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Abstract: The hot deformation behavior of as-cast Ti-5553 (Ti-5A1-5Mo-5V-3Cr) alloy with coarse grain was investigated in
the temperature range of 700~1100 °C and strain rate range of 0.001~10 s™ by Gleeble-3800 thermal physical simulator. The
results show that the flow stress is sensitive to both temperature and strain rate, and the flow curves display various softening
modes under different conditions. The activation energy map and constitutive relationship are constructed for the alloy, and the
average deformation activation energy is calculated as 447.2 kJ/mol. The hot processing map is established based on the
dynamic materials model with the identification of underlying mechanisms at various processing regions. Two peak domains
are identified in the hot processing map: 800~975 °C/0.001~0.01 s and 1000~1100 °C/0.01~0.1 s, and the flow instability
region locates at the region where the strain rate is higher than 1 s”'. External cracking, adiabatic shear banding and/or flow
localization are observed in the region of low-temperature deformation and flow instability, and these conditions should be
avoided in actual processing. The mechanism at the peak efficiency domain is dynamic recovery (DRV) or the combination of

DRV and dynamic recrystallization (DRX), and the region with the occurrence of extensive DRX is recommended as the

optimal processing window for the alloy at high temperature about 1100 °C and medium-low strain rate about 0.01 s™.
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Titanium and its alloys have drawn great attention and
become the research hotspot in high-performance engi-
neering and biomedical fields, thanks to their excellent
balanced properties, such as very high strength-density ratio,
outstanding corrosion resistance, wide service temperature
range and excellent biocompatibility . Particularly, the
branch of metastable f titanium alloy has been newly de-
veloped for commercial aerospace and marine applications,
because of their extra merits of ultra-high-strength with
reasonable toughness and good hardenability **!. This
makes the metastable f titanium alloys have great potential
in replacing those heavier high-strength and stainless steels
used in the related fields. Ti-5553 (Ti-5Al-5Mo-5V-3Cr)
alloy is a kind of metastable § titanium alloy, which has
been successfully used for aerospace industry as landing
gear and framework in military and civil aircrafts .

Moreover, the aforementioned outstanding mechanical
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performance of metastable £ titanium alloys is highly de-
pendent on the thermo-mechanical processing (TMP, like
forging, extrusion and rolling) which shapes the appearance
effectively and varies the microstructure irreversibly of the
alloys. Nevertheless, metastable f titanium alloys are ex-
tremely sensitive to the processing parameters due to their
complicated/active phase transformation and strong micro-
structure heredity compared to other titanium alloys. In ad-
dition, the microstructure variation of titanium alloys dur-
ing TMP is associated with the softening mechanism greatly.
Therefore, it is essential to study the hot deformation be-
havior, determine the optimized hot processing window and
identify the underlying mechanism for metastable S tita-
nium alloys to achieve precise microstructure control and
realize ideal property optimization during TMP.

Due to the high significance of TMP and underlying
mechanism for metastable f titanium alloys, a large number
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of research has been carried out to investigate the hot de-
formation behavior and related microstructural evolution of
the alloys, including Ti-5553 alloy. Bao et al ' built the hot
processing map and revealed the effect of initial micro-
structure on the flow behavior of Ti-1023 (Ti-10V-2Fe-3Al)
alloy. Hua et al ") investigated the hot deformation behavior
and microstructure evolution situation of forged Ti-5553
alloy bar. Fan et al ®! demonstrated the optimal processing
window with excellent hot workability and revealed the
dominant mechanism at various processing regions of the
newly-developed Ti-7333 (Ti-7Mo-3Nb-3Cr-3Al) alloy in
as-processed condition. Matsumoto et al ) investigated the
microstructure evolution characteristics of processed sin-
gle-B-phase Ti-5553 alloy. Zhou et al """ studied the dy-
namic recrystallization (DRX) behavior of the forged
Ti-5553 alloy bar and determined the critical conditions for
the occurrence of DRX in the alloy.

It can be found that the previous research on the hot de-
formation behavior for metastable g titanium alloy is
mainly conducted on the alloys in as-processed condition.
However, TMP of titanium alloys should be firstly per-
formed on the as-cast material for ideal shaping and micro-
structure/property optimization. More importantly, the hot
deformation response of as-cast Ti-5553 alloy nearly re-
mains blank, and needs to be well addressed. Additionally,
the alloy in as-cast state usually has large grains in the mi-
crostructure, which is much coarser than the alloy after
multiple-pass processing with refined microstructure. Con-
sequently, it is necessary to study the hot deformation be-
havior of as-cast alloy instead of the already processed al-
loy to provide theoretical support and technical guidance
for the actual TMP of metastable f titanium alloys.

Currently, Ti-5553 metastable f titanium alloy in as-cast
state was employed in the research to investigate its hot
deformation behavior including flow behavior and micro-
structure evolution characteristics, accompanied by the es-
tablishment of constitutive relationship and processing map.
Particularly, the detailed deformation mechanism was re-
vealed and linked to the constructed maps to provide a
comprehensive evaluation for the hot workability of alloy
in different processing regions.

1 Experiment

The Ti-5553 alloy (Ti-5.14A1-5.02Mo-5.03V-3.10Cr-
0.080) investigated in this research was obtained from a 35
kg alloy ingot with cylindrical shape prepared by conven-
tional double vacuum arc remelting (VAR) and casting,
whose initial microstructure is shown in Fig.1. Obviously,
the alloy in as-cast state possesses a very coarse micro-
structure with large prior f grain and fine o precipitates,
and the f grain size is higher than 1000 pm. Moreover, the
[ phase transformation temperature of the alloy is deter-
mined as 875%5 °C by heat treatment and metallographical

examination.

Hot deformation testing was performed on a Gleeble®
3800-GTC thermal physical simulator in the mode of iso-
thermal compression using cylinder specimens with 10 mm
in diameter and 15 mm in height. The specimens were ob-
tained from the alloy ingot by electrical discharge machining
and subsequent precise machining to the target dimension.
The compression parameter was set at the temperature of 700
°C to 1100 °C (100 °C interval) and the strain rates of 0.001,
0.01, 0.1, 1 and 10 s™', until total deformation degree of 70%
specimens’ height reduction in vacuum. The specimen was
heated up to the testing temperature at a constant heating rate
of 10 °C/s, and then kept for 4 min to ensure the thermal
equilibrium throughout the specimen. Pt-Rh thermal couple
was welded on the center surface of the specimen to meas-
ure the temperature during the whole compression process
dynamically. Tantalum sheets and graphite foils were
placed between the anvil and specimen to reduce the fric-
tion and improve the electroconductivity of the testing sys-
tem. Upon the completion of compression testing, all the
compressed specimens were quenched immediately in water
to retain the deformed microstructure for further examina-
tion. During hot compression, the stress-strain relationship
and the actual temperature of the specimens were recorded
by the system automatically.

The compressed specimens were sectioned equally along
the longitudinal direction for microstructural observation.
The metallographic specimens were prepared by standard
grinding, polishing and etching (modified Kroll’s reagent:
10 vol% HF, 20 vol% HNO; and 70 vol% H,O) processes
and then examined by optical microscopy (OM,
OLYMPUS-PMG3) and scanning electron microscopy (SEM,
JSM-6460). For transmission electron microscopy (TEM)
observation, the round specimen with a size of 3 mm was
ground to 60 pm and then punched from the compressed
specimen. After twin-jet electro-polishing, the thin slice was
examined by JEM-2100 facility.

2 Results and Discussion

2.1 Flow behavior

Fig.1 Initial microstructure of as-cast Ti-5553 alloy
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Fig.2 shows the true stress-true strain curves of the alloy
deformed at various temperatures and strain rates. Gener-
ally speaking, the flow stress of the alloy increases rapidly
at the beginning of the deformation until the peak flow
stress and then drops down gradually (such as Fig.2b) to a
steady level (referred to as steady-state stress) or keeps at
almost the peak stress until the end of deformation (such as
Fig.2c). Obviously, as shown in Fig.3, both the peak flow
stress and steady-state stress of the alloy increase with en-

hancing the strain rate but increase with reducing the de-
formation temperature. Moreover, the temperature sensitiv-
ity of the stress is higher when the alloy is deformed at (a+/)
region than at f§ region. The negative sensitivity of the flow
stress to the temperature is that the elemental diffusion and
thermal activation will be further promoted at high tem-
peratures. Meanwhile, the increased velocity of mobile
dislocation in high-strain-rate deformation causes a positive
correlation between flow stress and strain rate */,
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Fig.2 True stress-true strain curves of as-cast Ti-5553 alloy deformed under various conditions: (a) 700 °C, (b) 800 °C, (c¢) 900 °C,

(d) 1000 °C, and (e) 1100 °C
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Fig.3 Variation of peak flow stress (a) and steady-state stress (b)

with deformation temperature and strain rate

Actually, the hot deformation of metallic materials is
achieved by the dynamic competition of work hardening
and flow softening. Work hardening plays the dominant role
at early deformation, leading to the sharp increment of the
flow stress, while the effect of flow softening becomes
stronger and stronger gradually. In most conditions, the
balance between work hardening and flow softening is
reached at later deformation, reflecting as the steady-state
of the flow stress. Different flow softening modes of the
curves indicate that the active deformation mechanism can
be varied. The appearance of steady-state of the flow stress
indicates that the active mechanism may be dynamic re-
covery (DRV), DRX and/or evolution of a phase !'*!. Con-
versely, when the flow stress decreases continuously after
the peak point till the end of the deformation, it is demon-
strated that the effective mechanism is likely to be flow in-
stability such as external damage, flow localization (FL)
and shear banding "', As analyzed above, it is difficult and
confused to determine the deformation mechanism of the
alloy under various conditions only by interpreting the
shape of the flow curves, because different microstructural
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variation modes may cause similar phenomenon when it
comes to flow behavior. Therefore, kinetic analysis and mi-
crostructural observation are needed to understand the un-
derlying mechanism of the alloy when it is processed under
various conditions.

2.2 Constitutive relationship

Zener-Hollomon parameter (Z) is widely applied to de-
scribe the internal relationships between flow stress, strain
rate and temperature for the metallic materials during hot
deformation, as the well-known constitutive equation:

2= & exp(Q/RT)~/(0) (1)
where ¢ is strain rate, Q is the apparent deformation ac-
tivation energy, R is the universal gas constant, ¢ is flow
stress and T is the absolute temperature. After that, Ar-
rhenius-type constitutive equation given by Sellars and
McTegart ' is widely-accepted to resolve the function of
flo) in Eq.(1), in which the most applicable one in the wide
range of deformation temperatures and strain rates is em-
ployed here to convert Eq.(1) as follows:

Z= & exp(Q/RT)=A[sinh(ac)]” ()
where 4 and a are constants, and # is stress exponent (n =
1/m, m is strain rate sensitivity), which is defined by

n = 6 In & }T (3)

Oln[sinh(ao)]
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Hereinafter, the activation energy (Q) can be defined as
follows:

Olné
Q= R{a ln[sinh(aa)]}r{

0 ln[sinh(oco)]1 (4)
o(1/Ty ¢
Moreover, the constant o can be obtained by the follow-
ing equations:

o=pIn, ()
Oln ¢
= (6)
n, (a]nO')T
_,0lné (7
B =( Fym )r

Based on the above equations, in order to calculate the
constants and Q for the equations at peak flow stress, the
linear fitting plots of o-Ing, Ino-Ing, In[sinh(aoc)]-In g and
In[sinh(as)]-1/T are given in Fig.4 and Fig.5. In particular,
the average value of a at various temperatures is adopted
for further calculation. Then the distribution of Q (at peak
stress) with varying the temperature and strain rate can be
obtained and is shown in Fig.6 as a three-dimensional map.
As shown in Fig.6, the value of Q is sensitive to both strain
rate and temperature. The value of Q increases with in
creasing both the strain rate and temperature and is in the
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Fig.6 Three-dimensional deformation activation energy (at peak
flow stress) distribution map of as-cast Ti-5553 alloy with

changing temperature and strain rate

range of 242.3~625.2 kJ/mol, and the average Q under all
processing conditions is calculated as 447.2 kJ/mol. This av-
erage value is higher than that of other as-processed metastable
B titanium alloys like Ti-7333, Ti-5553 and Ti-1300 *'>'6],
This result may be caused by the much larger grain size of
the as-cast alloy, which consumes more external energy to
reform the grain structure. Moreover, it has been confirmed
that the region with nearly constant Q in the activation en-
ergy map can be considered as a potential optimal process-
ing window for metallic materials with good hot workabil-
ity '), There is a nearly-flat surface of Q at the region of
975~1100 °C/0.001~0.1 s for the alloy with Q between
430 and 450 kJ/mol, demonstrating that the optimal proc-
essing window may suit within this region. In contrast,
other regions show the relatively high/low value with sig-
nificant fluctuation, which indicates the possibility for the
occurrence of flow instability.

InZ
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Fig.7 Relationship between peak flow stress and the

Zener-Hollomon parameter

After performing natural logarithm, Eq.(2) can be rear-
ranged into the following format:

InZ=InA4+nln[sinh(ao)] ()

The linear fitting of InZ and In[sinh (ao)] is shown in
Fig.7 for the final constitutive equations. The values of In4
and » can be obtained by the intercept and slope of the fit-
ting line as 41.25 and 3.14, respectively. Then, substituting
the values of deformation activation energy Q (average),
stress exponent n, constants In4 and a into Eq.(2), one of
the constitutive equations of the as-cast Ti-5553 alloy when
it is subjected to strain rate, is obtained as follows:

& =e"[sinh(0.009 53c)"" exp[—447 200/ RT] 9)

Furthermore, based on the hyperbolic sine function,

Eq.(2) can be rearranged into another type of hot deforma-
tion constitutive equation:

1 Z\1/ Z N2/ 1/2
oc=—In{(=)"+[(=)"+1 (10)
> {( A) [(A) |
Then, the relationship between flow stress and

Zener-Hollomon parameter of the alloy can be obtained by
substituting the values of the calculated constants:

1 z

= In
0.0953 {(8.22x10”

z

R
822.107) wipp (D

I

o2

The constructed equations can be employed to evaluate
the hot deformation resistance of alloy during the actual
TMP under different conditions and provide a theoretical
basis for the choice of industrial processing facilities with
suitable tonnage and parameters.

2.3 Hot processing map

Hot processing map is an effective and widely-used ap-
proach to investigate the hot deformation behavior, micro-
structural evolution and corresponding deformation mecha-
nism of metallic materials, which is developed based on the
dynamic materials model (DMM) introduced by Prasad et al''®
and mainly modified by Murty et al "\, In this mode, the
material under TMP is regarded as a power dissipater in the
closed adiabatic system. The power dissipation efficiency
(1) represents the energy absorption proportion for micro-
structural changes against the heat conversion of the mate-
rial during processing and is related to co-content J and
strain rate sensitivity m:

__J (12)
77 Jmax
where
J=[odé (13)
o =Cé" (14)
_ E0o _,O0lno (15)
m= ) e = (G e
J =2 (16)
2

Then the calculation of # can be achieved by:
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__2m (17)
m+1

Next, the continuum criterion of flow instability is pro-
vided, which is given based on the extremum principles of
irreversible thermodynamics:

0lIn( )

_ +1
s(e)= i

+m<0 (18)

The variations of # and ¢ with deformation temperature
and strain rate construct the power dissipation map and
flow instability map, respectively. Fig.8a and 8b display the
3D power dissipation map and 2D flow instability map of
the alloy at the true strain of 0.6, respectively.

The region with a relatively high value of n suggests sig-
nificant dynamic microstructural changes, like DRX, DRV,
phase morphology evolution and superplastic deformation,
by which the excellent hot workability of the alloy may be
achieved. For the flow instability map, unstable deforma-
tion is expected to occur in the region with negative £ value.
Superimposing the instability map over the power dissipa-
tion map, the establishment of an integrated hot processing
map is achieved, as shown in Fig.9. It is verified for tita-
nium alloys that the processing region with # higher than
35% can be considered as the optimal processing window,

which is commonly decided by the alloy’s high stacking
[20]

energy . As shown in Fig.9, there are mainly two do-
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Fig.8 Individual maps for the construction of hot processing map
at the strain of 0.6: (a) 3D power dissipation map and
(b) 2D flow instability map

mains with high #, which are located under the conditions
of 800~975 °C/0.001~0.01 s™' (domain A) and 1000~1100
°C/0.01~0.1 s (domain B), with the peak 7 value of 65%
and 46%, respectively. Meanwhile, it is also illustrated in
Fig.9 that there is a consecutive and wide flow instability
domain which locates at the region with strain rate higher
than 1 s”', no matter what the deformation temperature is.

Although the flow behavior and thermodynamic/kinetic
analysis have been investigated and conducted to evaluate
the hot workability of the alloy, microstructural evolution
characteristics of the alloy under typical conditions are still
needed to be uncovered for verifying the reliability of the
optimum processing parameters predicted by the hot proc-
essing map and revealing the underlying deformation
mechanism.
2.4 Microstructural evolution

Fig.10 shows the macroscopic appearance of the alloy
deformed at 700 °C, and it is clear that external cracking is
found outside all the specimens, indicating the occurrence
of serious flow instability under these conditions. The de-
gree of external cracking is higher at large deformation
strain rate, as revealed in Fig.10b and 10c. Particularly, 45°
fracture is found for the specimen deformed at 700 °C/10s™,
and the corresponding flow curve (Fig.2a) shows a signifi-
cant stress drop at the strain between 0.2 and 0.6, demon-
strating a good unity of the flow behavior and fracture
mode of the alloy. Besides the external cracking, as shown
in Fig.11, adiabatic shearing banding (ASB) is also ob-
served in the microstructure of the alloy deformed at 700 °C.
Therefore, it can be concluded that the deformation mecha-
nism is external cracking and ASB at 700 °C, and process-
ing of the alloy is unstable at such a low temperature.

Fig.12 shows the microstructure of the alloy deformed at
800 and 900 °C. As shown in Fig.12a~12c, FL is observed
when the deformation condition is 800 °C/1 s™, and the mi-
crostructure is covered by massive a precipitates at 0.1 and

0.001 s'. Moreover, the TEM images shown in Fig.13a and
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0y 257 ||5

i) )
0.0

~ 0.5

B -1.0

20

-1.5
-2.0

3236, :‘ '
25EZ \\(* ¢ :/
3 OR\\\ i, ”15 SN\ /Ti%
700 750 800 850 900 950 100010501100
Temperature/°C

//

Fig.9 Hot processing map of as-cast Ti-5553 alloy at the strain
of 0.6 (contour numbers represent the power dissipation
efficiency #, and the grey-shaded regions represent the in-

stability domains)
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Fig.10 Macroscopic morphologies (a) and SEM images of the al-
loy deformed at 700 °C/0.001 s (b) and 700 °C/0.1 s (c)

Fig.11 OM microstructures of the alloy deformed at 700 °C and

various strain rates: (a) 0.001 s™ and (b) 0.1 s

Flow localization

13b reveal that o precipitates deformed at 800 °C are in the
shape of large plate, and dislocation accumulation is found
around and inside the a plate. In Fig.13a, the fracturing of a
plate is also captured, as a result of local stress concentra-
tion. From the above results, the dominated deformation
mechanism of the alloy deformed at 800 °C is FL (high
strain rate) and dynamic a precipitation/fracturing (low
strain rate).

As shown in Fig.12d, FL is also observed under the de-
formation condition of 900 °C/10 s'. With decreasing the
strain rate to 0.1 s™' at 900 °C, serrated grain boundaries
with coarse grains are found in Fig.12e, indicating that
p-DRV becomes the active deformation mechanism. With
further lowering the strain rate to 0.001 s™ (Fig.12f), small
equiaxial grains are witnessed in the microstructure to-
gether with serrated f grain boundaries, which mean that
the dominated mechanism is the combination of f-DRV and
p-DRX. The presence of strong DRV effects at 900 °C (0.1
s and 0.001 s™) is also confirmed by the TEM images in
Fig.13c and 13d with the emergence of sub-grain boundary
formed based on tangled dislocations and dislocation wall.

Fig.14 shows the microstructure of the alloy deformed
at 1000 and 1100 °C. A small proportion of DRX grains
are observed when the alloy is deformed at 10 s™ at these
two temperatures (Fig.14a and 14d), whereas the appear-
ance of the corresponding specimens suggests local kink-
ing features. Therefore, the active deformation mechanism
can be speculated as flow instability and f-DRX. With
reducing the strain rate to 1 and 0.01 s™' (Fig.14b and 14c),
both DRV and DRX characteristics can be found in the
microstructure of the alloy deformed at 1000 °C. Besides
[-DRYV, significant f-DRX and extensive -DRX are re-
vealed when the alloy is deformed under 1100 °C/0.1 s
(Fig.14e) and 1100 °C/0.01 s (Fig.14f), respectively,
characterized by a large number of small equiaxial grains
within the prior § grain.

£

p DRX grain

Serrated glv:ain boundaw

Fig.12 OM microstructures of the alloy deformed at medium temperatures and various strain rates: (a) 800 °C/1 s™', (b) 800 °C/0.1 s™',
(¢) 800 °C/0.001 s, (d) 900 °C/10 s, (e) 900 °C/0.1 s™', and (f) 900 °C/0.001 s™*
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Fig.13 TEM microstructures of the alloy deformed at medium temperatures and various strain rates: (a) 800 °C/1 s™, (b) 800 °C/0.001 s, (c) 900

°C/0.1s™, and (d) 900 °C/0.001 s

Fig.14 OM microstructures and macroscopic morphologies of the alloy deformed at high temperatures and various strain rates: (a) 1000 °C/10

s™'; (b) 1000 °C/1 s™; (c) 1000 °C/0.01 s'; (d) 1100 °C/10 s

From above microstructural observation, it is clear that
the activation energy map, processing map and microstruc-
tural evolution results show a high consistency with the hot
deformation behavior of the alloy. The processing condi-

' (e) 1100 °C/0.1 s™'; (f) 1100 °C/0.01 s™'

tions within the flow instability region of the processing
map are verified to cause external cracking, ASB, FL and
local kinking for the alloy, which should be avoided in ac-
tual TMP. Moreover, the optimal processing regions (do-
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