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In laser powder bed fusion (L-PBF), the mechanical performance and especially fatigue properties of fabricated
parts are signiﬁcantly improved by hot isostatic pressing (HIP) as the density increases (pores are closed) and the
microstructure improves. HIP ensures consistent and defect-free material, and consequently, this high temperature and high pressure process is often a requirement for safety-critical aerospace applications. The use of HIP to
directly consolidate intentionally-unmelted interior powder in a L-PBF part was recently demonstrated. By
conﬁning the laser melting to only the outer shell (contour) of the structure, L-PBF production times can be
dramatically reduced. A subsequent HIP cycle, which may be mandatory for reliability reasons, and therefore does
not add additional costs, is then used to densify the entire structure. Production rates and energy efﬁciencies can
therefore be improved in this way. This study explores the effect of relying on the HIP process to consolidate
interior sections of test coupons, for which micro computed tomography (microCT), process simulation and
tensile tests were conducted. MicroCT of coupons with varying shell thicknesses identify the minimum shell
thickness required; and provide indications of the shrinkage ratio as a function of powder content relative to shell
thickness. Preliminary results are included in which the shrinkage can be compensated for during design, by way
of a “bloated cube” which collapses to a nominal cube geometry after HIP. The mechanical evaluation of the
consolidated shelled parts indicates that their tensile performance is equivalent to those observed on fully dense
printed parts. Up to an order of magnitude faster build rates are possible and any resulting shrinkage or distortion
can be offset at design.

1. Introduction
Laser powder bed fusion (L-PBF) is a widely adopted form of additive
manufacturing for the production of end-use, complex geometries in high
performance metal alloys (DebRoy et al., 2017; Gu et al., 2012).
Low-volume, high-value and complex products are paramount for
advancing the aerospace industry with regards to fuel efﬁciency through
techniques such as light-weighting, latticing and topology optimization
(Du Plessis et al., 2018a; Flores et al., 2020; Plocher and Panesar, 2020;
Van Grunsven et al., 2014). L-PBF is particularly well suited for
intricately-detailed medium-sized structures fabricated in the most

advanced engineering alloys among all of the available additive
manufacturing technologies (Standard A. ISO/ASTM 52900: 2015,
2012). One remaining challenge relative to other processes, but in
particular when compared to traditional manufacturing, is the limited
production rate which is restrained largely by limits to the laser scan
speed and laser power (de Formanoir et al., 2020; Ma et al., 2015).
The productivity of L-PBF is directly impacted by the associated
process parameters (e.g. hatch spacing, scan speed and layer thickness),
which if optimized for improving production include balancing a tradeoff
with the mechanical and dimensional performance. A diversity of strategies to improve the productivity of L-PBF have been explored including
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Table 1
Overview of all manufactured samples.
Specimens

Build
Number

Shell thickness mm (quantity)
0.5

1

1.5

2

2.5

Full

10 mm cubes (shelled)
10 mm cubes (full density)
Machined tensile bars
(60  10 mm cylinders shelled)
Machined tensile bars
(60  10 mm cylinders)
Not-machined tensile bars
(60 mm dog bone - shelled)
Not-machined tensile bars
(60 mm dog bone)
Complex bracket (shelled)
Complex bracket (full density)

1
2
1

3
0
0

3
0
0

3
0
3

3
0
0

3
0
0

0
15
0

2

0

0

0

0

0

3

1

0

0

3

0

0

0

2

0

0

0

0

0

3

1
2

0
0

0
0

1
0

0
0

0
0

0
1

larger build volumes (Poprawe et al., 2015), multiple lasers (Carter et al.,
2020a) and spinning cylindrical powder beds (Carter et al., 2020b);
however, although these clever techniques will eventually improve the
economics of scale of laser powder bed fusion, each increases
manufacturing cost and complexity. A recent study by de Formanoir et al.
(de Formanoir et al., 2020) showed an interesting approach: a shelled
region and interior regions of the same part were processed with different
layer thickness, improving production rates with larger layer thickness in
the interior, but increasing the formation of pores in this region, relating
to the higher build rate.
Another approach to improving productivity was investigated by
simply increasing the laser scan speed despite increasing the porosity in
the process, and then subsequently eliminating the porosity with hot
isostatic pressing (HIP) (Herzog et al., 2020). Hot isostatic pressing is a
commonly required post-processing step and may therefore be required
with or without faster processing, consequently not incurring additional
cost. Hot isostatic pressing is a post-processing method which improves

Fig. 2. Shelled cubes shown with interior cavity geometry - including 4 mm
radius of curvature ﬁllets near to improve build quality of top shelled surface.
Shell thickness from left to right 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm and 2.5 mm,
additional 2 mm at bottom for cutting from baseplate.

the quality of metal and ceramic structures and is well suited for additively manufactured structures by conveniently accommodating complex
geometries for EB-PBF (Ahlfors et al., 2019; Leicht et al., 2016; Goel
et al., 2019; Seiﬁ et al., 2017a; Persenot et al., 2018; Hosseini et al., 2012;
Eklund et al., 2018; Mireles et al., 2015; Medina, 2013) and L-PBF

Fig. 1. Shelled build showing all shelled parts on build plate, and identical solid build was also manufactured.
2
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(Kaplanskii et al., 2018; Kunz et al., 2016; Zhou et al., 2018; Yan et al.,
2019; Uzan et al., 2018; Chastand et al., 2018; Montero-Sistiaga et al.,
2019; Mostafa et al., 2017; Schneller et al., 2019) for a diversity of metal
alloys. Simultaneously, high temperature and high gas pressure are
applied to the structure ensuring densiﬁcation and microstructural homogenization. The process has a long legacy in traditional manufacturing
for powder metallurgy and cast metals to improve density and microstructure homogenization (Atkinson and Davies, 2000). HIP has been
demonstrated to eliminate pores as large as ﬁve mm in diameter in
Ti6Al4V parts created with both traditional and additive manufacturing
(du Plessis and Rossouw, 2015; Cai et al., 2016a; Cai et al., 2016b; Cai
et al., 2018). The increased density from HIP is understood to improve
fatigue performance (Masuo et al., 2018), and consequently, HIP is now
widely accepted as a necessary post process in the aerospace additive
manufacturing production chain (Ahlfors et al., 2019; Seiﬁ et al., 2017b),
a required step which could potentially be leveraged to realize additional
beneﬁts. The ﬁrst demonstration of this concept was performed in early
work with Ti6Al4V employing an ~2.5 mm shell and essentially
demonstrating the concept of excellent densiﬁcation in an efﬁcient
hybrid process combining L-PBF and HIP (Das et al., 1999). Others have
used similar concepts to produce shelled near net shape “cans” by L-PBF,
ﬁlled these with powders, closed and subjected them to HIP for densiﬁcation, focusing on creating unique alloys and composites (Kunz et al.,
2016, 2020), (Riehm et al., 2019).
X-ray tomography is a useful method for non-destructive evaluation
of complex structures and when leveraged for powder bed fusion before
and after HIP processing, the extent of porosity reduction can be

Fig. 3. Tensile samples in dogbone geometry (no machining) and in cylinder
geometry (for machining of dogbone geometry).

Fig. 4. Bloated cube - pre-compensated cube geometry manufactured using supports and angled to improve manufacturability and prevent overhangs.

Fig. 5. Tensile bars investigated in this research program. Left: Machined (top). Not-machined (bottom). The samples were 60 mm in length and had 6 mm in gauge
diameter. Right: Top view of the Full density and Shelled samples.
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parts, saving signiﬁcant production time on the L-PBF system and
compensating for the shrinkage based on HIP simulations. Similar recent
work with preliminary results can be found in conference presentations
(Magnus Ahlfors Chad Beamer, 2020), however, the work was not presented at Rapid 2020 due to the pandemic and the cancellation of the
conference. The unpresented work did not include compensation for
shrinkage and deformation, but this additional step would have been an
obvious extension to the work.
Developing an understanding of the impact of relying on HIP to
consolidate interior unmelted powder is the focus of this paper with the
objective of improving production rates for this new hybrid process,
while maintaining acceptable mechanical performance and dimensional
compliance. The concept is demonstrated for a variety of geometries,
using X-ray tomography before and after HIP. The geometries included
10 mm cubes with different shell thicknesses, tensile dogbone samples,
cylinders from which dogbone samples were machined, a topology
optimized bracket and pre-compensated cube geometries. These were
manufactured in solid and shelled versions for comparison. Precompensated cube geometries were obtained using HIP deformation
simulation: a shelled cube was modiﬁed to compensate for the shrinkage
caused by the collapsing internal powder, which is loaded by default in
the L-PBF system at an expected packing density of ~60%. The cube faces
were bloated to arrive approximately to the intended geometry. In
addition to X-ray CT, tensile testing and fracture surface analysis are
reported. This experimental campaign using a variety of geometries is
described in detail in this paper and the potential for improved productivity for L-PBF using this methodology is thereby proven.
2. Materials and methods
A variety of geometries were designed with and with shells, fabricated, hot isostatic pressed and evaluated both mechanically and with Xray tomography. Design changes were included for some cubes
(“bloated”) to highlight the ability to compensate dimensionally for the
internal shrinkage.
2.1. Fabricated geometries
Samples were manufactured in Ti6Al4V (ELI) on an EOS M290 system, with prescribed process parameters: laser power 280 W, scan speed
1.2 m/s, 0.03 mm layer height, hatch spacing 0.14 mm with 67 rotation
of hatch direction on each layer. Powder was the recommended gas
atomized Ti6Al4V (ELI) with D90 value of 50 μm. Standard stress relief
heat treatment was employed followed by wire cutting from baseplate.
Shells for parts were generated using Materialize Magics software. Two
builds were done - one with all samples shelled and one with all samples
solid. There were four steps in the study, with samples associated with
each step as summarized below (but all samples manufactured in two
batches, see Table 1 and Fig. 1):

Fig. 6. Three cubes manufactured with 0.5 mm shell - shown before and after
HIP. (a) Successful densiﬁcation, (b) no densiﬁcation due to bottom surface
hole, (c) successful densiﬁcation as indicated by homogenous material and lack
of detected pores (5 μm voxel size).

quantiﬁed. For example, Seiﬁ et al. (Mireles et al., 2015) found small
porosity randomly within electron beam melting samples of
Ti48Al2Cr2Nb which were imaged by tomography. Porosity as small as
20 μm in diameter was eliminated beyond the resolution of the scan. In
the study of Ti6Al4V parts produced by L-PBF in (Medina, 2013), closed
pores were identiﬁed while others remained unchanged and it was
speculated that the unchanged pores were connected to the surface.
Using samples with varying distributions of porosity, the effectiveness of
closure was shown in (Kaplanskii et al., 2018) demonstrating how
surface-connected pore networks remain unchanged while other pores in
the interior were entirely closed below the instrument resolution
(24 μm).
In the work of du Plessis & MacDonald (du Plessis and Macdonald,
2020), the HIP-densiﬁcation of different forms of typical L-PBF porosity
was studied using X-ray tomography of 5 mm cubes (125 mm3 volume)
before and after HIP. Excellent densiﬁcation was demonstrated including
the unexpected full densiﬁcation with minimum shrinkage of a 2 mm
powder-ﬁlled spherical cavity (assumed at ~50% density for powder and
with a volume of 4.19 mm3). Following this interesting preliminary
result, the current work extends this concept to use L-PBF to produce
shelled parts ﬁlled with powder and relying on HIP to fully densify the

1. To understand the effect of varying shell thickness on the densiﬁcation and shrinkage for cubes of 10 mm: 10 samples were produced
with wall thickness by design selected as 0.50; 1.00; 1.50; 2.00; and
2.50 mm. This means the thickest shell sample has an internal cube of
powder of 5 mm and the thinnest shell has a cube of powder of
9.5 mm wide. Fillets with radius of curvature of 4 mm were added to
the inner top shell to ensure the structure is self-supporting and
prevent build failure with a large horizontal region without any
supports (Fig. 2).
2. Tensile samples were produced directly in dogbone geometry and by
manufacturing cylinders for machining, both in vertical orientation.
Cylinders of 60  10 mm were manufactured, and (after HIP) were
machined into subsize ASTM E8 tensile dogbone geometry (gauge
length four times diameter, with gauge diameter ¼ 6 mm). Tensile
dogbones were also manufactured directly in their ﬁnal geometry and
were not machined, to include the rough surface condition. Each
4
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Fig. 7. Measurements of shell thickness with intended design thickness of 0.5 mm - bottom surface is 0.15 mm indicating cut from baseplate removed too
much material.

2.4. Mechanical testing

build contained 3 blocks and 3 tensile samples, and the two builds
were “solid” vs “shelled”, shell thickness selected at 1.5 mm (Fig. 3
and 5)
3. A pre-compensated cube geometry was obtained from simulation,
resulting in a “bloated cube” - this sample was shelled with 1.5 mm
and no internal ﬁllets included, and hence to improve manufacturing
and prevent build failure, the bloated cubes were built at an angle and
with supports (Fig. 4). The supports were left in place to prevent
possible damage which could affect the HIP process.
4. A complex shaped bracket used in a previous study (du Plessis and le
Roux, 2018; du Plessis et al., 2019) was used in larger format, in two
builds solid vs shelled - shell thickness 1.5 mm

Tensile testing was performed on an Instron machine 5500 R using
cylindrical specimens following the ASTM E8/E8M (see Fig. 1). The
testing was carried out with an extensometer attached to the samples.
2.5. Build time
In this work the actual build times were recorded for the solid and
shelled builds and estimated times from the EOS software are also provided. Additionally, estimated times were calculated for hypothetical
cubes manufactured up to the maximum size of the EOS M290 system:
240  240  290 mm solid and shelled (1.5 mm shell thickness). This
was done as an extreme example showing the maximum potential time
saving by using this method.

2.2. Hot isostatic pressing
Hot isostatic pressing was performed at Quintis Technologies (Ohio
USA), using the routine parameter set for Ti6Al4V: using high purity
Argon gas with pressure of 100 MPa, ramped up to 920 degrees C over 2 h
then soaked for 2 h, followed by cool-down to room temperature for
30 min.

2.6. Finite-element modeling
Non-linear, ﬁnite element, thermo-mechanical analysis has long been
established as a suitable method for predicting the deformation and
densiﬁcation behavior of porous metals (Leuders et al., 2013; Oh et al.,
1987; 51.). The DEFORM® system (Version 12.0.1 and Sc, 2020) was
used to simulate distortion of the HIP test samples from this study. Cubic
geometries were modeled with a structured brick mesh, while the more
complex bracket geometry was modeled with an unstructured tetrahedral mesh. DEFORM utilizes an advanced mixed-formulation tetrahedral
element (Wu et al., 2000), which avoids the locking phenomenon associated with more basic tetrahedral element formulations.
The ﬁnite element model was created by Scientiﬁc Forming Technologies Corp. in DEFORM-3D V12.0.1. Flow stress data for Ti6Al4V was
obtained from the DEFORM material library. The initial relative density
(powder density/fully-consolidated density) was assigned by regions.

2.3. X-ray tomography
X-ray tomography was performed at the Stellenbosch CT facility (du
Plessis et al., 2016), using a GE Nanotom S System with voltage and
current set to 140 kV and 130 μA, using a 0.5 mm copper beam ﬁlter and
achieving 5.0 μm voxel size. The use of X-ray tomography in additive
manufacturing has been described in detail in (Du Plessis et al., 2018b).
X-ray tomography was performed on samples both before and after HIP.
Image analysis was performed in Volume Graphics VGSTUDIO MAX 3.3,
in this case before-after scan data was aligned to allow direct comparison
of scans.
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3. Results and Discussion
3.1. Impact of shell thickness of 10 mm cube shrinkage
X-ray tomography was performed on all cubes before and after HIP,
with selected images shown below to highlight the important results
)(Fig. 6–8). X-ray tomography shows that the HIP process fully densiﬁes
the material - no pores are detected at the voxel size of 0.005 mm. In
Fig. 6is shown the three cubes with intended shell thickness of 0.5 mm.
Of the three samples, two successfully densiﬁed with corresponding
deformation as seen in Fig. 6(a) and (c). In Fig. 6(b) an unsuccessful
densiﬁcation by HIP is shown - due to a hole in the bottom shell as seen in
the image. Gas enters this hole and renders the HIP process ineffective on
this sample. It should be noted that the shell thickness in the bottom
surface here is only 0.15 mm as measured and shown in Fig. 7. This is not
due to L-PBF inaccuracy but rather the cutting from the baseplate which
removed too much material. This is an important lesson for future work
using this approach - to ensure the bottom surface near the baseplate
removal is given a thicker shell to compensate for this potential problem.
All other cubes with intended shells of 1.0 mm and above successfully
densiﬁed, one example of each shell thickness is shown in Fig. 8. The
maximum deformation becomes less as the shell thickness increases and
hence the powder cavity size reduces. The largest deformation is found in
the bottom surface, as the top surface includes ﬁllets. The introduction of
the ﬁllets improved the deformation considerably - which is another
important lesson from this work. Optimization of the ﬁllet usage may
reduce the deformation, but at the compromise of increasing
manufacturing time as well.

3.2. Tensile samples and mechanical tests
Tensile samples and cylinders were manufactured and all shells
checked in CT scans - all were well manufactured using 1.5 mm shell
thickness, with one example of each shown in Fig. 9. Subsequent HIP was
applied to all samples, which was followed by the cylinders being
machined to dogbone geometry and mechanical tests as described below.
Fig. 10 shows the average mechanical properties of the tested materials, where it is observed that although the tensile strength of the
machined specimens is slightly higher than that recorded on the directly
manufactured dogbone geometry specimens, no apparent difference is
observed in the strength between the full dense and the shelled parts. A
similar mechanical proﬁle was displayed by the yield strength. Fig. 10
also shows the elastic modulus and strain at failure of the tested specimens. The ﬁgure shows that a similar Young's modulus was recorded
across the different investigated specimens. In contrast, the average
failure strain of the shelled dogbone parts was lower than the reported by
the rest of the specimens, a mechanical property probably associated
with the α lath thickness determined by the equiaxed αþβ phase which is
usually the major factor determining the mechanical properties (Galarraga et al., 2017). These results suggest that the observed mechanical
properties are within the range of previous studies (Liu and Shin, 2019;
Leuders et al., 2013; Oh et al., 1987; 51.) and well within acceptable
ranges. Fig. 11 shows also the stress-strain curves for the parts.
A microscopic analysis was performed on the fracture surfaces (see
Fig. 12), and it was observed that no difference in failure mode was
shown on the samples manufactured under different conditions. All
samples show a marked degree of ductile fracture. An additional SEM
microscopy was performed on the shelled and full-dense parts (Fig. 13),
and it seemed that the HIPed samples appear to display a slightly larger
degree of porosity. However, such defects did not seem to have a distinct
impact on the mechanical performance of the samples, based on the
tensile strength shown in Fig. 10.

Fig. 8. Shelled cubes before (left) and after HIP (right), with intended shell
thickness of (a) 1 mm, (b) 1.5 mm, (c) 2.0 mm and (d) 2.5 mm. One example of
each is shown, all three of each type fully densiﬁed (12 samples).

Elements in the outer shell had a relative density of 1, while elements in
the powder core had a relative density of 0.58 (Zhou et al., 2009). Local
velocity boundary conditions constrained the part in three degrees of
translation and three degrees of rotation without restricting overall part
distortion. The workpiece and environment temperatures were 920  C
and pressure was ramped to 100 MPa over 60 s. Consolidation was
assumed to have reached equilibrium when nodal velocities reached zero
(Fig. 5).
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Fig. 9. Cylinders and tensile dogbones manufactured with 1.5 mm shell, microCT scan shows good shell and geometry ﬁlled with powder.

Fig. 10. Mechanical properties of the Machined and Not Machined parts based on the full density and shell conformation, all samples subjected to HIP.
7
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Fig. 11. Stress-Strain Curves of the Machined and Not Machined parts based on the full density and shell conformation, all samples subjected to HIP.

Fig. 12. Optical images of fractured tensile specimens, all HIPed: a) Shelled dogbone geometry. b) Solid dogbone c) Shelled machined and d) Solid machined.
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Fig. 13. SEM images of fractured tensile specimens. a) Solid machined and b) Shelled machined.

Fig. 14. Deformation simulation of 10 mm cube with 1 mm shell: elemental relative densities in the initial and HIP processed coupon.

Fig. 16. Signiﬁcant warping was noted, along the thin structure connecting the bottom bosses, which drives substantial misalignment of the
side bosses. This suggests an opportunity for future research studying the
impact of structural geometries on distortion, leveraging high ﬁdelity
deformation simulations. This result also further validates the process in
that the shelled geometry can be successfully densiﬁed.

3.3. HIP process simulation compared to real geometries
DEFORM-3D simulation results of the cubic coupons evaluated the
impact of hybrid L-PBF design parameters on the HIP process output. The
distortion of a 1 mm shell cube is shown in Fig. 14. The distortion pattern
shown here was typical for all shell thicknesses. The distortion was most
severe with thin shell sections and became less severe as shell thickness
increased, as also conﬁrmed by CT scans post-HIP shown in Fig. 8.
DEFORM-3D simulations performed on the bracket geometry
revealed distortion behavior on an industrially-representative component. The simulated shelled bracket geometry is shown in Fig. 15 and the
actual CT scans of the shelled bracket before and after HIP are shown in

3.4. Distortion compensation
Given the distortions involved in the HIP process (shown above), the
development of a distortion compensated print geometry is required if
the target geometry is to be achieved after the HIP process. A
9
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compensation. Simulation results (Fig. 18) revealed that the shape of the
compensated model matched the target geometry well following the HIP
process.
The deformation compensation for HIP processing demonstrated
above has some potential additional advantages, compared to building
solid parts by L-PBF and subsequent HIPing. Besides the time saving of
this process, bulky solid parts in L-PBF are prone to residual stress
buildup which can lead to cracks or deformation (if connected to the
surface of the part, this makes HIP ineffective and the crack cannot be
healed). Building only shelled parts leads to less heat input and hence less
residual stress, but this additional beneﬁt requires further investigation.
3.5. Build times
In theory, a full build of a solid cube of 240  240  290 mm is
estimated to take 836 h, while the equivalent shelled version with
1.5 mm shell thickness is 61 h, a theoretical order of magnitude time
saving (factor of 13.7 improvement) as summarized in Table 2. The
example is an upper limit and not practical, hence a direct record of the
build times in this work was done as a realistic time saving estimate. In
the builds in this work, the shelled version included many cubes with
thicker shells than needed, and many support structures were included
for the bracket, reducing the time saving. The less-than-ideal build
conﬁguration highlights the importance of build planning for time saving
in the context of HIP productivity improvement as well as optimizing not
only the geometry for ensuring build success, but also limiting supports
and unnecessary thick shells or ﬁllets. Despite the relatively small and
low number of parts in this study, and despite the use of signiﬁcant
supports and thicker shells than needed, a time saving of 12% was
realized.
The build time saving of up to an order of magnitude for large builds
can potentially reduce manufacturing costs by an order of magnitude as
the manufacturing cost is directly related to the build time. This is
assuming the HIP process is required with or without shell geometries,
hence not adding cost to the new hybrid process, the time and cost saving
of the L-PBF process is signiﬁcant.
Fig. 15. Bracket results for shelled sample before (transparent) and after HIP
(purple): (a) simulation results and (b) CT scans.

4. Conclusions
We lay the foundation for a new hybrid process of laser powder bed
fusion of shelled parts followed by HIP, which allows up to an order of
magnitude faster production time on typical L-PBF systems. This has
signiﬁcant beneﬁts for cost reduction while potentially reducing residual
stress related problems in bulky parts. This work reports numerous
interesting results which can be used to further develop the process. One
concern is the presence of Argon gas in the part - the HIP process is shown
here to close all pores below the resolution of the microCT scan, but some
small porosity may still be present - as the pores are compressed to small
size. In this work, good mechanical properties were found, but in

methodology was developed to compensate the target geometry using
HIP process simulation of the uncompensated geometry.
The ﬁrst-order compensation method utilized the distortion from the
uncompensated model (Fig. 17), which was then inversely applied to the
target shape. The result is a compensated, L-PBF produced shape as
shown in both simulation and CT scan, Fig. 18. Higher-order optimization methodologies could be applied in future studies for more reﬁned

Fig. 16. CT scans of shelled bracket before (left) and after HIP (right), showing densiﬁcation and deformation.
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Fig. 17. Original (left) and compensated (right) models for the 1.0 mm shelled cube coupon. Nodal displacement vectors were extracted from the original simulation
(center) and applied to the original cube model to derive the compensated model.

Fig. 18. Simulations of HIP processing of compensated cube (top) and microCT scans of compensated cube (bottom) before and after HIP (support structures still
attached, seen to the left).

placement rules to allow good build quality for shelled parts (e.g. using
internal ﬁllets as shown) and validate deformation compensation for
larger and more complex parts. Overall, this process shows great promise
for enhancing the production rates in L-PBF additive manufacturing.

complex and larger geometries, larger pore spaces may result which may
be more difﬁcult to close sufﬁciently by HIP. More experimentation is
needed to resolve if this will affect mechanical properties. Further work is
also required to test the limits of the method, reﬁne new design and part
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