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Simulation-assisted investigation on the formation of layer bands and the
microstructural evolution in directed energy deposition of Ti6Al4V blocks

Abstract: Directed energy deposition of titanium alloy entails severe
microstructural heterogeneity and layer bands due to diverse thermal histories.
While the thermal-microstructure relationship in additive manufacturing has been
reported, the details on how complex thermal histories influence the
microstructural features and evolution have not been so addressed, and the
mechanism of the band formation in multi-layer multi-pass builds is still unclear.
To undertake such investigation, a thermal model is firstly calibrated using two
part-scale Ti6Al4V blocks fabricated on differently sized substrates, and then
used to study the relationship between key microstructural characteristics and the
thermal cycling involved. Results show that the different evolutions of the
temperature ranges just underneath the B-transus temperature (T) controlled by
the printing path are responsible for the different band distributions at the center
and corner of the blocks. Also, the a sizes in the normal region are closely linked
to the integral area obtained from the thermal curve as temperature fluctuates
between Ty and o dissolution temperature, which helps linking the processing
variables to metallurgy. This further demonstrates that the o coarsening during
thermal cycles is primarily driven by multi dissolution and precipation
transformations instead of Ostwald ripening. Finally, the quantitative thermal-
microstructure-microhardness relationship is established, this being helpful for

the microstructural design.

Keywords: Directed energy deposition; Additive manufacturing; Microstructural

evolution; Layer bands; Thermal simulation; Ti6Al4V blocks.



1. Introduction

Metal Additive Manufacturing (AM) is an advanced layer-by-layer fabrication
technology that is revolutionizing the conventional manufacturing industry due to the
capability to produce more complex structures, achieving the reduction of material
waste, part weight and assembly complexity (Baiges et al. 2021; Goh et al. 2021).
Compared to other AM techniques such as Selective Laser Melting (SLM) (Zhang et al.
2020), Directed Energy Deposition (DED) has a higher deposition efficiency, suitable
for fabricating larger structural parts (Tang et al. 2020). In DED processes the metal
powder is concentrically blown into the molten pool induced by a high-energy laser
beam moving according to user-defined building sequences (Lu et al. 2019).

The Ti6Al4V titanium alloy is one kind of common AM alloys widely employed
for aircraft structural components due to its low density, high fracture toughness, high
strength and excellent corrosion properties (Wang et al. 2019). Typical microstructures
of AM Ti6Al4V are mainly comprised of basketweave a, colony structure, massive om
and martensite o' (Ren et al. 2017; Fan et al. 2018), depending on the specific
temperature history in the printing process (Zhao et al. 2017).

In AM processes, the microstructure in one sample is hardly the same at different
deposition positions even if the process parameters are kept constant, due to the
discrepancy in the thermal histories. For instance, regularly distributed microstructural
bands are usually observed in Ti-6Al-4V workpieces fabricated by different AM
methods (Sandgren et al. 2016; Qiu et al, 2015). Kobryn and Semiatin 2003 first
reported layer bands in DED titanium alloy induced by re-heating of the baseplate
materials to the B-transus temperature (Tg). Kelly and Kampe 2004 suggested that a
particular combination of peak temperature (reached in the zone where the o volume

fraction starts to decline), duration of the peak temperature and the cooling rate during
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thermal cycling is responsible for the formation of bands in Ti6AI4V single-wall parts
fabricated by DED. Recently, Ho et al. 2019 carried out a thermal simulation to analyse
the microstructural bands in Ti6Al4V single-wall pieces fabricated by wire-arc additive
manufacturing (WAAM) and demonstrated that the thin colony morphology white area
at the band top is caused by a peak temperature increase just below Ty during thermal
cycles. The layer bands in most single-wall samples usually have a regular spacing
equivalent to the layer-thickness because of the use of the simplex printing path, but this
is not the case in the multi-layer multi-pass blocks. Here, the intersecting building
sequence is used to fabricate the blocks, and the increasing complexity of the thermal
history induced by the building process leads to dissimilar band distributions. This
phenomenon has not been previously investigated.

In addition to the formation of layer bands, the microstructure in the regions
without bands is also strongly dependent on the thermal history experienced,
considerably influenced by the process parameters, scanning pattern, part size and
geometry, preheating and material properties. Numerous studies have focused on the
relationship between the AM variables, thermal history and microstructure (Zhao et al.
2020). Qian et al. 2005 found that increasing the laser power strengthens the thermal
effect, contributing to a pronounced coarsening of a structure and the appearance of
colony morphology in Ti6Al4V build by DED. Crespo and Vilar 2010 coupled thermal
modelling and phase transformation kinetics as well as relations between microstructure
and mechanical properties such as Young’s modulus and hardness to generate
processing maps for DED Ti6AIl4V. Their results show that the microstructure is
determined by the cooling rate, influenced by the scanning speed and idle time.
Kirnsteiner et al. 2020 achieved a pronounced improvement of the mechanical

properties of AM parts by controlling the repeated thermal cycles (so-called intrinsic



heat treatment (IHT)) to tailor the microstructure. Zhang et al. 2021 obtained in-situ
grain refinement of commercially pure-titanium through properly increasing the input
energy density to affect the cyclic re-heating inherent to the SLM process.

Even though the thermal history in AM has been directly or indirectly used to study
and further optimize the microstructure and mechanical properties of the build, a deeper
understanding on the intrinsic relationship between them is still missing and further
quantitative evaluation on the thermal and microstructural responses is needed. In AM,
the final microstructure is strikingly different from the first one formed under a sharp
cooling rate (10% °C/s for DED (Wolff et al. 2017)) on account of the repeated thermal
cycles (as the IHT effect), especially in the lower part of the deposited block. Likely,
only the latter part of the thermal history in the AM process (where peak temperature is
below Tj) is responsible for the final microstructure, but the details are currently poorly
understood. Also, the combined effect of the thermal cycling in the range between Tg
and o dissolution temperatures (Tgiss) and the acting-time involved on the
microstructural development has not been sufficiently studied.

Numerical simulation is a powerful tool to study the complex physical problems
induced by AM processes (Li et al. 2018; Tan et al. 2020). In previous works, an in-
house 3D finite element (FE) software has been used for the accurate thermo-
mechanical response during and after the AM process, but the coupling with
microstructure was not investigated (Chiumenti et al. 2017; Lu et al. 2018). Tan et
al. 2019 developed a temperature driven phase-transformation model to predict the
phase volume fraction of Ti6AI4V by SLM. Li et al. 2017 also coupled the heat transfer
with phase transition during SLM process to better capture the physics near the melting

pool. While most of the modelling works on microstructure to date are focused on small


https://cn.bing.com/dict/search?q=volume&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=fraction&FORM=BDVSP6&mkt=zh-cn

parts such as single-tracks (Liu et al. 2021; Zhang et al. 2021), the metallurgical
prediction in part-scale AM builds is still challenging.

Based on the above analyses, this work aims to elucidate the formation mechanism
of layer bands and to quantitatively study the relation between key microstructural
characteristics and the thermal history in Ti6AI4V multi-layer multi-pass blocks by
DED. Firstly, the thermal model is calibrated using in-situ temperature measurements
from two 40-layers blocks deposited on differently sized baseplates. Next, the predicted
temperature data are used to investigate the different band distributions observed and
the coarsening of a-lamellar in DED blocks. Finally, the quantitative relationship

between thermal history, microstructure and microhardness is formulated.

2. Experiment and Simulation

To date, several researchers have reported on the influence of the process
parameters on the microstructure of AM parts (Kou et al. 2020; Liu et al. 2011).
However, the effect of the substrate has rarely been investigated. In this work, two
differently sized substrates are studied to evaluate their respective thermal and
metallurgical evolutions. An alternating scanning path is used to produce distinct
thermal histories and to allow the comparative study on the formation of layer bands

and the thermal-microstructure relationship.

2.1. Experiment procedure

Two block parts were constructed by a DED system consisting of a semiconductor
laser diode with a maximum power of 6 kW, a DPSF-2 high precision adjustable
automatic powder feeder, a five-axis numerical control working table and an argon
purged processing chamber with low oxygen content. Spherical Ti6AlI4V powder with

53~150 um diameter and low oxygen (below 0.12 wt%) was used as the deposition



material. Before the DED experiments, the powder was dried in a vacuum oven for 2.5
h at 130°C to remove the moisture absorption.

Two annealed Ti6Al4V baseplates with different geometric dimensions were used
as shown in Figure 1. The plate sizes and the clamping conditions are as follow: (i)
small substrate: 140x50x6 mm®, fixed as a bridge; and (ii) large substrate: 200x100x25
mm?, clamped as a cantilever. Figure 1 also shows the locations (points CH1 to CH6) of
the thermocouples used to in-situ measure the temperature evolution of the bottom
surface of the baseplates. Six Omega GG-K-30 type-K thermocouples with a
measurement uncertainty of 2.2°C are employed and the temperature signal is collected
by a Graphtec GL-900 8 high-speed data-logger.

Figure 2 shows the building strategy with 4 different sequences looped every 4-
layers. The DED process parameters used to build the 40-layers blocks with a size of
125x35x20 mm? are given Table 1.

For microstructure observation the DED samples are firstly sectioned in the XZ
plane by machining and then polished. A chemical solution consisting of 3 ml HNOs3, 1
ml HF and 46 ml H,O is used as etching agent. Next, the microstructures of Ti6AI4V
fabricated by DED are characterized by optical microscopy (Keyence VH-Z50L).
Imaging Pro Plus 6 software is employed to measure the sizes of the a lamellar from six
photographs with a magnification of 2000 in each sample. Each o plate is measured at
least three times at different locations (middle and two ends) and the measured number
of all a laths exceeds 100 in each sample. Finally, the mean value of the observed sizes
is calculated. Additionally, the Vickers hardness is determined by a Duranmin-A300
micro-hardness tester. Ten different points are selected to measure in each deposition
position. The measurements are performed with a load of 2000 g and a load time of 15

S.



2.2. Thermal simulation

In this work, an in-house FE software platform, COMET, is used to perform the
high-fidelity simulation of the full-field temperature during the DED process
(Chiumenti et al. 2010; Cervera, Saracibar, and Chiumenti 2002). The 3D modelling,
the FE-mesh generation and the pre/post-processing are all carried out via the GiD pre-
post-processor (Garcia, Garcia, and Gomez 2010). A more detailed description of this
thermal model can be found in previous works (Chiumenti et al. 2016; Lu et al. 2021).
Two assumptions are adopted: (i) the latent heat is not considered, because the heat
absorbed during solid to liquid transformation and the heat release during solidification
is exactly the same; (ii) the heat due to plastic deformation is negligible if compared to
the laser input.

Figure 3(a) shows the FE models of the printed blocks deposited on two plates with
different dimensions: (i) the small one including 141,104 hexahedral elements and
151,180 nodes, and (ii) the large one consisting of 142,576 elements and 153,320 nodes.
The size of the deposited elements is set as 1.25x1.25x0.5 mm?®, based on the grid
sensitivity analyses (Chiumenti et al. 2017). The mesh in the base is gradually
coarsened far away from the deposit. Figure 3(b) schematically illustrates the locations
to sample the thermal history and the experimental microstructure. The positions
corresponding to the centre and corner of the small and large substrates are named as
Case SO, Case S1, Case L0 and L1, respectively.

Both the metal deposition and the baseplate are assumed to be thermally isotropic
and to have the same thermal physical properties as the Ti6Al4V alloy, listed in Table 2
(Lu et al. 2019). During the thermal analysis for DED, heat transfer by radiation and
convection between the workpiece and its surrounding is considered in all the external

surfaces of both the build and the baseplate; a convective heat transfer coefficient



(HTC) of 5 W/(m?-°C) and an emissivity of 0.45 are set. A higher HTC of 40 W/(m?*-°C)
is used to model the thermal interface between the clamp and the baseplate. The
ambient temperature is fixed at T,,om = 24°C. Laser energy efficiency for the DED
process is set at 0.37. To guarantee accuracy of the simulation, all the model parameters
used in this work were determined by matching the numerical thermal histories with in-

situ measurements.

3. Results

3.1. Model calibration and thermal history

To calibrate the FE model for the DED process, the calculated temperature histories
of two workpieces are compared with the in-situ experimental measurements, as shown
in Figure 4. Remarkable agreement is obtained between the computed and experimental
data. It can be seen that the computed thermal curves (solid lines) agree well with the
experimental results (dash lines) at all six sampling points. The very slight difference
between them is caused by the simplification of the thermal boundary conditions (e.g.
convection and emissivity). Table 3 shows the average error in the whole simulation for
each case. The maximum does not exceed 2.77%. This successful calibration of the
model indicates that it can be employed to accurately predict the thermal history that the
build experiences during the DED process.

Figure 5 presents the thermal history of the points located at the bottom, middle and
top of the deposited blocks in different cases. These positions correspond to the building
heights of 0.5 mm (1* layer), 10 mm (20" layer) and 19.5 mm (40" layer), respectively,
as shown in Figure 3(b). On the whole, all thermal curves present a decreasing peak
temperature with similar fluctuation, while the average temperature for the different

cases differs due to the pronounced differences on the thermal accumulation controlled



by the heat input (laser) and heat dissipation (by conduction, radiation and convection).
The numerical results show that at the same build height, the deposits in the centre of
the small-plate (Case SO) and in the corner of the large-plate (Case L1) achieve
respectively the highest and lowest average temperatures of 665°C and 468°C at the
valley of the thermal curves, with a decreasing peak temperature, while another two
cases have a similar average temperature of approximately 560°C. Besides, the small-
plate reaches the quasi-steady stage after finishing the 3" layer, much faster than the

large-plate, which reaches it after the deposition of the 12" layer.

3.2. Macrostructures

Figure 6 shows the optical macroscopic cross-sections in the Y-Z plane from the
DED blocks. Note that macrostructures are characterized by coarse columnar prior-f3
grains (0.5 £ 0.2 mm wide) and layer bands (dark grey area). The columns of prior-3
grains go through the horizontal bands and the multiple layers. The bands are regularly
distributed throughout the metal deposition. Similar results are also observed in
specimens made by other AM technologies (Neikter et al. 2018; Qiu et al, 2015).
Interestingly, the spacing between the adjacent bands in the centre of samples is about 2
layer-thicknesses (Figures 6(a) and 6(c)), while in the corner of the deposition the
spacing is about 4 layer-thicknesses (Figures 6(b) and 6(d)). In the top of each sample, a

band-free region of approximately the last 7~8 deposition-layers is observed.

3.3. Microstructures

Figure 7 shows the transformation microstructures across one band framed in
yellow in Figures 6(a)-(b), corresponding to the case of the small substrate. Note that
the microstructures discerned in the band and the normal region are significantly

different. The normal region without band is composed of uniform basketweave

10



microstructures. Contrariwise, the microstructures in the band area feature colony
structures. Similar results have been reported in references (Li et al. 2019).

Figure 8 shows the microstructures at the different deposition positions, arising
from the normal area located at the middle between two adjacent bands. Figure 9
compares the average sizes of the a laths, referring to the microstructures displayed in
Figure 8. It should be mentioned that only typical basketweave microstructures is
accounted for in the statistical results. Overall, the morphology and the scale of the a
phase present remarkable differences for the different samples. It can be noted from
Figure 8 that at the top, the o basketweave in each specimen is fine. Also, a handful of
massive ay and martensite o’ structures are observed when using the small and large
baseplates, respectively. At the half-height and basement of the deposits, the
microstructural size reduces in the order of Case SO > Case S1 > Case LO > Case L1.
Notably, the o-laths in Case SO (Figure 8(a)) are notoriously coarsened and some
coarsened lamellar are broken. In addition, a few massive structures also are found at

the bottom of the build on the large baseplate (Figures 8(g) and (j)).

3.4. Microhardness

The mean microhardness measured in different deposition positions is presented in
Figure 10. It can be seen that the microhardness values at the top of all cases are almost
the same, about 330 HV, relatively higher than those at the lower build height in the
case of the small substrate. Obviously, this is attributable to the corresponding
microstructure, consisting of fine basketweave and am/a” structures (Figure 8), which
usually have extremely high strength, but poor plasticity (Paydas et al. 2015). Notably,
Case L1 obtains the highest microhardness in both the bottom and middle positions, due
to the finest a lamellar involved (Figure 9). Except for Case L1, the microhardness at

the half-height decreases due to the relatively coarser a microstructures, especially for

11



Case SO. At the basement of the build, the microhardness falls in the order of Case L1 >
Case LO > Case S1 > Case SO, while the reverse order corresponds to the
microstructural size. In general, the thicker a microstructure, the lower the strength

while the better the damage tolerance (Akerfeldt et al. 2016; Zhao et al. 2020).

4. Discussion

4.1. Formation of layer bands

The colony microstructure obtained in this work in the layer band region of the
DED blocks is similar to that obtained in previous reports about the Ti6Al4V single-
walls fabricated by various AM methods (Neikter et al. 2018; Shrestha et al. 2021). Ho
et al. 2019 carried out simulations in the dilatometer and found that the formation
mechanism of such microstructural bands can be attributed to re-heating to just below
Tp (=1000°C (Baykasoglu et al. 2020)). However, the formation of layer bands is
different in AM single-walls and blocks. In AM single-walls, the separation distance
between layer bands corresponds to the average layer-thickness because the temperature
distribution in the building of each layer is similar due to the use of simplex adding
path. In this work it is found that in AM blocks the complexity of the thermal history
dramatically increases when utilizing the interwoven building strategy, resulting in
completely different band distributions in the centre and corner of the builds as shown
in Figure 6.

In order to figure out the mechanism for the formation of such band distributions,
Figure 11 displays the extension of the molten pool and the region corresponding to the
temperature range of 900~1000°C (TRa100) beneath the molten pool during the whole of
the DED process. Data shown is for the small substrate simulation, but very similar

phenomena occur for the large substrate.
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Figure 11(a) shows the evolution of the TRajo0 position when the molten pool
traverses the centre of the build. It is observed that when even layers are deposited at the
centre of the baseplate, the top of TR0 IS approximately two layer-heights lower than
that when depositing the previous odd layer. The reason for such fall of TR is that
the heat is significantly accumulated at the depositing centre when the shorter scanning
vector is used to fabricate even layers, as shown in Figures 12(a)-(d), contributing to
deepen the molten pool. The B-transus thus shifts downward responding to the
deepening of the molten pool. The resultant decline of TR0 during the deposition of
even layers (i.g. the 22" layer) causes a full B annealing in the upper region of the o-+f
phase field generated in the deposition of the previous odd (21%) layer. Also, the region
corresponding to the top of TR0 IS re-heated to just below Tg, which results in the
layer band featured by colony structures. In subsequent thermal cycling, such colony
structure is retained because the temperature in this band layer fails to approach Tg.
Hence, as the number of layers and the height of the block increase, the layer band in
the centre of the block is generated in the deposition of the even layers only, explaining
why the spacing of the bands observed in Figure 6(a) is approximately 2 layer-thick.

Figure 11(b) gives the TRa19o evolution as the molten pool passes the corner of the
block printed on the small baseplate. Interestingly, when looking at the deposition of 4
consecutive layers (i.g. the 7"~10" layers), the upper limit of TR0 gradually goes
down with respect to the top of the build. This is associated with the printing sequence
used (Figure 2). Taking the temperature field evolution of the 19'"~22" layers as an
example, as shown in Figures 12(e-h), it can be seen that not only the 20" and 21%
layers end but also the 22" layer starts at the corner, contributing to the local heat
accumulation. Thus, the molten pool gradually deepens and the resulting TR a0 drops

down along the building direction. Noticeably, the region above TRaigo is fully B-
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annealed in the deposition of the 22" layer, while the top of TRaio is re-heated to just
below Tg, leading to the formation of the layer band. One formed, this band remains in
the following thermal cycling. Similarly, during the depositing of the next four layers,
the bands produced during the printing of the 23"~25™ layers fail to survive because
they suffer a full B annealing before or during depositing the 26™ layer, and only the
layer band formed while fabricating the 26™ layer can survive. Similar processes repeat
every 4-layers. Hence, the corner bands are evenly spaced through the deposit, 4 layer-
heights apart (Figures 6(b) and (d)).

Figure 11 also compares the predicted and experimental locations of the layer
bands. Observe that on the whole, the model presents a high prediction precision,

allowing for experimental error.

4.2. Relation between the microstructures and thermal history

The microstructural features of the metal deposition are closely related to the
thermal history experienced during the DED process. In order to elucidate the
development of the a morphology in Figure 8, the temperature curves predicted in
Figure 5 are further analysed.

Figure 13 displays the evolution of the temperature and the cooling rate at the top
of the blocks in the DED process. Note that when the material is just added, an
extremely high cooling rate (above 410°C/s) occurs at the vicinity of the molten pool,
favouring the martensitic transformation. However, the full B annealing in subsequent
thermal cycling results in a complete dissolution of all kinds of a phases previously
formed (Wang et al. 2019). Hence, only when the peak temperature is below Tg, the
microstructure originally formed can be completely or partially retained. For the top of
the build, there are almost no re-heating and cooling cycles after the last cooling from

the temperature above Tg. Therefore, it can be deduced that the cooling rates in the last
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cooling from Tp to Taiss (747°C (Wang et al. 2019)), marked in grey, should have a
significant influence on the microstructure of the deposit. It can be seen from Figure 13
that the cooling rapidly declines and stabilizes at a low level (below 20°C/s) in such
cooling stage. When temperature reaches the martensite-start temperature (M;=851°C),
the corresponding cooling rates, marked in green, are lower than 20°C/s except for Case
L1 (33°C/s), failing to explain the existence of the oy, and o structures observed at the
top of the build (see Figure 8). As mentioned before, the DED process features localized
forced convection resulting from the feeding nozzles, which causes a higher cooling rate
for the top layer (Heigel, Michaleris, and Palmer 2016). However, this is not considered
in the thermal model adopted. Hence, the local cooling rate is underestimated in the
simulation. In addition to am/a’, fine basketweave microstructures are also observed at
the top of the build (Figure 8). Obviously, they are attributable to such slow cooling
stage. Noticeably, Case SO undergoes the longest cooling time (from Tg to Tgiss) under
the lowest cooling rate and thus produces coarser a-laths compared with other cases
(Figure 9).

Unlike the top region, the lower deposits go through several heating and cooling
cycles after the peak temperature is smaller than Ty, while the corresponding cooling
rates in these cycles are lower. As a result, the original basketweave microstructures
coarsen and the potential ay/a” structures initially formed are dissolved in varying
degrees, significantly different from the mixed microstructures composed of fine a
lamellar and much of am/a” structures at the top of the build (Figure 8).

The coarsening of o basketweave observed in the lower deposition positions can be
explained by two possible mechanisms. The first mechanism is conventional Ostwald
ripening, which is a diffusion-controlled process driven by reducing the interfacial

energy; i.e., small crystal structures dissolve and redeposit onto larger ones under
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constant or varying temperature over time (Zhu et al. 2018). The second mechanism is
based on multi dissolution and precipitation transformations, as proposed by Ho et al.
2019 and illustrated in Figure 15. It can be seen from Figure 14(al) that upon cooling
from above Tg to below Ty;ss, fine basketweave structures are produced at the basement
of the build. During the printing of the 13™~38" layers, the bottom microstructures
suffer several thermal cycles under small cooling and heating rates (below 20°C/s). In
heating, an interface-controlled re-growth of  phase occurs while all a laths with
different sizes shrink. Notably, the thinnest o lamellar vanishes and only a few bigger
ones survive in such heating (Figure 14(a2)). Once temperature falls, the surviving o
lamellas grow back through consumption of the 3 matrix. As a result, the dimension of
a plates increases due to the reduction in the lamellar number (Figure 14(a3)). After
heating and cooling several times between Tg and Tg;ss, the lamellar a is coarsened and
saved after finishing the 38" layer, allowing for no further phase transformation in the
fabrication of the last two layers. Also, some longer prior-a laths are broken (see
Figures 8(a)-(b)) during coarsening. It should be mentioned that the transformation
coarsening mechanism, from migration of the o/ interfaces between Tg and Ty;ss, IS
much faster than the interfacial energy-driven Ostwald ripening.

Until now, several classic theories like MLSW model have been developed to
quantify the growth (coarsening) of the second phase during the isothermal processes
(Semiatin et al. 2019; Zhang et al. 2021). However, coarsening observed in AM parts is
obtained under repeated heating and cooling cycles, which is different from the constant
temperature assumption in MLSW theory. So far, no theoretical model can directly
quantify Ostwald ripening or transformation coarsening mechanism at variable
temperature. However, Ostwald ripening theory has illustrated that the particle

coarsening depends on two factors in terms of the coarsening time and the diffusion

16



coefficient (Vengrenovitch 1982). Noticeably, the diffusion coefficient is positively
related to temperature. The higher the temperature or the longer the time, the greater the
diffusion coefficient. Therefore, the coarsening level can be determined by time and
temperature involved. Based on this, the integral area (IA), i.e., the area under the
evolving curve of temperature versus time, is proposed to assess the coarsening level, as
it considers the combined effect of both time and temperature. It should be noted that
the larger is the IA, the longer is the acting time and/or the higher is the sustained
temperature, favouring the coarsening of a plates. As known, diffusion-controlled
Oswald ripening can happen in a wide range of temperatures. Thereby, starting when
the peak temperature is smaller than Tg, the integral area (IAosw) below the thermal
curve, coloured in yellow in Figure 14(b), is calculated and plotted in Figure 15(a).
Observe that the 1Aosw values at the same build-height are close for four cases, whereas
the microstructural characteristics in Figure 8 are markedly different. This illustrates
that Ostwald ripening hardly explains the coarsening of the a lamellar observed in these
cases.

Differently, coarsening by multi dissolution and precipitation transformations is
just related with the o/f interface migration between Tg and Tgss during repeated
thermal cycles. Thus, the representative integral area (IAans) IS coloured in grey in
Figure 14(a), and the corresponding value for each case is plotted in Figure 15(b). Note
that Case SO obtains the highest 1Aans, corresponding to the coarsest a-laths (Figure 8)
and the lowest microhardness (Figure 10). In contrast, in Case L1 a slight coarsening of
basketweave a structure appears (see Figures 8(j)-(k)), being subjected to the smallest
IAtans. FOr Case S1 and Case LO, the coarsening level is moderate and in line with the
corresponding lAyans. Therefore, the coarsening behaviour in these cases is primarily

driven by transformation mechanism, rather than by Oswald ripening.
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4.3 Thermal-microstructure-microhardness relationship

Figure 16 shows the relationship between the thermal history, the microstructure
and the microhardness. During thermal cycling, the difference in size of a lamellar
depends on the subsequent coarsening and this can be assessed by the |Ayans index.
Quantitatively, the width of o lamellar is approximately a linear function of [A s, as
shown in Figure 16(a). Based on this, the size of a lamellar can be predicted from the
thermal history. Furthermore, a fitted relation between the microhardness and the width
of a lamellar is presented in Figure 16(b), similarly to the Hall-Petch relation (Hansen
2004). It should be mentioned that the microhardness results obtained from the samples
do not take into account the massive or martensite structures. Obviously, the hardness
decreases as the a-laths coarsen. The reason for this is that increasing a size decreases
the amount of sub-structure boundaries. The stresses necessary to move dislocations
across such boundaries rise as material deforms, accounting for the reduction in the
microhardness.

The thermal-microstructure-microhardness relationship helps understand their inner
connection and the role of the thermal history, as the bridge between AM variables and
microstructure. Also, it provides guidance to designing the microstructure of AM

titanium alloy via optimizing the thermal history.

5. Conclusions

This work studies the relationship between key microstructural characteristics,
microhardness and thermal histories involved in Ti6Al4V DED processes. A FE
thermal model for DED is firstly calibrated by in-situ measurement involving two part-
scale blocks deposited on two differently dimensioned baseplates. This done, the

predicted temperature data is used to study the formation of layer bands and to explain
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how the choice of AM parameters affects the metallurgical evolution. The main
conclusions drawn are as follow:

(1) Comparison between the computed results and in-situ measured evidence presents a
remarkable agreement. Using the calibrated model, the full-field temperature is
accurately predicted to quantitatively analyse the thermal-microstructure relation in
the DED process.

(2) The substrate size significantly affects local heat accumulation and the entire
thermal history in the building process. As a result, the final microstructural
characteristics at different deposition positions of the blocks differ from each other.
Based on this, substrate can be designed to control the thermal-metallurgical
evolution.

(3) The layer bands are evenly spaced through the deposits, 2 and 4 layer-thick apart in
the centre and corner of two part-scale blocks, respectively. Such distributions are
due to the different evolutions of the relevant temperature range just underneath T
controlled by the building sequence used.

(4) The final microstructure at the top of the build is closely linked to the cooling rates
in the last cooling from Tp to Tgiss. However, this is not the case for the lower part
of the deposited blocks since repeated thermal cycles suffered yield a pronounced
microstructural change.

(5) The coarsening of a-laths in the normal region is associated with the integral area
|Atans as temperature of the thermal cycles varies between Tg and Tgiss. Such
coarsening is primarily driven by the transformation mechanism featured by the
migration of the o/ interface, rather than that of conventional Ostwald ripening.

(6) The proposed IAans Can be used to establish a quantitative thermal-microstructural
relationship for Ti6Al4V and to link AM variables with metallurgy. By designing
the fabricating process, it is possible to optimize the microstructure distribution to

improve the overall quality of AM parts.
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Table 1. Process parameters used for fabricating the blocks by DED.

Laser power Scan speed Up-lift height  Feeding rate  Beam diameter
P (kW) V (mm/s) AZ (mm) f (g/min) d (mm)
2 15.0 0.5 10.0 5.0

Table 2. Temperature-dependent material properties of Ti6Al4V alloy (Lu et al. 2019).
Temperature (°C) 20 205 500 995 1100 1200 1600 1650 2000
Density (kg/m®) 4420 4395 4350 4282 4267 4252 4198 3886 3818

Thermal conductivity (W/(m-°C)) 7.0 875 126 227 193 21.0 258 835 835
Heat capacity (J/(kg-°C)) 546 584 651 753 641 660 732 831 831
Table 3. The average error of the thermal evolution. (n: total time increments; i: current time

increment; Xe,: Mmeasured temperature; Xsi,: Simulated temperature.)
Error CH1 CH2 CH3 CH4 CH5 CH®6
100 = Xexp), — (xsim)i
—Z L 0.37 1.97 2.77 1.47 2.10 0.70
n i=1 (xexp)i
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Figure 1. Part dimensions in millimeter and the locations of the thermocouples used to record
the thermal history in DED process.
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Figure 2. Schematlc of the scanning strategy used to build the two blocks.
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Figure 5. Temperature evolutions in different deposition heights:
(a) Case SO; (b) Case S1; (c) Case LO; (d) Case L1.
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Figure 6. Macroscopic images of the deposited blocks after etching:
(a) Case SO; (b) Case S1; (c) Case LO; (d) Case L1.
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Figure 7. Transformation microstructures across one band framed in yellow in Figures 6(a)-(b).
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Figure 8. Microstructures observed at different deposition positions.
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Figure 9. Sizes of the a-lath microstructure for all samples.
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Figure 10. The microhardness in different deposition positions of the DED blocks.
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Figure 11. Small substrate: the distributions of the temperature range of 900~1000°C (TR a100)
beneath the molten pool in the DED process: (a) Case SO; (b) Case S1.
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Figure 12. Small substrate: temperature fields when the molten pool reaches (a-d) the centre and
(e-h) the corner of the deposit during the fabricating of the 20"~23" layers. Substrate and partial
deposit are hidden for clarity.
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Figure 13. Top of the blocks: the evolutions of the temperature and cooling rate:
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(a) Case SO; (b) Case S1; (c) Case LO; (d) Case L1.
(M;=851°C is martensite-start temperature; >410°C/s is o and 20~410°C/s is o /an+o [42]).
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Figure 14. Case SO: Combination of the microstructural evolution and the thermal history:

(a) bottom part; (b) middle part.
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Figure 15. Quantitative index used to assess the coarsening of a-laths:
(@) 1Aosw on behalf of Oswald ripening; (b) IAans representing transformation mechanism.
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Figure 16. Relationship between the thermal history, the microstructure and the microhardness:
(@) 1Agans Vs. W,; (b) Hvs. W,,.
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