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ABSTRACT

Electron beam powder bed fusion/hot isostatic pressing (E-PBF/HIP), also known as in-situ shelling, is an
emerging technology that produces components by only forming their shells whilst retaining sintered powder at
the core, and then using HIP to consolidate the entire structure. E-PBF/HIP can boost additive manufacturing
productivity, however, the fundamental understanding of the process-microstructure-property correlations re-
mains unclear. Here, we systematically investigate the microstructural evolution of E-PBF/HIP Ti-6Al-4V parts as
a function of hatch melting parameters. All HIPped samples achieve full densification, however, their micro-
structures are significantly different from one another. Using X-ray computed tomography (XCT) and optical
microscopy, our results show that the HIPped Ti-6Al-4V microstructure can be controlled by varying the porosity,
P (%), pore surface areas and morphology in the as-built parts with a single set of HIP parameters. The HIPped
microstructures still exhibit the as-built columnar grains when the as-built porosity, P < 3 % with mainly
spherical micro-pores; a mixture of columnar and equiaxed grains when the 3 % < P < 5 % with a tortuous and
interconnected pore network; and equiaxed grains when P > 5 % with a highly dense pore network. This work
suggests two main drivers for the grain morphology transitions during HIP: (1) a dramatic increase in pore
volume increases the localised applied pressure up to 4 times at the core region of the sample and (2) minimise
lack-of-fusion pores with high surface energies, promoting dynamic recrystallisation. This study provides a
fundamental insight into the E-PBF/HIP technology, showing the feasibility to tailor microstructural properties
of E-PBF built parts whilst boosting additive manufacturing productivity.

1. Introduction

Powder bed fusion (PBF)

is a mainstream metal additive

aerospace applications [2]. However, it faces a few technical challenges,
e.g. the occasional appearance of gas pores, low production rates, and
anisotropic mechanical properties owing to the columnar grain struc-

manufacturing (AM) technology that builds up metallic parts directly
from computer-aided design files, layer by layer, with a controlled heat
source. Industries have shown great interest in AM technologies due to
their ability to produce near-net-shape parts without the use of dies or
heavy machining, reducing material waste and lead time [1].

In recent years, electron beam powder bed fusion (E-PBF) has ach-
ieved unprecedented success in AM of Ti-6Al-4V for biomedical and

ture. It is imperative to deploy post-processing to overcome these bar-
riers for broader industrial applications. Post processing, e.g. hot
isostatic pressing (HIP), is often used in casting, powder metallurgy, and
metal AM to reduce processing defects, e.g. gas pores, lack of fusion, and
cracks, resulting in better microstructural stability and improved me-
chanical properties [3,4].

Knight and Wright [5] performed one of the earlier studies on
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selective laser sintering (SLS) and hot isostatic pressing (SLS/HIP)
techniques. They manufactured shelled samples containing loose pow-
der in the core and subsequently consolidated them under the HIP
treatment. The SLS/HIP approach aims to lower the product cost and
increase productivity for making replacement parts, though its major
drawback is the HIP-induced shrinkage. Qiu et al. [6] adopted the
SLS/HIP approach and made Ti-6Al-4V canisters using a laser powder
bed fusion (LPBF) system, using the term “in-situ shelling”. The
LPBF/HIPped microstructure showed a homogenous microstructure at
the core-shell interface. However, these canisters were distorted and
underwent part shrinkage after HIPping. Similar studies were investi-
gated in which the L-PBFed canister parts encapsulated gas atomised
powder [7-10]. After HIP, the core of samples exhibits a high quantity of
residual pores and this is possibly due to the gas transfer from the gas
atomised powder or gas entrapment from the processing atmosphere.

To avoid gas entrapment during AM, Leicht et al. [11] fabricated
Ti-6A1-4V hollow cube structure using E-PBF which operates in vacuum.
They found that a hollow cube with a shell thickness below 1 mm can
cause surface leaks and subsequently rupture during HIPping. Frisk et al.
[12] revealed that the core of the E-PBF/HIPped Ti-6Al-4V samples
exhibited equiaxed prior f§ grain microstructure, a homogenous micro-
structure at the interface of the core-shell materials, and negligible
porosity, though, shrinkage was evident in these parts. The E-PBF/HIP
approach shows great potential to achieve a non-conventional (or
non-epitaxial) microstructure typically found in AM [13], however,
none of the prior studies explain the underlying microstructural evolu-
tion mechanisms in E-PBF/HIP.

In summary, the HIP-assisted AM technology has moved from SLS/
HIP to L-PBF/HIP and E-PBF/HIP, which partially minimises process-
induced porosity. All these HIP-assisted AM techniques only require
forming the shell of the part with a core region containing partially
consolidated loose powder, which significantly reduces the layer
melting time and enhances the manufacturing productivity. To unlock
the true benefits of E-PBF/HIP, we must better understand the effects of
process parameters and the physics that govern the as-built and HIP
microstructure. Here, we assess the E-PBF/HIP manufacturing technol-
ogy using a systematic experimental approach and materials charac-
terisation techniques. We quantify the effects of process parameters on
the shrinkage, density, microstructure, and mechanical properties of the
parts as well as their manufacturing time.

2. Experimental procedures
2.1. Parts and build file preparation

For this study, the Arcam A2XX electron beam melting (EBM) system
(GE Additive, USA) was used to fabricate as-built samples which have a
fully melted shell and a core region with sintered powder. The control
software used for the A2XX system is EBM Control 3.2 [14]. E-PBF
samples were made with pre-alloyed Grade 5 Ti-6Al-4V powder (GE
Additive, USA) with a size range of 45-106 um. For each of the 16 build
conditions, we built four samples (a total of 64 specimens). The shell of
the as-built samples was manufactured using the ARCAM standard
contour melting scheme whereas the core region of the samples under-
went different hatching parameters, e.g., beam focus offset (BF) and
speed functions (SF), see Table 1. A detailed definition of BF and SF can
be found elsewhere [14,15]. The samples made by theme #16 did not
involve hatching, i.e. their core region contained semi-sintered powders.

Fig. 1(a) shows a CAD image of the as-built can which has a height
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and a diameter of 15 mm, and a shell thickness of 1.5 mm. In addition, 4
identical Ti-6Al1-4V blocks (20 x 20 x 100 mmg) were fabricated with
the lower half of full-density material using Arcam standard setting
(theme #6 in Table 1), and the upper half was a shell containing sintered
powder, see Fig. 1(b). All 4 samples were processed with HIP for
densification. One of the samples was used for microstructural analysis
and the remaining three samples were machined into ASTM E8 test
pieces to ensure minimal repeatability of tensile data (comply with the
ASTM-F2924 standard). The sample build positions and orientations are
shown in Fig. 1(c~d). All samples had the same customised support
structures located on their bottom surface, see Fig. 1(e).

To maintain the shell thickness at ~ 1.5 mm when processing with
different hatching parameters, we increased the number of contour lines
[16] from 2 to 5. The shell thickness was selected based on Leicht et al.
[11] study to prevent surface leaks and rupture, in addition, the internal
and external rounded corners were designed to accommodate shrinkage
during HIPping. The HIPping process was performed at Hauck Heat
Treatment Ltd (TTI), with a constant argon gas pressure of 103 MPa, a
temperature of 920 °C, and a holding time of 2 h. The as-built sample
design also allows tracking of the manufacturing time using Materialise
Magics® software and the machine log file. Here, the combined effects
of BF and SF on the microstructure before and after HIP are investigated,
as they alter the energy density delivered during melting and the overall
manufacturing time.

2.2. Hatching parameters and machine settings

The volumetric energy density, E, imparted to the powder bed during
hatching was calculated by: E = Q/(d * t) where the amount of linear
energy density, Q (J/mm) = (A = V)/v, Ais the beam current (mA), V is
the acceleration voltage (kV), v scan speed (mm/s), d is the hatching
space (mm), and t is the layer thickness (mm). We used a nominal 18 mA
beam current, 60 kV acceleration voltage, 0.2 mm hatching space, and
70 pm layer thickness, similar settings can be found in Refs. [15,17-19].
Table 2 shows an increase in SF would increase the v but decrease in Q
and E.

2.3. Post analysis procedure

After manufacturing the specimens, all bottom supports were
removed. An as-built sample per condition was vertically sectioned
along the x-z plane for an initial porosity assessment using optical mi-
croscopy (OM). We also performed Archimedes measurements, micro-
hardness tests, and microstructural analysis by OM and scanning elec-
tron microscopy (SEM) on both as-built and HIP specimens to better
understand their densification, microstructure, and mechanical perfor-
mance. Micro-hardness measurements were made before and after the
HIP treatment at the core region of the specimens using a Buehler
MicroMet 6030 (500 g load and 15 s dwell time) in the x-z/y-z plane,
where the reported value is based on an average of nine equidistant
1 mm indents. Tensile tests were conducted at a strain rate of 2.5 x 10~*

s using the ASTM E8 coupons at room temperature.

2.4. X-ray computed tomography (XCT)

Based on the 2D porosity quantification and the resultant micro-
structure before HIPping, we selected key samples to be scanned by X-
ray computed tomography (XCT) to study the volume and surface area
of internal pores. The selected samples were produced using themes #1,

Table 1

Themes used during the experiment. (*) Arcam standard settings.
Theme #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16
Speed function (SF) 26 26 26 26 26 36* 36* 36* 36* 36* 46 46 46 46 46 N.A.
Beam focus offset (BF) 0 9* 19 29 39 0 9* 19 29 39 0 9% 19 29 39 N.A.
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Loose powder

Fig. 1. (a) CAD drawings of the as-built samples and (b) four tensile bars were made by encapsulating powder from the middle to the top region. (c) Images taken
from Materialise Magics® showing the orientation and position of (a) Ti-6Al-4V as-built and (d) tensile samples in the same build file, where each colour shows
different theme settings; (e) images of the as-built specimens with support structures.

Table 2
SF variables as a function of scan speed (v), linear energy density (Q), and
volume energy density (E).

SF  Scan speed, v Linear energy density, Q,  Volumetric energy density, E

(mm/s) (J/mm) (J/mm®)
26 1529 0.7 50.5
36 2094 0.5 36.8
46 2659 0.4 29.0

#5, #8, #9, #10, #14, and #15 (see Table 1), and they were scanned
using the XT H 450 micro-focus XCT system (Nikon metrology UK Ltd.,
UK) located at the Manufacturing Technology Centre, UK. Each XCT
scan was performed at 115kV and 82 pA with a 0.5 mm Cu filter,
comprising 1760 radiographic projections with a 2 s exposure time per
projection. All XCT scans were reconstructed using filtered back pro-
jection and beam hardening correction algorithms embedded in CT
Pro3D (Nikon, UK). The voxel size of the reconstructed volume was
10.8 x 10.8 x 10.8 um® and the minimum resolvable pore size requires
> 5 voxels, which is equivalent to 22.9 um.

2.5. Image processing, porosity quantification, and data visualisation

The reconstructed image volumes were post-processed and quanti-
fied using Avizo 2019.2 (Thermo Fisher Scientific, USA) and the 3D
porosity analysis was performed following a standard procedure out-
lined in [16]. We quantified the pore volume, porosity (%), and surface
area to study their effects on the resultant microstructure after HIPping.

We selected a region of interest of 500 x 500 x 500 voxels (or
5.4 x 5.4 x 5.4 mm®) at the core of the sample to visualise the pore
morphology in 3D.

3. Results and discussion
3.1. Influence of process parameters on porosity

The as-built samples were first analysed by OM to investigate the
effects of processing themes on the microstructure, such as grain
morphology and pore features. All samples with a BF of 0, 9, and 19
displayed a porosity of < 0.15 %, which is relatively low for E-PBFed
parts. Increasing SF will lead to a decrease in linear energy density, Q,
during E-PBF. A low Q promotes the formation of lack-of-fusion pores in
the E-PBFed part [15,16,20-22], see result summary in Table 3.

Table 3 shows that sample #7 (standard settings) yields a porosity of

Table 3
2D OM quantification of porosity (%) in the core region of the as-built samples
(rounded to 1 d.p).

Process parameter Porosity, P (%) (Sample #)

Speed Function, SF

Beam Focus, BF SF26 SF36 SF46

BFO 0.1 (#1) 0.1 (#6) 0.1 (#11)
BF9 null (#2) 0.2 (#7) 0.1 (#12)
BF19 0.2 (#3) 0.3 (#8) 0.3 (#13)
BF29 0.2 (#4) 10.1 (#9) 21.0 (#14)
BF39 15.0 (#5) 17.7 (#10) 30.8 (#15)
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0.15 %. The samples with low porosities were made by themes #1, #2,
#6, #11, and #12 where a sufficiently high volumetric energy density
electron beam was used for melting. Samples made by themes #8 and
#13 had the maximum P of 0.3 % using a BF < 29. Samples made by
themes #5, #9, #10, #14, and #15, with a low input volumetric energy
density had a 10 % < P < 30 %, which is not suitable for high-
performance applications according to the ASTM aerospace standards
[23].

Fig. 2 shows the optical micrographs of samples #1, #5, #8, and #15
before and after HIP. Samples #1 and #8 show that the spherical pores
are randomly distributed in both core and shell regions. The low BF
setting gives a high volumetric energy density, promoting good fusion
between layers of materials, and hence their P = 0.1 % and P = 0.3 %,
respectively. When P < 0.3 %, the resultant microstructure of the post
HIP samples only exhibits columnar grains. In contrast, samples #5 and
#15 show a high volume percentage of large irregular pores that are
interconnected and many pores are present near the shell region. The
high porosity can be attributed to the turning function [24] during
hatching and the high v further reduced the volumetric energy density
for E-PBF in the edge area. Tammas-Williams et al. [24] explained that
the tunnel defects are usually located in the turning region and below
overhanging features owing to insufficient imparted energy. After HIP-
ping, all pores are closed and the samples are fully dense.

Given that all samples underwent the same HIP parameters, our re-
sults show that the resultant HIPped microstructure depends highly on
porosity in the as-built samples, such that the grain morphology was
evolved from fully columnar (P < 0.3 %) in sample #1 to the columnar
and equiaxed mixture (0.3 % < P < 15 %) in sample #5 and then fully
equiaxed grains (P > 15 %) in sample #15. Besides the porosity, we
hypothesise that the pore characteristics may influence the heat transfer
and localised deformations during HIPping, and hence altering the
HIPped microstructure, see discussion later.

#1 BF 0 SF 26 #8 BF 19 SF 36

Before HIP

After HIP
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3.2. 3D quantification of as-built porosity

To further understand the effect of pore characteristics on the HIP
process and resultant microstructure, we examined the pore structure
inside E-PBF as-built samples in 3D using XCT. Fig. 3a—c show virtual
orthoslices (x-y, y-z, and x-z planes) of samples #8, #5, and #15 and
their corresponding pore features in 3D (Fig. 3d-f). The XCT rendered
images display that most pores located in the core of sample #8 are
spherical rather than interconnected, corroborating with the OM results
in Fig. 2. In contrast, the 3D rendered results of samples #5 and #15
(Fig. 3e-f) reveal a large single pore object along with small pores which
are distinctly different from the OM results. The limitation of each im-
aging technique is addressed in the last part of the result section.

The XCT results are used to classify three types of as-built samples:
(1) Type L E-PBF samples, e.g. #8, containing mostly spherical pores that
are randomly distributed in the core of the samples with P <1 %
(Fig. 3a and d); (2) Type II E-PBF samples containing a mixture of small
pores and inter-connected pores with 1 % < P <5 % (Fig. 3b and e);
and (3) Type III E-PBF samples containing mainly inter-connected pores
with P > 5 % (Fig. 3¢ and f).

Here, we further selected a region of interest at the core region of the
7 as-built samples and quantified the internal porosity (%), pore volume
(PV), and pore surface area (SA) to elucidate their impact on the HIPped
microstructure, see Fig. 4. In general, the P, PV, and SA increase when
the energy density is low, especially when the processing parameters are
at a combination of high SF (> 19) and high BF (Table 1 and Fig. 4h). We
summarised key metrics from the XCT porosity analysis in Table 4 and
they match well with the trend shown in Table 3.

Fig. 4a—g visualise three distinctive types of pore structures (depicted
in Fig. 3) across 7 selected samples in 3D. These rendered images indi-
cate the threshold parameters for the grain transition which can be used
as a microstructure selection map for E-PBF/HIP Ti-6Al-4V. Fig. 4a-b
show a 3D pore structure of Type I E-PBF samples, e.g. samples #1 and
#8, which exhibit a low level of porosity. Given that the E-PBF operates
in a vacuum but with a low helium pressure, these pores (Fig. 4a) are

#5 BF 39 SF 26 #15 BF 39 SF 46

Equiaxed

Fig. 2. Selected optical micrographs (OM) showing different types of porosity exhibited in the as-built samples, and the corresponding micrographs showing various

types of grain microstructure after HIP. All scale bars are 2 mm.
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#8 BF 19 SF 36

b

a

Porosity = 0.01%

#5 BF 39 SF 26

Porosity = 4.80%

#15 BF 39 SF 46

Cc

Porosity = 10.9%

Fig. 3. 3D rendered images of three E-PBF as-built samples: (a—c) Orthoslices x-y, x-z, and y-z directions; and (d-f) show the internal features wherein the grey and

blue objects represent Ti-6Al-4V material and porosity, respectively.

most likely to be the gas pores due to their small size and spherical shape
which could be formed via pore transfer from powder to the melt pool
during processing [25] (corroborate with the OM results in Fig. 2). The
OM and XCT results confirm that these as-built samples are 99.9 % dense
and suggest that their internal pores have negligible effects on the
applied pressure during HIPping (quantified later).

For the Type II E-PBF samples (Fig. 4c—e), samples #9, #10, and
#14 display a tortuous pore network along their build direction (e.g.
Fig. 4¢) and they contain small and randomly distributed gas pores (see
examples in #10 and #14 Fig. 4d—e).

For the Type III E-PBF samples (Fig. 4f-g), samples #5 and #15,
display a highly dense pore network with no preferred pore orientations.
At a mid-high SF, the electron beam is defocussed and imposes a low
energy density. This promotes the formation of lack-of-fusion defects
[15,16,20] during E-PBF, resulting in un-melted regions at the core of
the sample and forming a highly dense pore network with large surface
areas. Although the sample geometry is similar for all processing
themes, we hypothesis that the localised deformation at the core of
specimens increases with increasing pore volumes, and the amount of
deformation is expected to be the highest in Type III E-PBF samples, see
discussion later.

3.3. The effects of pore morphology on plastic deformation during HIP

To confirm whether our samples underwent plastic deformation, we
further estimated the applied pressure acting on the core region of E-PBF
samples during HIP based on the OM porosity results. We assume the
sample geometry is a cube and the area of the cubic face (A) is
15 x 15 mm? The applied force (Fapiied = Papp * A) is estimated to be
~ 23.2 kN at the HIP pressure of 103 MPa. We then calculated the local
applied pressure at the core of each sample (Pcore) by dividing Foppiiea
over the area of the core materials which is 12 x 12 mm? and the sample
porosity (P, %) obtained from the OM images, see result summary in
Table 5. We used the temperature-dependent mechanical properties of
Ti-6A1-4V from [26] and a line of best fit to estimate the elastic limit or
yield strength; (cy) = — 0.829(T) + 847.21 ®? = 0.989), where the
temperature (T) is 920 °C and hence the oy is ~ 84.5 MPa. At this
temperature, the Pcor reaches up to 350 MPa, ~ 4 times the oy of
Ti-6Al-4V. This confirms that all samples underwent plastic deformation
during HIP. Samples #15 and #16 underwent over 2.5 times the ¢y of
Ti-6Al1-4V at 920 °C, suggesting that dynamic recrystallisation may
occur owing to hot deformation. On the other hand, the samples exhibit
columnar and mixed microstructure when the applied pressure is < 2.1
and 2.1 < x < 2.7 times the 6y of Ti64 at 920 °C, respectively. During
HIP, hot deformation is expected to be isotropic in samples #1 and #8
and much lower compared to samples #15 and #16.
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#9 BF 29 SF 36 #10 BF 39 SF 36

(d)

Porosity =1.33 % Porosity = 2.99%

#15 BF 39 SF 46

(9)

Porosity = 6.23%

(i)
0.0 6
- 600
T ~
2 £
< 19.0 9 -450 X
2 )
S [
5 s
- 30 8
8200 A 706.0 £
» @
150
30.0 | 4466 654.1 7219
S S S
P o ©

Beam offset (BF)

Fig. 4. 3D porosity analysis of E-PBF at the core of the as-built samples. All scale bars are in 1 mm. Region of interest 3D visualisation showing three distinctive pore
morphologies; ‘Type I - low level porosity’: (a) #1 BF 0 SF 26; (b) #8 BF 19 SF 36; ‘Type II — tortuous pore network’: (c) #9 BF 29 SF 36; (d) #10 BF 39 SF 36; (e) #14
BF 29 and SF 46; ‘Type III - highly dense pore network’ (f) #5 BF 39 SF 26 and (g) #15 BF 39 SF 46. Summary plots showing their corresponding (h) porosity (%) and

(i) surface areas.

Recrystallisation is a key driver to the formation of fine equiaxed
microstructure. Prior work revealed that equiaxed structures were found
in the region where large pores were present in the as-built AM sample
[13,27-30] or/and the region underwent hot deformation, e.g. at the
prior particle boundaries where the particles are in contact [31-33].

Given that our HIP temperature (920 °C) is within such crystallisation
temperature range of Ti-6A1-4V (850 and 950 °C) [30], recrystallisation
may occur during HIP. Recrystallisation was observed during HIP when
the HIP temperature is below the transformation temperature of three
types of Ti-alloys, e.g. Ti-6Al-4V [9,27-29], Ti1l0V2Fe3Al [34], and
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Table 4
XCT quantification results for the core region of the as-built samples.

Additive Manufacturing 57 (2022) 102962

Sample # BF SF Core porosity (%) Shell porosity (%) Total pore volume, PV (um®) Total surface areas, SA (um?) Grain microstructure after HIP
1 0 26 0.01 0.00 3.38 x 108 2.60 x 107 Columnar
8 19 36 0.08 0.03 2.61 x 10° 1.19 x 108 Columnar
9 29 36 1.32 0.37 3.88 x 10'° 2.54 x 10° Columnar
10 39 36 3.01 0.74 8.65 x 10'° 6.54 x 10° Mixed
14 29 46 4.56 0.32 1.13 x 10! 7.06 x 10° Mixed
5 39 26 4.80 0.02 1.10 x 10! 4.47 x 10° Mixed
15 39 46 6.23 0.02 1.48 x 101! 7.22 x 10° Equiaxed
16 - - 7.27 0.55 1.79 x 10" 7.60 x 10° Equiaxed
Table 5 number of dislocations ahead of the defects or at the interphase
able

Estimated applied pressure (P.o.) on the core region of the E-PBF materials
during HIP.

Sample #  Peoree (MPa) ~ Multiples of Ti-6Al-4V oy (at 920 °C) ~ Microstructure
1 161 1.9 Columnar

8 161 1.9 Columnar

9 179 2.1 Columnar

10 196 2.3 Mixed

14 203 2.4 Mixed

5 189 2.2 Mixed

15 233 2.7 Equiaxed

16 350 4.1 Equiaxed

Ti48A12Cr2Nb [35]. This suggests that the changes from columnar to
equiaxed microstructure could be linked to the dynamic recrystallisation
during HIP via hot deformation [36], and not due to the process itself.

Besides hot deformation, minimise the high-energy pore surfaces
within the samples is another driving force for recrystallisation, which is
the fundamental principle of HIP [37]. Bustillos et al. [9] explained that
the stored energy associated with the pore surfaces is governed by the

(a)

Sample 15

(|

7 ’.Equi'a,xéd ‘gtl"ai‘ns‘ (c

(b)

(d)

boundaries, and the inherent strain energy associated with the
non-equilibrium microstructure. E-PBF process relieves the accumula-
tion of residual stress in the samples via preheating, this lowers inherent
strain energy and is distinctively different from L-PBF process [9]. Re-
sults shown in Tables 4 and 5 suggest that the defects that might lead to
recrystallisation of fine equiaxed grains but the as-built samples need to
exhibit interconnected and tortuous pore with a large surface area rather
than lack-of-fusion defects or porosities that are isolated from each other
[9]. Our results also show that partially connected and directional de-
fects will lead to a mixture of columnar and equiaxed grains.

Based on Tables 4 and 5, Figs. 2 and 4, we can see that the HIPped
samples exhibited a fully columnar grain microstructure when the
porosity level is at P < 3 % with mainly spherical micro-pores; a mixed
grain microstructure of columnar and equiaxed when 3 % <P <5 %
and a tortuous and interconnected pore network appeared along the
build direction; and an equiaxed grain microstructure when P > 5 % and
a highly dense pore network existed with no preferred orientation.

We hypothesise that there may exist two main drivers for CET during
HIP: (1) Increase in pore volume and surface area which promotes hot

Sample 16

'Eq‘ﬁlaxedgraqns«(éore) :
il e T e

Fig. 5. OM microstructural images at X - Z sections of samples (a) #15 and (b) #16. (c—d) Enlarged views of shell and core microstructures for samples #15 and #16,

respectively.
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deformation at the core region of the samples and (2) minimise the high-
energy pore surfaces within the samples.

3.4. Microstructural evolution after HIP Treatment

After the same HIP treatment, samples #15 and #16 (Fig. 5a-b)
show a minimal amount of porosity (P < 0.1 %), equiaxed grain
microstructure at the core region, columnar prior f§ grains, and dual-
phase/Widmanstatten o/f microstructure at the shell, and an excellent
bonding at the core-shell interface (Fig. 5c~d). The shell of sample #16
exhibited severely distorted columnar grains owing to the HIP-induced
plastic deformation, underwent a shrinkage (~ 7.0 & 0.1 %), and poor
dimensional accuracy, and hence this setting is not recommended for
future work.

The main difference between samples #15 and #16 is the core/shell
microstructure in the as-built state (see Table 4). The core/shell mate-
rials in sample #15 were fully fused together before HIP and they have
sufficient strength to withstand the applied pressure during HIP. The
sample underwent isotropic compression and shrinkage (Fig. 5a). In
contrast, the core/shell materials in sample #16 were weakly bonded
together, however, the E-PBF melting and preheating effect sufficiently
fused core/shell materials at the top and bottom part of the samples but
not on the side wall. During HIP, the side wall of the sample was unable
to withstand the HIP pressure and buckle, resulting in anisotropic
compression (Fig. 5b). As the HIP cycle continued, the weakly bonded
powder network at the sample core (formed by the preheating effect of
E-PBF) broke down into individual powder particles. Upon additional
pressure, the powder particles rotated to accommodate the plastic
deformation. The porosity in the sintered network continued to reduce
via typical creep mechanisms in the HIP treatment and eventually led to
the formation of new grain boundaries and equiaxed grains (Fig. 5e-d).
Our results further support that the key mechanism that drives the
microstructural evolution is owing to the large pore volume and surface
area in the as-built state, leading to large deformation and recrystalli-
sation during HIP and the formation of equiaxed grains.

Unlike samples #15 and #16, the mixed type of microstructure is
consistently observed in samples #14, #5, and #10 (Table 4), because
the energy density was not enough to remelt previously built layers,
forming residual voids in the core region. E-PBF/HIP can break up the

Before HIP

After HIP

-

o B 7
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columnar p-grains along the build direction, preventing the epitaxial
grain growth using conventional PBF technologies [38]. A mixed
microstructure is achieved in the post HIP samples, which could change
the behaviour of crack propagations generated from the surface. Due to
a nearly equiaxed structure, it tends to change direction on crack
propagation, e.g. through the prior p grains. The closure of the voids
during the HIP cycle also tends to break the a grain boundary for the
columnar prior f grains, which may change the fatigue performance of
the part. Seifi et al. [39] reported that heterogeneous microstructure in
E-PBF samples shows no preferential paths during crack propagation, e.
g. cracks were observed through o lath, colonies, and prior § grains
across their test specimens.

Fig. 6 shows three investigated regions captured from samples #5,
#8, and #15 before and after the HIP cycle. A finer o lath was observed
before HIPping across all three samples and the HIP treatment increases
the o lath width and hence the a colony scale factor [40]. Consequen-
tially, this reduces the yield strength (YS) and ultimate tensile strength
(UTS) but increases ductility [41].

Most of the as-built samples show an average a lath width of ~ 1 ym.
Based on our results, the volumetric energy density delivered to the
powder bed, resultant pore volume, and the cooling rate are critical
factors for o lath width refinement. The HIPped cans had an increase in a
lath width of ~ 200 %, similar to that reported by previous studies [40,
42]. There is a large deviation in the o lath width in the HIPped samples,
which is a result of the range of phase transformations happening during
heat treatment. This resultant o/p dual-phase microstructure is highly
dependent on the o’ martensitic formation and subsequent decomposi-
tion as well as the phase coarsening [43].

3.5. Mechanical properties

The micro-hardness at the core region of the as-built components is
between 360 and 375 HV. It is slightly higher than the 340 HV measured
by Kahlin et al. [44] but aligned with the Ref. [45]. Higher hardness is
found on as-built samples with low porosity; this is potentially due to the
rapid cooling achieved using less energy density in E-PBF. During the
heating and cooling process, some differences in a and p formation were
expected, with a consequent impact on prior f-grain width [19]. The
effects of scanning speed and consequent volumetric energy density on

Fig. 6. The core microstructures of sample #5 (a—d), #8 (b—e), and #15 (c-f) before and after HIP treatment.
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the mechanical properties are widely reported in the literature [19-21,
46]. The small variations (~ 4 %) in the micro-hardness results are
influenced by the hardness measurement errors.

After HIP treatment, there is a slight decrease in micro-hardness
which varies between 339 HV to 355 HV, similar to that reported by
Ref. [47]. The difference in micro-hardness between the as-built and
HIPped samples was < 5 %. Further work is required to fully understand
the changes in hardness after HIP and their impact on the manufactured
parts.

Fig. 7a shows a strong bonding at the core-shell interface, where the

Additive Manufacturing 57 (2022) 102962

columnar prior  grains were observed in the E-PBFed region and
equiaxed grains in the HIPed section. A surface fracture analysis was
carried out on two of the tensile samples denoted as A and B (see Fig. 7b
and c). Both samples show no lack of fusion or porosity and exhibit
ductile behaviour indicated by the small dimples over the entire fracture
surface. Sample A (Fig. 7b) shows fewer crack initiation sites at its
surface than that of sample B (Fig. 7¢) which has several spherical
debonded particles at the inspected surfaces, which can act as stress
raisers. After HIP, these tensile specimens with 0.18 wt% oxygen level
exhibit ultimate tensile strength of 1019 + 2 MPa, yield strength of 920

Debonded

particles ™
§i X

200 pm
—_—

Fig. 7. (a) HIPped region of a tensile specimen before being machined with an enlarged view of the interface between core and shell regions. (b) SEM surface fracture
of tensile sample A, with a crack initiation region, and its ductile fracture. (b) Tensile sample B surface fracture, with a crack initiation region and particles debonded,

and its ductile fracture.
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+ 5 MPa, and elongation of 14.5 + 2.0 %, which are slightly higher than
the HIPped samples reported in ref [42,48,49] and the ASTM-F2924
standard [23,50]. The E-PBE/HIP technique can improve the ductility
and fatigue properties of parts [12]. The difference in elongation (%)
between samples A (16 %) and B (14 %) can be attributed to the ori-
ented columnar grains in sample A along with the test direction. This
result is comparable to the HIP sample with equiaxed grains which has
an elongation of ~ 14 % [51].

3.6. Manufacturing efficiency analysis

Fig. 8 shows the run time of each melt theme and the corresponding
sample porosity and density measured by OM and Archimedes tests,
respectively. The porosity of these E-PBF samples quantified by XCT is
significantly lower than that quantified by OM analysis because the XCT
analysis quantifies the porosity of the entire can whereas the OM anal-
ysis only considers the core material. Each characterisation method has
its possible sources of errors, e.g. the 2D OM images can underestimate a
bulk sample density and they are not as representative as other mea-
surements. The XCT analysis quantifies the pore volume in the core re-
gion in 3D but it may underestimate the porosity due to the large voxel
size, and the Archimedes method can overestimate the porosity as it may
trap air bubbles at the sample surface during measurements.

The shell of the sample was manufactured in ~ 10.5 min and it is
subtracted from the total manufacturing time for hatching calculations.
Samples #12, #13, and #14 were made with an SF of 46, (or a high scan
speed) and have the lowest manufacturing time. When the SF was set
below 46, the manufacturing time increased by at least 36 min. Our
work shows that a BF between 9 and 19, and a SF between 36 and 46
generated the best time vs density, excluding sample #7. The BF and SF
in sample #7 were considered as standard settings. Its hatching time was
almost 45 % slower than that of sample #12. An adjustment of the pa-
rameters should be considered to improve the manufacturing time. A BF
of 39 shows poor manufacturing speed and high porosity and this setting
must not be used for manufacturing.

The shortest build time was achieved in making sample #16 in which
the sample is only built with a shell, containing the loose powder. Free
core melting could drastically reduce the manufacturing time and
consolidation can solely rely on the HIP treatment. However, it exhibits
a high volume shrinkage after HIP and an equiaxed microstructure, in
contrast to the columnar p grains normally observed in PBF technolo-
gies. Further process optimisation can be done via simulation [6] which
can be used to predict shrinkage and metallurgical composition of
specimens.

4. Conclusions

We conducted a comprehensive study of E-PBF/HIP of Ti-6Al-4V
samples to investigate the microstructural and mechanical properties
as well as the manufacturing efficiency. Our results demonstrated a way
to control the HIPed microstructure of these E-PBF/HIP samples by
varying their volume percentage and morphology of lack-of-fusion pores
in the as-built state with a single set of HIP parameters.

The HIPped microstructure underwent a transition from fully
columnar to columnar-equiaxed mixed and then fully equiaxed grains.
They exhibited a fully columnar grain microstructure when the porosity,
P < 3 % with mainly spherical micro-pores; a mixed grain microstruc-
ture of columnar and equiaxed when 3 % < P < 5 % and a tortuous and
interconnected pore network appeared along the build direction; and an
equiaxed grain microstructure when P > 5 % and a highly dense pore
network existed with no preferred orientation. Thus, two main drivers
were suggested for the grain morphology transitions during HIP: (1) an
increase in pore volume would increase the localised applied pressure at
the core of the samples up to 4 times the flow stress of Ti-6Al-4V at
920 °C and (2) to minimise lack-of-fusion pores with high surface
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Fig. 8. Time vs shrinkage porosity of each condition manufactured.

energies in the as-built state, resulting in dynamic recrystallisation
during HIP and formation of equiaxed grains.

The tensile testing results were above the ASTM-F2924 standard. The
fracture surface shows a good bonding at the core-shell interface. Our
results show that a BF between 9 and 19, and a SF between 36 and 46
generated the best outcome in terms of manufacturing time and quality.
With further process optimisation, we believe that this E-PBF/HIP
method can significantly reduce production time and manufacturing
costs for E-PBF.
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