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Abstract

Ti-48A1-2Cr-2Nb (Ti-48-2-2) is an intermetallic alloy belonging to a family of gamma-TiAl intermetallic alloys that are attracting significant
attention. Electron Beam Melting (EBM) process is today the only manufacturing process that allows effective production of parts made by these
kinds of alloys. Proper process control avoids high temperatures in the surrounding areas that may generate significant residual stresses that could
cause micro-cracks. In this paper, an investigation on the residual stress state on Ti-48-2-2 parts is carried out using the hole drilling method. In
particular, the influence of EBM process parameters is evaluated in order to understand the effects of the residual stresses on part integrity.
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1. Introduction

The intermetallic compounds such as Ti-48Al-2Cr-2Nb
are fascinating materials because they are characterized by
specific mechanical properties comparable to the superalloys
one coupled with a low density. These properties make this
kind of alloy perfectly suitable for aeronautical and
automotive applications [1,2], in which the ratio between the
mechanical properties and the component weight plays a key
role. However, the positive aspects of these alloys come with
the drawbacks of reduced ductility and fracture toughness.
These properties could also get worse if residual thermal
stresses are induced in the component during the process.
Residual stresses are a crucial issue for components produced
with AM techniques. These could induce internal cracks,
delamination, loss of shape, and low dimensional accuracy
[3]. Although the components produced with AM techniques
generally require finishing operations, if the induced
deformations are large, the finishing operations may not
generate an accurate component.

2212-8271 © 2021 The Authors. Published by Elsevier B.V.

Moreover, residual stresses are found to have a deep
influence on the crack growth and fatigue properties of the
components. [4,5] The origin of residual stresses is identified
in a significant thermal gradient or a differential
cooling.[3,6-8]. Because of that, this kind of alloys needs to
be processed in a warm environment so that the thermal
gradient is low. For such reason, Electron Beam Melting
(EBM), an Additive Manufacturing (AM) technique, is today
the only capable of producing functional components made
by intermetallic alloys. EBM uses an electron beam to
selectively melt a metallic powder bed according to the cross-
section of the component to build. The material is directly
heated by the power of the electron beam and undergoes
thermal expansion. However, after the beam passage, the
rapid heat transfer towards the surrounding material cools
down the melted area rapidly. At the next beam passage, the
beam melts a line adjacent to the previous one. To ensure the
welding between adjacent lines, the beam track overlaps the
previous melted line partially. This causes thermal cycles in
the material that, in turn, involve rapid cycles of the
expansion and shrink. During the cooling phase, the
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shrinkage of the material is partially constrained by the
plastic deformation created during the previous heating phase
[3]. Thanks to the high working temperature in the chamber
[9,10], the temperature gradients of the molten state and the
surrounding material are reduced, and, therefore, the residual
stresses are lower. Additionally, at the end of the process, the
entire build is cold down in the EBM chamber and within low
helium[11]. The cooling phase is a long process phase. The
higher is the temperature in the chamber and the size of the
build, the longer will be the cooling time. This low cooling
acts as a stress-relieving treatment that reduces residual
stresses.

For this reason, it is widely accepted that residual stresses in
components produced with EBM are low [12—14]. Sochalski-
Kolbus et al. [7] compared the residual stresses of Inconel
718 parts produced by EBM and laser beam powder bed
fusion process (LB-PBF). The residual stresses of the
component produced by EBM were an order of magnitude
smaller than the one produced by LB-PBF. For EBM, the
average tensile stresses along z-direction (building direction)
and in x-direction were 21 MPa and 22 MPa, respectively.
Several studies highlighted that for the LB-PBF techniques,
process parameters have a great influence on residual stresses
[3,5,15]. Although this influence is evident for LB-PBF
techniques, since the common belief of low residual stresses,
they are rarely measured for components made by EBM
technique. Therefore, a literature gap exists in this field.
Additionally, as for LB-PBF, the process parameters play a
crucial role in the residual stresses, especially when they
create a strong thermal gradient between the melt pool and
the surrounding material [16]. This work aims to investigate
the presence of residual stresses in Ti-48 Al-2Cr-2Nb samples
produced by EBM. The influence of process parameters is
also investigated. The hole drilling method is adopted to
evaluate the residual stresses present on the top and the lateral
surfaces of the samples.

2. Material and methods

As mentioned above, the material considered in this work
is Standard Arcam Ti-48Al-2Nb-2Cr. Samples have been
produced varying the beam current, line offset, and scan
speed. From the main parameters, secondary indicators have
been derived as indicators of the process efficiency, such as
the line energy and the area energy [9]. The exact parameters
are reported in Table 1. The process parameters combinations
were indexed in alphabetic order and coupled to analyze the
effect of each process parameters as follows:

e A and C, effects of the beam current
e Cand D, effects of line offset
e B and C, the effect of the scan speed

Additionally, samples A and B have the same line and area

energies.

2.1. Sample production

An Arcam A2X system has been used to produce one
sample for each process parameters combination. The

samples were parallelepipeds with a cross section of 18x18
mm? and height equal to 30 mm. The samples were attached
directly to the building platform. Before to start the process,
the building platform was heated up to 1100 °C. The same
temperature was set for the preheating of each layer. The
layer thickness was set to 0.09 mm. The melting strategy
consisted of unidirectional parallel lines with a clockwise
rotation of 90 degrees every layer. No contour has been used.
The time to produce the sample was around 12 hours,
including the cooling time. After the production, the samples
have been cleaned from loose powder by blasting and using
the same powder of the process.

Table 1. Process parameters.

Sample Beam Line Scan Line Area
current offset speed energy  energy
[mA] [mA] [mm/s] [J/mm] [J/mm?]

A 7 0.2 1200 0.35 1.75

B 9 0.2 1542 0.35 1.75

C 9 0.2 1200 0.45 2.25

D 9 0.3 1200 0.45 1.50

2.2. Residual stresses measurements

The MTS3000 (SINT Technology s.r.1, Italy) system was
used to evaluate residual stresses using the hole-drilling
strain-gauge method. The relaxed deformation was measured
using a K-RY61-1.5/120R (HBM Italia s.r.l., Italy) Type B
3-element rosette, in which each strain gauge was connected
to a DQ430 espressoDAQ (HBM lItalia s.r.l., Italy) USB
amplifier in a half-bridge configuration. The RSM 7 (SINT
Technology s.r.1, Italy) software package was used to control
the system and the test procedure as well as to acquire the
relaxed deformations. Incremental hole-drilling tests were
carried out by executing 24 drilling steps to a depth of 50 pum,
in compliance with the ASTM E837-13a standard; the
relaxed deformations were acquired at the end of each
increment with a delay of 10 seconds in order to obtain a
more stable signal and setting an acquisition length for
averaging of 5 seconds. The acquired surface deformations
were then post-processed by EVAL 7 software (SINT
Technology s.r.l, Italy), and the residual stress profile was
back calculated.

The top and lateral surfaces of the specimens were
prepared by polishing them with silicon carbide paper (200
and 400 grit) in order to meet the exact bonding roughness
requirements (2-4 um). Before gluing the rosette, the surface
was cleaned using a mixture of acetone and isopropanol. The
rosette was then bonded using Z70 (HBM Italia s.r.1., Italy)
cold curing superglue. Three measurements were performed
for each sample. On the top surface, the strain gage rosette
was installed in order to locate the centre of the grid pattern
at the center of the surface. On the vertical surfaces with the
normal parallel to the rake movement, strain gage rosettes
were installed in order to locate the centre of the grid pattern
along the vertical centreline () of the face and at z=5 mm
and z =25 mm, respectively, from the bottom surface (the
surface that was in contact with the build platform).
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Consequently, the distance between the adjacent holes and
from the free edges complied with the geometrical
specifications extrapolated from the ASTM E837-13a
standard [17]. Fig. 1 shows the experimental setup
configuration.

2.3. Microstructure

The samples were cut along the building direction,
grounded with SiC paper and then polished down to 1um
with diamond paste. Porosity analysis was conducted by
image analysis on the polished specimens with ImageJ on 10
images, according to the ASTM-E2109. The samples were
etched with Kroll’s solution for 5 seconds. Both porosity and
microstructure images were obtained by Leica DM optical
microscope (S000ILM).

3. Results
3.1. Residual stresses measurements

Fig. 2 depicts the residual stress profiles in terms of the
principal stresses and the direction of the maximum principal
stress on the top and on the lateral surfaces of the samples.

Fig. 2(a) shows the residual stress depth profile of sample
A. The residual stress state on the top surface is positive and
ranges between zero and 50 MPa except for the depth close
to 1 mm, where the material is under slight compression.
Oscillating behavior is noticeable from a depth of 0.5 mm.
Residual stresses on the lateral surfaces are higher than ones
on the top and are characterized by a more pronounced
oscillating behavior. The lateral residual stresses measured at
z =25 mm are on average higher than the ones measured on
the top and exhibit a moderate compression at depth ranges
from 0.35 mm to 0.55 mm; at a depth higher than 0.9 mm,
the values at the top and the lateral surfaces are similar. At
z =15 mm, the lateral surface shows almost tensile stresses
and an increasing trend along with the depth up to 130 MPa.
The direction of the maximum principal stress, B, is quite
variable but similar for all the three measurement positions,
especially for depth ranges from 0.4 mm and 0.8 mm. A shift
of 0.15 mm could be observed for the lateral measurement at
z =15 mm, probably due to a combination of zero offset error
and sample preparation.

The residual stress depth profile of sample B is shown in
Fig. 2(b). The top surface exhibits a maximum tensile state
of 100 MPa to a depth of about 0.1 mm from the surface.
After a gradual increase, an almost uniform tensile stress of
about 25 MPa is observed from a depth of 0.45 mm. Residual
stresses on the lateral surface close to the build platform are
around 30 MPa and uniform through the thickness up to a
depth of 0.4 mm then rapidly increase up to 215 MPa with a
maximum at a depth of 0.7 mm. At higher depth, an
oscillating trend is observed with a maximum tensile stress
of about 180 MPa at the deepest point. Similar to sample A,
residual stresses on the lateral surface close to the top surface
exhibit higher initial tensile stresses, then they became quite

uniform with a maximum tensile stress of about 60 MPa,
V\)fhereas a steep increase is obserl;/)ed from a depth of 0.8 mm.
a [3 €

Lateral side I . - \ : -.nI |
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Fig. 1. Experimental setup for the residual stress measurements and
positions of the rosette for (a) the top surface and for (b) the lateral surface

From a depth of 0.85 mm, the magnitude of the stresses is
quite similar to the ones close to the build platform. Even in
this case, the  angle is not uniform. Measurements on top
and the lateral surface close to the top exhibit similar
behavior just beneath the surface and in depth.

Fig. 2(c) shows the stress profiles measured in sample C.
Uniform tensile stress of 25 MPa is observed on the top
surface at a depth of between 0.15 mm and 0.55 mm. Then
stresses slightly increase up to 50 MPa and remains uniform
from a depth of 0.8 mm. On the lateral surface at z =5 mm,
the subsurface stress values are comparable with ones on the
top. A low compressive stress of about 20 MPa is observed
at depth ranges from 0.15 mm to 0.25 mm. Then the stress
increases with some oscillation up to 260 MPa at the
maximum depth. Analogously to the previous cases, higher
subsurface tensile stresses are observed at z =25 mm, while
a uniform stress state is observed up to a depth of 0.5 mm,
then the oscillating trend increases and can be appreciated
especially from a depth of 0.85 mm. This behavior is like one
of sample B. A periodic oscillating behavior of  angle
between 30°-40° and 50°-60° could be observed in the case
of lateral measurements. A shift similar to the one identified
for sample A is also present here. The § angle on the top is
mainly negative and close to 60°-80°.

Fig. 2(d) plots the stresses profiles measured in sample D.
At the top surface, no significant differences can be observed
with respect to sample C, except that the uniform stress
behavior is more extended along the depth. Tensile residual
stresses somewhat increase up to 50 MPa at the maximum
depth. The stresses of the surface measure close to the build
platform are comparable to the ones on the top up to a depth
of 0.2 mm, while the stresses, first, linearly increase up to
130 MPa and then decrease from a depth of 0.9 mm. Lateral
stresses at z = 25 mm are characterized by a similar behavior
to sample B and C, but with reduced increase trend. No
specific trend of the direction of the maximum principal
stress could be identified for measures on the top and on the
lateral surface close to the starting plate; a periodic
oscillation with a period similar to the one of sample C is
exhibited for the lateral measure at z =25 mm.
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Fig. 2. Residual stresses and p measurements: (a) sample A; (b) sample B; (¢) sample C; (d) sample D.
spherical pores were observed among all the specimens (Fig.
3.2. Microstructure 3). Looking at Fig 4, the average porosity of the four samples
decreases with the decrease of scan speed (B and C), and with
Generally, in the as-built EBM specimens is possible to find the increase line offset (C and D), while no differences are
two types of defects, e]ongated pores, attributed to non- observed between samples with different beam current (A
optimized parameters, and spherical pores, attributed to gas and C). Therefore, the level of porosity was considered
trapped during the production of powders employed during satisfactory for all the four conditions.

EBM component production [18]. In this work, only As regards the microstructure, the optical microscope
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characterization of the four conditions is showed in Fig. 5.
For all the four conditions the typical microstructure for as-
built EBM y-TiAl components [1,19-22]was observed: the
microstructure is mainly formed by two alternating bands,
one formed by very fine y and a2 grains (duplex band) and
the other by coarser equiaxed y grains (y-band). These bands
are perpendicular to the build direction, due to the layer by
layer nature of the EBM process. The as-EBM
microstructure is extremely fine, in comparison to the
conventional processed TiAl material, as can be expected by
the small melt pool and the rapid cooling experienced in the
EBM process. For all the samples, the duplex band is
pronounced compared to the y-band, and trough optical
microscopy, it is not possible to observe noticeable
differences between the microstructure of all the samples
produced in this work. It must be pointed out that this
microstructure is not the final one because a heat treatment
must be set up in order to reach the final desired mechanical
properties. However, the as-EBM microstructure revealed
can be easily transformed in all the final microstructures
through the chosen heat treatment [20].

3.3. Discussion

Among the selected process parameters conditions, no
significant differences in the microstructure were observed

Fig. 3. Optical micrographs for porosity analysis of (A) sample A; (B)
sample B; (C) sample C; (D) sample D.

Av. Porosity (%) (%)

.

Fig. 4. Average porosity values for the sample A to D

through optical microscopy. However, the residual stress
measurements showed that the stress profile is in some cases
significantly affected by the process conditions.

For all the four samples residual stresses on the top
surfaces are almost lower than 50 MPa and characterized by
small oscillations for samples A and B, and it is quite
constant for samples C and D. These low residual stress
values are consistent with previous studies found in the
literature on EBM parts made by Inconel 718 [7]. The lowest
residual stress state on the top is observed on sample D that
is characterized by a larger line offset compared to the other
samples. This behavior can also be observed on a previous
work on other AM parts where residual stresses were
evaluated after heat treatments [23]. This analogy could be
explained as an effect of the post-heating phase on the layer
after the melting phase. This phase smooths the thermal
gradient and makes the temperature more uniform. Then the
helium, which is insufflated after the build is done, provides
a typical cooling rate that could be assimilated to the one
generated during a heat treatment. The different cooling rates
could also explain the differences in the observed residual
stresses among the top and the lateral surfaces. In details,
stresses on lateral surfaces are generally higher than ones on
the top and range from —25 MPa to about 250 MPa.
Moreover, the residual stresses close to the bottom surface
(z =5 mm) are in general lower than residual stresses close
to the bottom just beneath the surface, whereas the opposite
behavior could be observed at higher depth.

A characteristic oscillating behavior, typical of parts
fabricated by AM and in the case of multi-pass welding [24]
is observed for samples A, B, and C. Conversely, for sample
D, the oscillation is not present. A quasi-linear increasing
trend could be observed for the measurements close to the
starting plate and a U-shape profile, resembling the one of
the top, for the measurements close to the top.

The differences in depth can be explained by the thermal
gradient between the internal and external zones of the
samples and the surrounding powder. Process conditions,
such as in the case of the sample D, which produce a more
uniform temperature in the sample, lead to low residual
stress. The sample A is thermally similar to sample D,.
However the smaller line offset causes a greater number of

# 150 pm

o A ey

Fig. 5. Optical mic:
(b) sample B; (c) sample C; (d) sample D.
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remelting phenomena and explains the more evident
oscillating behavior. Similarly, the higher beam current and
the low line offset involve a higher temperature in sample B
and C with respect to the other and therefore a strong thermal
gradient between the external and internal zones of the
sample. The generated thermal gradients explain the more
pronounced oscillating behavior and the higher residual
stresses.

4. Conclusion

The paper investigates the correlation between the process
parameters conditions and the residual stresses measured on
Ti-48Al-2Cr-2Nb  samples made by EBM. The
microstructure  analysis  performed through optical
microscope did not highlight a strong effect of the chosen
process conditions. Conversely, the effects of the generated
thermal fields due to the different process conditions can be
visible in the residual stresses’ measurements as well as
porosities. As regards residual stresses which is the main
topic of this work, thanks to the post-heating, the more
uniform temperature distribution produces a low residual
stress state on the top surfaces of all samples. For the lateral
surfaces, the residual stresses vary along with the measuring
depth and highlight that the effect of the thermal gradient
between the surrounding powder, external and internal
zones. This work demonstrated that also for EBM
components, it is essential to evaluate the residual stresses.
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