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Numerical, Mechanical, and Metallurgical Investigation of
an Innovative Near Net Shape Titanium Selective Laser
Melting Engine Component and Comparison with the

Conventional Forged One

Silvia Cecchel,* Davide Ferrario, Francesco Mega, and Giovanna Cornacchia

Selective laser melting (SLM) can be used to manufacture near net shape (NNS);
the main benefits are a remarkable weight reduction, a lower environmental
impact, the opportunity to integrate some functions, and an improvement of the
performances. The current article covers the development of a Ti6Al4V NNS engine
component produced by SLM. Finite element analyses of the main relevant
operating conditions are performed to reach a topological optimization of the part.
The main target is weight reduction keeping the same safety performances. The
weight reduction achieved is 45% and 15% with respect to steel and titanium
forging by replacing the original “H” section with an SLM multibranch structure.
Other benefits are the manufacturing of the connecting rod (conrod) into two
separate parts, avoiding the difficult machining to separate the cap from the main
body and the integration of conformed cooling channels into the conrod. Then, the
SLM components are produced and mechanical and metallurgical properties are
investigated and compared with the titanium hot forging ones. Both the macro-

components with high precision. Among
the main advantages, it can be found free-
dom of part design, part complexity, light-
weighting, part consolidation, and design
for specific functions. In light of this, AM
technologies could provide an optimal
trade-off between the need to increase
manufacturing speed for highly customized
and complex parts while achieving required
mechanical properties with near net shaped
components containing fewer defects. All
these aspects are of interests in metal AM
for aerospace, oil and gas, marine, and
transport applications.””

Among these processes, particularly
selective laser melting (SLM) is one of
the most used. This is a powder bed fusion
process that uses metal powder, mainly for

structures present equiassic and isotropic behavior due to the heat treatment
transformation. No defects are observed for both the technologies. The mechanical

properties are verified to be aligned with the design targets.

1. Introduction

As is well known today, additive manufacturing (AM) is a process
of joining materials to make objects from 3D model data as
opposed to subtractive manufacturing methodologies which
remove material ™ In general, AM technology allows the
manufacturing of parts directly from digital model by depositing
the material through a layer-by-layer approach that is digitally con-
trolled. This emerging technology can manufacture metallic
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the manufacturing of components belong-
ing to the biomedical and automotive
field.*™! SLM has the great benefit to gen-
erate very complex shapes!® that are often
impossible to be produced with the conven-
tional technologies. Thus, near net shape
(NNS) parts and undercuts can be now easily created with this
new technology. Another SLM benefit could be the creation of
internal passages by maintaining a good dimensional control;
this could be used, for example, for the integration of cooling
channels. A first benefit that can be gathered is the reduction
of metalworking operation. In the automotive field, the opportu-
nity to create lightweight components”~ due to a NNS design is
even more important. Indeed, this is one of the most feasible
measures to reduce the vehicle emissions!'®™? and consequently
the traffic-related air pollution. As mentioned earlier, it is clearly
the need to modify how engineers think when designing parts;
the typical design of traditional subtractive manufacturing pro-
cesses is very different from the new shapes achievable with
AM."*! Thus, to take full advantage of unique capabilities from
AM processes, specific Design for Additive Manufacturing
(DfAM) methods are needed. Typical DfAM includes topology
optimization and other design methods which can be supported
by AM-enabled features. In the automotive domain, SLM is cur-
rently limited for the production of prototypes or rare spare parts,
while research is moving toward a larger adoption of this tech-
nology,"***! for example, targeting the production of compo-
nents for high-end and luxury vehicles.
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In this context, the present research work studied the topolog-
ical optimization of a challenging engine part, a connecting rod
(conrod). SLM was analyzed in substitution of one of the conven-
tional manufacturing (CM) most used, the forging. To the best of
the authors’ knowledge, it is worthwhile to note that the current
literature offers very few case studies in which AM and the
original CM products are compared and there are not any other
applications with the particular geometry achieved during this
investigation.

For better understanding the current research work, it is
important to introduce some general notions.

The function of the conrod is to transmit the force of the
engine piston to the crankshaft and to convert the transverse
motion of the former into rotation of the latter. Consequently,
it has to ensure the necessary mechanical resistance under load-
ing, and it has to be as light as possible to reduce the inertia
forces." The material mainly used is steel, but during the last
decades titanium has been applied for lightweighted applica-
tions"* ' in niche markets (i.e., motorsport Honda NSX
(1989), Honda RC30 (1990), Corvette Z06 (2006), Yamaha
YZF-RIM (2014), Yamaha YZF-R1IM (2014), and Porsche 911
GT3 (2014)). Indeed, the applications just mentioned are very
sensible to weight reduction of engine parts because, in addition
to a reduction of environmental impact, this measure brings also
a performance increasing. Thus, these niche applications could
Dbe suitable to implement a further and extreme weight reduction,
such that reachable through the SLM NNS design. Furthermore,
the typical volume of production in these fields is low in compar-
ison with the general automotive market and the component
dimensions are limited that makes the application suitable for
the AM technology capabilities.

From a process point of view, hot forging is the predominant
CM to fabricate titanium conrods.*®'® After forging, trimming
is performed in a separate die and successively the component is
heat treated. An issue for the forged titanium conrod consists in
its difficult machining,” in particular related to the operation of
cutting into two parts the big eye (cap and main body) to allow the
connection with the crankshaft. The typical microstructure of
forged TisAl,V after annealing is composed of equiaxed a grains
and lamellar o + p.*!! Average mechanical properties required
for this application are o, = 880, 6, = 950, A% = 11%.

On the contrary, in general SLM process consists of localized
and high heat inputs that lead to a different microstructure
(fine acicular o martensite) than CM? and cause residual stress
development.”! To answer this issue, specific heat treatments
are required for TibAl4V made by SLM to properly modify the
components microstructure and to reduce as much as possible
the residual stresses. Different researchers studied on samples
the main relevant heat treatment classes: 1) annealing
(700°C < T<800°C) and 2) solubilization super-p transus
(T'>980°C) or 3) sub-p transus (T < 980 °C) followed by a tem-
pering between 700 and 950 °C. For example, Vilaro et al.l**! ana-
lyzed the microstructure and mechanical properties after different
heat treatments; Vracken et al.*!! focused mainly on the influence
of time, temperature, and cooling rate of the heat treatments by
means of microstructural investigation and tensile tests in com-
parison with CM; and Simonelli et al¥! and Longhitano et al.’**
analyzed different temperatures for the stress reliving. From these
studies it can be gathered that the o’ phase of the as-built condition
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is transformed into a mixture of a + p phases after annealing and
a + P phases with a-Widmanstatten or o’ martensite or a” new
martensite, depending on time, temperature, and cooling rate,
after annealing solubilization and tempering.

From the analysis of the aforementioned literature and after a
previous research work on samples produced in the same batch
of the conrod,” the following heat treatment was considered the
best option to achieve the desired mechanical properties on the
SLM conrods: super-p transus solubilization followed by a tem-
pering. Indeed, considering the specific application, this heat
treatment shows the best match of mechanical properties, resid-
ual stresses, and corrosion resistance.

The current article started from the topological optimization of
the new SLM conrod. Then, microstructures and mechanical
resistance of CM and SLM actual conrod parts (shown in
Figure 1) were analyzed and compared.

The main benefits achieved through the new SLM option are
weight reduction (45% and 15% with respect to steel and tita-
nium forging, respectively), manufacturing of the conrod into
two separate parts that avoid the difficult machining to separate
the cap from the main body, and the integration of conformed
cooling channels into the conrod.

2. Experimental Section

2.1. Topological Optimization

The topology optimizations were conducted through Altair
Optistruct software starting from the 3D model of the CM forg-
ing conrod. The average dimensions of the component are
178 x 24 x 75 mm?>,

The finite element models used for both geometries are com-
posed of primarily tetrahedron elements. The finite element model
is composed of about 55 047 degrees of freedom, 52 376 elements,
and 15 902 nodes. All the analyses were performed considering the
material in linear elastic field. Several simulations were conducted
on gradually improved geometries and their mechanical behavior
was analyzed until the best configuration was reached.

Figure 1. a) TigAl4V hot forged and b) SLM conrods.
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The entire system is composed by the conrod and the
elements directly connected to this part (crankshaft and engine
piston) and can be represented by the well-known cranks and
conrod mechanism. This is a mechanical system composed of
a rotating element (crank) and a sliding element (piston), con-
nected with a rod (in this case the conrod) allowing the linear
sliding motion to be converted into a circular motion.

The modeling methodology for kinematics of the system
mechanism has been derived systematically by considering
the geometric configuration, speed, and acceleration of the inter-
nal combustion engine crank mechanism.***”! As specifically
regards the conrod kinematic properties, it should be mentioned
that a coordinate system integral to the conrod itself was consid-
ered. Real data for conrod length, rotational speed of engine,
piston mass, and so on were used; maximum acceleration values
are related with maximum rotational speed of the crankshaft. To
guarantee a high accuracy, the acceleration was considered as a
field variable along the conrod (see Figure 2 blue area; a;,—a,. for
load case 1 and 0-a, for load case 2). Indeed, axial (x direction)
and transversal (y direction) accelerations vary with crankshaft
angular position and with location along the conrod.

Figure 2 shows a scheme of the three main load cases analyzed
for the dimensioning of the mechanical resistance. They are rep-
resentative of the operating conditions and constitute the necessary
requirements to be fulfilled to ensure a reliable application. As
regards the load cases, load case 1 (max tension) corresponds to
the highest axial acceleration verified when the piston is in the
top dead center position and rotational speed is at the maximum
level; load case 2 (bending) corresponds to the highest transversal
acceleration verified when the crankshaft is perpendicular to the
conrod; and load case 3 (max compression) corresponds to the
maximum gas loading (also called firing). Thus, F; force is gener-
ated from piston group acceleration, while F; from firing. The
traditional approach for conrod stress calculation involves the dis-
cretization of the mass into few concentrated areas.”®*% As the
target of the study was extreme weight reduction, a higher accuracy
was necessary. This is the reason why the acceleration was applied
at each mass element with a specific value depending on the posi-
tion along the conrod. Thus, the acceleration was applied to each
finite element during finite element analysis (FEA) optimiza-
tion.*% Loops of iterations were conducted to find the most proper
configuration in terms of both structural resistance and weight
reduction.

The criteria of considered resistance were as follows:
1) 0 < og¢ for the areas with main principal stress >0, where
opr is the material bending fatigue limit having value reported
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later; 2) o < oy/n for the areas with main principal stress <0,
where oy is the yield strength having value reported later and
n is a safety factor (7 =2).

The material used was a TigALV alloy having the following
mechanical properties: 6, 880 = MPa, o, 950 = MPa, A% = 11%,
ofar= 250 MPa, and E = 114 GPa that are the design target for this
application.

After the topological optimization, these parts can be SLMed.
Additional samples were produced into the same batch of the con-
rods to properly dimension the postprocess parameters and
achieve the design target imposed by the application. A previous
research focused on these preliminary investigations®*! aimed at
identifying the best heat treatment condition to be replied on the
conrods produced with the same SLM process parameters. The
details about the production and heat treatments of these compo-
nents and samples are reported in the following section. The
proper achievement of the target mechanical properties due to
the heat treatment selected will be checked during the current
work. Following this consideration, the FEA on the 3D model
of the conrods evaluated by means of target mechanical properties
can be considered valid also for the final real application.

2.2. Samples Description

Figure 1a shows the hot forged Ti6Al4V conrod studied. The heat
treatment condition is annealing. The microstructure was ana-
lyzed on specimens cut off from different areas of the conrod,
as shown in Figure 3a. Cylindrical samples with a length of
72mm and a gauge diameter of 6 mm were machined out of
the component also for tensile tests.

Figure 1b shows the SLM Ti6Al4V conrod produced with the
geometry selected at the end of the topological optimization.
A super-p transus solubilization followed by a tempering heat
treatment was performed. As it can be seen, some tensile sam-
ples were produced separately from the part because its shape did
not allow the extraction directly from the conrod. Cylindrical ten-
sile test samples had a length of 60 mm and a gauge diameter of
4 mm. Microstructural samples were cut off from both tensile
samples and conrods, in the areas shown in Figure 3b.

A minimum of four samples for each condition were analyzed.

2.3. Microstructural Observation

The surfaces were prepared with standard metallographic
techniques (ground with SiC papers and polished with 1pm

Loadcase 1.
Max tension.

Figure 2. Load cases analyzed for the conrod dimensioning.

Adv. Eng. Mater. 2021, 2100036

Loadcase 2.
Max bending.

2100036 (3 of 10)

Loadcase 3.
Max Compression

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

VANCED
ENGINEERINSG

www.advancedsciencenews.com

Figure 3. Microstructural samples from a) Ti6Al4V SLM and b) hot forged
conrods.

diamond paste) and were etched with a 10 mL H,0, 5 mL HNO;,
and 1 mL HF solution. The microstructure was examined using a
Leica DMI 5000M optical microscope and scanning electron
microscopy (SEM) LEO EVO 40. Semiquantitative chemical
analyses were obtained by means of an energy dispersive
spectroscopy (EDS)-Link Analytical eXL probe, with a spatial res-
olution of a few microns.

2.4. Hardness and Tensile Test

Vickers microhardness tests were conducted under 1kgf load
applied for 15 s on the etched traverse surface, by means of a
Mitutoyo HM-200 instrument according to ASTM E92-16.3Y

The tensile tests were conducted following UNI EN ISO
6892-1:2009.%% An electromechanical testing machine Instron
3369 at a strain rate of 1 mmmin~" was used.

The SLM tensile cylinder samples analyzed in this research
were built directly in this shape to test a condition comparable
with the actual component surface. Indeed, it is worthwhile to
remember that SLM parts aimed at reducing the weight in auto-
motive are NNS and they have a very low amount of machined
surfaces. In addition, the specific thin and complex geometry of
the SLM conrods did not allow the machining of tensile samples
from the parts. On the contrary, for the forged components, ten-
sile samples machined from its middle beam were used. Their
dimensions were already reported in Section 2.2.

3. Results and Discussion

3.1. Topological Optimization, Final Design, and Conrod
Manufacturing

Figure 4 shows the design evolution during the topology optimi-
zation starting from the forged design (first image on the left).

As it can be seen, the main constraint is to maintain
unchanged the interfaces with the crankshaft (“big end” in
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Final SLM
design

Forged
design

Figure 4. Design evolution from initial hot forged and SLM conrods.

the bottom portion) and with the piston (“small end” in the
top portion) when moving from original forged version to
new SLM design. Thus, the main relevant changes are in the
middle section (“shank”) that was gradually modified starting
from an “H” section of the forged component up to a multi-
branch structure of the final SLM design. The target is to reduce
the weight as much as possible while maintaining the structural
resistance required for the application. The result was a signifi-
cant weight reduction of about 45% and 15% with respect to steel
and titanium forging, respectively. This benefit has to be multi-
plied by four, being the application a four-cylinder engine. Note
that the titanium forging application was already optimized to
reduce the weight, so the current further lightweight can be con-
sidered a very interesting goal. In addition, the SLM conrod was
designed to be produced into two separate parts. This is a rele-
vant advantage in terms of manufacturing operations because it
deletes the difficult machining to separate the cap from the main
body and allow to achieve a NNS component. The reduced
amount of machined areas is clear looking at the comparison
between forged and SLM raw parts in Figure 1. Finally, the
AM conrod was enriched with conformed cooling channels inte-
grated into the branches of its structure that allow a more effi-
cient lubrification than the machined linear channel of the forged
version. This beneficial geometry of the channels cannot be
obtained with the traditional technology.

Figure 5 and 6 show, respectively, the maximum and mini-
mum stresses resulted from the structural simulations of the
three load cases on the final design selected for the SLM conrod
manufacturing. As it can be seen, the final design ensures the
mechanical resistance required. Indeed, for the maximum prin-
cipal stresses (Figure 5, criterion for 6 > 0: 6 < ogr = 250 MPa)
there are not any areas that exceed the limit, while for the mini-
mum principal stress (Figure 6, criterion for ¢<0: o <oy/
n =440 MPa) only some limited nodes slightly exceed the limit
(=516 MPa in the maximum compression load case). It is worth-
while to note that these exceptions were verified to correspond to
very few local elements and could be related to the mesh dimen-
sion. Thus, they were not evaluated to be critical.

3.2. Microstructural Observation

Figure 7 shows a representative example of the microstructure of
the CM forged samples taken by the conrods. This is a duplex
microstructure composed of slightly elongated primary o grains
in a matrix of transformed p containing o and p lamellae. Note
that o phase is light while p phase is dark.

© 2021 Wiley-VCH GmbH
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Max tension

Figure 5. Maximum principal stresses of the final SLM conrod design.

Max tension

Figure 6. Minimum principal stresses of the final SLM conrod design.

Figure 8 shows an example of the microstructure of the sam-
ples taken by the SLM conrods. It can be observed the grain
boundaries of transformed equiaxial § grains with o at prior p
grain boundaries and containing thin o lamellae. In particular,
the isotropy of the macrostructure and the equiaxial grains
formation are related to the displacive transformation of the
body-centered-cubic phase (B) into hexagonal phase (a’) after
quenching from super-f transus field. For the sake of clarity,
Figure 9 shows the macrostructure of SLM TicAlL,V in the trans-
versal (T) and longitudinal (L) sections that further confirm the

Adv. Eng. Mater. 2021, 2100036
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isotropy of the material. For major details, see the related previ-
ous research about this topic.**’

Microstructure at higher magnification was analyzed looking at
SEM images, as shown in Figure 10 and 11 for forged and SLM
section, respectively. For SEM analysis, o phase is dark while
phase is light. These investigations, completed by EDS analysis,
confirmed the microstructure observed with optical microscope
analysis and previously described. Indeed, it can be noted that
the lowest amount of vanadium and the highest amount of alumi-
num are detected in the darkest areas analyzed (spectrum 1 and 2

© 2021 Wiley-VCH GmbH
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Figure 9. Optical microstructure of additive manufactured TigAl,V transversal (T) and Longitudinal (L) sections.

for both the technologies investigated), while an opposite behavior
is observed in the lightest zone (spectrum 3). It is worthwhile to
remember that V is a p stabilizer,?*! thus it has to be detected in
higher percentages in p phase, while in the § phase composition of
Al, an o stabilizer in the alloy is below the average composition for
the alloy. A small amount of iron, that is also a p stabilizer, was also
detected in the f phase. Itis expected that Fe will diffuse into the
phase during its formation. These observations suggest that the
a+ B structures are formed by diffusion-controlled transforma-
tion in which V diffuses to § phase while Al diffuses to « phase.l**!

The differences observed in the microstructure are mainly
related to the dissimilarities in the production process which influ-
ences the phases shape, dimension, and distribution. These

Adv. Eng. Mater. 2021, 2100036
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differences are well noted and are mainly related to the importance
of the initial microstructure determined by the process itself, as
highlighted by Vrancken et al.”"! Due to the very fine martensite,
typical of the as-built SLM TicALV samples, the kinetics are
completely different as compared with the treatment of equiaxed
or heavily deformed microstructures, typical of traditional pro-
duced titanium alloys. Consequently, the application of standard
heat treatments shows that these treatments do not lead to the
usual or expected results and specific parameters have to be
applied at additive manufactured parts; their effect differs greatly
from one set of parameters to another.”! Also, Zhou et al.?* found
a very different microstructure for a Ti alloy processed by SLM or
hot forging.

© 2021 Wiley-VCH GmbH
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Spectrum |Al  Ti A% Fe  Total

1 6.91 90.96 2.13 100.00
2 6.79 90.94 227 100.00
3 5.52 88.34 5.88 0.27 100.00

Spectrum |Al  Ti \% Fe  Total

1 6.38 91.60 2.02 100.00
2 6.59 90.98 2.43 100.00
3 531 86.37 6.79 1.53 100.00

Figure 11. SEM micrograph and results of EDS analysis (wt%) of a representative additive manufactured Ti6Al4V conrod section.

During the current work, the subsequent heat treatments were
finalized at reducing anisotropy and residual stresses, typical of
both the processes, and avoid the presence of a fully martensitic
a’ microstructure due to its transformation in o + f phases. The
two processes present different microstructure, as expected in
relation with process dissimilarities, but the aforementioned
features were achieved for both CM and SLM samples. It is
important to remember that these features were achieved due
to the detailed preliminary researches on heat treatments®® that
guaranteed the achievement of the proper microstructure on the
SLM conrod. In addition, both the microstructures are expected
to give good mechanical properties.

It is worthwhile to note that different samples were taken from
various areas of the parts, both for SLM and forged conrod, and
the results were always aligned. No defects were observed in var-
ious samples. As it can be seen from the lower magnifications,
both the macrostructures present equiassic and isotropic behav-
ior due to the heat treatment transformation.

3.3. Tensile Test and Hardness
In Figure 12a, stress—strain curve for the forged and SLM condi-

tion was selected and reported for comparison purposes. The
tensile curves were very similar to each other both for SLM
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Figure 12. Tensile curves for forged (black) and SLM samples (blue).

and forged samples; thus, the one reported is representative
of the general behavior analyzed. Target values of yield strength
and stress at break are also included in the graph. Table 1 shows
the corresponding values. As it can be seen, similar mechanical
properties can be observed for forged and SLM samples, with
values slightly higher in the former case.
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Table 1. Mechanical properties measured on forged and SLM samples
and target values.

o, [MPa] 0 [MPa] A [%]
Forged 956 £ 6 103445 13+£0.7
SLM 900 +7 974+ M 11+£03
Target 880 950 1

The strength of forged samples and the elongation percentage
are only 50 MPa and 2% higher than that of SLM one. This
is a good achievement because a good balance between mechan-
ical resistance and ductility was reached due to the specific heat
treatment selected for SLM part. Indeed, typically SLM in the
as-built condition presents a high strength with a low elongation
percentage, as a result of the specific microstructure (o’ martens-
ite).'"") This was the same starting condition for the current
research (see Cecchel et al:** as-built o,=1062 & 45 MPa;
Om = 1228 £ 6 MPa; A% =4.5 £ 1.1%). It is also worthwhile to
remember that the mechanical properties of SLM differ greatly
after the various heat treatments. In general, the yield stress and
stress at brake decrease after heat treatment due to the coarsen-
ing of the microstructure compared with the original fine o’ mar-
tensite. The difficulty in the dimensioning of the heat treatment
parameters stands in finding the right balance between strength
and ductility, which was confirmed by the present results. On the
contrary, strength of CM is known to not change significantly
after the different heat treatments. This is due to the competitive
growth of both a the and p grains at high temperature that limits
the grow of both phases and leads to similar grain sizes after each
treatment.””"

It is worthwhile to note that both properties are aligned with
the design targets. Indeed, the equiassic and isotropic macro-
structure of SLM, composed of a mixture of thin a lamellae
and p phase, guarantees the proper match of mechanical strength
and ductility. This confirms that the heat treatment, selected after
preliminary investigations,'* guaranteed the achievement of the
proper microstructure on the SLM conrod to respect the mechan-
ical requirements during its operation. The positive comparison
with the tensile properties of the forged samples confirmed these
conclusions, proving that the SLM microstructure induced by the
heat treatment was proper for the application.

Figure 13 and 14 show the microhardness profile for SLM and
forged samples, respectively; the sections analyzed are named as
shown in Figure 3. Different profiles were analyzed for each sec-
tion, with similar results of the one reported in the current sum-
mary. It can be observed that some fluctuations are registered
along the profile, probably due to the different phases found
in correspondence of the specific and local microhardness inden-
tation. This was observed for both the processes.

Some examples of other researches showing large hardness
fluctuations in titanium alloy parts can be found for both selec-
tive laser melting technology!***® and traditional one.’”) Indeed,
the mechanical properties of TigAl,V, including microhardness,
are largely influenced by its microstructure, including constitu-
ent phases, the size of the grain and a-phase, the texture of prior
B grains,"* and crystal structure and orientation.!*® This last fac-
tor that changes from one phase to another plays a fundamental
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Figure 13. Microhardness profile of forged TigAl,V conrod sections.
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Figure 14. Microhardness profile of additive manufactured TigAl,V conrod
sections.

role.>! Then, hardness fluctuations along the cross section can
be ascribed to intrinsic microstructural contributions, namely,
the presence of both the soft a and hard § phases.*”! These con-
siderations are valid for both CM and SLM processes. In conclu-
sion, hardness fluctuations were observed on both the CM and
SLM sections due to intrinsic microstructural contributions.

However, the main result is that the global behavior is very
similar between the two processes; indeed, the average hardness
measured is 325+ 21 and 328 £ 10 HV along the forged and
SLM samples, respectively.

4, Conclusion

The current article started from the topological optimization of a
new SLM conrod. Then, microstructures and mechanical resis-
tance of CM and SLM actual conrod parts were analyzed and
compared.

The evidence presented in this research can be summarized as
follows: 1) A DfAM was developed that can be summarized as an
SLM multibranch structure in replacement of the “H” section of
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the CM component. This allows to put the material only where it
is necessary from structural application by reducing the weight.
Indeed, the weight reduction achieved was 45% and 15% with
respect to steel and titanium forging, respectively, and the
mechanical resistance was achieved as suggested by the FEA
analysis. 2) Other benefits related to the DFAM realized are
the manufacturing of the conrod into two separated parts that
avoid the difficult machining to separate the cap from the main
body, and the integration of conformed cooling channels into the
conrod. 3) As expected, different microstructures were observed
between CM and SLM samples. The former presented a duplex
microstructure composed of equiaxed o grains and lamellar
transformed o+ B grains, while the latter shown equiassic
and isotropic macrostructure composed of a mixture of thin o
lamellae and p phase. It is worthwhile to note that both the mac-
rostructures present equiassic and isotropic behavior due to the
heat treatment transformation. No defects were observed for
both the technologies. 4) The mechanical properties were verified
to be aligned with the design targets. In particular, the most rel-
evant result was that the SLM samples guarantee the proper
match of mechanical strength and ductility due to the specific
heat treatment selected. The forged samples shown strengths
only slightly higher than the SLM ones. This demonstrated
the feasibility of the new application and the proper dimension-
ing of the boundary condition (i.e., alloy, process parameter, heat
treatment).

In conclusion, the feasibility of a weight reduction of critical
components through the development of a DfAM was demon-
strated. The components were successfully produced without
defect and the properties were aligned with the expectations.
Further development can be done for the future similar applica-
tion of different automotive parts to reduce the weight of the
vehicles and the pollution related to their circulations.
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