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Abstract: The microstructure and mechanical properties of a newly developed Fe-microalloyed
Ti–6Al–4V titanium alloy were investigated after different heat treatments. The volume fraction and
the morphological features of the lamellar α phase had significant effects on the alloy’s mechanical
performance. A dataset showing the relationship between microstructural features and tensile strength,
elongation, and fracture toughness was developed. A high aging temperature resulted in high plasticity
and fracture toughness, but relatively low strength. The high strength favored the fine α and the
slender β. The high aspect ratio of lamellar α led to high strength but low fracture toughness. The alloy
with ~84 vol % α exhibited the highest strength and lowest fracture toughness because the area
of its α/β-phase interface was the highest. Optimal comprehensive mechanical performance and
heat-treatment procedures were thus obtained from the dataset. Optimal tensile strength, yield strength,
elongation, and fracture toughness were 999 and 919 MPa, 10.4%, and 94.4 MPa·m1/2 , respectively.
Keywords: Fe-microalloyed Ti–6Al–4V titanium alloy; microstructure; mechanical properties

1. Introduction
Ti–6Al–4V, the most widely used titanium alloy in the aerospace industry, has been used to
manufacture compressor disks and blades for gas turbines in advanced jet engines [1–4]. To further
improve its properties and reduce costs, a series of techniques, such as alloying [5–7], processing
optimization for melting and hot working [8,9], and additive manufacturing [10–14], have been
employed to modify the Ti–6Al–4V alloy. From these techniques, alloying is considered a low-cost but
efficient method for improving its properties. Fe is the strongest β-phase stabilizer and the cheapest
alloying element that can strengthen titanium alloys via solid solution and aging treatment [6,15]. Fe
alloying refines β grains and facilitates subsequent forging [6,15]. The optimal amount of Fe should be
controlled within the range of 0.1–1.0 wt% [15]. The authors’ preliminary studies [7] found that the
trace addition of Fe into Ti–6Al–4V alloy could remarkably improve fracture toughness and increase
hardness while maintaining the alloy’s strength. However, the optimal comprehensive properties and
the corresponding heat-treatment procedures for Fe-microalloyed Ti–6Al–4V have not been found.
It is well known that an alloy’s mechanical properties, such as strength, ductility, creep resistance,
and fracture toughness are affected by its microstructure (e.g., phase fraction and morphology).
The high mole fraction of the fine α phase is conducive to high strength [4,16–18]. The formation of
coarse α phase generally leads to good plasticity [4,16–18]. The introduction of α phase with a lamellar
shape is better for fracture toughness than the equiaxed shaped α [4,16–18]. The microstructure varies
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2.1. Materials
2.1. Materials
The as-received Fe-microalloyed Ti–6Al–4V (TC4F) sheet had a thickness of 14 mm and was
The as-received Fe-microalloyed Ti–6Al–4V (TC4F) sheet had a thickness of 14 mm and was
produced by vacuum-arc remelting, followed by hot rolling in the β- and α + β-phase regions. Chemical
produced by vacuum-arc remelting, followed by hot rolling in the β- and α + β-phase regions.
composition was measured by inductively coupled plasma mass spectrometry (ICP-MS; iCAP Qc,
Chemical composition was measured by inductively coupled plasma mass spectrometry (ICP-MS;
Thermo Fisher, Waltham, MA, USA), and results are listed in Table 1. The microstructure of the
iCAP Qc, Thermo Fisher, Waltham, MA, USA), and results are listed in Table 1. The microstructure
hot-rolled TC4F alloy is shown in Figure 1. It consisted of an elongated α phase (white), an equiaxed α
of the hot-rolled TC4F alloy is shown in Figure 1. It consisted of an elongated α phase (white), an
phase (white), and a small amount of transformed βT (gray).
equiaxed α phase (white), and a small amount of transformed βT (gray).
Table 1. Chemical composition of as-received Fe-microalloyed Ti–6Al–4V (TC4F).
Table 1. Chemical composition of as-received Fe-microalloyed Ti–6Al–4V (TC4F).
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2 was the aging temperature, namely, 722 ◦ C for Sample 1, and 732 ◦ C for Sample 2. For the second
group (low-temperature β-annealing + high-temperature aging; Samples 3–5), alloys were subjected
to β-annealing at 1100 ◦ C for 40 min, followed by cooling, aging at 712 ◦ C for 2 h, and air cooling.
The difference between Samples 3, 4, and 5 was cooling rate. A water-cooling was used for Sample 3,
air cooling for Sample 4, and furnace cooling for Sample 5.
Table 2. Heat-treatment procedures.
Sample

β-Annealing

Cooling after β-Annealing

Aging

Cooling after Aging

1
2
3
4
5

1005 ◦ C for 70 min
1005 ◦ C for 70 min
1100 ◦ C for 40 min
1100 ◦ C for 40 min
1100 ◦ C for 40 min

Air cooling to room temperature
Air cooling to room temperature
Water cooling to room temperature
Air cooling to room temperature
Furnace cooling to aging temperature

722 ◦ C for 2 h
732 ◦ C for 2 h
712 ◦ C for 2 h
712 ◦ C for 2 h
712 ◦ C for 2 h

Air cooling to room temperature
Air cooling to room temperature
Air cooling to room temperature
Air cooling to room temperature
Air cooling to room temperature

2.3. Mechanical Properties
Room-temperature tensile and mode-I fracture-toughness tests were carried out on the heat-treated
TC4F. The tensile test was performed on an INSTRON 5581 (INSTRON, USA) at a rate of 0.02 mm/s.
Sample processing and testing adhered to ASTM E8M-04 [22], and the treatment was the same as
in our previous research [7]. The average values of the tensile strength, yield tensile strength, and
elongation for TC4F were obtained from three valid data points.
Mode-I fracture toughness was measured on an INSTRON 651 (INSTRON, Norwood, MA, USA).
The processing of the chevron-notched half compact-tension specimens, and the Mode-I fracture
toughness test were performed in accordance with ASTM E399-06 [23]. The dimensions of the compacttension specimen were thickness B = 12 mm, width W = 48 mm, and notch length a = 21 mm. The 24 mm
precracks were preset at a constant ∆K of 21 MPa·m1/2 , with a sinusoidal waveform at a frequency of
10 Hz. The fracture-toughness value of TC4F after individual heat treatment was obtained by averaging
four measurements.
2.4. Microstructure Observation
The microstructure was observed with an OM and a scanning electron microscope (SEM; Scios, FEI,
Hillsboro, OR, USA). Samples examined with the OM were polished using standard metallographic
techniques to obtain a mirrorlike surface, and then etched with HF:HNO3 :H2 O = 1:2:7. The prior-β size
was obtained through OM observation. In addition to the above polishing procedures, the samples
examined with the SEM were electrochemically polished and cleaned with alcohol. For the SEM and
OM images, the size of prior-β grains, the phase fractions, and the size of the α and retained β phases
were obtained using Image-Pro Plus software. The phase fraction and size of the phases were measured
repeatedly in different areas and/or samples; thus, the values of the average phase fraction and the
average size of the α phases were statistically significant.
3. Results and Discussion
3.1. Microstructure
Figure 2 shows the optical images of the microstructure of TC4F after heat treatments, in which
the equiaxed prior-β grain could be identified. Figure 3 shows the phase-indexing image of Sample 4
after heat treatment taken by electron backscatter diffraction (EBSD). According to Kikuchi patterns,
the main cubic β phase, with a body-centered cubic (BCC) structure, and a small amount of the α
phase, with a hexagonal close-packed (HCP) structure, were indexed. The distribution of the two
phases is presented in blue and red. Figure 4 shows the backscattered SEM images of the TC4F samples’
microstructures. Corresponding to the phase morphology in Figure 3, the dark region in Figure 4 is the
α phase, and the light region is the β phase. These regions appeared that way because β stabilizers are
heavy elements. The region rich in β stabilizers, which appeared light in color in the backscattered
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Figure 4. Backscattered scanning-electron-microscope (SEM) images of TC4F after treatment. Samples
Figure 4. Backscattered scanning-electron-microscope (SEM) images of TC4F after treatment.
(a) 1, (b) 2, (c) 3, (d) 4, and (e) 5. Dark lamellar areas, α phase; light ones, β phase.
Samples (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5. Dark lamellar areas, α phase; light ones, β phase.

Figure 4. Backscattered scanning-electron-microscope (SEM) images of TC4F after treatment.
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Samples (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5. Dark lamellar areas, α phase; light ones, β phase.
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lamellar α, (b) width of lamellar α, (c) width of retained β, and (d) aspect-ratio distribution of lamellar
lamellar α, (b) width of lamellar α, (c) width of retained β, and (d) aspect-ratio distribution of
α. Microstructural features followed Gaussian distribution. Most probable values of α length, width,
α. Microstructural features followed Gaussian distribution. Most probable values of α
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aspect ratio, and retained β were ~4, ~0.85, ~5, and ~0.175 µm, respectively.
length, width, aspect ratio, and retained β were ~4, ~0.85, ~5, and ~0.175 μm, respectively.
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Figure 6. Distribution of microstructural features of TC4F Sample 2 after treatment. (a) Length of
lamellar α, (b) width of lamellar α, (c) width of retained β, and (d) aspect-ratio distribution of
lamellar α. Microstructural features followed Gaussian distribution. Most probable values of α
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length, width, aspect ratio, and retained β were ~3, ~0.9, ~3, and ~0.25 μm, respectively.
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Figure 8. Distribution of microstructural features of TC4F Sample 4 after treatment. (a) Length of
lamellar α, (b) width of lamellar α, (c) width of retained β, and (d) aspect-ratio distribution of
lamellar
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length, width, aspect ratio, and retained β were ~3, ~1.2, ~4, and ~0.20 μm, respectively.
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Figure 10 shows the statistical average values of TC4F’s microstructural features after heat
treatments. Data are summarized in Table 3. The aging temperature of Sample 2 was higher than that
of Sample 1, which led to a lower α fraction in Sample 2 than in Sample 1 (as shown in Figure 10c and
Table 3). A higher aging temperature facilitated the growth of the α phase, as evidenced by the higher
average width of lamellar α in Sample 2 than that in Sample 1 (see Figure 10b and Table 3), although the
average length of lamellar α was almost identical. Cooling after the solution treatment mainly affected
the size of the α phase precipitated during the subsequent aging process. The higher the cooling
rate was, the smaller the α phase size was. The average length and width of lamellar α in Sample 4
were larger than those in Sample 3 but smaller than those in Sample 5 (see Figure 10a,b and Table 3).
The prior-β grain size was controlled by the β-annealing treatment. A high temperature and a long
time accelerated the growth of the prior-β grain. After β-annealing at 1005 ◦ C for 70 min or 1100 ◦ C for
40 min, the β-grain size was around 900 µm (see Figure 10d and Table 3). The difference in β-grain
size of Samples 3–5 was mainly due to the result of the cooling rate after solution treatment; 1100 ◦ C
was more than 100 ◦ C higher than the β-transus temperature. The slow-cooling rate caused β-phase
grains to continue growing at temperatures higher than 975 ◦ C during the cooling process. Similar
conclusions were also found for other α + β titanium alloys [10–19]. β-Annealing at a low temperature
for a short time in the β-phase region facilitated small prior-β grains. Fast water cooling and aging at a
low temperature for a short time facilitated the formation of the finest lamellar α precipitates.
Table 3. Statistical microstructural features of TC4F after heat treatments.
Sample

Average Width
of Lamellar α
/µm

Average Length
of Lamellar α
/µm

Average Width
of Retained β
/µm

Average
Aspect Ratio
of Lamellar α

Volume
Fraction of
Lamellar α/%

Average
Prior-β Size
/µm

1
2
3
4
5

0.81 ± 0.02
0.93 ± 0.10
0.45 ± 0.05
1.00 ± 0.04
1.83 ± 0.34

3.37 ± 0.21
3.48 ± 0.03
2.35 ± 0.50
4.32 ± 0.60
11.81 ± 0.20

0.21 ± 0.04
0.23 ± 0.03
0.18 ± 0.01
0.24 ± 0.02
0.44 ± 0.02

4.22 ± 0.13
4.20 ± 0.33
4.39 ± 0.32
4.13 ± 0.16
3.87 ± 0.37

82.71 ± 1.63
80.47 ± 1.87
84.05 ± 0.96
84.57 ± 0.29
85.07 ± 1.16

890.00 ± 2.48
891.39 ± 4.32
863.97 ± 7.23
900.26 ± 6.34
938.53 ± 12.22

rate after solution treatment; 1100 °C was more than 100 °C higher than the β-transus temperature.
The slow-cooling rate caused β-phase grains to continue growing at temperatures higher than 975
°C during the cooling process. Similar conclusions were also found for other α + β titanium alloys
[10–19]. β-Annealing at a low temperature for a short time in the β-phase region facilitated small
prior-β grains. Fast water cooling and aging at a low temperature for a short time facilitated
the
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Table 4. Tensile properties of TC4F alloy after different heat treatments.
Sample

Tensile Strength
/MPa

Yield Strength
/MPa

Elongation
/%

Fracture Toughness
/MPa·m1/2

1
2
3
4
5

+15
999−35
+7
993−13
+9
1038−8
+10
904−7
+5
878−5

+17
919−31
+9
879−8
+2
1016−4
+9
876−18
+11
864−6

+.3
10.4−2.4
+3.1
10.7−1.5
+.8
4.0−1.0
+2.4
5.8−0.7
+.7
6.8−0.6

+7.4
94.4−2.0
+2.1
96.4−5.0
+2.9
89.8−6.8
+1.7
99.4−7.9
+.5
109.9−0.9

Figure 12 shows the fracture surface of the heat-treated TC4F alloys after the fracture-toughness
test. The fracture surfaces of TC4F in Samples 1 and 2 showed plastic fractures (see Figure 12a,b).
The cracked surfaces contained large dimples and the formation of secondary cracks. The fracture
surfaces of Samples 3 and 4 exhibited brittle fractures (see Figure 12c,d). There were micropores and
cleavage steps with strip patterns. More cracking along the lamella could be observed on the fracture
surfaces. The fracture surface of Sample 5 showed a typical mixed-mode fracture (see Figure 12e).
Dimples, ravines, and micropores could be observed on the fracture surface. When the fracture surfaces
were compared after three treatments, Sample 5 had the largest dimples. It was evident that the high
numbers of relatively large dimples and higher undulation depth were beneficial to fracture toughness
since Sample 5 had the highest value in the experiment.

elongation, and fracture toughness were in the range of 878–1038 MPa, 864–1016 MPa, 4.0–10.7%,
and 89.8–109.5 MPa·m0.5, respectively. When the mechanical properties of Samples 1 and 2 were
compared, the alloy treated at a higher aging temperature was found to have lower strength, and
higher plasticity and fracture toughness. When the mechanical properties of Samples 3–5 were
compared,
the high cooling temperature was found to result in high strength, but low plasticity and
Metals 2020, 10, 854
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toughness.
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Table 4. Tensile properties of TC4F alloy after different heat treatments.
Sample
1
2
3
4
5

Tensile Strength
/MPa
+15
999−35
+7
993−13
+9
1038−8
+10
904−7
+5
878−5
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+17
919−31
+9
879−8
+2
1016−4
+9
876−18
+11
864−6

Elongation
/%
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/MPa·m0.5
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94.4−2.0
+2.1
96.4−5.0
+2.9
89.8−6.8
+1.7
99.4−7.9
+0.5
109.9−0.9

Figure 12 shows the fracture surface of the heat-treated TC4F alloys after the fracture-toughness
test. The fracture surfaces of TC4F in Samples 1 and 2 showed plastic fractures (see Figure 12a,b).
The cracked surfaces contained large dimples and the formation of secondary cracks. The fracture
surfaces of Samples 3 and 4 exhibited brittle fractures (see Figure 12c,d). There were micropores and
cleavage steps with strip patterns. More cracking along the lamella could be observed on the fracture
surfaces. The fracture surface of Sample 5 showed a typical mixed-mode fracture (see Figure 12e).
Dimples, ravines, and micropores could be observed on the fracture surface. When the fracture
surfaces were compared after three treatments, Sample 5 had the largest dimples. It was evident that

Figure 12. SEM images of fracture surface of heat-treated TC4F. Samples (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5.
Figure 12. SEM images of fracture surface of heat-treated TC4F. Samples (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5.

3.3. Discussion on Correlation between Microstructure and Mechanical Properties
Figure 13 depicts the correlation between microstructural features and strength. Tensile and
yield strength decreased as the length and width of α, the width of the retained β, and the prior-β
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3.3. Discussion on Correlation between Microstructure and Mechanical Properties
Figure 13 depicts the correlation between microstructural features and strength. Tensile and yield
strength decreased as the length and width of α, the width of the retained β, and the prior-β size
increased. However, tensile and yield strength increased with the aspect ratio of α. The effect of the α
fraction on strength was complicated. The TC4F with ~84 vol % α showed the highest strength values.
The α phase strengthening is actually the α/β phase interface strengthening. The large area of the
α/β-phase interface contributed to high strength values. In this work, due to differences in α-phase
width, a high α-phase fraction did not mean a large area of the α/β-phase interface. The α/β-phase
interface could be suggested by the α-fraction-to-width ratio. Figure 14 shows the plots for strength
and α-fraction-to-width ratio vs. the α fraction. Variations in strength and α-fraction-to-width ratio
were consistent. Therefore, the TC4F with the highest areas of α/β-phase interface had the highest
Metals 2020,
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Figure 13. Variations in strength and microstructural features. (a) Average length, (b) average width,
and (c) volume fraction of lamellar α; (d) average width of retained β; (e) average aspect ratio of
lamellar
(f) prior-β size.
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Figure 14. (a) Yield strength and α-fraction-to-width ratio varied with volume fraction of lamellar α.
Figure 14. (a) Yield strength and α-fraction-to-width ratio varied with volume fraction of lamellar α.
(b) Tensile strength and α-fraction-to-width ratio varied with volume fraction of lamellar α. Yield and
(b) Tensile strength and α-fraction-to-width ratio varied with volume fraction of lamellar α. Yield
tensile
strengths
were more closely related to α-fraction-to-width ratio.
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Figure 15. Variations in elongation and microstructural features. (a) Average length, (b) average
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strength, yield strength, elongation, and fracture toughness, which were measured at 999 and 919
MPa, 10.4%, and 94.4 MPa·m1/2, respectively. Performance was generated by β-annealing at 1005 °C
for 70 min, followed by air cooling to room temperature, aging at 722 °C for 2 h, and air cooling to
room temperature again (treatment for Sample 1).
Figure 17 compares the combinations of yield strength/fracture toughness of the heat-treated
samples in this work with BASCA heat-treated TC4 [24]. The fracture toughness of TC4F was
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strength, elongation, and fracture toughness, which were measured at 999 and 919 MPa, 10.4%, and
94.4 MPa·m1/2 , respectively. Performance was generated by β-annealing at 1005 ◦ C for 70 min, followed
by air cooling to room temperature, aging at 722 ◦ C for 2 h, and air cooling to room temperature again
(treatment for Sample 1).
Figure 17 compares the combinations of yield strength/fracture toughness of the heat-treated
samples in this work with BASCA heat-treated TC4 [24]. The fracture toughness of TC4F was superior
to that of TC4. The fracture toughness of BASCA heat-treated TC4 was below 80 MPa·m1/2 , while
the fracture toughness of TC4F could reach 110 MPa·m1/2 . This further demonstrates that fracture
toughness was improved in TC4F through the addition of Fe. Thus, the TC4F shows promise in marine
and aeronautical
Metals
2020, 10, 854 applications.
14 of 15

17. Comparison
of mechanical
properties
BASCA
heat-treated
TC4F
and
TC4 [24].
FigureFigure
17. Comparison
of mechanical
properties
BASCA
heat-treated
TC4F and
TC4
[24].

4. Conclusions
4. Conclusions
1. The heat-treatment procedure had a significant effect on the microstructure. A higher aging
1. The heat-treatment procedure had a significant effect on the microstructure. A higher aging
temperature facilitated the growth of the α phase. The cooling period after solution treatment mainly
temperature facilitated the growth of the α phase. The cooling period after solution treatment
affected the size of the precipitated α phase during the subsequent aging process. The higher the
mainly affected the size of the precipitated α phase during the subsequent aging process. The
cooling rate was, the smaller the α-phase size was.
higher the cooling rate was, the smaller the α-phase size was.
2. Aging temperature and cooling rate had an impact on mechanical properties. High aging
2. Aging temperature and cooling rate had an impact on mechanical properties. High aging
temperatures and low cooling rates led to low strength, and high plasticity and fracture toughness.
temperatures and low cooling rates led to low strength, and high plasticity and fracture toughness.
3. Tensile and yield strength decreased as the length and width of α, the width of retained β,
3. Tensile and yield strength decreased as the length and width of α, the width of retained β,
and prior-β size increased. However, strengths increased with the aspect ratio of lamellar α. Fracture
and prior-β size increased. However, strengths increased with the aspect ratio of lamellar α. Fracture
toughness showed the opposite tendency, that is, it increased as the length and width of α, the width
toughness showed the opposite tendency, that is, it increased as the length and width of α, the width
of the retained β, and prior-β size increased, and as the aspect ratio of lamellar α decreased. The
of the retained β, and prior-β size increased, and as the aspect ratio of lamellar α decreased. The
effect of the α fraction on strength and fracture toughness was complex. The TC4F alloy with ~84 vol
effect of the α fraction on strength and fracture toughness was complex. The TC4F alloy with ~84 vol
% α exhibited the highest strength and lowest fracture toughness because it had the highest area of
% α exhibited the highest strength and lowest fracture toughness because it had the highest area of
α/β-phase interface. The dependence of plasticity on the microstructure was not obvious compared to
α/β-phase
interface. The dependence of plasticity on the microstructure was not obvious compared
that of the strength and fracture toughness.
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that of the strength and fracture toughness.
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