .I4 I I _

Ti-6-4 020 M A T 1007 1034 130 24 14 5 7 tflTi.6.4 0.20 RA T 91 1007 I30 28 9 I 6. '0
I6Q 95;8 117 1 I2 .

Ti-6-4 0 20 BAJ T 861 1 " 0.1 ',
Ti-6-4 018 i BA T 918 Q06 12) 3 38 14, 34

Ti-h-4 O0 i HA T 772 869 118 IQ 10 28 21 44

1.. 06 RA T 740) , 1 115 34 10 1"? 6, 0
Ti-6.4j 006 j j L 7?2 829 15 26 (0 1

"50.8-mm gage length
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NOTCHED CTS SMOOTH T-C

Wa 50.8 mm

_____________I. 1271
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Fig. 1 - Profiles of notch fatigue specimen and subsize smooth
tension - compression specimen which can be machined from
broken remnants.
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Fig. 2 -- Plot of notch opening excursion and the minimum
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CYCLES TO CRACK -N,

Fig. 4 - In A36 steel, the amount of constant-load creep strain, varied by hold time
ratio, affects endurance only as a part of the total plastic strain excursion.
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Fig. 5 - LCF smooth specimen endurance of A36 is shown vs total strain excursion
above and vs Neuber strain below, which better matches notch fatigue life relative to
elastic strain estimates. The curves mre L-factor trends from Fig. 4.
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Fig. 6 - Smooth and notch fatigue data on Ti-6AI-4V, 0.20% 0,
RA, in format of Fig. 5.
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Fig. 7 -Smooth and notch fatigue data on Ti..6AI-4V, 0.18% 0,
BA, in format of Fig. 5.
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Fig. 9 - Smooth and notch fatigue data on Ti-6AI-4V, 0.20% 0,
MA, in format of Fig. 5.
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Fig. 10- Smooth and notch fatigue data on Ti-6A1-4V, 0.20% 0,
BA, in format of Fig. 5.
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Fig. 11 - Total strain derived stress excursion vs cycles to crack for
three conditions of Ti-6AI-4V shows the marked differences at low
cyclic life tend to disappear above 103 cycle endurance.
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