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Abstract

Additive manufacturing (AM) is a powerful technique for producing metallic components with complex geometry relatively
quickly, cheaply and directly from digital representations; however, residual stresses induced during manufacturing can result
in distortions of components and reductions in mechanical performance, especially in parts that lack rotational symmetry
and, or have cross sections with large aspect ratios. Geometrically reinforced thin plates have been built in nickel-chromium
alloy using laser-powder bed fusion (L-PBF) and their shapes measured using stereoscopic digital image correlation before
and after release from the base-plate of the AM machine. The results show that residual stresses cause potentially severe
out-of-plane deformation that can be alleviated using either an enveloping support structure, which increased the build
time substantially, was difficult to remove and wasted material, or using buttress supports to the reinforced edges of the thin
plate. The buttresses were quick to build and remove, minimised waste but needed careful design. Plates built in a landscape
orientation required out-of-plane buttresses while those built in a portrait orientation required both in-plane and out-of-
plane buttresses. In both cases, out-of-plane deformation increased on release from the baseplate but this was mitigated by
incremental release which resulted in out-of-plane deformations of less than 5% of the in-plane dimensions.
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1 Introduction

Additive manufacturing (AM) is a modern technique for
producing engineering components in a variety of materials
including metals, plastics and composites. Many types of
additive manufacturing are available; however, their com-
mon feature is the creation of parts in a layer-by-layer, or
slice-by-slice, process based on a digital representation of
the engineering component or part. A key advantage of addi-
tive manufacturing is the capability to produce a part with
a complex geometry without part-specific tooling, such as
the moulds and dies needed in casting and forging, and with-
out wasting large amounts of material as in machining or
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subtractive manufacturing. However, stresses induced dur-
ing additive manufacturing can result in distortion and ulti-
mately reduce the mechanical performance of parts. These
stresses, known as residual stresses, have been the subject of
investigations since additive manufacturing was first intro-
duced for manufacturing prototypes (for example, Curtis
et al. [1]). For many parts with some level of rotational sym-
metry, the distribution of residual stresses will also possess
a degree of symmetry that will prevent significant distortion
of the part although may still influence mechanical proper-
ties such as strength and failure. Parts with substantial cross
sections may also not exhibit significant shape distortion due
to the stiffness of the part containing the residual stresses.
However, parts that lack rotational symmetry and, or have
cross-sections with large aspect ratios (i.e. in-plane to out-
of-plane dimensions) are likely to be particularly susceptible
to distortion caused by the residual stresses generated during
additive manufacturing. One class of such parts has been
investigated here, namely thin rectangular plates with geo-
metrically reinforced edges made using a metallic alloy with
a high resistance to temperature. This geometry is of interest
because it is representative of panels used to contain plasma
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in fusion reactors and of the skin of hypersonic flight vehi-
cles [2—4]. The number of devices manufactured for both of
these applications is likely to be small and hence additive
manufacturing is a potentially attractive option for producing
parts and provides the motivation for this study.

The influence of residual stresses may be thought of as
occurring at three different length scales in metals [5]. At
the macroscale, non-uniform plastic deformation sets up
differential strains within a component that create macro-
stresses that act on the scale of the geometry of the com-
ponent to cause global distortion. At the microscale, local
microstructural effects and phase transformations generate
micro-stresses which can influence the material properties of
the component. And at the atomic scale, residual stresses can
be induced by heterogeneous behaviour [6, 7]. Macroscale
residual stresses have been the primary focus of attention
in additive manufacturing due to their tendency to cause
part distortions and the possibility of alleviating their effects
through changes in the process parameters. It is difficult to
measure residual stresses in metals directly; however, X-ray
diffraction [8, 9] and neutron diffraction [10] have been used
to evaluate residual strains in additively manufactured parts
following completion of the build. Magana-Carranza et al.
[11, 12], who also reviewed residual stresses induced by
additive manufacturing, have used a force transducer device
incorporated into an AM machine to measure forces induced
during the build process in order to enhance understand-
ing of the development of macroscale residual stresses.
They studied the laser-powder bed fusion (L-PBF) pro-
cess [13, 14] and concluded that laser scanning strategies
with shorter vectors tended to induce higher levels of force
which were sensitive to the laser power and point distance
when the energy density delivered to the part was below
a critical value. These findings resolved some apparently

contradictory evidence from simulations and post-build
measurements thus providing some confidence to attempt to
build thin plates which are susceptible to deformation due to
residual stress even when built using subtractive manufactur-
ing [8]. This confidence was perhaps misplaced since many
attempts were required before an acceptable part was built,
as outlined below. Nevertheless, the study has resulted in a
series of conclusions that should be relevant when building
this type of part using additive manufacturing and laser-
powder bed fusion in particular.

2 Methods
2.1 Geometrically reinforced plate

The specific motivation of the study was to build, using
additive manufacturing, thin rectangular plates with rein-
forced edges that could be used in a study of their response
to thermo-acoustic excitation and compare the results to
plates of identical geometry subtractively machined from
a thick plate stock [4]. As mentioned above, the choice of
a reinforced thin-plate geometry was motivated by appli-
cations in fusion powerplants and hypersonic flight vehi-
cles. The details of the geometry of the reinforced plate are
shown in Fig. 1 and consist of a 1-mm-thick flat plate with
in-plane dimensions of 130 mm and 230 mm surrounded
by a reinforcing edge, or frame, of 10 mm X5 mm rectan-
gular cross section. The frame contained a number of holes
that were designed for use in the thermo-acoustic excita-
tion experiments and also had the specification of the plate
embossed on the top left corner as shown in Fig. 1. Note
the presence of supporting structures around the reinforced
plate in Fig. 1. Details of these supports will be provided in
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subsequent sections. All of the reinforced plates were built
using a nickel-chromium alloy (Inconel 625) in the form
of gas-atomised powder (Carpenter Additive, UK) which is
widely used for additive manufacturing employing L-PBF.
A material datasheet for this powder is available from the
supplier [15].

2.2 L-PBF

L-PBF uses a laser beam to selectively melt sections of a
thin layer of metal powder on a flatbed in an inert atmos-
phere [9]. A three-dimensional part is built layer-by-layer
with a thin layer of powder spread over the previous layer
at each stage. The initial layer is built on the baseplate of
the machine which is typically pre-heated to reduce residual
stresses generated by differential strains in the baseplate and
lower layers of the part. Residual stresses are generated dur-
ing the L-PBF process as a result of the thermal gradient
mechanism that occurs around the spot where the laser beam
is incident on the part and causes local heating or melting of
the upper layer(s) of the part followed by rapid cooling with
a steep temperature gradient when the laser beam moves
away [10].

Manufacturing of the geometrically reinforced plates was
performed using a L-PBF machine (Renishaw AM250, UK)
with a maximum laser power of 1 kW. In all builds the laser
power was 400 W, the exposure time 40 ps, the point dis-
tance 70 pm, and the layer thickness 60 pm. These values
for the processing parameters were chosen based on prior

\.

experience [7] and to achieve a density in the parts greater
than 99% of the cast material. The density was measured
in ten cubes with side length of 10 mm using Archimedes’
principle and was found to have a mean of 99.64% with a
standard deviation of 0.42% relative density.

Initially two half-size (65 mm X 115 mm) test plates, with
the same thicknesses as shown in Fig. 1, were built to estab-
lish whether to use the Meander or Stripes scan strategy
(shown in Fig. 2) for these thin section parts. The build times
for these plates were 5 h 8 min and 4 h 32 min, respectively,
using the Meander and Stripes scan strategies. The resultant
out-of-plane measurements across a diagonal for each of the
two test plates after release from the baseplate are shown
in Fig. 3, with details of how the measurements were made
presented in the next section. It can be seen in Fig. 3 that
the Stripes scan strategy produced less curvature by a factor
of 2, and hence, it was used in all subsequent builds in this
study. This result is consistent with the results from our ear-
lier study from which we concluded that scan strategies with
shorter scan vectors generate lower residual stresses [7].

The reinforced plates were built on the standard baseplate
for the machine. Previous studies suggest that a pre-heated
substrate, to 160 °C [16] or to 180 °C [17], reduced the
temperature gradients within the parts and decreased resid-
ual stresses; therefore, the base plate was heated to 170 °C,
which was the maximum temperature permitted by the
machine’s control system. The dimensions of the baseplate
and the reinforced plates required the latter to be orientated
across the diagonal of the former when built in landscape

Fig.2 Schematic layout of Meander (left) and Stripes (right) scan strategy; the orange colors show the scan path and the deeper color indicates

where the laser is switched on
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Fig.3 Z-measurements acquired using digital image correlation
(DIC) along a diagonal of two test plates (115x65x1 mm) with
edge-reinforcements showing that the Stripes scan strategy produces
a shape that deviates less from a plane

orientation, i.e. with the long side horizontal, and the same
arrangement across the diagonal was maintained when the
parts were built in portrait orientation, i.e. with the short side
horizontal. A 3-mm high support structure consisting of a
series of tapered rods as shown in Fig. 1 was built to sepa-
rate the part from the baseplate and allow it to be detached
after the build process. On completion of a build cycle, the
baseplate was removed from the machine and the shape of
the reinforced plate measured using stereoscopic digital
image correlation, as described below, before progressively
removing the reinforced plate from the baseplate by cutting
through the supporting rods. In some cases, this removal
proceeded in incremental stages with measurements made
of the change in shape for each stage using the digital image
correlation system.

2.3 Stereoscopic digital image correlation

The shapes of the plates were measured using a stereo-
scopic digital image correlation (DIC) system (Q400,
Dantec Dynamics GmbH, Ulm, Germany). This system is
capable of providing data on the shape of the plate relative
to a plane or the displacements of the surface of the plate
relative to an initial state [18]. In this study, it was used in
both modes with the former datasets referred to as shape or
z-measurements while the latter as out-of-plane displace-
ments. The system was set up, as shown in the plan view in
Fig. 4, to achieve a spatial resolution of 20 pixels/mm using
a pair of identical CCD cameras with 1292 X 964 pixels and
50 mm lenses.
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At the end of each build process, the thin plate was
painted black and then sprayed with white paint to form
a speckle pattern to support the image correlation process
which was performed using the software provided with
the system (Istra 4D, Dantec Dynamics GmbH). A typical
speckle pattern is shown inset in Fig. 4. The image correla-
tion was performed using square facets or sub-images with
sides of length 29 pixels whose centres had a pitch of 15
pixels.

Before each set of measurements was acquired, the sys-
tem was calibrated using a calibration target (Al-08-BMB-9
X 9) supplied by the instrument manufacturer. In addition,
the measurement uncertainty was estimated by taking an ini-
tial image of the plate before removal from the baseplate and
then replacing it at the same position with the aid of posi-
tioning guides, capturing another image and correlating the
two images. A typical result for out-of-plane displacement
resulting from the correlation of two such pairs of images
is shown as an inset in Fig. 4. This process was repeated six
times for each plate. The resultant correlation maps provide
an estimate of the measurement uncertainty which typically
had a mean of zero and standard deviation of 0.0014 mm,
i.e. there was no bias and a very low value of random noise.

On completion of a build process and after spray-painting
the reinforced plate, the baseplate from the AM machine
with the reinforced plate attached was placed on an optical
table for the DIC measurements. The accuracy with which
the baseplate could be relocated was within the measure-
ment uncertainty of the digital image correlation system, as
explained above. Pairs of stereoscopic images were recorded
for the reinforced plate attached to the baseplate and sub-
sequently as the supports were released which allowed the
initial and final shapes of the reinforced plate to be evaluated
as well as the evolution of out-of-plane displacements as it
was released.

3 Results

After the reduced-scale test plates had been used to con-
firm that the Stripes scan strategy produced lower levels of
deformation, an attempt was made to build a full-scale plate
as described by the CAD drawing in Fig. 1, i.e. in landscape
orientation with the long sides horizontal. This was not suc-
cessful because the plate developed an S-shape profile as
shown in the photograph of the completed build in Fig. 5.
The shape of this plate was measured using the DIC system
following its complete removal from the baseplate and the
results are shown in Fig. 6. The lower three-quarters of the
plate developed an approximately elliptical dome; however,
at a height of about 105 mm a sudden change in behav-
iour occurred with a two-dimensional out-of-plane curve
appearing.
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Fig.4 Schematic diagram of experimental set up for measuring out-of-plane displacements and shape of thin plates using digital image correla-
tion together with insets showing a typical speckle pattern (top) and map of measurement uncertainty (bottom) for the 130 x 230 mm thin plate

A repeat of the process used to build the plate shown in
Fig. 5 produced an identical plate. When two plates were
built without the edge-reinforcement of the frame, a similar
result was produced but with a delamination or split appear-
ing horizontally between build layers at the height at which
the out-of-plane curvature commenced, i.e. about 100 mm.
Hence, it was decided to provide an additional support struc-
ture around the reinforced plate to stiffen and strengthen it
during the AM build process. The design and completed
build for the additional support structure are shown in Fig. 7.
The completed build was removed from the baseplate and
then the additional support structure was removed. The lat-
ter was a substantial task which was undertaken using an
electric discharge machine; however, the resultant thin plate
had a flatness of only 5.05 mm and its shape is shown in
Fig. 6. Metrologically, flatness is defined as the minimum
distance between two planes within which all the points on
a surface lie [19].

The time required to remove the additional support
structure shown in Fig. 7 and the material wasted prob-
ably negated the advantage gained from using additive
manufacturing; hence, an alternative strategy was sought.
The additional support structure was reduced to buttresses

supporting the vertical portion of the edge-reinforcements.
These buttresses were triangular in their plane perpendicular
to the plane of the reinforced-plate with their outside edge
subtending an angle of 8.5° to the vertical and their inside
edge attached to the edge reinforcement via small rods iden-
tical to those used to attach the structure to the baseplate, as
shown in Fig. 1. Two plates were built separately with this
geometry and the buttresses were removed, before each plate
was removed from the base plate progressively by cutting the
rod supports in increments alternating between the left and
right side. For one plate the increments were 15 mm and for
the other plate the increments were S mm. After each incre-
mental cut, the baseplate was relocated on the optical table
and a pair of stereoscopic images recorded which allowed
the displacement of the thin plate to be monitored as it was
released from the baseplate. The final shapes for these plates
are shown in Fig. 8 which shows that the plate released in
smaller increments had a slightly lower flatness of 5.5 mm,;
hence, the out-of-plane displacements during release of this
plate are shown in Fig. 9.

The use of buttresses to provide support to the vertical
portion of the edge-reinforcement or frame resulted in suc-
cessful build processes but a flatness that was about 10%
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Fig.5 Example of a build that failed for a thin plate without addi-
tional support shown in Fig. 1 and shape data in the top of Fig. 6

worse than using the additional support structure shown
in Fig. 7. Therefore, it was decided to investigate building
the plates in a portrait orientation, i.e. with their short side
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t X Direction (mm)

Build direction

Out of Plane Displacement(mm)

Y Direction (mm)

-

X Direction (mm)

Build direction

Fig. 6 Shape of the front face of the edge-reinforced landscape plates
built without any supporting structure (top) as shown in Fig. 5 and
using an additional support system (bottom) as shown in Fig. 7 fol-
lowing removal from the baseplate. The maximum deviation from a
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horizontal, and with buttresses of the same triangle ratio
providing out-of-plane support during the build process.
This strategy was unsuccessful and resulted in a delami-
nation appearing between build layers at a height of about
230 mm or about 20 mm from the end of the build, as shown
in Fig. 10 (left). However, the addition of in-plane buttresses
solved this problem resulting in a successful build, also
shown in Fig. 10 (centre and right). This successful build
was released from the baseplate in alternate increments of
5 mm which resulted in a flatness of 4.6 mm as shown in
Fig. 11. The out-of-plane displacements during the incre-
mental release from the baseplate are shown in Fig. 12.

4 Discussion

The formation of residual stresses and the development of
the shape of an edge-reinforced plate are history-dependent
and time-varying processes in which the equilibrium of
forces in the plate changes during the build process due to
the addition of mass to the plate and due to energy transfers
from the laser and to the surroundings. The equilibrium state
also changes during the removal of the built part from the
baseplate and when any additional supporting structure is
removed. The sequence of out-of-plane displacement fields
shown in Figs. 9 and 12 illustrate the changing state of the
equilibrium of forces during release from the baseplate
which results in changes to the shape of the part. However,

Out of plane displacemnt (mm)
N
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flat plane is 5.05 mm. For the plate built with an additional support
system, the maximum deviation from a flat plane is 5.05 mm which
does not occur along the diagonal plotted in the graphs on the right



The International Journal of Advanced Manufacturing Technology (2022) 123:1845-1857 1851

Fig.7 Three-dimensional rendering showing thin plate (230x 130 1 mm)
in gray and total support structure in orange (top) and photograph of com-
pleted build attached to baseplate (bottom). See Fig. 6 for resultant geom-
etry of edge-reinforced plate

it is very difficult to monitor directly the changing balance of
forces during the build in the chamber of the AM machine.
In previous work, the authors have used a force transducer
device fitted into the baseplate of an AM machine to moni-
tor the time-varying response of the forces on the baseplate
during the build process [6, 7]. It was found that the forces
induced in the early stages of the build represented about
80% of the maximum force induced and relatively low lev-
els of relaxation occurred during the scanning by the laser,

which implies that significant residual stress was locked into
the part. In later stages of the build, the magnitude of forces
induced and relaxed as each layer was added were approxi-
mately equal, which implies that the level of residual stress
locked into the upper layers of the part was substantially less
than for the lower layers adjacent to the baseplate. These
observations were made on parts that were square in the
horizontal plane scanned by the laser, i.e. had an aspect ratio
of one compared to 50 for the reinforced edge of the thin
plates, and had a height of the same order of magnitude as
the reinforced edge of the plates in this study. Nevertheless,
they help to explain both the substantial changes in shape
that occurred in this research when the reinforced plates
were released from the baseplate and the importance of the
rate and pattern of release.

In the early stages of the build process, significant resid-
ual stresses are induced by the differential thermal expansion
both within the part and between the part and the baseplate,
during which the mechanical constraint from the baseplate
is significant. Previous studies have found compressive
residual forces in the centre of parts and tensile forces at the
edges [4, 6], and this distribution of forces at the interface
of the part with the baseplate is probably responsible for
distribution of out-of-plane displacements along the bottom
horizontal edge of the reinforced plates following release
from the baseplate, as shown in Figs. 9 and 12.

It is important to consider that the shapes shown in Figs. 5
and 10 were developed layer-by-layer as the part was built.
As the part height is built up, the influence of the baseplate
constraint is likely to be diminished, while the reinforcement
of the part by its frame may become more important. The
influence of the reinforced edge was investigated by building
two thin plates (230 x 130 mm) without the reinforced edge
and with plate thicknesses of 1 mm and 1.2 mm. A delami-
nation appeared in the thinner of the two plates at 93 mm
above the baseplate and the thicker plate formed an out-of-
plane S-shaped curve similar to the edge-reinforced plate in
Fig. 5 but starting 108 mm above the baseplate compared
to 100 mm when the edge-reinforcement was present. The
development of a delamination between layers in the 1 mm
thick plate when the edge reinforcement was absent suggests
that the reinforcement was providing additional strength to
the plate during the build process. Similar behaviour was
observed in the plates built in portrait orientation without
in-plane buttresses when delamination occurred, whereas for
those plates with in-plane buttresses there was no delamina-
tion, as shown in Fig. 10. Previous work has concluded that
residual stresses tends to be compressive in the centre of a
layer and tensile at the edges [4, 6] which will cause bending
of a layer into a catenary with the ends of the layer bending
upwards, towards the laser. It is difficult to identify a trig-
ger for the delaminations at a specific height in the build;
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Fig.8 Shape measured using
digital image correlation in
edge-reinforced landscape
plates built with additional
buttresses (shown in Fig. 1) and
removed from the baseplate

in alternating 5 mm (top color
map) and 15 mm (bottom color
map) increments together with
z-coordinate profiles (bottom) t
across diagonals (flatness was

5.5 and 5.69 mm, respectively)
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however, it could be related to the rate of cooling, which will
change as the mass of the part increases and alters both the
heat capacity and conduction paths of the part. It might also
be related to a misalignment of layers causing a new layer
to be incompletely bonded to the previous one. It can be
seen in Fig. 10 that there are small horizontal discontinuities
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in the surface of the plate built without in-plane buttresses
at heights of 113 and 225 mm above the baseplate. Data
on the shape of the plate during the build process are not
available; however, data at the completion of build and prior
to removing the edge-reinforced plate from the baseplate
are shown as the first step in Figs. 9 and 12 as part of the
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Fig.9 Out-of-plane displacements measured at each increment of 5 mm
release from baseplate (odd numbers on right) for edge-reinforced land-
scape plate with additional buttresses (see geometry in Fig. 8). The dis-

sequence of changes on release from the baseplate and on a
large scale in Fig. 11 for the plate built in portrait orienta-
tion. Hence, it can be postulated that these out-of-plane dis-
placements move the top layer of the plate horizontally away
from the path of the laser, which means the next layer is not
built directly aligned with previous layers but effectively

—~ i~ 1

STEP 50

Build direction

placements are relative to initial shape of the plate on the baseplate at
the end of the build cycle and measured on the front face (step 0)

over-hangs the previous layer resulting in an incomplete
bonding of the layers that allows delamination to occur
when cooling of the subsequent layers induces deformation
into a catenary. In the absence of sufficient reinforcement,
the stresses associated with the deformation into a catenary
cause the plate to delaminate. For the plates built in the

T,

:
E
i
]
g
|

Fig. 10 Completed builds of edge-reinforced plates built in portrait orientation without in-plane buttresses (left) leading to delamination and
with in-plane buttresses (center and right) resulting in a successful build
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Fig. 11 Shapes before (left) and after (right) release from baseplate for edge-reinforced plate (130 X230 1 mm) built in portrait orientation with
in-plane and out-of-plane buttress (see Fig. 1) and with alternating incremental release from baseplate

landscape orientation, the reinforced edge is sufficient to
resist delamination because only the plate without the edge
reinforcement was seen to develop a delamination. However,
for the plates built in the portrait orientation, both in-plane
and out-of-plane buttresses were required to prevent delami-
nation as shown in Fig. 10. The size of the AM machine’s
build platform prevented in-plane buttresses being used in
the landscape orientation.

When a delamination does not initiate then it would seem
that top edge of the partially built plate tends to translate
out-of-plane due to the differential thermal strains in the
plate. This might be a result of the additional constraint
of the reinforcement inducing out-of-plane rather than in-
plane deflection. The resultant misalignment of the top layer
and next layer to be built results in a slight offset creating
the beginning of the curved shape seen in Fig. 5. At a later
stage in the build the reinforced plate starts to deflect in the
opposite out-of-plane direction causing the just-built layer
to realign under the path of the laser so that the s-shaped
curve is formed. The reason for the realignment is difficult to
surmise. These out-of-plane displacements during the build
were prevented by including additional out-of-plane rein-
forcement, initially in the form of the total support structure
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shown in Fig. 7, and then using the buttresses shown in
Figs. 1 and 10.

The flatness of the edge-reinforced plates built in both
landscape and portrait orientation with out-of-plane but-
tresses is about 2 mm when they are attached to the base-
plate of the AM machine, as shown in the step 0 in Figs. 9
and 12, respectively. However, significant residual forces
are reacted through the baseplate, which are released when
the reinforced plate is removed from the baseplate inducing
significant deformation of the plates and approximately dou-
bling their flatness. There is also an accompanying change
in the shape as shown in Figs. 9 and 12. For the plate built
in the landscape orientation (Fig. 9), the out-of-plane dis-
placements during the incremental release from the base-
plate are substantially larger in the bottom half of the plate
than in the top half. This is unsurprising because the effect
of the residual forces reacted through the baseplate would be
expected to be greater adjacent to the baseplate and to dis-
sipate with distance from the baseplate. Hence, the release
of these forces as the connections to the baseplate are cut
would be expected to cause greater deformation adjacent to
the cut edge. The same phenomenon is present in the rein-
forced plate built in portrait orientation (Fig. 12); however,
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Fig.12 Out-of-plane displacements measured at each increment of
5 mm release from baseplate (odd numbers on right) for edge-reinforced
portrait plate with in-plane and out-of-plane additional buttresses (see

the magnitude of the difference between the displacements
at the top and bottom of the plate is much smaller probably
due to the shorter horizontal dimension and closer prox-
imity of vertical portions of the edge-reinforcement. Based
on prior work [6], it would be expected that the reinforced
plate exerts compressive forces vertically on the baseplate
in the centre of its bottom edge and tensile forces at the
ends of its bottom edge. Hence, from Newton’s third law, the
baseplate exerts tensile forces at the centre of the edge and
compressive forces at the ends. The release of these forces
would tend to make the bottom edge of the reinforced plate
bend upwards in the centre to form a catenary orientated
like an arch; however, the in-plane stiffness of the thin plate
is very high compared to its out-of-plane stiffness due to
its geometry and, as a consequence, the plate deforms out-
of-plane forming a domed shape. The deformation is more
severe in the bottom half of the plate than in the top half (see
Figs. 9 and 12) due to the proximity to the baseplate and
the larger influence of the residual forces reacted through
the baseplate as described above. For the plate built in the
landscape orientation, the end result is a domed shape that
is broader at the bottom of the plate than the top. Whereas
for the plate built in the portrait orientation, the result is a
change in shape from a central negative z-direction dimple

geometry in Fig. 11). The displacements are relative to initial shape of
the plate on the baseplate at the end of the build cycle and measured on
the front face (step 0)

with positive z-direction dimples above and below (see
Fig. 11) to a single negative direction dimple with a single
positive direction one above. In the portrait orientation, the
release of constraining forces from the baseplate removes
the lower dimple, deepens the central one and relaxes the top
one. We also investigated whether the resulting shapes in the
portrait and landscape orientation builds were connected to
buckling characteristics of the plate geometries. However,
it is important to note that both the development of residual
stresses during the build as material is being added and the
development of the final plate shape as baseplate supports
are being severed are gradual processes. Thus, a global
buckling response after the event (i.e. after build and after
support release) seems unlikely. However, the final shape of
the plates exhibited snap-back behaviour in most cases, i.e.
they were bi-stable structures with two mechanically stable
configurations.

The smaller area and aspect ratio of the layers built in the
portrait orientation compared to the landscape orientation
will have resulted in the laser revisiting each region of the
part more quickly. This will have increased the rate of energy
input per unit volume. However, previous work has shown
that, above a minimum threshold, the rate of energy input
has an insignificant effect on the level of residual stresses.
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Hence, it seems likely that the differences in shape the plates
built in the landscape and portrait orientations result from
geometric effects associated with constraining the long and
short edges respectively via their attachment to the base-
plate; as well as from the differential thermal strains between
layers in the longitudinal or transverse directions respec-
tively. The larger number of layers required to build the rein-
forced plate in the portrait orientation appears to make the
plate more susceptible to delamination as demonstrated by
the requirement to use in-plane buttresses to prevent delami-
nation, which were not necessary for the plates built in the
landscape orientation. The smaller aspect ratio (i.e. 130:1
compared to 230:1) of the layers built in portrait orientation
led to smaller out-of-displacements and flatter plates.

It is difficult to predict from the data acquired whether the
use of buttresses would be effective for other aspect ratios
and in other materials, though it seems likely. However, the
data presented in Figs. 8, 9, 11 and 12 should be invaluable
in future work to develop computational models of the build
process and the associated development of residual stresses.

5 Conclusions

Geometrically reinforced thin plates have been built using
laser-powder bed fusion (L-PBF) and their shapes measured
using stereoscopic digital image correlation before and after
release from the baseplate of the AM machine. The results
were used to draw the following conclusions:

1. Residual stresses induced by additive manufacturing
cause potentially severe out-of-plane deformations
which have been evaluated using digital image correla-
tion before, during and after release from the baseplate.

2. Stripe scan strategy induced lower magnitudes of out-
of-plane deformation than Meander scan strategy.

3. An enveloping support structure reduced the magnitude
of out-of-plane deformation to less than 5% of in-plane
dimensions; however, the support increased the build
time substantially, it was difficult to remove and it led to
a substantial amount of material being scrapped.

4. Buttress supports to the reinforced edges of the thin plate
reduced out-of-plane deformation to less than 5% of in-
plane dimensions, were quick to build and remove and
minimised waste; however, they needed to be designed
carefully.

5. Plates built in landscape orientation required out-of-
plane buttresses while those built in portrait orienta-
tion required both in-plane and out-of-plane buttresses.
Out-of-plane deformation increased on release from the
baseplate but was mitigated by incremental release.

6. Building reinforced thin plates in the portrait orientation
led to small maximum out-of-plane deformation (about

@ Springer

4.6 mm) compared to landscape orientation (about
5.5 mm).
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