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1. Introduction

TA-15 is a near-alpha titanium alloy often used for high-temperature aerospace applications.” Like
many titanium alloys, it is sensitive to processing, making it fairly adaptable. However, TA-15 is difficult to
deform under standard conditions.! Fabrication and forming must be done at elevated temperatures.” For this
reason, it is important to understand and predict the thermo-mechanical response of this alloy.

It has been found that hot working of TA-15 often results in dynamic recrystallization of the material,
where new equiaxed grains are formed simultaneously with deformation.’® The effect is often a stronger and
more ductile material, and in the case of TA-15, improved creep resistance.” Understanding the hot deformation
behaviour of this alloy is therefore central to controlling the resultant microstructure and properties. The
objective of this review is therefore two-fold: i} to examine dynamic recrystallization and the parameters that
affect its occurrence, evolution and morphology, ii) to observe dynamic recrystallization in alloy TA-15 and
distinguish the effect of these parameters and how they can be useful in controlling microstructure and in turn,

properties.
2. Review of Literature

2.1 Background on Near-alpha Titanium Alloys

Titanium alloy TA-15, also called BT20 or simply Ti-6Al-2Zr-1Mo-1V, is a Russian near-alpha alloy
developed in 1964.% Like many near-alpha alloys, it is often used for high-temperature applications — especially
in the aerospace industry. Its high specific strength, thermal stability, corrosion resistance, inherent workability
and weldability along with its good retention of mechanical properties at elevated temperatures, make it

especially useful for aviation and aerospace engine components.**#°

For near-alpha alloys these often include:
rotating components such as compressor discs and blades, as well as static high pressure compressor

cases/brackets, spacer rings and exhaust mixers.” Figure 1 shows a machined compressor disc made from

TIMETAL 834 ° a near-alpha alloy similar to TA-15 by way of its high-temperature stability.



Figure 1. TIMETAL 834 (Ti-5.8Al-45n-3.5Zr-0.7Nb-0.5M0-0.35Si-0.06C)
compressor disc® with schematic jet engine profile.*

Near-alpha alloys often contain appreciable amounts of aluminum (approx. 2-7 wt%)® that acts as an a-
stabilizer in raising the a(HCP) - B(BCC) transus temperature (883 °C for pure Ti), illustrated in Figure 2 (a).?
However, B-stabilizers like vanadium and molybdenum are frequently found in alloys of this type seeing as they
improve processing characteristics and “permit greater manipulation of the microstructure of the material”.” In
addition, elements such as molybdenum and zirconium can increase passitivity (i.e. corrosion resistance) and
yield strength respectively.® The result is a microstructure consisting primarily of a-grains with limited amounts
of intragranular B-phase (Figure 2 (b)), hence, “nearly-alpha”.>*° This is an important factor when considering
the high-temperature properties of near-alpha alloys: the a-phase does not particularly respond to heat
treatment, accounting for the retention of mechanical properties and good weldability.’® Operating

temperatures of near-alpha alloys can go as high as 500 ~ 550 °C.”**
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Figure 2. (a) a-stabilizing vs. B-stabilizing, adapted from Ref. 9.



(b)

HCP—lighta BCC-darkp
grains intragranular

Figure 2. (b) Ti-6Al-4V micrograph® (a+ alloy) showing light a(HCP)"
grains and dark intragranular B(BCC)®.
Compared to the R-phase, a-Ti exhibits higher creep resistance and yield strength with reduced
ductility.® For this reason, forming and shaping of components are prone to fracture upon fabrication.**
“Recrystallization treatment” therefore makes for an important consideration when looking to manipulate the

microstructure and final grain size of the material.’®

On a whole, equiaxed a-grains — often a product of
recrystallization — enhance the ductility and strength of the material along with creep and crack resistance,’ the
latter leading to improved formability.’®*® Recrystallization inducing processes like thermal and thermo-
mechanical treatments are therefore of great value when aiming for specific final properties that facilitate
fabrication and improve performance.

Significant amounts of Al with minimal amounts of Mo and V give alloy TA-15 typical a-Ti characteristics.

As a result, TA-15 is “very difficult to deform without heating”.}

Hence, shaping of TA-15 is usually carried out at
high temperatures by means of forging and forming processes.! For the above reasons, it is important to be able
to predict the hot-deformation behaviour of this alloy and (as will be discussed in more detail below) it turns out

that dynamic recrystallization is a frequent occurrence and is paramount in controlling grain size and

morphology.?

2.2 Principles of Dynamic Recrystallization
Dynamic Recrystallization has been extensively studied. First indications of its occurrence were observed

in the 1940’s when metals showed grain refinement after hot working.’® Since then, numerous hot deformation



experiments have been done in an attempt to properly understand, predict and model the nature of dynamic
recrystallization, henceforth “DRX”.

The occurrence of DRX is most often recognized as abrupt onset of strain softening on a stress/strain
curve for a material undergoing plastic deformation. Roberts and Bodén,'” who studied DRX behaviour in two
austenitic stainless steels under axial compression between 1273 — 1573 K, illustrate the stress/strain behaviour
of a typical DRX process shown in Figure 3. The general description of this schematic is that, after yielding, the
material undergoes ordinary work-hardening until a peak value, at which point strain softening ensues — seen as
a continual decline of stress with increasing strain — until finally a continuous or oscillatory steady-state is

reached, depending on the temperature and strain rate, &. Here, o. and €. represent critical stress/strain values

at which point DRX begins."
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€

Figure 3. Schematic hot deformation o/ curves for materials
undergoing DRX, adapted from Ref. 17.

Using Transmission Electron Microscopy and X-ray Diffraction to observe hot-rolled titanium alloy TA-15,
Yong et al.’ showed that dislocation density increases with initial straining, then decreases to a constant range.
This type of behaviour was also accepted by Sommitsch and Mitter,’® who performed hot compressive tests on a
Nickel alloy in order to model DRX in low stacking fault energy metals. Here, dislocation density was the only

parameter used to describe the onset of DRX. Other authors have stated the same; that dislocation density is a

16,19-21

nucleation criterion for DRX. Thus, the critical stress/strain values o, and €. (usually slightly lower than the

19,22

peak stress-strain values) correspond to a degree of deformation whereby dislocation density is at its



maximum and nucleation occurs thereafter. For this reason DRX is often found to occur in metals will low
stacking fault energies where cross slip and climb systems are inefficient leading to a fast accumulation or
“pileup” of dislocations at high strain points.***

The driving force for DRX after the critical dislocation density has been reached is essentially the same
for static recrystallization: nucleation will reduce stored energy difference in the strained lattice between

dislocation-dislocation boundaries®® and nuclei can grow with a “continual loss in free energy”.” Moreover, it is

16-22,24,25

common to most authors that nucleation first occurs at pre-existing grain boundaries. In their model,

Roberts et al.”® spoke of secondary nucleation sites being located at the original/new grain interface; a

1.,%* who conducted hot torsion

mechanism that would grow and finally consume the parent material. Sah et a
experiments on nickel specimens, observed similar behaviour: nucleation occurred at original grain boundaries
until all were exhausted (called “site saturation”) at which point “further grains were deposited on those already
formed [i.e. interfacial boundaries) creating colonies which grew until the whole material was recrystallized”.*
These types of nucleation mechanisms are supposedly common for initially fine grained material, however a
coarser original grain size D, can bring about intragranular nucleation.’® With this in mind, it is worthwhile to
note that the rate of DRX is increased by a decrease in Do.""*32%

To return to the oscillatory behaviour of the stress/strain curve, there is the impression that the reason
for this occurrence is not completely understood. Sommitsch and Mitter explain that given ample time,
recrystallized grains will impinge on each other enough such that the critical dislocation density is reached for a
second time, allowing for DRX to occur over a second cycle.”® Hence, a cyclic stress/strain curve is often
observed at low strain rates (allowing time for impingement), and high temperatures, thereby increasing
dislocation mobility.*”*® Conversely, for higher strain rates and lower temperatures the start of DRX is seen as
sizeable drop in flow stress (and/or true stress) in a “cascade” type recrystallization, followed by a steady-state

flow. The steady-state is a result of an averaging of strains between the recrystallized and un-recrystallized

material.??



The Avrami kinetics of DRX has seldom been applied.”* By collecting and computationally reproducing
literature data on 11 different steel specimens, Jonas et al.** were able to generate Avrami plots for DRX based
on the assumption that the fraction of material recrystallized is directly attributable to the net softening

depicted on the stress/strain curves of hot deformed specimens.? Figure 4 (a) shows a typical stress/strain curve

adapted from Jonas et al.! Here, 0, and oss represent peak and steady-state stress values respectively, together

with Ao (“S” for softening): a parameter varying with instantaneous strain. The fractional softening X was then
expressed as X = A0 /0, — 0, ' Using this equation Jonas et al.”* generated several In(l/(1— X)) vs. In(¢)

plots which are presented in Figure 4 (b) as an example of DRX kinetics.
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€

Figure 4. (a) Schematic hot deformation o/ curve , o, and oss are peak and steady-state stress
values respectively and Ags, the net softening at an instantaneous strain. Adapted from Ref. 21.
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Figure 4. (b) In(In(1/1-X) vs. In(t) plots depicting a DRX 10-90% transformation on 11 different
steels, taken from Ref. 21.



Looking at steels G and H in Figure 4 (b} it is apparent that the rate of DRX increases with temperature.
Furthermore, looking at steels B, the relationship between rate and Dy is as previously described: finer grains
accelerate DRX.

The outcome of DRX is often an equiaxed microstructure, where grain size is dependant upon strain

rate. 17-19,22,24

Usually, the lower the strain rate the larger the final grain size since increased deformation time
allows for additional grain growth i.e. a reduction in interfacial energy via grain boundary migration.”*** Thus,

initial grain size, deformation temperature and strain rate are important parameters for predicting how DRX will

carry out and consequently, the resultant microstructure.

2.3 Dynamic Recrystallization in Alloy TA-15

Alloy TA-15 is not often used experimentally to demonstrate DRX. However, due to its low plasticity and
high strength, forming of this alioy must be done at high temperatures.! For this reason, a good amount of
literature exists dealing with the hot deformation behaviour in this alloy, and it has been found that DRX is to be
expected.’®

All papers in this review conducted hot deformation experiments using a DSI Gleeble 1500 Simulator,
APPENDIX A, Figure 1, a thermo-mechanical testing apparatus. Using the Gleeble 1500, specimens are
mounted and gripped in a vacuum atmosphere and deformed using a standard air piston. Through electrical-
resistance heating, high-temperature results (like stress/strain curves) are generated and plotted on a computer
screen.”® Prior to testing, samples were held at the deformation temperature for approximately 1 to 10
minutes.”® Microstructural analysis and Transmission Electron Microscopy were the principle methods for
observing microstructural evolution.

Figure 5 shows the initial, pre-hot-worked, TA-15 microstructures of 3 specimens taken from Refs. 2, 4,
8. Light regions are a-lamellae while dark regions are intragranular B-phase found in small quantities.*** The
common consensus is that the a + B - R transition temperature for TA-15 is in the range of 970 — 980 °C.***

This became an important factor in describing the microstructures of specimens deformed near this range and



will be discussed in more detail below. In addition, Yong et al.? described the initial TA-15 microstructure as

having “little dislocations” based on their TEM micrograph, Figure 5 (d), showing the a/R phase boundary.?

Figure 5. Initial pre-hot-worked TA-15 microstructures. (a) from Ref. 2 (b) Ref.8 (c) Ref. 4 (d) Ref. 2

All hot compressive experiments done on TA-15 showed the same trend: stress decreases with
increasing deformation temperature and decreasing strain rate.***® More importantly, the stress/strain curves
illustrate peak values followed by strain softening — a typical indication of DRX. Xu et al.,° who performed axial
hot compression tests at different temperatures/strain rates on TA-15, stated that “the main softening
mechanism may be DRX”.! Their resuits are shown in Figure 6.

It can be seen from Figure 6 that at temperatures ranging from 650 to 850 °C softening is more
pronounced, whereas at low temperatures of 550 to 600 °C a significant drop in stress is not apparent nor is it at
high temperatures, 900 to 1000 °C, where stress remains relatively constant.! In order to account for the
observed behaviour, Xu et al.' put emphasis on the distinction between deformation mechanisms; essentially
plastic deformation, DRX and a phase transformation. At 550 and 600 °C, it can be seen from Figure 6 that strain
rates of 0.1 and 0.01 s show the same stress/strain response i.e. work hardening. According to Xu et al.,* the
same trend would have been observed at ¢ = 1 s had it not been for the low thermal conductivity of Ti (14.99
W/mK for Ti (Ref. 9) compared to 80.4 W/mK for Fe (Ref. 27)) causing local temperature increases in the
material as a resuit of a faster rate of shearing deformation. The authors showed that, at iow temperatures, this
increase could be significantly large — in the order of 20% at 550 °C.! This “deformation heat” would possibly

increase the material temperature sufficiently for DRX to occur, causing a slight drop in the stress/strain curve.



Figure 7 (a), (b), (c) shows the optical micrographs of specimens tested at 650 °C for & = 1, 0.1, 0.01 s™
(€ = 65%) respectively.! Observing these microstructures, evidence of plastic deformation can be seen as typical
elongated or pancaked grains and therefore the micrographs are in agreement with the above description i.e.
that work hardening is the primary mechanism of deformation in the material at low temperatures.! The authors
note, however, that DRX has occurred to a certain extent, but is not the primary deformation mechanism. Note
that while Xu et al.! did not describe nor supply a micrograph of the original TA-15 microstructure, it is assumed
to be a-lameilar. Micrographs are also assumed to be of air cooled specimens, taken parallel to the compression

axis, based on other reports.>*®
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Figure 6. True stress vs. true strain for hot deformation of TA-15 taken from Ref. 1.
(a)1s?,(b)0.1s?, (c)0.01s?

Figure 7. TA-15 optical micrographs of specimens hot compressed at 650 °C at
different strain rates (€ = 65%), taken from Ref. 1. (a) ¢ =1s?, (b) ¢ =0.1 s?, (c) & =
0.01s™



Xu et al.* only included constant strain rate micrographs for & = 1 s™. Figure 8 (a) and (b) shows these
micrographs for 800 and 900 °C respectively. Looking at these micrographs the authors point out that DRX has
occurred based on the apparent equiaxed grains inherent in the microstructure." The more prominent dark
regions found at 900 °C are presumably B-Ti — a result of several localized a + B - B transformations occurring
within the material due to the deformation heating.! These conclusions are also in correspondence with the
stress/strain response at 800 and 900 °C, Figure 6 (a), where softening at 800 °C is more pronounced than at 900
°C. This is due to fact that B-Ti has a BCC crystal structure which has higher stacking fauit energies, consequently
impeding DRX." Similarly, the primary deformation mechanism at high temperatures (T > 900 °C) was concluded
to be a phase transformation.! To elaborate on this point, at 1000 °C all microstructures exhibited a needle-
shaped martensitic appearance due to a complete a + R - B phase transformation (Figure 8 (c) (d)).*

Further support for the occurrence of DRX can be seen by looking at Figure 8 (e), T=800 °Cand € =0.01
s’. Comparing with the specimen strained at the same temperature but higher strain rate i.e. Figure 8 (a), the
specimen tested at a lower strain rate displayed an apparent increase in grain size, a result of greater

deformation time allowing for grain growth.®?

Figure 8. Hot compressed TA-15 optical micrographs (€ = 65%), taken from Ref. 1. (a) T = 800
°C,&¢ =1s* (b)T=900°C, & =15 (c)T=1000°C,¢ =1s"(d) T=1000°C, & =0.015s"
(e) T=800°C, & =0.01s"



It turns out that, along with DRX, the formation of acicular B-Ti is a prominent result of hot working.
Commonly called a Widmanstatten microstructure,**® such is frequently observed in Ti alloys that are slowly
cooled from temperatures near or above the B transus.”® Like Xu et al.,' Wang et al.,* after air-cooling hot
compressed specimens of TA-15, observed the same gradual increase in dark B regions with respect to
increasing deformation temperature. Micrographs of deformed specimens tested at constant strain rate (¢ =
0.01 s) are presented in Figure 9.* Here, B regions are found forming at a boundaries with amounts increasing
with respect to temperature until a final needle-like Widmansatten microstructure at 1000 °C (Figure 9 (c)).*
Figure 10 illustrates this trend as a plot of a-volume fraction as a function of deformation temperature,
reproduced from the results of Wang et al.®. Note that B begins to form even below the B transus temperature,
possibly due to deformation heat explained by Xu et al..! Unlike most literature,’*® Wang et al.* did not find the

DRX to be a principle mechanism during hot working. In other words, equiaxed grains were not observed.

Figure 9. TA-15 optical micrographs compressed at ¢ = 0.01 s (e unspecified),
taken from Ref. 4. (a) T=800 °C (b) T=900 °C (c) T = 1000 °C
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Figure 10. Effect of deformation temperature on volume fraction of
primary a-phase, re-plotted from Ref. 4.



In an attempt to examine to the kinetics of DRX in TA-15, the method derived by Jonas et al,® whereby

the fraction recrystallized is defined by the equation X = Ao /0'p — 0., was applied to the hot compression

result of Yong et al.”> (APPENDIX B, Figure 1 (a) (b)). Using a program called Data Extractor, points along the

stress/strain curve were tabulated for 800 °C and ¢ = 0.01 s, Results are shown in APPENDIX B, Table 1.
Subsequently, X and ln(l/(l—X )) were plotted as a function of ln(t) and did in fact show respective

sigmoidal and straight line relationships — characteristic of recrystallization. Plots can be found in APPENDIX B ,
Figure 2 (a) (b). It is worthwhile to note that, through microstructural analysis, Yong et al.? also concluded DRX to
be a defining mechanism of TA-15 under thermo-mechanical forming; the authors conclude that an apparent

n o

decrease in grain size together with a common “equiaxial tendency” “can be attributed to recrystallization”.
The micrographs included were small and unclear and therefore were not included in this review.

Finally, a model for DRX in TA-15 was proposed by He,® who used the Cellular Automata Model to
simulate DRX based primarily on the assumption that DRX will initiate after a critical dislocation density in the
material is reached.? Other considerations made by He® are of great value when it comes to understanding DRX
— re-stated:

i.  The initial input microstructure is entirely a-lamellar.
ii.  Once critical dislocation density is reached, the DRX process will begin.

iii.  The dislocation density of a new grain is zero, and will increase with further deformation.

iv.  Nucleation occurs at both primary and interface grain boundaries.

Without going into details of the sub-model used for dislocation mobility and accumulation, He® was
able to generate stress/strain curves that are consistent with literature.”*** Model results are presented in
Figure 11° and are compared with actual optical micrographs of which no mention of experimental procedure
was included. Note that images are snapshots of the ongoing deformation. Looking at Figure 11 the above
considerations are evident and, more importantly, the final microstructure is equiaxed in both the generated

and actual images.3 Furthermore, He® concluded that “with the increase of strain rate, the mean diameter of



DRX-grains decreases” — illustrated in Figure 12. This is in accordance with the results of Xu et al.* and implies
that grain growth is only favourable when ample time is allowed. Thus, a coarser grain size can be achieved by

decreasing the deformation rate.

Figure 11. Simulated vs. experimental resuits of microstructural evolution of hot
compressed TA-15 at 800 °C and a strain rate of £ = 0.001 s, taken from Ref. 3.
(a)(d) e=0%; (b),(e) e=60%; (c),(f)e=70%
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Figure 12. Effect of strain rate on DRX grain size, re-plotted from Ref. 3.



2.4 Discussion

The above account described the relative parameters affecting DRX, namely, deformation temperature
and strain rate. The third parameter, Dy, was not considered in the literature, perhaps because variation of Dy,
above all, affects the rate of DRX. Certainly an important factor for processing, literature on the topic would be
valuable for a complete assessment of the thermo-mechanical response of TA-15. While no mention of the
effect of DRX in TA-15 with respect to mechanical properties was discussed in the above mentioned papers,
from sections 2.1 and 2.2, insight can be added.

For one, it is likely that DRX would be favourable when forming TA-15 as equiaxed grains improve
strength and ductility.>*® However, while acicular microstructures often exhibit superior fatigue performance
and higher fracture toughness compared to an equiaxed a-Ti matrix, a fully transformed B-Ti microstructure

would certainly diminish the thermal stability of the alloy.>*°

The temperature dependent relative amounts of a
and B-phase are therefore an important consideration for the application of the material. The trend observed by
He3, namely the inverse relation between strain rate and DRX-grain size, is also important in that the final grain
size of the material can be controlled. For example, coarser grains would be desirable for centrifugally loaded
rotating aeroengine components as they improve creep resistance.’ On a final note, based on the resuits from

Refs. 1 and 4, it is likely possible to avoid DRX at temperatures between 550 ~ 600 °C since work hardening was

shown to be the primary deformation mechanism in this range, with no mention of cracking or tearing.

3. Summary

Titanium alloy TA-15 is a near-alpha alloy, readily used for high-temperature aerospace applications.
Like most near-alpha alloys, it low plasticity makes it hard to form at room temperature. For this reason the hot
deformation behaviour has been reviewed. It was found from literature that hot deformation often led to an
equiaxed microstructure with more prominent B-phase amounts. This, along with the experimental stress/strain

relationship, was a primary indication that recrystalization was occurring at the same time as deformation.



Research on this type of behaviour, namely dynamic recrystallization, showed how deformation
temperature, strain rate and initial grain size affect the progression of DRX and the final microstructure of the
material. The same trends were observed in alloy TA-15, namely that grain size increases with decreasing strain
rate and that the resultant microstructure is equiaxed. Coarse grains and equiaxed microstructures were seen as
positive products of processing since ductility, strength and creep resistance are increased. Alongside these
observations, an a + B - R{acicular) phase transformation was found to occur at higher deformation

79,10

temperatures near the § transus. From the literature on Titanium, it was concluded that the formation of a

B-Ti acicular microstructure is undesirable since the alloy would lose its high temperature stability and therefore

lower its operating temperature.
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APPENDIX A — DSI Gleeble 1500 Simulator

Temp. Controlled
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Figure 1. DSI Gleeble 1500 Simulator,”® a thermo-mechanical testing apparatus.



APPENDIX B — Method of Jonas et al.** applied to results of Yong et al.?
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Table 1. Fraction Recrystallized and Acsgraphically attained from Yong et al.?

0.0 0.2 0.4 o8 08

o/ MPa

Ao X In(t) In(In(1/1-X))
12.102 0.096 2.220 -2.293
20.723 0.164 2.582 -1.717
31.076 0.247 2.883 -1.262
39.703 0.315 3.080 -0.972
48.319 0.383 3.254 -0.726
55.191 0.438 3.389 -0.551
65.557 0.520 3.520 -0.308
72.376 0.574 3.626 -0.157
77.375 0.614 3.734 -0.049
83.294 0.661 3.823 0.079
87.413 0.694 3.910 0.168
94.121 0.747 4.008 0.318
99.283 0.788 4.076 0.439
103.608 0.822 4.141 0.547
107.038 0.850 4.201 0.639
110.474 0.877 4.255 0.739
116.589 0.925 4314 0.953
119.113 0.945 4.366 1.067
119.834 0.951 4.415 1.104
119.665 0.950 4.459 1.095
120.358 0.955 4.511 1.133
(b)
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Figure 1. (a) stress vs. strain for compression tests on alloy TA-15 at 800 °C.% (b) 21-
point method of analysis based on Jonas et al.
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Figure 2. (a) sigmoidal X (fraction DRX) vs. In(t) plot (b) straight line plot
In(In(1/1-X)) vs. In(t).





