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Abstract: The steep thermal gradient and complicated thermal cycle occur in the fabrication of
Ti6Al4V alloy during laser solid forming (LSF). That leads to obvious anisotropic mechanical proper-
ties and requires essential heat treatments to improve its performance. In this work, different heat
treatment strategies under vacuum condition were used to study the evolution of microstructures
and mechanical properties of Ti6Al4V alloy produced by LSF. The results show that transformation
from « phase into lamellar « + 3 dual-phases structure is introduced at low temperature (550 °C), and
the « phase is broken and refined at higher temperature (800 °C). Tensile tests present the increase
of elongations in the horizontal and vertical directions by 12.4% and 13.2% for specimens treated
by two-step heat treatment (750 °C x 4 h + 500 °C x 1 h). Fatigue crack growth (FCG) lives of
LSFed Ti6Al4V alloy after different heat treatments were improved due to the elimination of residual
tensile stress and the transformation of « phase into « +  dual-phase structure. Specimens treated at
800 °C for 4 h exhibit a higher fatigue life among those heat-treated alloys. The low sensitivities of
the FCG behavior in the Paris-zone to different heat treatments under vacuum condition are explored
in the FCG testing of Ti6Al4V alloy.

Keywords: Ti6Al4V; laser solid forming; heat treatment; microstructures; mechanical properties

1. Introduction

Laser solid forming (LSF, the abbreviations are summarized in Table 1) is a direct
additive manufacturing (AM) technology, in which metallic powders are gradually melted
under a high-power laser irradiation, and re-solidified to form parts with complex geome-
tries, such as aircraft wings with integral rib reinforcement structures, as demonstrated
by Zhao et al. [1]. LSF possesses significant advantages over conventional manufacturing,
such as non-contact processing, net shape production, and free design in many cases
including those by Zhang et al. [2] and Paydas et al. [3]. Thijs et al. [4] reported that various
metallic materials have been manufactured using LSF. As for additive manufacturing of
complex parts with high mechanical demands, LSF behaves in the non-limited forming
size, composite or gradient structure fabrication upon the same basic parts, and in situ
repair of damaged parts. Additionally, LSF can be easily combined with the traditional
processing technology, such as forging and casting, giving full play to the advantages of
various processing technology [5-7].

Ti6Al4V alloy was reported with high specific strength, good ductility, and excellent
fatigue properties by Liu et al. [8]. Ti6Al4V alloy has received prime attention owing to its
broad applications in aerospace, biomedical, and other fields [9]. The mechanical properties
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of the LSF-fabricated Ti6Al4V alloy depend largely on their microstructure and constituent
phases [10]. As for Ti6Al4V alloy, it is often recognized that the ultimate microstructure
is dominated by &’ martensite as a result of rapid cooling. The elongated prior-B grain
boundaries in conjunction with the presence of acicular «’ martensite favor intergranular
failure. Thus, the post-heat treatment is needed to transform the «’ martensite into « and
f to imparts high yield strength and ductility to the as-deposited Ti6Al4V alloy without
heat treatment. For additively manufactured Ti6Al4V alloy, Xu et al. [11] observed the
unacceptable o’ phase martensite in the pre-deposited 3 columnar crystals, which results
in low elongation and poor toughness. In addition, Yan and Yu [12] reported that the
elongation of the Ti6Al4V alloy produced by AM was less than 5%, which was below
the minimum threshold suggested for critical structural applications. It is essential to
post-process AM-fabricated Ti6Al4V alloy to obtain proper microstructure and phases for
practical application. According to Vilaro et al. [13], heat treatment technology has become
an effective approach to improve the performance of AM-fabricated Ti6Al4V alloy. Ter
Haar and Becker [14] found that the o’ phase martensite were formed in four different
sizes due to the rapid cooling after AM, and they were sequentially dissolved from small
to large in size with the increasing heat treatment temperatures. The decomposition of the
unacceptable o’ phase martensite was introduced to maintain the strength and ductility
of Ti6Al4V alloy. In addition, when the anneal temperature was lower than (3-transus-
temperature, the original o’ phase martensitic was easily transformed into a lamellar « + 3
dual-phase structure as demonstrated by Vrancken et al. [15]. Kumar and Ramamurty [16]
reported that the fatigue resistance of Ti6Al4V alloy after heat treatment with a basket-like
a + 3 structure can be improved significantly due to the appropriate lamellar thickness
and colony size. On the other hand, heat treatment is often applied to modify internal
stress for fatigue crack growth (FCG) behavior improvement [17]. Wycisk et al. [18] show
that the stress intensity threshold factor (AKy,) is not sensitive to the size of prefabricated
crack defects due to the fine microstructure. Irving and Beevers [19] found that crack
deflection occurred along the x-phase boundary, and as the value of stress intensity factor
(AK) increased, the crack propagated along the colony boundary. In the post-crack stage,
when removing the residual stress of the parts produced by AM, a similar FCG behavior is
found in the parts produced by traditional manufacturing processes as reported by Leuders
et al. [20]. From the above, heat treatment plays a significant role in the improvement of
mechanical properties of the AM-fabricated Ti6Al4V alloy, and the important mechanistic
details have remained elusive. It is necessary to study the information about the evolution
of microstructures and mechanical properties of LSF-fabricated Ti6Al4V Alloy after heat
treatment under vacuum condition. This may provide new insights for the understanding
of the effect of post-AM heat treatment.

In this study, different heat treatments under vacuum condition were used to in-
vestigate the microstructure evolution of LSF-fabricated Ti6Al4V alloy. The mechanical
properties and FCG tests were performed on specimens with different orientations to
evaluate the effect of heat treatments on the anisotropy of LSF-fabricated Ti6Al4V alloy.
Further discussion was conducted to reveal the influence mechanism of heat treatments on
microstructure and mechanical properties.

Table 1. List of abbreviations used in this study.

Abbreviation Meaning

LSF laser solid forming

FCG Fatigue crack growth

AM Additive manufacturing

AKi Stress intensity threshold factor
AK Stress intensity factor
FC Furnace cooling

oM Optical microscope

SEM Scanning electron microscope
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Table 1. Cont.

Abbreviation Meaning
CT specimens Compact tensile specimens
COD Crack opening displacement
XGB « phases in grain boundary
oW the Widmanstitten structure with parallel « plates
WM Intragranular basket-weave microstructure
YS Yield strength
UTS Ultimate tensile strength
EBAM Electron beam additive manufacturing
da/dN FCG rate

2. Materials and Methods
2.1. Materials

Ti6Al4V alloy powder (provided by Xi’an Bright Laser Technology Co., Ltd., Xi'an,
China) was prepared by gas atomization method and then dried in a vacuum brazing
furnace (VBF-113) at 120 £ 5 °C for 2 h to remove the absorbed water. The average chemical
composition (wt.%) of Ti6Al4V alloy powder was measured as Al: 6.75, V: 4.5, O: 0.20,
H: 0.015, N: 0.05, C: 0.10, Fe: 0.30, and Ti: balance. The LSF of Ti6Al4V alloy powder
was conducted in the Metal AM Machine (BLT-C600, Xi’an Bright Laser Technology Co.,
Ltd., Xi’an, China). In LSEF, laser processing parameters directly affect the microstructure
and mechanical properties due to the fast melting and re-solidifying procedure. Obvious
LSF defects, such as pores and cracks, were formed during LSF when inappropriate laser
processing parameters were adopted. In a view of manufacturing efficiency, beam diameter,
laser power, and scanning velocity have significant effects on the width of cladding layer.
Scanning velocity and powder feed rate determine the height of cladding layer. Thus,
based on the pre-study of laser processing parameters, the following parameters were
adopted in this study: A laser power of 3 kW, a beam diameter of 5 mm, a scanning velocity
of 720-900 mm/min, and a powder feed rate of 25-50 g/min. As shown in Figure 1a, a 45°
cross-directional laser scanning strategy was used to reduce the anisotropy of mechanical
properties during LSF.

(a)

-
@
®: &
Ti6AI4V powder ™, T -
-]

canning 3,
AN
N+1 layer
Y
L N layer
X

Ti6Al4V Substrate

4

-

(d) |

V-tensile H-tensile V-CT H-CT

Figure 1. Schematics of (a) the laser solid forming processing of Ti6Al4V alloy, (b) tensile specimens,
(c) compact tensile (CT) specimens, and (d) locations of specimens for characterization.
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2.2. Heat Treatment

In this study, different treatment under vacuum condition were conducted to study
the effect of heat treatments on the microstructures and mechanical properties of LSFed
Ti6Al4V alloy. Table 2 lists the specific parameters of the three heat treatments, labeled HT1,
HT2, and HT3, respectively. As shown in Table 2, single-step annealing was used for HT1
and HT?2, and two-step process was used for HT3. Those heat treatments were adopted
considering the stress-relieving anneal temperature, where the maximum temperatures
are lower than the 3-transition temperature. HT'1 and HT2 were conducted in the low
temperature region and medium temperature region, respectively. In HT3, the first-step
annealing was conducted in the medium temperature region, and the second-step process
was performed in the low temperature region. A Vacuum Brazing (VBF-113) Furnace was
used for different heat treatment processing, with the degree of vacuum controlled below
5 x 1072 Pa. The proposed single or two-step processes under vacuum conditions ensure
the reduction of oxidation and hydrogen removal, and reduce residual stress in LSFed
Ti6Al4V alloy. The heating rate was kept constant at 10 °C/min, and furnace cooling (FC)
was adopted to drop to room temperature. FC was adopted under the consideration that
the aforementioned different treatments were conducted in the vacuum furnace with the
degree of vacuum controlled below 5 x 10~ Pa, and sequent quenching without FC would
lead to the oxidation of sensors in the furnace. Additionally, LSFed Ti6 Al4V alloy cooled
by quenching is prone to martensite phase, resulting in a decrease in elongation properties.

Table 2. Specifications for heat treatments.

Heat Treatment Temperature (°C) Hold Time (h) Method of Cooling
As-deposited
HT1 550 2 FC
HT2 800 4 FC
Step 1 750 4 FC
HT3 Step 2 500 1 FC

2.3. Microstructure and Mechanical Property Measurements

Metallographic specimens were cut from as-deposited and heat-treated Ti6Al4V alloy by
EDM, and then ground, polished, and etched with Keller reagent (HF: HNO3: H,O = 1:3:7). The
microstructure was observed using an optical microscope (OM, OLYMPUS DP72, Olympus Corp.,
Tokyo, Japan) and scanning electron microscope (SEM, JEOL 7001, JEOL Ltd., Tokyo, Japan).

Vickers microhardness was measured on the etched specimens using a FM-800 microhardness
tester, with a load of 300 g and a dwell time of 15 s. Four blocks with a size of 10 x 10 x 10 mm?
were prepared from the same height of the LSFed Ti6Al4V wall, and three of them were heat-treated.
For those blocks, 15 measuring points were conducted with an equal interval of 0.5 mm, and the
indentations were randomly distributed on the grain boundary or in the grain. Specimens for tensile
test were prepared in accordance with the ASTM: E8/E8M standard [21], and the size characteristics
were shown in Figure 1b. In order to study the anisotropy of TibAl4V alloy, tensile specimens in
horizontal (H) and vertical (V) directions were prepared, as shown in Figure 1d. Tensile tests were
carried out by a computerized tensile tester (Instron-8801, Instron Corp., Norwood, MA, USA) with
a velocity of 1.5 mm/min and a restricted maximum tensile force of 10 kN at room temperature. As
shown in Figure 1c, FCG rate experiments were carried out using compact tensile (CT) specimens
(W =50 mm, B = 10 mm) in accordance with ASTM: E647 standard [22]. As shown in Figure 1d, CT
specimens were also produced with horizontal and vertical direction ones as the crack growth plane
perpendicular and parallel to the deposition direction, respectively. Prior to commencing the FCG
rate evaluation, a 1 mm long pre-crack was developed at the notch root with a constant external load
of 7 kN. The actual FCG rate experiments were performed with a pull-pull load (R) of 0.1, a constant
amplitude (AP) of 6 kN, and a frequency of 20 Hz at room temperature on Instron-8801. The length
of the fatigue crack was measured by a crack opening displacement (COD) gauge attached to
the specimen.
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3. Results
3.1. The Microstructures of LSFed Ti6Al4V Alloy before and after Heat Treatment

Figure 2a,b shows the typical microstructure of the as-deposited Ti6Al4V alloy along
vertical and horizontal directions. The observed cube was schematic illustrated
in Figure 2d. As shown in Figure 2a, columnar (3 crystals grew across several deposition
layers along the vertical direction with a width of approximately 300~500 um. Tan et al. [23]
attributed this to the large positive temperature gradient existing in the solid-liquid in-
terface in the molten pool. As shown in Figure 2b, a checkerboard shape microstructure
appeared in the horizontal direction, which represents the cross section of columnar {3 crys-
tals. In addition, different types of « phases were formed owing to the complicated thermal
cycle and rapid cooling rate during the LSF process as demonstrated by Fu et al. [24]. Ac-
cording to the distribution characteristics of « phases reported by Zhao et al. [1], it can be
divided into the « phases in grain boundary (xgp), the Widmanstitten structure with par-
allel « plates (otyy), and the intragranular basket-weave microstructure (ocwn). As shown
in Figure 2¢, continuous xgp was distributed along the columnar 3 crystals with a width of
3 um. ay phases nucleated on the xgp and extended into the columnar (3 crystals. There is
a competitive growth mechanism between oy and oy in the cooling process during AM.
It can be explained that higher undercooling promotes the nucleation and growth of a large
number of oy phases, which hinders the extension of oy from the columnar (3 crystals
boundary to the intragranular, resulting in a dominant basket-weave microstructure.

Deposition direction

L~

Figure 2. Microstructure of the Ti6Al4V alloy along (a) vertical direction, (b) horizontal direction,
and (c) detailed observation of « phases, (d) schematic diagram of the observation position.

Figure 3a—d gives representative secondary electron micrographs of the intragranular
basket-weave structure for the as-deposited and heat-treated LSF Ti6Al4V specimens. The
dark phase is the o phase, and lighter zones are 3 phase. Table 3 lists the volume fraction
of 3 phase and the width range of « phase. Image ] software (v.1.52; National Institutes of
Health, Bethesda, MD, USA) was used to convert the SEM image into a binary image, and
then use the area analysis method to calculate the percentage of phases. In the as-deposited
Ti6Al4V alloy, the « phase width was measured in a large range (between 0.2 pm and
1.8 um), and this hierarchical microstructure was also observed in the SLM-fabricated
Ti6Al4V alloy produced by Yang et al. [25]. For specimens after HT1 in Figure 3b, the «
phases were transformed into lamellar « + 3 dual-phase structure, and the volume fraction
of columnar 3 crystals increased from < 2% to 19%, while the basket-weave microstructure
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was completely retained. For specimens after HT2 in Figure 3¢, a large number of small-
sized a phase was broken significantly, with the refinement of large-sized « phases as
the maximum size reduced to 0.9 um in Table 3. Ter Haar and Becker [14] confirmed that
small-sized o phases preferentially fragmented and dissolved under moderate temperature
treatment. As shown in Figure 3d, since the first-step annealing (750 °C, 4 h) of HT3
was close to that of HT2, the small-sized « phases were broken, and then grown into
short-rod or spherical shape in the following low-temperature treatment (500 °C, 1 h).
It is also observed that the maximum size of the coarsened « phases was twice that of
the microstructure after HT2. In addition, all heat treatments effectively transform the
as-deposited « phase into an o« + 3 dual-phase structure. According to Tan et al. [26], this
can be explained that the alloying element V was excluded from the transformation process
of supersaturated « phases into steady-state « phases, so that V with high concentration
promotes the nucleation of columnar {3 crystals and the growth along the o boundary.

Figure 3. The SEM micrographs of LSFed Ti6Al4V alloy for (a) as-deposited specimens, and after (b)
HT1, (c) HT2, (d) HT3 heat treatments.

Table 3. Microstructure summary of Ti6bAl4V alloy before and after different heat treatments.

Heat Treatment 3 Phase Fraction « Phase Width (Min-Max)
As-deposited <2% 0.2-1.8 um
HT1 19% 0.4-1.5 pm
HT2 8% 0.3-0.9 um
HT3 6% 0.6-1.8 um

3.2. Mechanical Properties
3.2.1. Microhardness and Tensile Behavior

The microhardness of the as-deposited and heat-treated LSF Ti6Al4V alloy is shown
in Table 4. For as-deposited or heat-treated samples, similar microhardness was noted
for H and V specimens. The isotropic feature of microhardness indicated that the main
basket-weave microstructure within the prior columnar {3 crystals had no obvious effects
on the microhardness in horizontal and vertical directions. As shown in Table 4, the as-
deposited specimens exhibited a maximum microhardness of ~370 HV due to the brittle
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hard o phases formed in the molten pool during rapid cooling. The microhardness of the
specimens after the heat treatments was slightly reduced due to the transformation of the
a phases into « + (3 dual-phase structure. Among the heat treatments, the microhardness
of the HT1 specimens reached ~355 HV due to the harder 3 phase accounting for 19%,
while the decrease of the 3 phase content in the HT2 and HT3 material resulted in a lower
hardness of ~350 HV.

Table 4. Summary of the mechanical properties of as-deposited and heat-treated Ti6Al4V alloy.

. o Microhardness Elongation
Specimen Direction (HV) YS (MPa) UTS (MPa) (%)
As-deposited H 370+ 8 831+ 6 909 £ 8 11.5+0.8
P \% 366 +9 789 + 12 885+ 11 12.1+0.7
HT1 H 356 +5 866 + 6 934 +4 11.1+04
\% 355+ 5 787 £ 6 862+ 6 121+1.2
HT? H 344 + 8 768 £+ 21 837 £ 29 82+16
\% 347 + 10 711 +£13 809 + 20 127 +1.0
HT3 H 352 +9 786 £ 17 852 £ 19 124 +04
\Y 348 +11 740 £ 5 821+9 132+ 0.6

The curves engineering stress against engineering strain of the as-deposited and
heat-treated specimens are shown in Figure 4. The corresponding yield strength (YS),
ultimate tensile strength (UTS), and elongation in horizontal and vertical directions are
summarized in Table 4. Compared with the tensile properties in horizontal direction,
YS and UTS were general lower and elongation was higher in vertical direction for as-
deposited and heat-treated Ti6Al4V alloy. The anisotropic mechanical properties were
attributed to the orientations of the prior columnar 3 crystals and the load axis. Dur-
ing the uniaxial stretching process of vertical specimens, the parallel between long axis
of the prior columnar {3 crystals and the tensile axis resulted in a weakened resistance
against deformation.

1000

800

600

Engineering stress (MPa)

400 = As-deposited-H == As-deposited-V
| —¥=—Relief annealing-H = —{=—Relief annealing-V
¥ —— Full annealing-H —— Full annealing-V
200 1y Duplex annealing-H Duplex annealing-V
0 1 1 L 1 I 1 " 1 L 1 L 1
0 2 4 6 8 10 12

Engineering strain (%)

Figure 4. The curves engineering stress against engineering strain of as-deposited and heat-
treated specimens.

Compared with as-deposited specimens, YS and UTS of specimens treated by HT1
increased by ~35 MPa and ~25 MPa in a horizontal direction and remained basically flat in
vertical direction. The results of YS and UTS decreased together both in horizontal and
vertical direction for specimens treated by HT2 and HT3. A continuous 3 phase with a
high-volume fraction was formed at the boundary of « phase at low treating temperature
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(550 °C) in HT1 specimens. The microstructural changes of HT1 specimens blocked the
transfer of dislocations between adjacent « phases, resulting in an increase in strength
eventually. The tensile strength of titanium alloys mainly depends on the effective slip
length. In the basket-weave structure, the effective slip length is equal to the width of the
lamellar  phase [3]. The dislocation slips in the « phase and stops at the ot/ 3 boundary. As
for specimens treated by HT2 and HT3, the volume fractions of columnar {3 crystals reduced
to 8% and 6%, receptively, resulting in the reduction of ability to hinder the dislocation
transfer. Along the vertical direction, the elongation of HT1 specimens was similar to that
of as-deposited alloy, and the elongations were slightly improved for specimens treated
by HT2 and HT3, reaching 12.7% and 13.2%, respectively. The microstructural changes
of specimens treated by different heat treatments appeared to have no obvious relations
with the low and irregular elongations in horizontal direction. The elongation for HT2
specimens showed an obvious reduction with 8.2% in horizontal direction. That may be
attributed to the defects such as holes, which were easy to form stress concentration and
acted as the source of fracture.

3.2.2. FCG Tests

The crack length (a) vs. cycles (N) curves (a-N curves) of the as-deposited and heat-
treated specimens are shown in Figure 5a,b, corresponding to the crack growth in the
horizontal and vertical directions, respectively. This difference of total number of cycles
in different directions is confirmed by the bar chart in Figure 5c. As shown in Figure 5a,
the as-deposited specimens had similar FCG rate in horizontal direction compared with
the heat-treated specimens before the initial 3 x 10* cycles. An obvious difference was
presented in Figure 5b where the HT1 and HT2 specimens had lower FCG rates in vertical
direction. After 3 x 10* cycles, compared with FCG behaviors in horizontal direction in
Figure 5a, the FCG rates of HT1 and HT2 specimens is lower for FCG testing in the vertical
direction. As shown in Figure 5c, Fatigue crack growth (FCG) lives of LSFed Ti6Al4V alloy
after different heat treatments were improved due to the elimination of residual tensile
stress and the transformation of « phase into « + 3 dual-phase structure as reported by
Galarraga et al. [27]. Specimens treated at 800 °C for 4 h exhibits a higher fatigue life among
those heat-treated alloys. The as-deposited Ti6Al4V alloy exhibited an isotropic feature
of FCG lives, which were confirmed by the similar cycle life in two directions. As for
specimens treated by HT1 and HT2, the numbers of cycles in vertical direction were 6~7%
longer than that in horizontal direction. That was attributed to the correlation between
the crack orientation and the growth direction of the prior columnar (3 crystals. Ti6Al4V
alloy after HT3 condition exhibited the opposite FCG behavior in vertical direction. The
number of cycles was approximately 8.5 x 10* and slightly higher than that of as-deposited
specimens. The coarsening of « phase with the second-step annealing might have led to
the abnormal FCG behaviors for HT3 specimens.

Results of FCG rate (da/dN) with the changes of AK in FCG testing for as-deposited
and heat-treated Ti6Al4V alloys are displayed in Figure 6. The steady-state extension area
was fitted by the Paris formula (da/dN = C-AK™, where m is reflected by the slope of the
fitted line and 1gC corresponds to the intercept on a log-log plot) with AK ranging from 22 to
45 MPa-m!/2. The fitted values of m and C were summarized in Table 5 for the as-deposited
and heat-treated specimens in different directions. As presented in Table 5, m ranged from
2.34 to 2.74, which was lower than that reported by Kumar et al. [28] in an earlier study
for Ti6Al4V alloy produced by SLM. Comparing the m values in horizonal and vertical
directions, specimens shared approximately steady-state FCG behavior for as-deposited
and heat-treated specimens. Edwards et al. [29] and Edwards and Ramulu [30] found this
isotropic feature of FCG rate was also observed in Ti6Al4V specimens produced by SLM
and electron beam additive manufacturing (EBAM) as well. The microstructural changes
induced by different heat treatments can hardly affect the FCG behavior in the steady-state
extension area of Ti6Al4V alloy. Besides the as-deposited specimens, specimens treated by



Metals 2021, 11, 346

9of 14

Crack Length (mm)

HT1 and HT?2 also behaved well in vertical direction with slightly lower m. As for HT3

specimens, opposite FCG behavior was presented, which was proved in Figure 5.
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Figure 5. Crack length vs. number of cycle curve of Ti6Al4V alloy in (a) horizontal direction and (b) vertical direction, and
(c) cycle life results after heat treatments.
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Table 5. Material constants m and C of the as-deposited and heat-treated specimens.

Specimens Direction m C
As-deposited I\_]I ;g? Zgg i igj
i v 5 10
s T
: T

3.2.3. FCG Fracture Morphology

The side morphologies of the FCG fracture for HT1 specimens with lamellar
o + 3 dual-phase structure was shown in Figure 7. In Figure 7a, the smooth fracture
was characterized by transgranular cracks, which passed through the prior columnar 3
crystals. While as shown in Figure 7b, intergranular cracks propagated and extended along
the columnar (3 crystals boundaries for specimens in vertical direction. In FCG testing,
the agp provided an potential path for crack growth due to the strain localization within
it reported by Rans et al. [31]. Whether transgranular or intergranular cracks dominate,
the generation of fracture depended on the distance the crack front needed to span. The
schematic diagram of cracks propagation in horizontal or vertical directions is shown in
Figure 7c. In Figure 7c, the cracks are shown with red lines and the prior columnar
crystals are presented with blue ellipses. As presented in Figure 7a,c, the horizontal crack
is perpendicular to the prior columnar 3 crystals. The crack tip cannot get through the long
axis of the prior columnar 3 crystals under external cyclic load, resulting in a transgranular
fracture. As the crack tip extends exactly near the head or tail of the columnar 3 crystals,
the slight deflection occurs to present an intergranular crack. In the vertical direction, as
shown in Figure 7b,c, the long axis of most prior columnar {3 crystals is parallel to the
generation direction of FCG Fracture. Therefore, the probability increases as the crack
propagates along the grain boundary of the columnar 3 crystals, and intergranular cracks
are observed.

Figure 7. The side morphologies of the FCG fracture for HT1 specimens in (a) horizontal and (b) vertical directions, and (c)

schematic representation of FCG along two directions, respectively.

The fracture morphologies of the as-deposited and the heat-treated LSF Ti6Al4V alloys
in horizontal and vertical direction at a ~#28 mm are shown in Figure 8. For the as-deposited
specimens in Figure 8a, the brittle crack propagation was characterized by irregular small
facets and a large number of microcracks with a width of ~2.8 um, indicating that the
crack growth occurred in an unstable state. As shown in Figure 8b, the phenomenon that
the structure was separated from the matrix was observed for as-deposited sample in
the vertical direction, which may be because the coordinated deformation ability of the
a colony was poor under the action of alternating stress. As shown in Figure 8c,d, the
widths of uniform fatigue striations were observed as 0.88 um and 0.56 um, respectively,
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based on the average widths of five adjacent ductile fatigue striations. That showed the
fractures of HT1 specimens was in the stable expansion stage, and the FCG rate in the
vertical direction is lower than in the horizontal direction. In the HT2 specimens, the width
of fatigue striations was 0.71 pm in the horizontal direction (Figure 8e) and 0.52 um in the
vertical direction (Figure 8f), which indicated that the FCG rate in both directions after HT2
treatment was reduced compared with the HT1 materials, respectively. Compared with the
fatigue striations characteristics in Figure 8g, more microcracks with a maximum width
of 3.98 pm were observed in the fracture morphologies of HT3 specimens in the vertical
direction (Figure 8h). At the same time, the fatigue striations seemed to be generated
unevenly along the propagation of fractures. That was consistent with the result that the
fatigue life of HT3 specimens was lower than that of specimens treated by HT1 and HT2 in
vertical direction.

Horizontal direction Vertical direction

\

Micro-cracks

As-deposited

XJ.B pm

2.84 pm
12.99 pm
A

HTI

4.36 pm,

HT2

|

Micro cracks

HT3

Figure 8. Fracture morphologies for vertical FCG at a ~28 mm: (a,b) as-deposited, (¢, d) HT1,
(e,f) HT2 and (g,h) HT3 specimens.
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The specific distribution of fatigue striations in the heat-treated specimens are pre-
sented in Figure 9. Figure 9a,c shows horizontal cracks of HT1 and HT3, respectively, and
Figure 9b shows vertical cracks of HT2. In Figure 9a, the distance between the parallel
tearing ridges was approximately 10-15 um for specimens in vertical direction treated
by HT1. The size of the distance between the parallel tearing ridges was similar to the
distance between the large-size « phases shown in Figure 3b. As presented in Figure 9b,
the fracture morphologies of specimens treated by HT2 in horizontal direction, and the
fatigue striations were transmitted in the small-sized « phases with similar orientations.
Those behaviors were stopped at the continuous 3 phases, which was distributed on
the large-size o phases boundary. It was proved by Schroeder et al. [32] that the crack
propagation path was deflected at the harder (3 phases in the « + 3 dual-phase structure.
In addition, the fragmentation of « phases at higher temperature made the continuity of
fatigue striations of HT2 specimens worse than that of specimens treated by HT1. For HT3
specimens, the orientation of fatigue striations in Figure 9c became more chaotic due to the
fragmentation and coarsening of « phases. Only in the large-size « phases can continuous
fatigue striations still be observed. It can be concluded that the distribution of fatigue
striations was affected by o size and continuous 3 phases.

gy

Figure 9. Distribution characteristics of fatigue striations, (a) HT1, (b) HT2, and (c¢) HT3 specimens.

4. Conclusions

In summary, we investigated the microstructures and mechanical properties of Ti6Al4V
alloy produced by LSF after different heat treatments (HT1, HT2, and HT3) under vacuum
condition. Compared with the coarse 3 columnar crystals and three types of « phases
(xgB, aw, and awy) in LSFed Ti6Al4V alloy, o + 3 dual-phase structure were introduced
with different formation process after heat treatments under vacuum condition. Several
conclusions were conducted as following:

1.  HT1 promotes the transformation of « phases into & + 3 lamellar structure, while the
fragmentation of « phases was facilitated in HT2 and HT3 due to higher temperature.
The coarsening of « phase was more obvious during HT3 with low-temperature
aging process.

2. The microhardness of the heat-treated specimens under vacuum condition were
reduced and that of the specimen after HT'1 was higher due to the increase in the
volume fraction of 3 phase. The strength of the HT1 specimen was improved as
continuous 3 phase hinders the dislocation transfer between « phases.

3. Tensile tests present the increase of elongations in the horizontal and vertical directions
by 12.4% and 13.2% for specimens treated by two-step heat treatment (750 °C x 4 h +
500 °C x 1 h). Fatigue crack growth (FCG) testing shows specimens treated at 800 °C
for 4 h exhibits a high fatigue life due to the refined a + 3 dual-phase structures.

4. By comparing FCG rate of specimens in horizontal and vertical directions, it is found
that the crack propagation perpendicular to the deposited direction seems to be more
harmful than the parallel one.
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