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Hot deformation of Ti-6Al-4V single-colony samples
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Abstract

The hot deformation response of lamellar colonies of Ti-6Al-4V was established via
uniaxial compression testing. For this purpose, samples with a rectangular cross section were cut
from single colonies grown using a float-zone technique and then tested at 815°C. Each sample
was oriented for single slip along one of seven different slip system in the alpha phase; i.e., one
of the three <1120>{1010} (prism <a>), the three <11 20>{0001} (basal <a>), or the <c+a>
(pyramidal) systems was activated by orienting specific samples to have the highest Schmid
factor on that particular system. Measurements of the critical resolved shear stress (CRSS) at
yielding and the subsequent flow behavior revealed a strong dependence of mechanical behavior
on colony orientation/activated slip system. The anisotropy in the CRSS and the tendency for
flow softening at large strains was rationalized on the basis of the burgers orientation relationship
between the alpha (hcp) lamellae and the beta (bcc) matrix and hence the orientation of alpha slip
directions relative to those in the beta phase.
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1. Introduction

Providing an excellent combination of high strength, corrosion resistance, and low
density, Ti-6Al-4V is the most commonly used alpha/beta titanium alloy. It accounts for
approximately 80 pct. of the total titanium used in the US (Eylon and Seagle, 2000).

The mechanical behavior of Ti-6Al-4V depends on the microstructure and texture
developed during thermomechanical processing (TMP) (Semiatin, et al., 1997; Lutjering, 1998).
Depending on the specific TMP practice, one of three principal microstructures is commonly
formed (Semiatin et al., 1997; Lutjering, 1998), namely, fully lamellar alpha, fully equiaxed
alpha, and bi-modal (duplex). The fully lamellar and bi-modal microstructures both have
lamellae of hcp alpha (o) phase in a matrix of bcc beta (B) phase. The fully lamellar
microstructure is formed during cooling from the beta field at a slow-to-medium rate; the

lamellar-alpha phase and the beta matrix in which it grows follow a burgers orientation

relationship (OR) in which (0001), is parallel to (101)s and [2110], is parallel to[lII]B

(Burgers, 1934).

Hot working processes in the o+fp field (e.g., forging, extrusion, rolling, etc. at
temperatures below the beta transus at which beta — alpha + beta) comprise the main
approaches to breakdown the fully-lamellar microstructure and thus to obtain semi-finished billet
and bar products with an equiaxed-alpha microstructure. The design of such processes relies
heavily on quantitative descriptions of constitutive behavior and the microstructure changes
which underlie plastic-flow behavior Although substantial progress has been made in
understanding the constitutive response of single-phase titanium alloys, there has been

comparatively less work conducted for two-phase alpha/beta Ti alloys.



The early work by Chan, et al. (1981) dealing with the room-temperature deformation of
Ti-8Al-1Mo-1V with a colony-alpha microstructure represents one of the few efforts focusing on
two-phase titanium alloys. In this research, compression testing of small samples cut from a plate
material with a large grain/colony size revealed a marked anisotropy in the critical resolved shear
stress for different prism <a>, basal <a>, and pyramidal <c+a> slip systems. Moreover, for a
given type of slip system, Schmid’s Law failed except for the specific case in which prism slip
was activated parallel to the broad face the alpha lamellae (i.e., the alpha-beta interface). A
similar anisotropy was reported during the room-temperature deformation of single colonies of
Ti 5Al-2.55n-0.5Fe oriented for prism slip (Suri, et al., 1999). In this latter work, detailed TEM
was used to correlate the observed anisotropy to the relative orientations of the slip vectors in the
alpha and beta phases (Burgers, 1934; Welsch, et al., 1988; Suri, et al., 1999). In particular,
Welsch, et al. and Suri, et al. demonstrated that only one of the three <a> slip directions in the
alpha phase is closely aligned (within 0.7°) with a <111> slip direction in the beta phase, thus
enabling easy slip transmission across the alpha-beta interface. The second <a> slip vector in the
alpha phase had a misalignment of ~11.5° with the corresponding <111> slip direction in the
phase, therefore resulting in more difficult slip transmission and a measurably higher critical
resolved shear stress. The relative orientation of the third <a> slip vector in the alpha phase was
even farther from a <111> slip direction in the beta phase. In follow-on work to that of Suri, et
al., Savage, et al. (2001) determined the room temperature CRSSs of each of the prism <a> and
basal <a> slip systems via micro-tension testing of single colonies of Ti-6242Si.

While the limited prior work on single colonies of alpha/beta titanium alloys has
provided useful information on deformation behavior at room temperature, there appears to be no

comparable single-colony results in the literature at hot working temperatures let alone at any



temperature for the most commonly used two-phase alloy, Ti-6Al-4V. Therefore, the current
work was undertaken to establish the slip-system anisotropy of the CRSS and stress-strain
behavior for all six possible <a> slip systems and the <c+a> pyramidal slip system during hot
working of Ti-6Al-4V. For this purpose, single colonies of Ti-6Al-4V were grown using a float-

zone technique and subjected to uniaxial hot compression testing.

2. Material and experimental procedure

2.1. Material

Cylindrical Ti-6Al-4V bars containing large alpha/beta colonies were grown utilizing a
vertical float-zone technique. The starting material comprised 12-mm diameter bars of Ti-6Al-
4V with a measured composition (in weight percent) of 6.33 Al, 4.07 V, 0.19 Fe, 0.16 O, 0.01 C,
0.01 N, 0.0048 H, and balance Ti. Float-zone processing was performed under an argon
atmosphere (partial pressure ~ 0.25 atm) in a Crystalox™ furnace. The float zone was produced
via induction heating using a plate coil; bars measuring ~400-mm in length were rotated at a rate
of 4 RPM and pulled through the hot zone at a speed of 2 mm/h. The colonies so grown ranged
in length from 5 to 30 mm.

Thin foils parallel to (0001), were extracted from one of the rods to determine the precise
orientation relationship between the alpha and beta phases via transmission electron microscopy
(TEM) in a Philips CM200 LaBg microscope operated at 200 kV. The preparation of the TEM
samples consisted of dimpled and ion milling to avoid the formation of hydride phases normally
associated with electropolishing techniques.

2.2. Compression-sample preparation
Seven different colony orientations were chosen for compression testing. Each sample

was fabricated to ensure the activation of single slip on the preselected slip system by



maximizing the Schmid factor on that system. The samples were designated by the
corresponding slip plane and slip direction (e.g., prism a;). The seven IDs were thus denoted as
prism a;, prism a,, prism ag, basal a;, basal a,, basal as, and pyr (c+a) (Fig. 1). Furthermore,

prism-slip samples had one face parallel to (0001),, while basal-slip samples had one face
parallel to a (1010), plane. Thus, samples oriented for prism slip had the basal plane parallel to

the compression axis, thereby preventing slip on the basal plane. Samples aligned for basal slip
had one prism plane parallel to the compression axis, therefore preventing slip on that plane.
Pyramidal-slip samples had the compression axis perpendicular to the basal plane with a
maximum misalignment between the c-axis and the loading direction of 2°. In this case, the
loading direction was perpendicular to all three <a> burgers vectors, essentially eliminating the
possibility of prism or basal slip along the close-packed direction.

The fabrication of the single-colony compression specimens (i.e., samples containing a
single variant of alpha in a single crystal of beta) began by orienting small sections removed
from the float-zone bars. The orientation operation was done using electron-backscatter
diffraction (EBSD) in a Leica scanning electron microscope (SEM) operated at 20 kV and 10
nA. By this means, the crystallographic orientation of the alpha phase was determined
simultaneously with the relative alignment of the beta phase, thus enabling the unambiguous
identification of the three <112 0> slip directions (Fig. 2). To facilitate the orienting process in
the SEM, the single-colony sections of the Ti-6Al-4V bars were secured in a special fixture
designed to fit inside the column. Subsequent to EBSD, the fixture was removed from the SEM
and placed in a wire-EDM (electric-discharge machining) system that ensured minimal loss of
sample alignment. A cut parallel to the basal plane in the alpha phase was then made using

EDM.



After the basal-plane cut was completed, the orientation of the remaining material was
confirmed using a Philips XRG Laue back-reflection x-ray system operated at 40 kV and 200
mA. The resulting Laue patterns were indexed using the OrientExpress " software. The software
was then used to estimate the rotations required to align the desired final sample orientation such
that the desired slip-plane normal and slip direction both lay at 45° to the compression axis. The
predicted rotations were then applied to the material using standard x-ray goniometers. Last, a
Laue pattern was measured again and compared to the prediction for the desired orientation.
After fine tuning of the orientation, final EDM cuts were made to produce a compression sample
whose shape was a rectangular parallelepiped. Because of the limitation associated with the
starting bar diameter and desired sample orientation, each finished specimen was relatively
small. Typical sample dimensions were 3 X 3 x 5 mm with the loading axis aligned with the long
side of the sample.

To remove the EDM recast layer and prepare the samples for testing, each specimen was
ground flat by hand to a final grit size of 800 and then electropolished for two minutes in a
solution of 10 ml perchloric acid and 90 ml methanol at —30°C using a DC power supply
operating at 28 volts.

2.3. Test procedures

Uniaxial compression tests were conducted at 815°C using a servo-hydraulic testing
machine outfitted with induction-heated titanium-carbide tooling. Prior to testing, samples were
lubricated with glass, which also served to prevent oxidation. Each compression test was
conducted at a constant true strain rate of -0.01 s* to a final axial true strain of -0.15.
Immediately after testing, samples were water quenched to retain the as-deformed

microstructure.



Following testing, un-sectioned and sectioned samples were prepared for optical and
SEM evaluation using standard metallographic procedures. Optical metallography and
backscatter-electron (BSE) imaging (in a Leica SEM operated at voltage of 15kV and current of
8 nA) were both utilized to characterize the nature of slip and possible shearing of the alpha
platelets and beta matrix.

The measured load-stroke data were reduced to resolved shear stress-resolved shear strain
by converting first to true axial stress-strain and then applying Schmid’s Law (t = oms, in which

ms represents the Schmid factor) and the strain-transformation equation.

3. Results and discussion

The key results of this investigation consisted of characterization of the as-grown single-
colony Ti-6Al-4V samples and their flow behavior at 815°C.
3.1. Microstructure and crystallography of single-colony samples

EBSD of the as-grown single-colony samples revealed both the morphology and
crystallographic orientation of the alpha platelets (Fig. 2). For example, one of the <2110 >,
directions in the alpha platelets was indeed nearly parallel to the (broad) alpha-beta interface
(inset in Fig. 2a). The corresponding (0001), , (1120), , and (1010), pole figures further
quantified the orientation of each <a> slip direction relative to the sample coordinate system
(Fig. 2b).

An overall picture of the morphology of the alpha and beta phases was also revealed in
optical micrographs taken on an electropolished sample oriented for prism slip (Fig. 3). The front
face of the sample containing the (0001), plane (which is parallel to (101)s plane) showed the

alpha phase as thin platelets separated by interlayers of the beta matrix (Fig. 3a). The side and



top faces of the sample revealed the finite breadth and length of the alpha platelets (Fig. 3b, c).
The volume fraction of the alpha phase was ~0.90, and the average alpha-platelet thickness was
~ 8.5 um (Fig. 2a). The beta interlayers were ~ 1-um thick.

The orientation relationship (OR) between the alpha and beta phases in Ti-6Al-4V with a
lamellar-alpha microstructure was revealed by TEM for imaging conditions in which the electron
beam was parallel to (OOOl)a|| (101)p (Fig. 4a). Convergent-beam electron diffraction (CBED)
patterns for both phases were superimposed on the bright-field (BF) TEM image with [0001],
and [101]s zone axes (Fig. 4a). An analysis of the TEM images indicated that the OR between
the alpha and beta phases in Ti-6Al-4V was indeed near that prescribed by the burgers
orientation relationship and was in agreement with prior work for near-alpha titanium alloys
(Mills, et al., 1998; Suri, et al., 1999; and Savage, et al., 2001).

Based on previous work, the OR was expected to result in one of the <a> slip directions

in the hcp alpha phase (a; ~ [21 10],) being parallel to one of the <111> slip directions in the
bce beta phase (by ~ [11 I]B) (Fig. 4b). A careful examination of the SAD patterns revealed a

slight misalignment of 0.8° about the (OOOl)a|| (101)p zone axes between the a; slip direction in
the alpha phase and the b; slip direction in the beta phase (Fig. 4b). The a, slip direction in the
alpha phase was misoriented by approximately 11.2° from the b, slip direction in the beta phase.
The a3 slip direction in the alpha phase was not close to any of the close-packed directions in the
beta phase.

The relative inclination of the different slip directions to the alpha-beta interface was
determined by overlapping the SAD patterns with the BF TEM image with [0001], and [101]s
zone axes (Fig. 5). The measured inclinations of the a;, a,, and as slip directions to the alpha-beta

interface were 14.5°, 74.5°, and 45.5°, respectively.



3.2. Flow behavior

The flow behavior in terms of the resolved shear stress — strain plots revealed a number
of interesting features for the samples cut to produce prism <a>, basal <a>, or pyramidal <c+a>
slip.

3.2.1. Prism <a> deformation

Constant strain rate, resolved shear stress-strain data for the Ti-6Al-4V single-colony
samples oriented for prism slip showed a significant anisotropy in both initial strength (~yield
strength/CRSS) and subsequent strain-hardening behavior (Figure 6). The yield strengths for the
prism a; and az systems were ~35 pct. or 80 pct. higher, respectively, than that for prism a; slip.
The different systems also exhibited different degrees of flow softening at large strains.

The anisotropy in the prism-slip mechanical behavior can be rationalized in the context of
slip transmission across alpha-beta interfaces. For prism a; slip, for example, the slip vector in
the alpha phase is closely aligned with a <111> slip direction in the beta phase phase.
Consequently, dislocations can be transferred across the alpha-beta interface with minimum
resistance (Suri, et al., 1999; Savage, et al., 2001).By contrast, a very high resistance for slip
transmission across the interface was encountered by dislocations gliding on the az system during
testing of the corresponding prism sample because there was no closely-aligned <111> slip
direction in the beta phase.. Consequently, the alpha-beta interface acted as a strong barrier to
dislocation movement and increased the yield strength of the material. The small misalignment
between the a, and b, directions (11.2°) resulted in a yield strength intermediate between those
for the soft a; and hard a, prism slip systems. A similar behavior has been reported during the
room temperature testing of near-alpha titanium alloys (Chan, et al., 1981; Suri, et al., 1999;

Savage, et al. 2001). In particular, the observations for colonies 22 and 3 in the work by Chan, et



al. (1981), colonies OA and OB in the work of Suri, et al. (1999), and the prism a; and a
samples in the work of Savage, et al. (2001) mirror the present results, even though the current
tests were conducted at 815°C.

Despite the similarity in the relative flow stress of the prism systems at high temperature
(present work) and room temperature (prior work), the large-strain behavior did show some
noticeable differences. At room temperature, plastic flow at finite strains was characterized by an
initial strain-hardening transient followed by steady-state flow. Not unexpectedly, a similar
behavior was found for the easy-slip prism system (a;) at 815°C. In contrast, the prism a, and a3
systems showed marked or modest flow softening, respectively, following the initial strain
hardening transient at 815°C. These latter behaviors may be ascribed to the difficulty of slip
transmission when there are no co-linear slip vectors in the alpha and beta phases. Hence, as
deduced for the hot working of poly-colony samples by Semiatin and Bieler (2001), the higher
initial flow stresses and flow softening for the prism a, and az systems are likely due to a Hall-
Petch (H-P) like effect for the peak stress and the gradual loss of the H-P effect due to slip
transmission at higher strains, respectively. The magnitude of the H-P contribution to the peak
stress (at low strains) would depend of course on the inverse square-root slip length and the
magnitude of the H-P constant. For a given alpha-platelet thickness, the slip-length contribution
is greater for the az system because its slip plane lies at a less shallow angle to the interface
(~75°) than the a, system (~45°). However, the difference in inverse square-root slip length for
the a, and a3 slip systems for the present material (with relatively thick alpha plates) would be
small. Thus, the major contribution to the difference in the peak stresses for prism a, and as
deformation was most likely related to the difference in H-P constants and the detailed nature of

slip transfer in the two different cases.
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Despite the hypothesis that slip transfer between the alpha and beta phases is inherently
easy for the prism a; system and the fact that flow softening suggests slip transfer and the
associated loss of H-P hardening for the a, and a; systems, metallography revealed no evidence
of distinct slip steps following compression at 815°C. Specifically, numerous BSE SEM images
did not reveal any shearing of the alpha-beta interfaces in deformed samples (Fig. 7) in contrast
to the previous findings for room-temperature testing (Suri, et al., 1999; Savage, et al., 2001).

There are several possible explanations for the absence of slip steps in the present work.
First, flow-localization calculations (Semiatin, 2000) suggest that the amount of strain
concentration (leading to shear bands/slip offsets) is very low for deformations of the order of
those imposed in the present work and strain-rate sensitivities typical of hot working at 815°C
and a strain rate of 0.01 s (i.e., m ~ 0.15). In a similar vein, it has been shown that strains of the
order of unity are required to begin dynamic spheroidization (due to platelet shearing) in Ti-6Al-
4V with a polycolony microstructure containing coarse alpha plates (Shell and Semiatin, 1999).
The high strain-rate sensitivity at hot-working temperatures contrasts with an m value which is
very small at room temperature (m ~ 0). Hence, the strain localization process in the presence of
a small thickness non-uniformity would be expected to occur very quickly (i.e., at rather low
strains) at ambient temperature, as has been observed by Suri, et al. (1999).

In addition to the flow-localization argument, a small amount of migration of the alpha-
beta interface during cool-down (due to the increase in alpha volume fraction with decreasing
temperature) might have occurred despite the fact that the samples were water quenched after
deformation. Such migration may have eliminated the interface roughness associated with slip
transfer. Finally, the high deformation temperature and coarse alpha-plate thickness present in

the float-zone samples may have allowed dislocation climb, dynamic recovery, and the formation

11



of subgrains, thus minimizing the formation of the dislocation pile-ups that precede slip
transmission.

3.2.2. Basal <a> and pyramidal <c+a> deformation

The mechanical behavior of samples oriented for basal <a> slip also showed a noticeable
anisotropy (Fig. 8). However, the flow stress of the basal a; system was ~35 pct. higher than that
for the basal a; system. Although the higher flow stress of basal a; compared to basal as contrasts
with the corresponding high-temperature observations for prism slip, the trend is very similar to
that seen previously by Savage, et al. (2001) for room-temperature deformation via micro-
tension testing. On the other hand, the room-temperature compression results of Savage, et al.
(2004) did indeed show that the flow stress for basal a; slip was less than that for basal as slip.
Nevertheless, the room-temperature compression flow behavior of the basal a, system was close
to that for basal az which is similar to the findings in the current work (Figure 8).

Samples compressed parallel to the c-axis of the alpha phase showed the highest flow
stress of all (Fig. 9, 10). In particular, the initial stress for <c+a> slip was more than twice that

for the activation of prism a; slip, the softest system for Ti-6Al-4V.

4. Summary and conclusions

A float-zone technique was used to produce Ti-6Al-4V bars with large lamellar colonies
from which small single-colony compression samples were extracted. The alpha lamellae
exhibited a classical burgers orientation relation with the beta matrix. Constant strain-rate
compression testing of the single colony samples at 815°C revealed a distinct anisotropy in
plastic-flow behavior. From this work, the following conclusions were drawn:
(1) The CRSS for prism slip is lowest along the along a; direction and highest along the a3

direction. The reverse is true for basal slip. The pyramidal <c+a> slip system had the highest

12



CRSS of all. These trends are analogous to previous room-temperature observations for near-
alpha titanium alloys with a lamellar microstructure.

(2) Flow softening to various degrees was observed for all slip systems tested. It was most
pronounced for pyramidal slip.

(3) Shearing of beta lamellae due to slip transmission was not observed during high temperature
deformation. This may be due to the small strains imposed and the sluggish kinetics of strain

localization associated with high m values that characterize high-temperature plastic flow.
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Fig. 1.

Figure Captions

Schematic illustration showing the relative orientation of the compression axis and the
various slip systems in the present work: (a-c) prism <a> slip, (d-f) basal <a> slip, and (g)

pyramidal <c+a> slip. The double line in a-c represents beta lamellae.

Fig. 2. (a) EBSD inverse-pole-figure map for an as-grown single-colony sample (inset shows the

orientation of the alpha unit cell) and (b) pole figures for this sample.

Fig. 3. Optical micrograph showing the morphology of a single colony of Ti-6Al-4V oriented for

prism <a> slip: (a) the front face of the sample is (0001),| (101)s , (b) the top face

(compression plane), and (c) the side face. The compression axis is vertical.

Fig. 4. () Bright-field TEM image at the alpha-beta interface of a single-colony sample showing

Fig. 5.

Fig. 6.

the adjacent beta and alpha lamellae. The insets are convergent-beam electron-diffraction
patterns from the alpha and beta phases using [0001],, and [101]g zone axes. (b) Selected-
area diffraction pattern taken at the alpha-beta interface along the [0001]a|| [101]p
direction revealing the relative alignment of the hcp (alpha-phase) a;, a,, and as directions
with bcc (beta) by and b, directions confirming the near-burgers relation between the
alpha and beta phases.

Bright field TEM micrograph and corresponding schematic drawing overlapped with the
SAD results (with the beam direction parallel to [0001]a|| [101]g) showing the relative
inclination of the three <a> directions relative to the alpha-beta interface

Resolved shear stress-strain curves for Ti-6Al-4V single-colony specimens oriented to

activate the prism ay, a,, or as slip systems during compression at 815°C.
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Figure 7. Backscatter-electron SEM image for a prism a; sample after compression at 815°C to a
true strain of 0.12 followed by water quenching. No interface shearing was observed in
the sample.

Fig. 8. Resolved shear stress-strain curves for Ti-6Al-4V single-colony specimens oriented to
activate the basal a;, a,, or azslip systems during compression at 815°C.

Fig. 9. Comparison of the resolved shear stress-strain curves for Ti-6Al-4V single-colony
samples oriented to activate the pyramidal <c+a>, basal a;, or prism a; slip system during
compression at 815°C.

Fig. 10. Comparison of all of the critical resolved shear stress (CRSS) data for basal <a>, prism

<a>, and pyramidal <c+a> slip systems at 815°C.
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Fig. 1. (a) EBSD IPF map for as grown single colony with the inset revealing the
orientation of the a phase and (b) the associated pole figures.
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Fig. 2. Optical micrograph showing the morphology of a single colony of Ti-6Al-4V
oriented for prismatic slip. The front face of the sample (a) is (0001),, || (101)g. The top
face (compression plane) (b) and the side face (b) shows the honeycomb morphology of

the B phase. Compression axis is vertical
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(b)

Fig. 3. (a) Bright-field TEM image at the a-f interface showing a B-lamella surrounded
by a-laths. Insets are convergent beam electron diffraction (CBED) patterns from the o
and P phases using [0001], and [101]g zone axes. (b) Selected area diffraction pattern
(SAD) taken at the a-B interface along the [0001],[|[101] direction revealing the
alignment of the ay, a,, and a3 hcp directions with the by and b, bee directions confirming
the near-Burger’s OR between the a and 3 phases.

148

(@) (b)

Fig. 4. (a) Bright field (BF) TEM micrograph overlapped with SAD pattern with the
beam direction parallel to [0001],, || [101]g showing the relative orientation (b) of the three
a directions relative to the o/p interface
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(d) (€) () (9)

Fig. 5. Schematic showing the relative alignment of loading direction and each slips
systems in each compression sample: (a-c) prismatic slip, (d-f) basal slip, and (g)
pyramidal (c+a) slip. The double line in a-c represents 3 lamellae.
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Fig. 6. True stress-true strain curves of Ti-6Al-4V single colonies oriented for prismatic

slip at 815°C followed by water quenching.
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Fig. 7. True stress-true strain curves of Ti-6Al-4V single colonies oriented for basal slip

at 815°C followed by water quenching.
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Fig. 8. True stress-true strain curves of Ti-6Al-4V single colonies oriented for pyramidal
slip at 815°C followed by water quenching. Data for basal-a; and prism-a; were included
for comparison.
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Fig. 9. Critical Resolved Shear stress (CRSS) for each basal, prismatic, and pyramidal
slip systems at 815°C.
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Figure 10. Back-scatter SEM image for prism-a; after compression at 815°C to true strain
of 0.12 followed by water quenching. No interface sharing was observed anywhere in the
sample.
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