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Abstract
Hot torsion testing comprising multiple twist reversals was used to establish
the effect of strain-path changes on concurrent dynamic globularization and cavitation
of Ti-6Al-4V with a colony-alpha starting microstructure. Optical microscopy was
used to quantify the cavity area fraction and the effect of globularization on
cavitation. The deformation of the hard and soft colonies surrounding the largest
cavities and self-consistent-model calculations of strain partitioning were used to
estimate the macroscopic and local strains at which colonies with different strengths
globularize. It was found that both hard and soft colonies undergo dynamic
globularization at the same local strain (i.e., strain within the colony). In addition,
cavitation behavior during torsion with multiple strain-path changes was interpreted
by taking into account the break up of the colonies into a globular structure. It was
found that cavity growth (or shrinkage) persisted as long as there was a flow-stress
difference in adjacent regions/colonies surrounding a given cavity. When the
microstructure became uniform (as in the case of full globularization), the cavity area

fraction did not change measurably with subsequent additional deformation.
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L. INTRODUCTION

Two-phase, alpha/beta titanium alloys, such as Ti-6Al-4V, are usually
processed via an ingot metallurgy route comprising working and heat treatment in the
single-phase beta field followed by breakdown in the alpha/beta field of the colony
microstructure thus produced. Open-die forging via cogging and upsetting is typically
used for microstructure breakdown to obtain the desired equiaxed- alpha billet
structure. From a macroscopic perspective, these industrial processes appear to be
quite simple. At the microscale, however, they are very complicated, for they involve
complex stress states, temperature variations, local microstructure changes (e.g.,
spheroidization, or globularization as it is known in the titanium industry), etc. In
addition, there are often numerous changes in the strain-path, increasing the degree of
complexity signiﬁcantly. Depending on the specific ingot melting technique, final
product size, working conditions, etc., wrought products may contain undesirable
defects such as microstructure non-uniformities, shear bands, and internal cavities.
The determination of the mechanisms that lead to the formation of such defects is
very important for the design of economical thermomechanical processes, let alone

for the manufacture of finished products with optimal service properties [1-4].

A considerable amount of research has been devoted to develop an
understanding of cavitation behavior for a wide range of metals and alloys. Early
work dealt primarily with conditions under which cavitation can be fully
suppressed/minimized or establishing cavity-growth kinetics [5-8]. Later research

focused on the effect of macroscopic stress state on cavitation kinetics. Usually, the

‘stress state employed in these efforts resulfed in a stress rafio (i.e., ratio of méan to
effective stress) equal to or greater than that corresponding to uniaxial tension (i.e.,

1/3). By contrast, Bae, et al. [9], and Nicolaou, et al. [10, 11] investigated cavitation




under macroscopic simple shear conditions. Most recently, Bieler, et al. [12] and
Nicolaou and Semiatin [13] examined the effect of local texture and local stress state
on non-uniform deformation and cavitation in alpha/beta titanium alloys with a
colony-alpha microstructure. These efforts dealt with tension [12], compression [13],
and torsional [10, 11] modes of deformation. The enhancement of cavitation due to
the development of high triaxial stress in regions with colonies of different Taylor
factors (and hence different strengths) was also quantified.

The objective of the current research was to develop a first-order
understanding of the interaction of microstructure evolution and cavitation during the
hot-working of titanium alloys with a colony-alpha microstructure deformed under
complex strain-path conditions. For this purpose, hot torsion testing of Ti-6Al-4V
with multiple reversals in twisting sense was used. The first part of the work
delineated microstructure changes (i.e., dynamic globularization) within hard and soft
colonies by exploiting the earlier finding that large cavities (which can be used as
internal markers) develop between soft and hard colonies {12, 14]. The second part of
the work consisted of an extension of previoﬁs hot torsion work in which deformation
was either monotonic or comprised a single reversal [10, 11]. In the present effort,
three and four-step torsion tests on the same Ti-6Al-4V alloy were conducted, and the

effect of multiple strain-path changes on cavitation behavior was established.

II. MATERIALS AND PROCEDURES
Reversed hot torsion testing was used to establish the effect of strain-path

changes on the interaction of microstructure changes and cavitation for a typical

' alpha]be?a titanium alloy, Ti-6Al-4V. The material used in tﬁéw}')}eseﬁf work was the

same as in previous efforts [10, 11]. In brief, as-received, hot-rolled bar stock was

beta annealed to produce relatively fine beta grains with a mixed colony, basketweave




microstructure. The beta grain size (and comparable colony size) was ~100 pum; the
heat treatment also produced a grain-boundary alpha layer approximately 3 pum thick.

All of the hot torsion tests were conducted at 815°C using a twist rate that
produced an effective strain rate equal to 0.04 s at the outer surface of round-bar
torsion specimens of the same geometry as in previous work. The different strain
paths applied to the torsion specimens are described in Figure 1. For a given
experiment, the strain increment for the forward (F) and reverse (R) deformation
segments was the same. The surface effective strain increments were typically 0.99
(twist = 125°) or 1.78 (twist = 225°). Two, three, or four strain increments were
imposed. There were two variations of the three-step tests; i.e., iﬁ the third step of
some experiments, the twisting direction was changed from backward to forward,
while in others the backward motion was continued throughout the third step. In all
cases, the twisting direction was reversed quickly; the “dwell” time for the change of
twisting direction was ~1-2 seconds between the steps.

After testing, axial (z) - tangential () cross sections near the outer surface of
the specimen (i.e., sections containing the z-8 plane) were prepared for
metallographic examination. Microstructure evolution and cavitation were quantified
as in the previous efforts [10, 11] using a combination of optical and scanning-

electron microscopy and quantitative metallography.

ITI. RESULTS AND DISCUSSION

The key results from this work consisted of the determination and

interpretation of plastic-flow response, globularization behavior, and cavitation during

hot torsion.



A. Plastic Flow Behavior

Effective stress-effective strain curves for various three-step and four-step
torsion tests are presented in Figures 2a (strain per step = 0.99) and 2b (strain per step
= 1.78). The results for the first two steps are identical to those described previously
for forward-reverse (two-step) torsion tests [11]. As before, the initial forward plastic
flow behavior was characterized by a peak stress at very low strains (< 0.1) followed
by marked flow softening (quantified by a negative strain-hardening exponent, n = —
0.2). On the other hand, each reloading revealed a large reduction in the initial flow
stress (relative to that at the end of the previous strain increment) followed by a
relatively high rate of work hardening for a strain interval of ~0.2. After achieving a
peak stress during the second and subsequent strain increments, a relatively small
amount of flow softening in comparison to that observed during the initial forward
step was noted.

The plastic-flow observations have been ascribed by Poths, et al. [15, 16] to a
Bauschinger-like effect which has also been noted in a number of other materials such
as stainless steel during hot working [17]. The specific explanation for the reloading
transients in reversed torsion testing of the two-phase Ti-6Al-4V alloy, however, may
lie in somewhat different microscopic slip processes compared to single-phase alloys
with equiaxed grain structures. Specifically, the initial flow softening (at low strains)
has been ascribed to slip transfer across the alpha-beta interfaces. When the
deformation is reversed, there may be a large number of mobile dislocations which-
can move easily in the reverse direction. Because the original alpha-beta interfaces

e have now been-broached,-it.may be easier.to form subgrain-like substructures-in-both . S

the alpha and beta phases, thus leading to an initial strain-hardening transient
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followed by near steady-state flow as in single-phase metals whose flow is controlled

dynamic recovery.

B. Microstructure Evolution

1. Globularization observations

As is discussed in Section II1.B.2, globularization observations focused on
regions with cavitiés because of the ability to estimate local strains in such areas.
Typical optical micrographs, which indicate globularization on one side or all around
a large cavity, are shown in Figure 3. Figure 3a (corresponding to a monotonic
torsion test with a twist angle of 125°) shows a globular microstructure along one side
of the cavity, which is assumed to be a soft (more highly deformable) colony. Figure
3b (corresponding to another monotonic test with a twist angle of 250°) shows a
globular structure which entirely surrounds a large cavity. Similar observations were

made for other testing conditions (i.e., different strain paths).

The results of the metallographic examination for the various testing
conditions are summarized in Table I.  Specifically, for the monotonic tests,
globularization of the soft colonies occurred at a macroscopic strain of 0.99 (125°
twist); for the hard colonies, this strain increased to 1.98 (250° twist). When the
straining direction was reversed, the macroscopic effective strain for globularization
of the soft and hard colonies was 1.43 and 3.56, respectively.

2. Determination of globularization strains

The interpretation of microstructure evolution via dynamic globularization of

the colony microstructure required the determination of local strains. This was

rééég&plishéc{ by (1) ;i;derrltifying regions with hard and soft colonies that hadu‘
undergone globularization and (ii) estimating the strain non-uniformity in such

regions. Regions of interest were determined based on previous observations [10, 12]




that the largest cavities were present in areas having adjacent hard and soft colonies.
In other words, large cavities were usually surrounded by one (or more) hard colonies
on one side and soft colonies on the other. Hence, dynamic globularization strains
were estimated by focusing on the regions containing large cavities.

The local strains accommodated by hard and the soft colonies as a function of
the externally imposed (macroscopic) strain were estimated using a self-consistent-
model [18]. As in previous work, the strength differences between colonies was
assumed to arise from differences in the Taylor factor of the alpha lamellae, which
comprise ~80 pct. of the two-phase microstructure at §15°C. Model calculations
assuming a strain-rate sensitivity of 0.15, volume fractions of the hard and soft
colonies equal to 60 and 40 pct., respectively, and two different ratios of the Taylor
factors of the hard and soft colonies (i.e., Mp/M; = 2 or 3) are shown in Figure 4. No
“intermediate” strength colonies were considered in the calculations. The application
of the self-consistent model in cavitated regions is approximate because of the
generation of traction-free surfaces during cavity growth. Hence, the strain non-
uniformity so estimated would tend to be liberal.

The local (colony) strain at which the soft and the hard colonies were
globularized, estimated by coupling the self-consistent model calculations (Figure 4)
and the experimental observations (Table I), are summarized in Figure 5 for both
monotonic and reversed types of torsion tests. The individual data points correspond
to the average of the self-consistent-model strain estimates for Taylor factor ratios

(M/M;) of 2 and 3; the error bars indicate the spread between the results for these two

reversed), Figure 5 suggests that the local colony strain for globularization is

somewhat higher for soft colonies compared to that for hard colonies. However, the

eV aJues--0f the Taylor-factor ratio..Eor-a given-straining mode. (.., mMoONOONIC 0L o




difference is not great and may be rationalized on the basis of the model assumptions.
Thus, the local strains at which colonies globularized may be concluded to be
essentially the same irrespective of Taylor factor.

The finding concerning the similarity in local strains for dynamic
globularization is somewhat unexpected in view of the definition of the Taylor factor,
M = Zyi/e , in which € represents the imposed strain (in the present case, the so-called
local strain), and Zy; denotes the total internal (crystallographic) shear strain. Such a
strain-based definition of M, often used for cubic materials, is not as simple for hcp
materials (due to various different types of slip systems). Nevertheless, it appears at
least qualitatively that hard colonies (with their larger values of M) require more
crystallographic shear than soft colonies (with smaller M) in view of the nearly
identical levels of € for both hard and soft colonies. Although crystallographic shear
certainly plays an important role in the dynamic-globularization process [19], the
uniformity of shear along the length of the alpha platelets (implicitly assumed in
Taylor-type models) must also be considered. Based on the observations of Bieler and
Semiatin [20], it may be hypothesized that the degree of strain localization may be
smaller for soft colonies (in which prism <a> and basal <a> systems are activated)
compared to that in hard colonies (in which pyramidal <c+a> slip is activated). For
this reason, the uniform break-up of soft colonies may be more readily accomplished
than for hard colonies. However, further detailed research is needed to verify this

hypothesis.

The present results were also interpreted in the context of previous research

e ee—gomducted— by~ Poths;—et—at—{5;— 6}~ T ~thisprevious-work; ~the —dynammic

globularization kinetics for Ti-6Al-4V with a colony-alpha microstructure were

determined as a function of strain path in torsion. It was found that the globularized
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fraction shows a measurable dependence on the strain path (Figure 6). Specifically, at
a given total effective strain €, the globularized fraction was higher for a monotonic
loading mode relative to that for the case in which the. straining (twisting sense) was
reversed at a strain of €/2. On the other hand, the globularization behavior was
essentially identical for deformations involving one or two reversals in twisting
direction (i.e., two-step or three-step tests, respectively). These results were
interpreted using the following arguments: (i) Strain-path reversal results in a reduced
rate of dislocation multiplication relative to that for a monotonic deformation because
of the reduced interaction of dislocations with obstacles such as alpha/beta interfaces.
The rate of recovery and thus formation of sub-boundaries is thereby reduced. (ii)
The misorientations across sub-boundaries formed during deformation involving a
strain-path reversal would also be less, thus reducing the boundary energy and, hence,
the boundary-splitting (grooving) rate. (iii) The formation of shear bands and shear
“offsets” due to slip transfer across the a- boundaries is also retarded by the strain
reversal [16].

The present measurements of the macroscopic strains for dynamic
globularization of hard and soft colonies (shaded ovals in Figure 6) were compared to
the measurements of Poths, et al. [15]. For each pair of shaded ovals, the left one
refers to monotonic torsion and the right one to reversed torsion. For momnotonic
loading, the soft colonies globularized at small macroscopic strains inasmuch as they
accumulated a relatively large amount of strain on a local scale for a given increment
of macroscopic strain, while the hard colonies globularized near a macroscopic strain

e .at-wihich -almost. the entire -microstructure-is-globularized. - The-corresponding points——
showed excellent agreement with the monotonic curve of Poths, et al. For the

reversed loading conditions, the corresponding soft and hard colony strains showed
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very good direct agreement with the measured reversed-torsion curve of Poths, et al.
(soft colonies) as well as an extrapolation of the curve to large strains (for the hard
colonies). These results demonstrate that effective strains of the order of 3.5 are

required to achieve full dynamic globularization of the microstructure when the strain

direction 1s reversed.

C. Cavitation

1. Cavity-fraction measurements

The variation of the cavity area fraction C, and the average cavity size
(radius) as a function of the imposed macroscopic strain and strain path in four-step
experiments is shown in Figure 7. The relatively sharp drop in cavity fraction and
size which happens during the first strain-path reversal has been analyzed in detail in
Reference 11. Of interest here is the behavior during the next two steps, i.e., the
cavitation during further subsequent forward and then reverse strain increments. Two
different behaviors, depending on the magnitude of the imposed strain increments,
were observed. For the lower strain-increment tests (effective surface strain of 0.99,
or 125° twist), there was an increase in cavity fraction and size during the second
forward step (third step overall) and a decrease during the second reversal (fourth step
overall). On the other hand, for the higher strain-increment tests (effective strain of
1.78, or 225° twist), the cavity fraction and size remained essentially unchanged
during both the third and fourth steps.

The dependence of cavity area fraction on strain path is further elucidated in

Figure 8 for hot torsion tests comprising three increments of strain, each of which

““equaled 0.99. In one case, the strain path was changed from reverse to forward for the
third strain increment, and in the other experiment it was not. The results revealed

that C, increased during the third step when the straining direction was changed from




... while no such growth would take place in the latter.

reverse to forward, albeit at a slower pace compared to the first forward step. By
contrast, C4 changed very little when the strain direction remained in the reverse
mode. These observations have been discussed in Reference 11, and the small change
is attributed to the retardation of the densification rate with strain at the latter stages of
pore closure. Specifically, both experimental findings as well as densification models
for powder consolidation [21-23] show that the densification rate decreases mainly
due to the decrease of the stress intensification factor as well as the increase in
Poisson’s ratio with an increase of the relative density.

2. Qualitative effect of stress triaxiality on cavity growth/shrinkage

The observations described in Figures 7 and 8 were interpreted qualitatively in
terms of the change in stress triaxiality that accompanied the breakdown of the
colony-alpha microstructure.

As discussed previously [8, 9], the cavity-growth rate is greatly influenced by
stress triaxiality, 1.e., the ratio of the mean to effective stress. The local stress
triaxiality (i.e., at the colony scale) is the result of two contributing factors: (i) the
externally applied stress state and (ii) the orientation of adjacent colonies with respect
to th¢ principal axes of the external stress state. In the case of simple shear, the
contribution of the external stresses is null. Therefore, any finite stress triaxiality
responsible for cavity growth is due solely to local texture effects.

When adjacent cavities are oriented such that their Taylor factors differ
greatly, the stress triaxiality is high. If the two colonies are of the same orientation,

the stress triaxiality is zero. Thus, rapid cavity growth is favored in the former case,

During the hot torsion tests for Ti-6Al-4V with a colony-alpha starting

microstructure, the stress triaxiality did not remain constant throughout the




deformation and cavitation processes. There were two factors that tended to decrease
the stress triaxiality, (i) cavity growth and (ii) changes in the microstructure. As a
cavity grew, the degree of plastic constraint imposed by colonies with different flow
properties decreased. Thus, the tensile and compressive stresses generated in the
softer and harder colonies, respectively, decreased gradually, and therefore the cavity-
growth rate decreased as well. Furthermore, when the colonies globularized, the
degree of microstructural/textural non-uniformity around a cavity decreased. As a
result, the flow stress difference between the two colonies decreased, the stress
triaxiality was reduced to zero, and hence cavity growth (or shrinkage) tended to
cease.

Figure 9 shows the microstructures developed around cavities during forward-
reverse-forward torsion for strain increments of 0.99 or 1.78. In Figure 9a (strain
increments of 0.99), the colony structure was pr;served on one side of the cavity,
while in Figure 9b, the microstructure around the cavity was fully globular. As a
result, one might expect a change in the cavity area fraction (and cavity size) with
strain for the smaller strain increment, as was indeed found (Figure 7a), while the
amount of cavitation would be expected to remain constant for the larger strain
increment, as was also confirmed experimentally (Figure 7b).

3. Quantitative analysis of cavity growth/shrinkage

The results shown in Figures 7 and 8 were also interpreted quantitatively using
the model described previously [10, 11]. In particular, the AFRL powder-

densification model [20] was employed for the “reverse” steps, i.e., the (F)-R and (F-

o R-F)-R stages, in which cavities tended to shrink, For the third, forward-deformation, .

step (i.e. (F-R)-F), this model cannot be just simply reversed to account for the growth
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of internal cavities. In this instance, therefore, the following, more traditional, cavity-
growth equation was used:

C,=Cy eXp(ﬂA (E - Ea)) (1)
Here, Ca denotes the cavity area fraction at an effective strain £, Ca, is the fraction at
a strain ¢,, and na is the areal cavity-growth rate.

The experimental results for the cavity area fraction at the end of each step in
the torsion tests have been redréwn in Figure 10. The first part of each of the two
graphs (i.e. the (F)-R steps) was analyzed in Reference 11. In this previous work, it
was concluded that predictions assuming a ‘“stationary” or a fully-rotating
microstructure bounded the measurements. The two-step torsion-test results were
bounded well using a Taylor-factor ratio of My/Mg=3 for the strain increment of 0.99,
while they were bounded using My/M=2 for the larger strain increment (1.78). This
trend may be attributed to the different'microstructural changes (globularization)
associated with the two strain increments as discussed in Section II1.B.

Focusing in more detail on the results for the strain increment of 0.99 (Figure
10a), cavity growth during the (F-R)-F step was modeled using Equation (1). In
Reference 10, the cavity-growth rate during the first step of forward deformation,
during which substantial flow softening occurred, was found to be equal to 0.75. In

contrast, for the (F-R)-F step in which flow hardening/softening is essentially zero,

the stress triaxiality factor o, /& is lower (0.12 vs. 0.17). Thus, the ratio of 7’s for

the (F-R)-F and “F” steps is found to be equal to ~0.8. The cavity-growth béhavior

for the (F-R)-F step in Figure 10a thus corresponds to Equation (1) with 1 = 0.6 (=

0.75 x Q.S). For the final ((F-R-F)-R) step in Figure 10a in which cavity shrinkage
occurs, the decrease of stress triaxiality associated with globularization was evidenced

by the fact that the experimental results were bounded by the rotation/no-rotation




curves for My/M; =2. The corresponding curves for Mp/M; = 3 (not shown for clarity)

broadly underestimated the final level of cavitation.
For the strain increment of 1.78 (Figure 10b), the microstructure surrounding

the cavities after the (F-R) step was relatively uniform due to globularization.

Therefore, the stress triaxiality was zero, and cavitation would be predicted to remain

unchanged, as was observed.

IV. SUMMARY

Multi-step hot torsion tests, in which the strain was reversed after each step,
were conducted in order to investigate concurrent dynamic globularization and
cavitation behavior of Ti-6Al-4V with a colony-alpha starting microstructure. The
observation that the largest cavities develop in regions with both soft and hard
colonies was exploited to determine the local (colony-scale) strains at which colonies
with different strengths (due to their different Taylor factors) globularize. Using self-
consistent model calculations of local strains, it was found that both hard and soft
colonies require the same local strain, at least to a first order, in order to globularize.
Cavitation behavior was interpreted by taking into account the break up of the
colonies into a globular structure. It was found that growth or shrinkage of a cavity
occurred as long as there was a flow stress difference in the adjacent regions that
surrounded it. When the microstructure became uniform, as in the case of full
globularization, the cavity fraction remained éonstant and did not change noticeably

with further deformation.
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Table 1. Gloularization Observations for Hot Torsion Tests on Ti-6Al-4V

Globularization
Twist Angle (Deg) | Total Macroscopic Strain Soft Hard
+125 0.99 Yes No
+250 1.98 Yes Yes
+225-225 ' 3.56 Yes Yes
+125-125+125 2.97 ' Yes No
+225-225+225 5.34 Yes Yes




Figure Captions

Figure 1. Schematic summary of the Ti-6A1-4V reversed hot torsion tests conducted
in the present work. F refers to forward and B to backward twisting during torsion.

Figure 2. Effective stress-effective strain curves determined from torsion tests with
multiple reversals of twisting direction. The surface effective strain for each
increment of deformation was (a) 0.99 or (b) 1.78.

Figure 3. Microstructures developed around large cavities during monotonic torsion
tests at 815°C and twist angles of (a) 125° or (b) 250°.

Figure 4. Self-consistent model calculations of the local effective strain developed in
hard and soft colonies as a function of the macroscopic stfain assuming a strain-
rate sensitivity of 0.15 and a Taylor-factor ratio (Mh/MS) of 2 or 3.

Figure 5. Local effective strains for dynamic globularization of the colony-alpha
microstructure deformed via monotonic or reversed torsion testing at 815°C and a
surface effective strain rate of 0.04 s™.

Figure 6. Comparison of the measured dynamic globularization kinetics from the
work of Poths, et al. [15] (data points and trend lines) with those for soft and hard
colonies determined in the present work (shaded ovals).

Figure 7. Variation of cavity area fraction and cavity size (radius) during hot torsion
tests comprising two forward and two reverse stages. The effective strain
increments for each deformation step were (a) 0.99 or (b) 1.78.

Figure 8. Cavity area-fraction measurements for three-step torsion tests (with a

strain increment of 0.99) comprising a final (third) step that was imposed in either

"the Torward direcfion or the reverse direction.

Figure 9. Microstructures developed around cavities in forward-reverse-forward hot

torsion tests using a strain increment of (a) 0.99 or (b) 1.78.




Figure 10. Comparison of model predictions and experimental measurements of the
cavity area fraction developed during hot torsion tests comprising two forward
and two reverse stages. The effective strain increments for each deformation step

were (a) 0.99 or (b) 1.78.
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