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ABSTRACT

The effect of strain path and stress state on deformation and cavitation during
hot working of Ti-6Al-4V was established via torsion-compression and reversed-
torsion tests. Measurements of the cavity area fraction and the size of individual
cavities revealed that the rate of cavity closure during the change in strain path
following torsion is approximately twice as large in compression compared to
reversed torsion. The observations were interpreted in the context of the effect of
texture on local stress state and a micromechanical model for the consolidation of
porous media. From an engineering standpoint, this work also indicated that the rate
of cavity closure decreases with increasing deformation, thus suggesting that very

large strains may be required to heal damage totally.

I. INTRODUCTION
The development of successful manufacturing techniques for metallic
materials requires reliable information regarding hot-working characteristics. The
proper hot working temperature and deformation rate must be established to produce
high quality wrought products of complex geometry. In addition to the avoidance of
surface defects that reduce product yield, the control of internal cavitation is also very
important because such damage may lead to poor service properties as well as

premature failure [1-4].
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Because of the industrial significance of damage phenomena, a large amount
of research has been conducted to quantify cavitation for various metals and alloys
and to develop predictive models. Most of these efforts have focused on the
determination of the conditions under which cavitation can be fully suppressed (or at
least minimized) or on quantifying cavity-growth kinetics as a function of a stress
state. In the latter regard, a number of testing techniques have been employed to
investigate cavitation as a function of stress state; these methods include uniaxial
tension, biaxial tension, simple shear/torsion, and uniaxial tension with superimposed
hydrostatic pressure [4-9]. Because industrial processes such as cogging and open-die
forging typically involve complex states of stress and strain, however, increasing
attention is now being focused on the effect of strain and strain-rate path on cavitation
behavior [10, 11].

The present work is a continuation of earlier efforts on cavitation during
monotonic and reversed-torsion testing. The specific objective of the present research
was to establish and model the effect of a different strain path (torsion followed by
compression) on the closure of cavities and to compare the closure Kinetics to those
found for reversed torsion. To this end, torsion-compression experiments were
conducted on the same material used previously (Ti-6Al-4V with a colony-alpha
microstructure), and the results were interpreted using a model originally formulated

to treat the consolidation behavior of powder-metal compacts.

I1. MATERIALS AND PROCEDURES
A. Material
The material used in the present work was Ti-6Al-4V which was received in
the form of 17.5-mm diameter, hot-rolled bar. The measured chemical composition

of the alloy (in weight percent) was 6.25 aluminum, 4.05 vanadium, 0.19 iron, 0.19



oxygen, 0.012 carbon, 0.0004 hydrogen, 0.010 nitrogen, balance titanium; its beta-
transus temperature (at which alpha + beta — beta) was 1000°C. In the as-received
condition, the microstructure of the Ti-6Al-4V comprised fine, equiaxed alpha. The
material was heat treated to develop a colony-alpha microstructure which is more
susceptible to cavitation. This heat treatment consisted of 955°C/30 min + 1040°C/3
min + 815°C/10 min + air cool. Metallographic examination of the heat treated
material revealed a microstructure with a prior-beta grain size (and comparable
colony size) of ~100 um and a grain-boundary-alpha layer approximately 3-um thick.

The texture of the heat-treated Ti-6Al-4V alloy with the colony microstructure
was relatively weak. The principal alpha-phase texture components comprised one
with the c-axis parallel to the bar axis having an intensity of ~2.2 x random and
another characterized by the c-axis tilted ~60° from the bar axis with approximately
1.5 x random intensity. The slight asymmetry of the latter texture component
suggested that the bar may have been fabricated using a Turks head mill rather than a

conventional bar mill.

B. Torsion-Compression Tests

To establish the effect of strain-path change on flow response and
microstructure/defect evolution, hot working tests comprising torsion followed by
uniaxial compression were conducted. Solid-bar specimens for the initial (torsion)
testing were machined from the heat-treated Ti-6Al-4V material. Each torsion sample
had a gage length of 5.1 mm, and diameter of 8 mm. The complete specimen
geometry and a description of the torsion equipment are given in Reference 12.

Torsion-test procedures consisted of preheating and soaking for 10 min at the
test temperature, which was 815°C for all experiments, and then twisting to various

degrees. The twist rate was selected as such that the effective strain rate at the surface



of the specimen was equal to 0.04 s™. In contrast to previous work [10, 13], only a
forward twist was applied to each specimen. After the torsional deformation, the
specimen was water quenched. Subsequently, a cylindrical, uniaxial-compression
sample (whose axis was parallel to the torsion axis) was machined from the gage
length. Thus, each compression specimen had a height of 5.1 mm and a diameter of
8 mm.

The test conditions in compression were similar to those used for the torsional
prestrain. Specifically, isothermal, hot compression testing consisted of sample/die
heating to a test temperature of 815°C using an induction method, soaking at
temperature for 10 minutes, hot compression to a 25-pct. height reduction at a
constant axial true strain rate of -0.04 s™, followed by forced-air cooling. At the test
temperature, the volume fraction of the alpha-phase exceeded 70 pct., which suggests
that the flow behavior was dominated by this phase.

Past work [14] showed that extensive cavitation may take place near the outer
free surface of cylindrical specimens during non-isothermal pancake forging. Such
cavitation results from extensive barreling and the associated secondary tensile
stresses that are developed at and near the outer diameter. In such instances, finite-
element-method (FEM) simulations indicated that the mean stress changes from
compressive to tensile at a specific imposed axial strain. In the present work,
therefore, FEM analysis of the isothermal, hot compression test was used in the
experimental design to verify that compressive mean-stress conditions were
maintained at and near the sample outer diameter during the imposed height reduction
of 25 pct.

Torque-twist data obtained from the torsions tests were converted to effective

stress-effective strain using standard equations [15]. Similarly, load-stroke data from



the subsequent compression tests were reduced to average pressure-height strain
curves by assuming uniform deformation and correcting for the finite stiffness of the

test machine.

C. Metallographic Analysis

After torsion and compression testing, a cross section containing the z-r plane
of each specimen was prepared for metallographic examination. Standard sample-
preparation techniques were utilized; i.e., sectioning using a diamond wheel followed
by grinding and final polishing with diamond paste. Cavity sizes and shapes were
measured using 200X optical micrographs (taken on as-polished specimens) and the
image-analysis software Image J (Version 1.32). For this purpose, scanned
micrographs were transformed into pure black- and-white pictures in which each

cavity was clearly distinguishable from the fully-dense matrix.

I1l. RESULTS

The principal results from this work consisted of flow-behavior measurements,
FEM estimates of the stress state during the compressive deformation (following
torsion), and cavitation observations.
A. Flow Curves

Effective stress-effective strain curves for experiments consisting of torsional
pre-deformation of 125° or 225° twist followed by compression to a height reduction
of 25 pct. are given in Figure 1. The flow behaviors during reversed-torsion tests are
also included. A comparison of the results for the two types of strain paths revealed
noticeable differences. For the torsion-reversed torsion tests, for example, strain
hardening occurred after the reversal until a peak stress was achieved at a strain
increment of ~0.20 from the beginning of the reversed loading. The peak stress did

not differ significantly from the stress at the end of the forward-torsion step.



Furthermore, in contrast to the behavior during the forward loading, flow softening
was essentially absent during reversed torsion; i.e., the strain-softening exponent n
was less than -0.02. On the other hand, the flow behavior of the material in
compression following torsion was very different. A short strain-hardening transient
was found during reloading in compression. However, the peak stress was noticeably
higher compared to the stress at the end of the first (torsion) step. Secondly, the
compression reloading exhibited significant flow softening at a rate comparable to
that of the first (torsion) step; i.e., n ~ -0.20. A plausible explanation for these
observations may lie in the fact that the specimen was not tested immediately after the
first step in forward torsion (as was possible with reversed torsion), but was cooled
down, machined, and reheated to the test temperature prior to compression. In so
doing, the alpha-beta interfaces, which appear to control slip transfer and flow
softening [16], may have “healed”, leading to a behavior analogous to that during the

initial deformation in torsion.

B. FEM Results

The continuum FEM analysis was useful in quantifying the stress state as a
function of effective strain during hot compression (Figure 2); i.e., the axial, radial,
and hoop principal stresses (o;, o, and o, respectively) and the mean stress (owm).
The results in Figure 2 correspond to a material element lying at the outer
diameter/mid-height location of the compression sample, which would have
undergone the largest strain during the first deformation step in torsion. The FEM
results indicate that o remained negative (compressive) throughout the compression

step, thus promoting the closure of cavities.

C. Cavitation



The cavitation behavior during monotonic torsion has been described
previously [12] and hence will be used as a baseline in interpreting the effect of strain
path on cavitation during subsequent compression or reversed torsion.

Optical micrographs showed that the extent of cavitation decreased by
reversing the torsion direction or by imposing a subsequent compressive strain. An
example of this trend is shown in Figures 3a and 3b for initial torsional twists of 125°
(effective strain = 0.99) or 225° (effective strain = 1.78), respectively. In each case,
the micrographs show the extent of cavitation after forward torsion and after
subsequent reversed torsion or compression. From a qualitative standpoint, it is
evident that small levels of compression were more effective in closing cavities than
relatively larger reversed-torsion strains. These trends were quantified by
measurements of the cavity area-fraction Ca (Figure 4). The value of Ca at zero
strain represents the level of cavitation after the forward torsional prestrain in each
case.

Because the cavity area fractions (Figure 4) were small, additional quantitative
insight was obtained from the sizes of the 30 largest individual cavities for samples
subjected to forward torsion alone, forward + reversed torsion, and forward torsion +
compression (Figure 5). The size of each cavity was quantified by an equivalent

radius, req derived from the cavity area (Aca), measured using image analysis,

according to the relation reg= /Acgy/m. The plots in Figure 5 indicate some large

cavities were still present after reversed torsion although the overall extent of
cavitation was reduced. On the other hand, the compressive deformation significantly
reduced the number and size of the largest cavities, a finding of particular importance

with respect to durability in subsequent service.



Last, the reduction in cavity size during reversed torsion or compression was
quantified as a function of the initial cavity size developed during the forward torsion
prestrain (Figure 6). To reduce statistical fluctuations, cavity sizes were first collected
into groups of five and averaged prior to the comparison; i.e., the five largest cavities
were in the first group, the next five largest were in the second group, and so on. The
results in Figure 6 clearly indicate that larger cavities closed at a faster rate compared
to smaller ones, and the closure rate during compression was significantly faster than

that during reversed torsion.

IVV. DISCUSSION

As has been noted previously [10, 12, 17], cavity growth and closure in
anisotropic materials such as Ti-6Al-4V depend on the local stresses developed within
grains/colonies. In this regard, the stress ratio (the ratio of the mean to the effective
stress) is especially important. Continuum (macroscopic) approaches can be used to
estimate the stress ratio. For a deeper understanding, however, local conditions (at the
grain/colony scale) must be taken into account. This is not to say that the externally
applied stress does not play a role in the overall deformation and cavitation processes,
for indeed it does influences the magnitude and sign (compressive or tensile) of the
principal and mean stresses that develop within individual grains/colonies. However,
the relative strength of neighboring grains/ colonies is also of great importance,
particularly for anisotropic materials with an hcp crystal structure such as the alpha
phase of Ti-6Al-4V.

Individual grains/colonies may be characterized as hard or soft, depending on
the slip systems that are activated in response to the externally applied stress.
Previously, a simple approach was developed to quantify the effect of local texture on

local stresses, local strains, and cavitation for cases in which the macroscopic loading



is compressive (e.g., uniaxial compression, forging) or shear (e.g., torsion) in nature
[10, 12, 17]. In a representative volume element comprising soft and hard colonies,
the former develop larger stress triaxiality and undergo larger strains than the latter.
The exact partitioning of strain between neighboring hard and soft colonies depends
on the ratio of their Taylor factors, My/Ms, in which the subscripts h and s refer to the
hard and soft colonies, respectively. As the Taylor-factor ratio increases, the
preferential partitioning of strain to the softer colony increases. In the subsections
that follow, the approach for modeling cavity closure is briefly summarized, and

model predictions are compared to the experimental observations.

A. Cavity-Closure Model

Cavity closure was interpreted in the context of analyses for the local stress
state/strain partitioning [10, 12, 17] and the consolidation of powder compacts [18].
Previously, the consolidation model was applied successfully to predict cavity-closure
behavior during reversed-torsion testing [10]. In addition to the specified initial
density (or percent porosity), model inputs comprise the local principal stresses
developed in adjacent soft and hard colonies, the effective (flow) stress of the
colonies, and the strain partitioning between neighboring colonies. These quantities
are determined by combining the relations for force equilibrium and the yield
functions of the hard and soft colonies with self-consistent (strain-partitioning)
calculations and continuum FEM analysis. In brief, the modeling steps can be
summarized as follows: (i) the local principal stresses developed in the softer colony
(which is assumed to control cavity-closure behavior) are determined form the force-
equilibrium equations and the yield function, the latter making use of the strain-
partitioning analysis to estimate the rate-dependent flow stress of the soft colony, (ii)

the principal strain rates in the soft phase are determined from the principal stresses



and the densification model, and (iii) these rates are summed to obtain the
densification rate. This procedure has been applied for cavitation during tension
testing [17], forging [19], and torsion [12].

For the present work, the stress ratio oum/ce (in the soft colony) and the local
strains (in the hard and soft colonies) as a function of the macroscopic effective strain
were estimated assuming a Taylor factor ratio (My/Ms) of 3 and a volume fraction of
hard colonies equal to 60 pct. (Figure 7). Other inputs into the model calculations
included a strain-rate sensitivity index (m value) of 0.15, and a flow-softening
exponent of -0.20, consistent with the measured flow curves for compression
following torsion (Figure 1). Model predictions showed that the hard colonies
remained almost undeformed (Figure 7). Therefore, the overall cavitation process is
essentially fully governed by the deformation of the soft colonies. In addition, during
torsional prestrain, it has been shown that cavities in soft colonies have a tendency to
grow under a high level of tensile stress. As shown in Figure 7, however, the stress
ratio was predicted to remain negative throughout the subsequent compressive step of
deformation, thus enabling the closure of cavities, even though the absolute
magnitude of the compressive state of stress decreased as deformation proceeded.

Consolidation-model predictions of pore closure during compression
following the two different torsional prestrains are compared to measurements in
Figure 8. The two solid lines correspond to model predictions in which the absolute
magnitude of the stress ratio decreased with deformation (i.e., the stress ratio became
less compressive) per the results shown in Figure 7. Not unexpectedly, the rate of
cavity closure was thus predicted to decrease with increasing deformation due to the
decrease in mean compressive stress and the increase in density. This behavior has

important industrial implications, for the majority of cavity closure may take place

10



only in the early stages of compression. In fact, in some cases, there may be a point
after which additional deformation may actually lead to cavity initiation and growth.
The model predictions in Figure 8 also show a hypothetical upper bound on cavity
closure (viz., the broken line for the torsional prestrain of 1.78), which was obtained
by assuming that the stress ratio remained constant at a value equal to that at the
beginning of the compressive deformation.

The cavity-closure model predictions are also compared to measurements in
Figure 8. Despite the lack of several measurements within the compressive strain
range between 0 and 0.29 (height reduction between 0 and 25 pct.), the model does

appear to provide first-order agreement with the observations.

B. Comparison of Cavity Closure in Compression and Reversed Torsion

The model for consolidation of porous media can also be used to explain at
least qualitatively the source of the difference in cavity shrinkage rates for reversed
torsion versus compression following forward torsion. The slower rate of cavity
shrinkage during reversed torsion (Figures 4, 6) can be ascribed partially or wholly to
three factors (i) cavity orientation with respect to the torsion axis, (ii) the loss of
strength differences between neighboring colonies because globularization leads to a
more homogeneous microstructure, and (iii) flow softening.

With regard to the first factor, because cavities developed in torsion tend to be
elongated, not all of them can be closed in reversed torsion. Only those which are
oriented favorably with respect to the torsion axis, i.e., at a finite angle, can be closed.
In particular, cavities oriented at an angle of 45° with the torsion axis experience a
high rate of closure, while those that are parallel to the torsion axis remain intact. The
rate of closure decreases as the cavity orientation decreases from 45° to zero degrees.

According to the powder-consolidation model, if all of the cavities were oriented at an

11



angle of 45°, reversed torsion would have a cavity-closure rate similar to that of the
compression.

When the microstructure globularizes at large strains and there is no
difference in the strength of the material that surrounds a cavity, reversed torsion
becomes ineffective in closure because the material behaves locally as a continuum
and the mean stress is zero. By contrast, even after a fully globularized
microstructure is realized, compression following torsion still promotes cavity closure
because the local stress ratio is negative (compressive state of stress).

The third factor, which can contribute to the observed difference in cavity
closure in reversed torsion and compression, is flow softening. Reheating and
soaking of specimens machined from torsion samples led to a high flow-softening rate
(~0.22) during compression as opposed to a zero flow-softening rate during reversed
torsion following immediately after forward torsion (Figure 1). As has been
discussed previously [17], the absolute value of the stress ratio om/c. is higher for a
material that undergoes flow softening compared to one which has a zero or positive
strain-hardening exponent Thus, the stress ratio during the compression tests is more
negative compared to that in reversed torsion, and therefore the cavity closure rate is

higher.

C. Engineering Approach to Cavity Closure

During forward torsional deformation, cavity initiation and growth takes
place. These cavities shrink during subsequent compression or reversed torsional
deformation. An approximate analysis of the initial and final cavity radii r, and r;
(i.e., the radii after forward torsion versus those after reversed torsion or compression)
was performed to estimate the cavity-closure rate during the strain-path change. For

this purpose, attention was focused on two specific cases (Figure 9): (i) forward

12



torsion (FT) to a surface effective strain of 0.99 (twist angle = 125°) followed by
reversed torsion (RT) to a surface effective strain of 0.25 (twist angle = 31.3°) and (ii)
forward torsion (FT) to a surface effective strain of 0.99 (twist angle = 125°) followed
by compression to an effective strain of 0.29 (25 pct. height reduction). Because it is
not possible to measure the initial and final radii of specific cavities, a statistical
approach was taken for the measurements in Figure 9. In particular, individual data
points in the figure correspond to the average size (r,) of the 5 largest cavities, second
5 largest cavities, etc. after FT in comparison to the size (r;) of the 5 largest, second 5
largest, etc. cavities after FT + RT or FT + compression.

The rates of cavity closure during RT or compression (Figure 9) were
quantified by applying the closure analog of the classical cavity-growth equation [5,
9], i.e., rs =1y exp(n e ), in which rf and r, denote the final and initial cavity sizes (as
described above), n is the rate of cavity-growth or, in the present case, shrinkage, and
¢ Is the macroscopic effective strain. The continuous lines shown in Figure 9
represent the best fit of this equation (i.e., straight lines passing through the origin
with slopes dri/dr, equal to exp(ne) ), thus providing the value of the cavity-
shrinkage rate n, viz., -4.0 for compression and -1.5 for torsion, for a strain € = 0.29
and & = 0.25 respectively . It should be borne in mind that these values of n are for
relatively small reversed strains (¢ ~ 0.3) and pertain to the regime of rapid closure.
Smaller values of n would be expected at larger strains as closure slows down. In
other words, if the same approach were applied for higher strains, the magnitudes of n
would be lower. From a practical, industrial perspective, this behavior implies that

there is little benefit in applying extremely high strains to reduce/minimize cavitation,

13



because the majority of cavity shrinkage occurs early with little additional closure at

large strains.

V. SUMMARY

The effect of strain path on deformation and cavitation during hot working of
Ti-6Al-4V with a colony-alpha microstructure was quantified via torsion-compression
and torsion-reversed torsion experiments at 815°C. It was found that the rate of
closure of cavities formed during forward torsion depended on the subsequent
deformation mode. Compression was much more effective than reversed torsion in
bringing about cavity closure. The cavity-closure observations were successfully
quantified using a model previously developed to treat the consolidation of powder
compacts. In addition, a cavity-closure rate for each case was determined; for
effective strains between 0 and ~0.3, the cavity-closure rate in compression is more
than twice that for reversed torsion. At larger strains, the closure rate decreases,

suggesting the limited effectiveness of large strains in healing cavitation damage.
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Figure Captions

Figure 1. Effective stress-strain curves for torsion followed by reversed torsion or

compression. The initial (forward) torsional deformation consisted of a
twist of (a) 125° or (b) 225°, corresponding to surface effective strains of

0.99 and 1.78, respectively.

Figure 2. FEM predictions of the variation of principal and mean stresses with stroke

Figure 3.

Figure 4.

Figure 5.

during compression following torsion.

Micrographs from the r-z plane showing the extent of cavitation after (i)
forward torsion, (ii) reversed torsion, and (iii) compression. The initial
(forward) torsional twist was (a) 125° or (b) and 225°.

Cavity area fraction as a function of the macroscopic effective strain for
reversed torsion and compression.

Variation of the equivalent cavity radii for the 30 largest cavities within
forward torsion, reversed-torsion, and compression specimens. The initial

(forward) torsional twist was (a) 125° or (b) 225°.

Figure 6. Reduction in equivalent cavity radius as a function of the initial cavity size

for reversed torsion and compression.

Figure 7. Local effective strain for hard and soft colonies and the stress ratio in soft

colonies as a function of macroscopic effective strain during compression.

Figure 8. Model predictions of cavity fraction as a function of macroscopic effective

strain during compression based on the (actual) increasing stress ratio
(solid lines) or an assumed stress ratio equal to that at the beginning of
compression (broken line). The predictions are compared to experimental

results (data points).
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Figure 9. Measured final-versus-initial cavity radii for reversed torsion tests and

compression used to determine the rate of cavity closure.
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