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ABSTRACT

The cyclic stress-strain behavior of powder-processed titanium containing 0.4 to
6.0 volume percent rounded porosity has been examined at room temperature. Total
strain-range testing at small amplitudes such as 0.375% indicates that porosity has little
influence on the cyclic hardening/softening response.  However, at large total strain
ranges such as 1.5%, the cyclic flow behavior of the porous materials differs from that
of fully dense titanium, behaving similarly to the pore-free material cycled at
significantly higher strain amplitudes. The differences in cyclic flow behavior are
believed to be a result of the locally large strain amplitudes induced adjacent to the
pores. Determinations of the cyclic strain-hardening exponents indicate no
significant effect of porosity with n-values ranging from 0.24 to 0.28 for all of the
materials examined.

INTRODUCTION

Powder-processed and cast materials are often not utilized in fatigue limiting
applications due to inherent processing defects such as porosity. Many investigations
have examined the deleterious effects of porosity on high cycle fatigue; for examples
see Refs. [4-12]. The reductions in high cycle fatigue life of porous materials are
generally attributed to local stress concentrations adjacent to pores that generate
localized slip in the nominally elastic matrix. More recently the present investigators
have shown that a similar phenomena occurs during low cycle fatigue (LCF)
deformation in the presence of porosity(1.2),

The purpose of this investigation is to examine the cyclic flow behavior of
porous titanium, and to analyze the results in terms of the properties which have been
obtained for fully dense titanium in the present, as well as, other investigations(!3.14)
In order to verify the enhanced plastic flow adjacent to pores two strain amplitudes are
examined and the results are analyzed from both microscopic and macroscopic
perspectives. The overall influence of porosity on LCF is to be discussed in a future
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publication(13), while the effects of porosity on crack initiation short crack growth
during LCF are described elsewhere(1-3),

EXPERIMENTAL PROCEDURE

Conventional powder metallurgy processing techniques utilizing the sequential
processes of cold isostatic pressing, sintering, swaging, and resintering were used to
prepare low cycle fatigue specimens of commercially pure titanium. The processing
histories of the materials as a function of pore content are described elsewhere(16),
Commercially pure wrought titanium having essentially the same impurity content as
the powder-processed specimens was used for comparing the fatigue properties of the
fully dense and porous materials. In each of the cases, the materials contained between
0.13 and 0.15 wt.% oxygen.

The fully dense and porous microstructures containing 0.4%, 1.5% and 6%
isolated porosity as well as 6% interconnected porosity are shown in Fig 1.
Stereopycnometer results confirmed that the pores were isolated in all but the
interconnected condition; see Fig. le. The microstructures in the isolated porosity
specimens conmsist of well-rounded elliptical pores which have an average radius® of 10
to 15 microns and an average aspect ratio (major to minor diameter) of 1.3. Fig. le
shows that when the interconnected-porosity specimens are examined in cross section,
the pores have an average radius of about 25 microns, and have an average aspect ratio
of approximately 1.9. It should also be noted that the grain sizcs were of the same
magnitude in size for the fully dense, 1.5% and 6% porous materials (~40 um grain size),
but a grain size of 140 um was obtained in the 0.4% material.

Fully reversible low cycle fatigue tests were performed at room temperature in
total strain control at ranges of 0.75 and 1.5%. The lower strain-range tests were
conducted at a frequency of 0.25 Hz while the larger strain-amplitude tests were
performed at 0.15 Hz, both with a triangular waveform. Cylindrical push-pull low cycle
fatigue specimens were used for this investigation; the specimens had a gage length of
15 mm and a 6.4 mm diameter. Prior to testing the specimens surfaces were polished,

and then subsequently vacuum annealed at 700°C for 0.5 hours at a pressure of 3x10-3
Pa.

EXPE I I

In order to analyze the influence of porosity on low cycle fatigue, the influence
of porosity on the cyclic flow properties of titan:~r must be understood. In Fig. 2, the
cyclic flow behavior, as described by the averaic pusk stress, is shown for fully densc
and porous titanium. At the lower strain range, .-  ~ the fully dense and porous
specimens are essentially cyclically stable for approximately the first 100 cycles after
which cyclic softening begins to occur; see Fig. 2a.

The cyclic flow behavior at 1.5% total strain range is markedly different for the
fully dense and porous materials. The fully dense material behaves in a similar
manner as it did at the lower strain amplitude, being cyclically stable for
approximately 100 cycles followed by cyclically softening. In contrast, the results
presented in Fig. 2b indicate that the porous materials initially harden for the first few
hundred cycles after which cyclic softening occurs.

* The average radius is the average value of the Martin radii. For this study the Marun radii are
defined as the distance from the center of gravity of the pore to its edge; the initial radius
measurement is taken at an arbitrary angle of 0° after which the remaining seven radii are obtained
at angles of 45° to 315° in 45° increments.
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Figure 1. Polarized light micrographs of titanium containing (a) 0% porosity, (b) 0.4%
isolated porosity, (¢) 1.5% isolated Porosity, (d) 6% isolated porosity, and (e) 6%
interconnected porosity. The bright reflections are from the epoxy used to preserve

the original pore shape during polishing. All micrographs have the same
magnification.
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Figure 2. The cyclic stability of the fully dense and porous titanium material subjected
to total strain range testing of (a) 0.75%, and (b) 1.5%.




The cyclic deformation results from this study agree with the observations of

Stevenson and Breedis(13) and Plumtree et. al.(14) for the cyclic deformation of fully
dense titanium which had similar compositions and grain sizes to those in this

investigation. The results from the Stevenson and Breedis(13) investigation indicate

that for plastic strain amplitudes greater than +1.0% titanium cyclically hardens from
the onset of testing to failure. In contrast, at plastic strain amplitudes between +0.3%
and +1.0% titanium exhibits a cyclic hardening response followed by cyclic softening.
The amount of cyclic hardening is reduced with decreasing strain amplitude while the
degree of softening increases; this is consistent with the data in Fig. 2.

Stevenson and Breedis(13) (S&B) as well as other investigators(17-20) have used
transmission electron microscopy in attempting to explain the cyclic hardening
behavior of titanium. S&B concluded that the cyclic hardening which occurs in
titanium results from bulk deformation behavior being dominated by segments of long
screw dislocations which extend across relatively dislocation-free regions and
terminate at each end within a dislocation cell wall substructure. It was hypothesized
that the screw dislocations are segments of mixed dislocations which have been left
behind by faster moving edge dislocations. Upon further cycling the screw
dislocations form jogs/dipoles which not only act as barriers to the screw dislocation
motion (which results in cyclic hardening) but also act as sources for the generation of
edge dislocations. The jogs have been shown in another investigation(21) to act as
barriers for screw dislocation motion, but not for edge dislocation motion. Upon
further cycling, the edge dislocation density is believed to become high enough to
control the overall bulk deformation behavior, and as a result the higher velocity edge
dislocations promote cyclic softening. Thus, cyclic softening should commence when
the edge dislocation density begins to dominate the bulk flow behavior.

The cyclic flow bebavior trends observed in Fig. 2 can be explained in terms of
the above results and the hypothesis offered by S&B(13), The fully dense materials
show cyclic stability initially at both strain amplitudes followed by cyclic softening.
This result is not surprising for either the 0.75% or 1.5% total strain range tests since
the plastic strain amplitudes under these conditions are approximately +0.1% and

+0.375%, respectively. Recall that S&B(13) observed no cyclic hardening at plastic
strain amplitudes below *0.3% and very minimal hardening at plastic strain amplitudes
at levels just above the same plastic range.

The cyclic flow behavior of the porous materials may be understood in the
following manner. At low strain amplitudes, the porous materials behave in a similar
manner to the fully dense material, first exhibiting cyclical stability followed by cyclic
softening (see Fig. 2a). However, as previously described, at the higher strain
amplitude the porous materials first cyclically harden and then soften, behaving as the
fully dense material cyclically deformed at the intermediate plastic strain amplitudes
(0.3 to 1.0%) in the S&B study(13)., Comparisons of the results in Fig. 2 with fully dense

titanium tested over a broad range of strain amplitudes(13.14) indicate that the porous
materials exhibit a cyclic hardening response similar to that of the fully dense
materials being cycled at approximately double the plastic strain amplitude.

The above influence of porosity on the cyclic flow behavior is likely due to a
combination of factors. The most dominant factor may be attributed to pore-induced
stress and strain concentrations adjacent to the pores. These plastic zones result in an
effectively higher strain amplitude in the region surrounding pores. As a result, a
significant volume of the porous specimens experience locally high strain amplitudes.
The volume of material affected by the pore-induced strain concentrations scales with
the pore's size and imposed macroscopic strain amplitude. A schematic profile of the
enhanced strain amplitude which is generated adjacent to a pore at the maximum
tensile stress on the plane of maximum stress concentration for a given cycle is shown
in Fig. 3. Refs.(1,2) contain experimental strain data adjacent to a hole which verify
this profile. At the higher cyclic strain amplitude, a volume of material within a
distance of about 1.5 pore diameters adjacent to pores would be expected to deform at
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Figure 3. The theoretical profile of a local strain distribution, distribution adjacent to
an elliptical pore in a plastically deforming matrix. The profile has been estimated at
the peak tensile load of a cycle on the plane of maximum strain concentration over a
normalized distance R/R(0).




plastic strain amplitudes significantly above +0.3% (this is not the case for the porous
materials tested at the lower strain amplitude). Although it is not intuitively apparent,
three-dimensional calculations assuming a spherical pore shape indicate that
approximately 11% of the volume of the 0.4% porous material is influenced by the
porous regions (i.e., ~1.5 times the pore diameter) and therefore is being subjected to
the higher strain gradients. As a result, the macroscopic flow behavior is significantly
influenced by the stress concentration effects of pores even at low porosity levels
(0.4%). In view of the above, it is not surprising that each of the porous titanium
conditions examined at the total strain amplitude of 1.5% cyclically behave by initially
hardening and subsequently softening similar to fully dense material being deformed
at higher strain amplitudes.

Another method of examining the stability of material subjected to cyclic
straining is to monitor the total plastic strain developed throughout a cycle as a
function of fatigue life. When a material cyclically hardens during total strain
amplitude testing, the plastic strain amplitude of the material will decrease as the
material becomes more resistant to plastic flow, with the converse being true for cyclic
softening. An examination of the plastic strain amplitude behavior indicated behavior
which correlates fairly well with that observed when monitoring the cyclic peak
stresses is shown in Fig. 2. At 0.75% total strain range, the plastic strain amplitude
tends to increase at least slightly during fatigue life, which agrees with the general
cyclic softening behavior trends presented in Fig. 2a. During the high strain
amplitude fatigue (i.e., 1.5% total strain range control), the fully dense titanium shows
an increase in the plastic strain range during testing while each of the porous
materials showed a reduction in the plastic strain range. The increase in the plastic
strain range observed for the fully dense material is in agreement with the cyclic
softening behavior which was observed, as does the decrease in plastic strain range
with the initial cyclic hardening behavior which occurs in the porous materials.

An interesting observation is that the magnitude of the plastic strain amplitudes
are especially large in the 6% interconnected-porosity material. This is not surprising
in view of the significanuly lower peak stresses measured and presented in Fig. 2. The
lower peak stress of the 6% interconnected-porosity titanium may be attributed to the
lower yield stress in the material; note, the tensile properties of these materials are

discussed elsewhere(16), The lower yield stress and thus resulting cyclic flow stress for
this material, even when compared with the 6% isolated-porosity titanium, may be
partially accounted for by the significantly higher elliptical pore aspect ratio of the
interconnected material (1.3 vs. 1.9). The larger stress concentrations associated with
the sharper pores in the 6% interconnected porous material should reduce the
proportional limit of the material, and thereby should be partially accountable for the
reduction in the cyclic peak stresses.

The cyclic work-hardening exponent n is frequently used to analyze low cycle
fatigue. In this study the cyclic work-hardening exponent is estimated with the
increasing loading portion of the hysteresis loop as was first purposed by Morrow(22)
Although this is not a rigorous technique for obtaining the cyclic work-hardening
exponent, the methodology has been shown to be accurate in approximating the cyclic
work-hardening exponent for metals when the plastic and elastic strains generated at
the peak strain are approximately equal, which is the case in this study.(22) More
specifically, Morrow has shown that when the elastic and plastic strains for a
hysteresis are roughly equal, the increasing stress side of the hysteresis loop
frequently resembles the cyclic stress-strain curve obtained from the conventional
stable hysteresis data. Thus a reasonable estimation of the cyclic work-hardening
exponent should obtainable in this study. There are numerous methods for obtaining
the cyclic stress-strain curve which are described in detail elsewhere(23.24), and
therefore are not be discussed here.

Fig. 4 shows the variation of the cyclic work-hardening exponent as a
function of fatigue life for the porous and fully dense materials. It is recognized that
the cyclic work-hardening exponent is generally obtained after cyclic stability has
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Figure 4.. The variation in the cyclic work-hailening exponent for the fully dense and
porous titanium materials during total strain range testing at (a) 0.75%, and (b) 1.5%.




been achieved. However, since cyclic stability for the porous materials does not readily
occur (see Fig. 2) the results are presented as a function of the number of cycles.

Fig. 4a indicates that the n-values of the porous materials tend 10 converge to a
value around 0.28 at the 0.75% total strain range ard 0.24 to 0.26 at the 1.5% strain

range. These n-values are similar to those of Puskdr(23) (0.275) and to results from this
study (0.285) which have been obtained for the fully dense titanium utilizing more
rigorous testing techniques for determining the cyclic work-hardening exponent that
were eluded to above. The more comprehensive evaluation for the cyclic work-
hardening exponent has been obtained from the testing of several specimens
throughout a broad range of plastic strain amplitudes (£0.1% to £1.4%); the plastic
strain amplitudes and peak stress amplitudes were analyzed at half of the total fatigue
life for each of the strain amplitudes examined.

In Fig. 4b it is shown that when testing at 1.5% total strain range, the fully dense
titanium and the isolated porosity materials all display an increase in the cyclically
work-hardening exponent throughout the fatigue life. As in the case of the lower
strain amplitude, the cyclic work-hardening values roughly converge at a value of
0.25. Thus the n-value obtained during the high strain amplitude tests is somewhat
lower than that obtained at the lower strain amplitude (0.28) or that measured by a
multiple-specimen strain amplitude technique (0.285). Although the limitations of the
single hysteresis loop for determining the n-value are described above, there is little
doubt that part of the difference in the n-values using the two techniques is associated
with the well known inadequacy of the o = ke equation in predicting the stress-strain
response at low strains. Nonetheless, the above results for the cyclic work-hardening
exponent support the relationship dcveloped by Morrow(22) for approximating the
conventional cyclic strain-hardening exponent from the loading side of the hysteresis
loop; see Ref (16).

NCLUST

Porosity can significantly influence the cyclic flow behavior under low cycle
fatigue conditions.  Little difference is observed in the cyclic hardening/softening
behavior of the fully dense and porous titanium at 0.75% total strain range testing.
However, for 1.5% total strain range tests, significant changes in the cyclic flow
behavior are observed between the porous and fully dense materials. Examination of
the local strain profiles near the pores indicate that the differences in the cyclic flow
behavior appear to be a result of the locally large strain amplitudes which are
gencrated adjacent to the pores. Even at low levels of porosity (0.4%) the material
cyclically behaves (i.e., hardening/softening behavior) as if it were being subjected to
significantly higher strain amplitudes when compared with the fully dense material.

The cyclic work-hardening exponent was determined as a function of cycles
utilizing Morrow's(22) hysteresis technique to estimate the cyclic stress-strain
response.  Even though cyclic stability was generally not obtained for the various
material conditions, the values at which the data for both the porous and fully dense
materials converged are in fairly good agreement with more rigorous cyclic work-
hardening exponent results obtained from conventional cyclic stress-strain analyses.
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