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ARTICLE INFO ABSTRACT

Keywords The microstructure evolution and mechanical properties of a hot-rolled

Titanium alloys Ti-5.1A1-2.5Cr-0.5Fe-4.5Mo-1.1Sn-1.8Zr-2.9Zn titanium alloy sheet along the thickness direction were investi-

Microstructure evolution gated. The results indicated that the hot-rolled titanium alloy sheet presented different microstructures along the

Mechanical properties thickness direction owing to the uneven distribution of stress and temperature during the hot rolling. The grains

Hot rolling in central region underwent a larger deformation, leading to relative complete grain fragmentation and the for-
mation of fine grains. During the air cooling process followed by hot rolling, the fraction of « phase precipitated
in the central region was lower than that in the regions near the surface of the sheet. During hot rolling process,
more deformation energy transformed to thermal energy and lower cooling rate in the central region promoted
the a—f phase transformation, resulting in the increasing of the dynamic recrystallization in the  phase. By con-
trast, the dynamic recrystallization for o phase decreased. Distinct {0001}, and {001} textures were observed,
and these textures were markedly strengthened with the increasing distance from the central region. Due to the
softening induced by dynamic recrystallization and the strengthening by concentrated dislocations, the surface of
the sheet exhibits highest yield strength and lowest elongation.

1. Introduction

Titanium alloys are widely used in many different applications for
their advantageous corrosion resistance [1,2], high strength-to-weight
ratio and low density. One example is the o+ type titanium alloy ap-
plied in the compressor discs and blades of aeroengines [3]. These ex-
cellent properties for titanium alloys are closely related to the techno-
logical process of rolling or forging. Among these processes, the advan-
tage of the rolling process is obvious for its low cast and convenience.
During the rolling process, the titanium alloy deforms acutely and the
microstructure and mechanical properties can be modified via adjusting
the rolling parameters, such as strain rate [4-8], strain path [9-11],
thickness reduction [12-14] and controlling the rolling temperature
[4,12,15,16]. However, the deformation of titanium alloys is inhomo-
geneous, especially in the thickness direction.

Research on the microstructure evolution along the thickness di-
rection of rolled titanium alloys has attracted the atten-

tion of many scholars. Previous researches indicated that during sub
B-transus and (a+ p) processing of Ti-6Al-4V alloys [17,18], the dishar-
monious deformation of the microstructure formed in some macro-re-
gions for the o-colony orientations. Sander [19] proposed that the
through-thickness texture and microstructure gradients were strength-
ened with a thickness reduction increase from 50% to 90%, which
primarily was caused by the presence of shear deformation near the
surface. Chen [20] also supported this point of view based on the
investigation on the textural evolution and dynamic recrystallization
(DRX) of a hot-rolled p-titanium alloy with different deformations. Al-
though the variety of the microstructure in the thickness direction of
the rolled titanium alloy sheets has been investigated directly and in-
directly, the law of microstructure distribution along the thickness di-
rection is neither clear nor quantitatively studied. It is believed that
the variation of the microstructure parameters has a significant ef-
fect on the mechanical properties of hot-rolled titanium alloy sheets.
In addition, the inhomogeneous microstructure seriously affects the
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mechanical properties and the service life of titanium alloys. Therefore,
it is of great significance to study the microstructure distribution along
the thickness direction of hot-rolled titanium alloy sheets.

In this study the variation of the microstructure parameters, in-
cluding the grain size, the fraction of o and p phases, DRX and tex-
ture characteristics, along the thickness direction of a hot-rolled
Ti-5.1A1-2.5Cr-0.5Fe-4.5Mo-1.1Sn-1.8Zr-2.9Zn titanium alloy sheet is
investigated, and the influence of microstructure on the mechanical
properties discussed.

2. Materials and experimental

The original material was a near f-type as-cast titanium alloy ingot
with a size of ®470 mm, prepared by the method of triple vacuum con-
sumable arc melting. The nominal composition of the titanium alloy is
shown in Table 1. The p-transus temperature (Ty,y,s) for this titanium
alloy was measured to be 985 + 5 °C by a metallographic method.

To investigate the microstructure distribution along the thickness di-
rection of the hot-rolled titanium alloy sheet, a 60 mm-thick as-cast tita-
nium alloy ingot was machined from the original material by wire-cut-
ting technology. The microstructure in the central region of the
60 mm-thick as-cast titanium alloy ingot consisted of § phase and lamel-
lar a phase with an average width of 1.8 um distributed at  phase
boundaries, exhibiting obvious feature of Widmanstétten structure. The
corresponding phase fractions of « and p phases were about 82.4% and
17.6%, respectively. The as-cast ingot was hot rolled at room tempera-
ture after soaking at 970 °C for 1 h. The temperature of alloy was 970 °C
at the beginning of rolling and 870 °C at the end of rolling. After hot
rolling by nine passes, followed by air cooling, a 20-mm thick hot-rolled
titanium alloy sheet with a reduction of 66.7% in the thickness direction
was achieved.

The specimens for microstructure observation and quasi-static tensile
testing were machined from the center to the surface of the hot-rolled
titanium alloy sheet along the normal direction(ND), and the loading di-
rection was parallel to rolling direction(RD). Fig. 1 shows the schematic
of the locations of the samples, i.e., at the center (S = 0, labeled as 1#),
the 2/5 (S = 0.4, labeled as 2#) and 4/5 (S = 0.8, labeled as 4#) of the
1/2 rolled sheet thickness, respectively.

The microstructures of the RD-ND plane of the hot-rolled titanium
alloy sheet were characterized via EBSD technology with a step size of
0.14 pm. In order to further understand the influence of the microstruc-
ture distribution along the thickness direction on mechanical properties,
the geometrically necessary dislocation (GND) density was also calcu-
lated via EBSD technology by analysis of the lattice curvature measured
through Nye’s tensor [21]. The specimens for EBSD investigation were
prepared by electropolish (25 °C, 25 V, ~30 s and solution: 6% HCIOy,
34% CHj3(CH3)3OH and 60% CH3OH) to eliminate the surface stress in
order to achieve the surface quality. A Nova NanoSEM 430 field emis-
sion gun scanning electron microscope (FEI, Hillsboro, MO, USA) was
operated at 20 kV. The tensile tests were performed on an Instron 5985

Table 1
Nominal composition of alloy.
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testing machine(Instron®, Norwood, MA, US) at room temperature, at a
strain rate of 1073/s.

3. Results and discussion
3.1. Grain sige distributions along the thickness direction

The microstructures of the three specimens and corresponding statis-
tic relative frequency distribution of the grain size and aspect ratio in a
phase via EBSD (the EBSD scanning area is limited in a red frame with a
size of 55 pm X 55 pm) are shown in Fig. 2. It can be seen that the av-
erage grain size () and aspect ratio (@) of « grains in the central region
are 1.68 pm and 1.96, respectively, as shown in Fig. 2(a). In the posi-
tion of S = 0.4, the average grain size and aspect ratio of o grains are
1.88 um and 1.86, respectively, as shown in Fig. 2(b). When S = 0.8,
the average grain size and aspect ratio of a grains increase to 1.98 pm
and 2.11, respectively, as shown in Fig. 2(c).

The above analysis shows that o grains are refined with the decrease
of distance from the central region, leading to the inference that a grains
undergo more deformation compared to those in the regions near the
surface. Moreover, the variations of deformation degree of grains along
the thickness direction are closely related to the uneven distribution of
stress [22,23].

3.2. Phase fraction distributions along the thickness direction

The phase distribution maps of a and f} phases in the specimens ob-
served from the transverse direction (TD) are shown in Fig. 3, in which
a and f phases are depicted as red and blue, respectively. It is interesting
to see that the phase fraction changes obviously along the thickness di-
rection. The fractions of a and p phases in the specimens are summarized
as follows: S = 0: 65.6% for a phase and 34.4% for p phase (Fig. 3(a));
S = 0.4: 86% for o phase and 14% for p phase (Fig. 3(b)); S = 0.8:
92.4% for a phase and 7.6% for § phase (Fig. 3(c)). This indicates that
the fraction of o phase increases with increasing distance from the cen-
tral region, which may be correlated to the distribution of temperature
along the thickness direction of the titanium alloy during hot rolling.

Soaking at 970 °C for 1 h helps to maintain a uniform thermal field
in the titanium alloy before hot rolling. In the short time of taking the
as-cast ingot out of the furnace to the beginning of rolling, the sur-
face cooling rate of as-cast ingot is higher than the internal cooling
rate, resulting in a surface temperature lower than the internal tem-
perature. In addition, the larger deformation in the central region pro-
motes more plastic deformation work to convert into heat during hot
rolling, which inevitably elevates the temperature sharply. Moreover,
the rolling temperature at 970 °C is close to the p-transus temperature
(Tirans = 985 = 5 °C). Therefore, the temperature in the central region
may exceed the Tyans and a significant amount of « phase transforms
into the p phase, resulting in a lower fraction of a phase in the central
region compared with that near the surface.

Element Al Cr Mo Fe Zr Sn

Zn o N H C Ti

wt.% 5.12 2.5 4.48

0.52 1.8 1.1

2.9 0.08 0.02 0.002 0.01 Bal.
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Fig. 1. Schematic of the sampling of investigated areas.

3.3. DRX and dynamic recovery along the thickness direction and intrinsic
mechanism

The data of EBSD grain boundaries, grain boundaries in inverse
pole figures and the corresponding misorientation distribution of the
hot-rolled titanium alloy sheet are shown in Fig. 4. Fig. 4(a)-(c)
show the grain boundary maps of the
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mens in the position of S = 0, S = 0.4 and S = 0.8, respectively, in
which low-angle grain boundaries (<15°, LAGBs), high-angle grain
boundaries (>15°, HAGBs) and phase boundaries are depicted as red,
black and blue lines, respectively. Fig. 4(d)-(f) show the grain bound-
aries in the inverse pole figures, in which LAGBs are depicted as white
lines while HAGBs and phase boundaries are depicted as black lines.
Moreover, the column diagrams of the corresponding misorientation dis-
tribution are shown in Fig. 4(g)-(i).

Based on the statistical data derived from Fig. 4(a), the misorien-
tation angle distribution of grain boundaries in the central region can
be obtained and is displayed in Fig. 4(g). The fraction of HAGBs in f
phase is 23.4%. Moreover, the fraction of HAGBs in o phase is 27.2%
and the transition from LAGBs to HAGBs is continuous. This indicates
that dynamic recovery occurs mainly in § phase. In addition, relatively
slight DRX also occurs in o phase. The misorientation angle distribu-
tion of grain boundaries in the position of S = 0.4 is obtained and dis-
played in Fig. 4(h) based on the statistically derived data from Fig.
4(b). The fraction of HAGBs in p phase is 8.4%, illustrating the occur-
rence of more intense dynamic recovery in f§ phase compared with that
in the region of S = 0. Moreover, the fraction of HAGBs in a phase is
40% and the transition from LAGBs to HAGBs is continuous, indicating
the occurrence of more intense DRX in o phase compared with that in

I} 4 5 & 7 F % #1011 20134
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Fig. 2. Microstructures and statistics of the grain size distribution in « phase of the hot-rolled titanium alloy sheet: (a) S = 0; (b) S = 0.4; (c) S = 0.8.

(a) Fraction of a: 65.6%

Fraction of fi: 34.4%

Fraction of a: 86%

Fraction of B: 14%

(c)  Fraction of w: 92.4%

Fraction of B: 7.6%

Fig. 3. Phase distribution maps of o and § phases: (a) S = 0; (b) S = 0.4; (¢) S = 0.8.
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Fig. 4. EBSD grain boundary maps, grain boundaries in inverse pole figures and corresponding misorientation distribution maps of the hot-rolled titanium alloy sheet: (a), (d), (g) S = 0;

(b), (e), (h) S = 0.4; (c), (), (i) S = 0.8.

the region of S = 0. The misorientation angle distribution of grain
boundaries in the position of S = 0.8 is displayed in Fig. 4(i) based
on the statistical data derived from Fig. 4(c). The fraction of HAGBs
in p phase is 3.9%, illustrating the occurrence of extremely intense dy-
namic recovery in § phase. Moreover, the fraction of HAGBs in a phase
is 49.9% and the transition from LAGBs to HAGBs is continuous. This
indicates the occurrence of the most intense DRX in o phase compared
with that in regions of S = 0 and S = 0.4. In contrast, the level of DRX
in p phase in the region of S = 0.8 is the lowest among these specimens.

The above analysis indicates that the level of DRX in f§ phase in-
creases, while it decreases in a phase, with the decrease of distance from
the central region. In addition, the clearly decreasing number of the total
DRX grains containing the DRX of « grains and the DRX of f grains from
the central region to the surface indicates an overall decreasing trend of
the DRX as shown in Fig. 4(d)—(f). The levels of DRX in a and j§ phases
along the thickness direction are exhibited more intuitively in Table 2,
in which the symbol + represents the degree of DRX.

The increasing trend of DRX in o« phase from the central region
to the surface may be related to the allocation of the deformation
energy accumulated during the hot rolling process and the variation
of temperature. In the central region, the

Table 2
Levels of DRX in different positions.

Position o phase p phase Total DRX
S=0 + +++ +++

S =04 ++ ++ ++

S =08 + 4+ + +

(+represents the degree of DRX).

highest temperature leads to the most intense a—f phase transforma-
tion, which occupied most of the energy consisting of deformation en-
ergy and thermal due to the lower cooling rate in o phase, significantly
weakening the DRX in o phase. With the increase of distance from the
center region, the deformation energy descends down and the tempera-
ture becomes gradually lower. Therefore, the a—f phase transformation
is inhibited and the driving force of DRX in o phase increases simulta-
neously, thus strengthening the DRX in a phase in the regions near the
surface.

In addition, overall, the total DRX in the central region is obvi-
ously higher than that near the surface, as shown in Table 2. This
is because the higher temperature and larger deformation in the cen-
tral region provide more driving force for the total DRX. With the
increase of distance from the central region,
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the driving force for the total DRX decreases, which makes the level of
the total DRX decrease. Furthermore, the same trend of the DRX in
phase and the total DRX illustrates that the DRX in f phase is dominant
in the total DRX.

3.4. Textures along the thickness direction

The microstructural orientation maps of a and B phases in the spec-
imens observed from the TD are shown in Fig. 5(a)-(f). The o and p
phases gradually concentrate on some orientations with the increase of
distance from the central region, such as the {0001} for the o phase and
{001} for the p phase.

The pole figures of a and p phases in these specimens are shown in
Fig. 5(g) and (h), respectively. For o phase, the strongest texture locates
in the {0001} pole figure compared to that in the {01-10} pole figure
and the {-12-10} pole figure, as shown in Fig. 5(g). In the central region
(S = 0), the strength of the {0001}, texture is 6.99. With the increase
of distance from the central region, the strength of the {0001}, texture
increases to 11.29 (S = 0.4) and 20.70 (S = 0.8).

0110}
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For f phase, the highest value of the texture mainly concentrated in
the {001} pole figure compared to that in the {101} pole figure and
{111} pole figure, as shown in Fig. 5(h). In the central region (S = 0),
the {001}y and {111} textures with a larger value of 5.99 compared to
the {101} texture are found. In the position of S = 0.4, the strength of
the {001} and {111} textures is increased to a higher value of 9.60.
In the region of S = 0.8, the {001} texture has the maximum value of
25.97, illustrating the formation of the unique preferred orientation in
B phase. It can be summarized that the {0001}, and {001} textures are
markedly strengthened with the increase of distance from the central
region, which can be attributed to the inhomogeneous deformation of
grains.

Due to the larger deformation of grains in the central region, the pre-
ferred orientation arrangement of grains formed in the early stage of the
hot rolling process is disturbed, which weakens the texture in the cen-
tral region. In contrast, the preferred orientation arrangement of grains
near the surface is not seriously destroyed. Therefore, stronger textures
are preserved in the regions near the surface of the hot-rolled titanium
alloy sheet.

Fig. 5. Orientation maps of specimens: (a) « phase and (b) p phase of S = 0; (c) a phase and (d) § phase of S = 0.4; (e) « phase and (f) p phase of S = 0.8; (g) and (h) pole figures of «

phase and p phase in the hot-rolled titanium.
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3.5. Relationship between mechanical properties and microstructural
characteristics along the thickness direction

The true stress-strain curves of the three specimens are shown in Fig.
6. It can be seen that the quasi-static tensile properties of the specimens
are very similar, while a delicate difference exists among them. The 1#
specimen exhibits the lowest yield strength (1035 MPa) with the high-
est elongation (17.9%). In contrast, the 3# specimen shows the highest
yield strength (1075 MPa) with the lowest elongation (16.4%). Among
them, the 2# specimen has moderate mechanical properties, and the
yield strength and elongation are 1043 MPa and 17.1%, respectively. In
addition, the yield strength and elongation show an opposite trend with
the increase of distance from the central region.

The strength and ductility are related to the fractions of a and p
phases and the levels of DRX. The results from our laboratory show
that compared with o phase with hexagonal closed-packed(HCP) struc-
ture, the f phase with body-centred cubic(BCC) structure has higher
strength [24,25]. Therefore, theoretically, the strength will be weak-
ened with increasing o phase fraction from the central region to the sur-
face. However, in fact, the strength shows a weak increasing trend (from
1035 MPa to 1075 MPa) with increasing o phase fraction(from 65.6% to
92.4%). This may be related to the decreasing of softening effect of DRX
[26,271, as shown in Fig. 4 and Table 2, which counteracts the effect
of o phase on strength. Furthermore, it is found in the present study that
GND density might play a leading role in the variation of the quasi-static
tension properties along the thickness direction.

Generally, the statistical data of the relevant GND density is obtained
via the EBSD method by:

_ AKAM
PGND = _b o R

where A is a constant that determined by the nature of edge or screw
dislocations, the KAM values are given by the EBSD software, b is the
magnitude of the Burgers vectors of dislocations and R is the kernel
size taking into account the neighbor order considered in the KAM
mapping. The GND density of these specimens are summarized as fol-
lows: S = 0: 0.2984 x 10'5/m?, 0.1954 x 10'5/m? for <a> dislo-
cations and 0.1031 x 10'/m? for <c+a> dislocations; S = 0.4:
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Fig. 6. True stress-strain curves of specimens.
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0.3165 x 10'%/m2 0.2011 x 10'°/m? for <a> dislocations and
0.1154 x 10'5/m? for <c+a> dislocations; S =0.8:
0.3616 x 10'5/m? 0.2399 x 10'%/m? for <a> dislocations and
0.1217 x 10'/m? for <c+a> dislocations. This suggests that the GND
density increases gradually with the increase of the distance from the
central region.

The diagram of yield strength and elongation varying with the total
GND density is shown in Fig. 7. Higher density dislocations exacerbate
the dislocation accumulation and inhomogeneous deformation inducing
the initiation of microcracks, resulting in the increase of the strength and
the decrease of the ductility, which is consistent with the trend shown in
Fig. 7. In addition, the higher level of the DRX aggravating the soften-
ing of the titanium alloy reduces the strength. Therefore, the specimen
in the central region with the lowest GND density and highest level DRX
has the lowest yield strength while the highest elongation. In contrast,
the specimen in the surface exhibits the highest yield strength while the
lowest elongation due to the highest GND strengthening and lowest DRX
softening.

3.6. Evolution mechanism of microstructures during hot rolling process

Based on the above analysis regarding the variation of the mi-
crostructural details containing grain size, dynamic recrystallization,
phase transformation and texture characteristics, the evolution mech-
anism of the microstructures along the thickness direction in the
hot-rolled titanium alloy sheet is proposed and presented with a
schematic diagram shown in Fig. 8. Because of the symmetry of the mi-
crostructures to the central line during the hot-rolling process, the ob-
servation area is selected from the center to the surface of the titanium
alloy, as shown in Fig. 8(a).

The original microstructure of the specimen taken from the tita-
nium alloy consists of coarse grains and grain boundaries, as shown
in Fig. 8(a). In the early stage of the hot-rolling process, the coarse
grains are elongated first towards the rolling direction, and grains in
the central region undergo greater deformation, resulting in a higher
dislocation density compared with that in the regions near the sur-
face, as shown in Fig. 8(b). With the further increase of deforma-
tion, grains are further elongated towards the rolling direction, and
the dislocation density in all regions increases distinctly. In this
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Fig. 7. Yield strength and elongation as a function of GND density.
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Fig. 8. Schematic of microstructural evolution along the thickness direction.(a) Original microstructure of titanium alloy. (b) Hot-rolled microstructure showing different deformation for
the central region and the surface where dislocations appear. (c) DRX grains appear in the central region. (d) Microstructure after hot rolling process showing different grain size and the

level of DRX for the central region and the surface.

case, the dislocation density in the central region is much higher than
that near the surface. Furthermore, the higher temperature induced by
more deformation energy transforming to thermal energy and lower
cooling rate in the central region promotes the DRX; therefore, DRX oc-
curring in the o and f phases first appears in the central region, as shown
in Fig. 8(c).

In the last stage of the hot rolling process, a great number of elon-
gated grains in all regions are fragmented into finer grains, especially in
the central region. Moreover, the grain fragmentation disturbs the pre-
ferred orientation arrangement of grains concurrently, making the tex-
ture strength of a and p phases in the central region lower than that
near the surface. At the same time, friction stress near the surface may
weaken the strength of some textures [28], such as the {101} texture.
In addition, the level of the total DRX is higher than that near the sur-
face due to their more driving force of the total DRX in the central re-
gion. What should be noticed emphatically here is that the DRX in o
phase exhibits an increasing trend with the increase of distance from the
central region, which is not consistent with the theoretical prediction
and contrary to that of the B phase, as shown in Fig. 8(d). This phe-
nomenon is attributed to the allocation of energy consisting of the accu-
mulated deformation energy and thermal energy during the hot rolling
process. With the increase of the distance from the center region, the
deformation energy descends down and the local temperature becomes
lower and lower gradually. Thus, the a—p phase transformation is in-
hibited, making the fraction of o phase increase correspondingly. Simul-
taneously, the driving force of DRX in a phase increases, strengthening
the DRX in « phase in the regions near the surface. Therefore, the frac-
tion of a phase and DRX in o phase exhibit an increasing trend with the
increase of the distance from the central region. Furthermore, with the
increase of distance from the central region, the driving force of DRX in
B phase decreases. Thus, the fraction of p phase and DRX in B phase ex-
hibit a decreasing trend.

4. Conclusions

The microstructure along the thickness direction of a hot-rolled
titanium alloy with the composition of
Ti-5.1A1-2.5Cr-0.5Fe-4.5Mo-1.1Sn-1.8Zr-2.9Zn has been investigated,
the relationship between the mechanical properties and the microstruc-
ture analyzed, and the evolution mechanism of the microstructure along
the thickness direction during the hot rolling process clarified.

1) Due to the larger applied stress in the central region compared with
that near the surface, the average size of the grains in the central re-
gion is 1.68 pm, smaller than that near the surface. In addition, the
grain fragmentation disturbs the preferred orientation arrangement
of the grains, making the strength of the {0001}, texture (6.99) and
the {001} texture (5.99) in the central region lower.

2) Compared with the regions near the surface, the higher tempera-
ture in the central region aggravates the phase transformation from
o phase to p phase, which makes the fraction of o phase (65.6%)
lower. In addition, the relative increase of the driving force of DRX
in o phase makes the level of DRX in « phase near the surface
higher.

3) The mechanical properties relate to the softening effect induced by
DRX and the strengthening effect induced by dislocation plugging.
In the surface, the level of dynamic recrystallization is the lowest
and the GND density is the highest, which makes the yield strength
of 1075 MPa the highest and the elongation of 16.4% the lowest.

(4) During hot rolling, the grain fragmentation and the destruction of
the preferred orientation arrangement of grains collectively result
in the same trend of grain size and texture strength. Moreover, from
the central region to the surface, the driving force of the DRX in a
phase increases simultaneously, therefore, resulting in an increasing
trend of DRX in o phase and the fraction of a phase.
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