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Abstract

In energy generation applications, Ti- and Ni-alloys are widely used for their complementary features, where Ti-
alloys provide lightweight structures while Ni-alloys are adaptable to high temperature use. The combination of
these alloys into a single component through additive manufacturing is highly desirable. This work explores the
multi-material selective laser melting (SLM) of a Ti6Al4V-IN718 material system to produce multigraded
specimens. An in-house developed multi-material SLM platform with double hopper and a mixing chamber was
employed. A work frame based on studying process feasibility through premixed blends and assessing the
processability of multigraded components is presented. Material characteristics, in terms of chemistry,
microhardness and microstructure are investigated and supported by thermodynamic calculations. Defect-free
grading was achieved until 20 wt% inclusion of IN718 in Ti6Al4V. The results were interpreted to reveal the

processability limits of the metallurgically incompatible alloys as well as the defect formation mechanisms.

Keywords: Additive manufacturing; selective laser melting; multi-material; energy generation; lightweight alloys;

superalloys

1. Introduction

Selective laser melting (SLM) is a powder bed fusion additive manufacturing technique employing a laser beam
as the energy source, which today has gained wide industrial acceptance [1,2]. Its flexibility allows the realization

of complex geometrical shapes, reducing the lead time for production of new parts, as no specific tooling is
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required. This technology proves to be a suitable candidate for the production of multi-material parts: tailoring
different region of the components, depending on the specific operative conditions, would strongly enhance
functionality of these parts, representing a significant added value. [3] Aerospace and energy industry are fields
where currently additive manufacturing, and SLM in particular, represent a viable alternative to traditional
manufacturing processes. Turbine blades feature a very complex geometrical structure, with a wide number of
internal channels, usually achieved by wire electric discharge machining (EDM) or electrochemical machining
(ECM), which thus results in an expensive and multi-step manufacturing route[4]. SLM, with its elevated
geometrical flexibility, provides a good alternative allowing for the near net-shape production of the hollow blade.
Focusing on gas turbines for aeronautical propulsion, the most widely used materials are titanium and nickel based
alloys [5,6]. Titanium alloys offer a high strength-to-weight ratio, finding a wide range of applications in the
compressor section of a gas turbine. On the other hand, turbine section, given the higher temperatures, requires
the adoption of the nickel based superalloys. [7,8] The constant increase in performance required by the market
has been constantly pushing the compression ratio to higher values, consequentially increasing the temperature in
the last stages of the compressor, making titanium alloys unsuitable, due to creep degradation and oxidation. As
an alternative, nickel based superalloys have been used to realize the last compression stages, with a high penalty
in terms of weight, being the density of those alloys nearly the double respect to titanium ones. These two alloy
families are very dissimilar, showing different coefficients of thermal expansions and low metallurgical
compatibility in general, making it difficult to bond them. Still, a patent by Honeywell already introduces the
possibility to realize turbine blades via additive manufacturing with different superalloys to optimize the different
portions of the component to the operative conditions [9]. Multi-material SLM process could then provide a viable
alternative to bonding two different alloys, therefore producing a multi material turbine blade, where the blade
shaft and tip (exposed to the hot gases) could be realized with a creep resistant, nickel based superalloy, and the

root, in a cooler region, with a titanium alloy for weight reduction.

Multi-material additive manufacturing has been studied with different material families changing the material
between layers and/or within layers by means of different processing methods [10]. Concerning metals, the

production of multi-material and graded components by means of directed energy deposition (DED) processes
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such as laser metal deposition (LMD) has been demonstrated in literature. The material change and grading is
intrinsically simpler for this process as multiple hoppers are industrially available for powder feeding [11,12].
SLM provides higher precision, smaller feature size, and the means to produce lightweight structures based on
lattices, which are appealing features for turbine blades that cannot be easily achieved by LMD [13]. Obtaining
multigraded components with SLM is still a difficult task, given the need to handle more than one powder
feedstock during the same build process. In literature, blended powders were used in SLM to produce in-situ alloys
[14,15] as well as composite materials [16-22]. For in-situ alloying, the powder size and shape are found to be
critical for the application. On the other hand, composite materials were produced by both blending powders with
similar sizes as well as dressing the matrix materials with smaller nano-sized reinforcement particles. Recent works
demonstrate the feasibility of multi-material SLM process, by using self-developed prototype equipment or
modified industrial machines. Material variation was obtained layerwise, by depositing layers of new material on
top of the previous one. Exner et al. used a double rake prototypal system, where they successfully produced Ag-
Cu layered specimens [23]. Using a modified industrial machine, C18400 copper have been successfully deposited
on top of 316L stainless steel and AlSilOMg. [24,25] Although the remelting action of the laser beam creates a
smooth transition between the two materials for a certain number of layers, there is no control on the actual
transition zone, the most critical one in a multi-material part. A double hopper powder delivery system based on
piezoelectric transducers permitted to realize Fe/Al-12Si specimen, with an intermixed region between the two
materials [26]. Another approach towards a graded transition, by Mumtaz et al., features the deposition of layers
of Waspaloye, gradually enriched with zirconia up to 10 vol.%. [27]. To obtain material variation also within a
single layer, selective recoaters have been developed. The systems employ a processing scheme where the first
material is selectively deposited, then melted before the second one is delivered, and finally excess powder is
vacuumed [28,29]. This aspect is often critical, as cross-contamination between different materials may occur. An
alternative powder delivery method uses glass pipettes as “hopper-nozzles” to spread powder, by means of gas
pressure or vibration feed, allowing a precise powder delivery, without the need to vacuuming the excess [30].
Koopmann et al. produced multi-material X38CrMoV5-ZrO2/Al20Os components by separately processing the

materials on an industrial SLM platform with high preheating capability (500°C) [31]. Mei et al. produced AISI

4



316 - IN718 - AISI 316 multi-material specimens with a direct transition between materials along the build
direction in a similar fashion [32]. A different strategy, by Wei et al. introduces a micro vacuuming system, to
selectively remove excess powder point-by-point after first material is molten [33]. The second one is deposited
by means of selective ultrasonic powder dispensers. The system was demonstrated for use in anticounterfeiting
[34] as well as producing composite support materials [35]. Anstaett et al. proposed an SLM system capable of
depositing two different powders, where they successfully produced a multi-material component combining a Cu-
alloy and a tool steel [36]. Recently Admatec developed an industrial SLM machine which spreads the raw material
as a slurry, thus allowing to combine multiple materials [37]. By heating the feedstock the binder eventually

evaporates and the metal powder can be successively processed.

Despite novel efforts in the field, the multi-material SLM still requires further attention from the process
development point of view. Current efforts have mainly concentrated on the development of material delivery
strategies, whereas the SLM process parameters should be further studied in order to resolve process defects arising
from the grading conditions. While several attempts have been made in literature to change material composition
locally or between layers, the processing of graded compositions requires further attention. A graded transition
between two different powders is challenging both from machine architecture perspective as well as the process

parameter selection due to possible metallurgical incompatibilities.

Accordingly, this work presents the multi-material SLM of Ti6Al4V and IN718 alloys on an in-house developed
multi-material SLM platform. Both Ti6Al4V [38-40] and IN718 [41-43] are characterized by good processability
via SLM. The present material combination is highly appealing for energy applications, while their graded
processing poses challenges due to the low compatibility of the alloying elements. The experimental work
proposes a process development scheme where first single and pre-mixed blends were processed for selecting the
adequate parameters. Finally samples with complete grading were produced with the novel SLM system. The
produced samples were characterised for their material properties and the formation mechanisms are further

explained by thermodynamic calculations.

2. Systems and materials



2.1. Materials

The powder feedstock was chosen concerning the processability single alloys, pre-mixed blends, as well as the
graded multi-material specimens. Since, the work aims to produce multi-material transition between the two
powder feedstocks and the fraction of the two materials should be varied they were chosen at similar size
distributions. The choice of different powder size distributions can be advantageous in different cases such as
better distributing a single element with smaller particle size in a prealloyed powder. However, for the present
work the aim has been to freely vary the chemical composition between the two alloys. Hence, both feedstocks
were also chosen to be spherical in shape as conventionally used in single alloy processing by SLM. Ti6Al4V and
Inconel 718 gas atomized powders (LPW, Runcorn, United Kingdom) were used throughout the work. Ti6AI4V
powder size powder size distribution was D10:23 um, D50:33 um, D90:46 um. IN718 powder size distribution
was D10:18 um, D50:30 um, D90:47 um. Both powder feedstocks were spherical in shape (respectively visible
in Figure 4a and Figure 4b). Base plates (substrates) used for the process were 12 mm thick Ti6Al4V plates for
deposition of Ti6Al4V, pre-mixed Ti6AlI4V/IN718 and the graded transition specimen, while 3mm thick IN718

plates were used for IN718 deposition.

2.2. Multi-material selective laser melting platform

A flexible prototype system for SLM namely Powderful was used throughout this work [44]. The mechanical
system consisted of a custom-made powder bed able to process small quantities of powder (<500 g), which was
placed in a sealed chamber. Prior to processing an inertization procedure was carried out, where a cycle of vacuum
down to -950 mbar and Ar purging up to 10 mbar was applied three times. The light source was a single mode
fiber laser with 1 kW maximum power (nLIGHT alta, Vancouver, WA, USA). The laser beam was collimated
with a 75 mm lens, which was manipulated and focused by a scanner head (Smart Move GmbH, Garching bei
Minchen, German). The collimated beam was focused with a 420 mm f-theta lens. In this configuration, the beam
diameter at the focal plane (do) was determined as 78 um. The control of the mechanical system and monitoring
of the machine state were carried using LabVIEW software (National Instruments, Austin, TX) and the scan path

trajectory was designed using SCANMASTER software (Cambridge Technologies, Bedford, MA). The main
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system characteristics are shown in Table 1. The prototype system was designed to assess processability issues of
new materials [45,46], phenomenological studies concerning the process physics [47], and the study of new
processing strategies [48] employing small sized samples typically with 5x5x5 mms dimensions. Such dimensions
are relatively small compared to the parts produced by SLM, however are significant for characterizing the
processing conditions for porosity and the cracking behaviour as well as the chemical composition required at the

proof-of-concept level.

Table 1 Main characteristics of the open SLM platform Powderful.

Parameter Value

Laser emission wavelength, A 1070 nm

Max. laser power, Pmax 1000 W

Beam quality factor, M2 1.19

Nominal beam diameter on focal plane, do 78 um

Build platform area (DXWxH) 60x60x20 mms

The multi-material capability was provided by a double-hopper system (see Figure 1). The step by step functioning
principle of the mixing unit is shown in Figure 2. Two types of powders are placed in separate hoppers (Powder
A and Powder B). In step 1 and step 2 , the desired quantities of the materials are by means of piezoelectric
transducers. In step 3, the mixing chamber present underneath the two hoppers which blends the powders by means
of rotating blades. The design of the blades allows them to mix or discharge the powder, depending on the rotation
direction. The powder mixing chamber ensured a correct blending by before releasing the mixture to the powder
bed. At the end of step 3, the mixed powder is discharged into a lower hopper. Finally in step 4, the mixed powder
is released on the powder bed using another piezoelectric transducer. The following operations are similar to a
conventional SLM system, where a wiper spreads the powder on the powder bed. Eventual excess powder in the
mixing chamber can be discharged (for recollection) away from the build area. The system allows for using
separate powders or powder mixtures on demand between different layers. Hence, material change, use of

intermediate layers and gradient transitions can be achieved along the build direction.



Figure 1 a) Powderful SLM prototype, placed inside the vacuum chamber, positioned under the scanner head. b) Detail of the multi-material

unit, mounted on the prototype, filled with Ti6AI4V and IN718 powders. ¢) CAD model of the multi material unit.

Figure 2 Functioning principle of the mixing unit shown in different steps.

Figure 3 Composition of the powder dosed by the mixing unit as a function of the target IN718 content. The dashed lines represent the the
desired trend without dosing errors for both the materials.

The powder mixture composition was controlled by a prior calibration procedure. The dosage of each powder was
controlled by the piezoelectric transducers of the multi-material unit. Powder feed rate was obtained as function
of transducers vibration amplitude and controlled by the applied voltage and vibration time. Blending experiments
were carried out to assess the mixing error as a function of the target IN718 content. Ti6Al4V and IN718 were
dosed to achieve a total of 5 g blend powder. A precision scale was used for the characterization. The powders
were dosed in a sequence where first the Ti6Al4V powder was dosed and its weight was measured, followed by
the dosing of the IN718 power and the weighing of the mix. The concentrations of the two materials was calculated
from the measured weights. The experiments were carried out for 4 blends as well as the single materials. Three
replications were produced. Figure 3 shows the concentration of the two powders dosed by the mixing system as
a function of the target IN718 content. The mixtures produced shown an error smaller than 5 wt% with respect to
the target composition. Figure 4 shows the SEM images of the single and blended powders. It can be noted that

the mixing system allowed for a homogenous dispersion of the powders.

Figure 4 SEM acquisitions of powders morphology by means of a backscattered electron detector. Darker particles (dark gray in c,d,e, and
f) are Ti6Al4V, brighter ones (white in c,d,e, and f) are IN718. The first two images show the base materials, while the latter show the
different Ti6AI4V/IN718 mixtures used to calibrate the multi-material unit. a) Ti6Al4V b) IN718 c) 10 wt% IN718 mixture d) 20 wt%

IN718 mixture €) 40 wt% IN718 mixture f) 60 wt% IN718 mixture.



2.3. Experimental plan

The experimental plan was completed in three different stages concerning the single materials, pre-mixed blends,
and the build of the multigraded specimens. Energy density (E) parameter was used as a reference for the definition

of the experimental plans, and is defined in Equation 1:

P
b= )

where P is the laser power, v the scan speed, h the hatch distance and z is layer thickness. The first experimental
campaign focuses on the processability of the two single material, aiming to obtain pore and crack free specimens.
Layer thickness was fixed at 50 um, and the focal position of the laser beam (f) was fixed on the powder bed. Laser
power, scan speed and hatch distance were varied in order to find the energy density range which granted fully
dense specimen. Cubic samples with 5x5x5 mms dimensions were produced. In Table 2 the experimental plans
are reported for both Ti6AI4V and IN718. Energy density input range was 21-320 J/mms for Ti6Al4V and 63-900

J/mmsfor IN718.

Table 2 Fixed and varied parameter for production testing of Ti6Al4V and IN718 powders.

Fixed parameters

Layer thickness z (um) 50

Focal position f (mm) 0

Process gas Ar

Varied parameters Ti6AlI4V IN718
Hatch distance h (um) 50-100 50-100
Laser power P (W) 200-300-400 250-350-450
Scan speed v (mm/s) 500-1900 100-1000
Energy density E (J/mms) 21-320 63-900

The second part of the experimental plan aimed to define the processability region of Ti6Al4V and IN718 powder
mixtures. A campaign was conducted to define the process parameters set which granted pore and crack free parts.
Four different premixed blends were used, with 10, 20, 30, and 40 wt% target IN718. In Table 3 the target chemical

compositions of the materials and the blends are reported. Powders were mixed in the desired ratios with the



innovative powder mixer unit of the open SLM platform. All blends were processed with the same set of process
parameters, with an energy density input range of 141-400 J/mmsas reported in Table 4. This range is defined on
the basis of the results of the campaign on single alloys: lower and upper limits correspond to the values which
granted full densification for, respectively, Ti6Al4V and IN718. In Table 4 the details of the experimental plan are

reported. Two replicates for each condition were produced.

Table 3 Nominal chemical composition of Ti6Al4V, IN718 and the target compositions of the four produced blends. All values are

reported in wt%.

IN718 wt% Ti Al \Y Ni Cr Fe Nb Mo
0 (Ti6AI4V) 88.93 6.40 4.10 0.00 0.00 0.18 0.00 0.00
10 83.10 4.2 3.25 5.00 1.96 1.75 0.47 0.26
20 74.36 3.85 291 10.00 3.92 3.50 0.95 0.53
30 64.74 3.45 2.53 15.53 6.07 5.42 1.47 0.82
40 56.87 3.13 2.22 20.00 9.80 7.00 1.89 1.05
100 (IN718) 0.97 0.48 0.00 52.99 19.04 18.20 4.90 2.73

Table 4 Fixed and varied parameter for processing premixed Ti6AlI4V/IN718 powder blends.

Fixed parameters

Layer thickness Z (um) 50
Hatch distance h (um) 50
Focal position f (mm) 0
Process gas Ar

Varied parameters

IN718 content (wt%) 10-20-30-40
Laser power P (W) 300-450
Scan speed v (mm/s) 350-850

The final experiments were devoted to the realization of specimens with a graded composition along the build
direction. Two replicates were produce. The first material deposited was Ti6Al4V, for 42 layers. IN718 quantity
was then increased in the following layers, in discrete steps of 5%wt, reaching to 20% (for a total of four different
blends). For each blend 12 layers of feedstock powder were deposited. Energy density determined according to
the results of the premixed blend experiments, and was varied during the build according to the blend in use, as
shown in Table 5.

10



Table 5 Process parameters for the graded transition specimen as a function of the target IN718 content.

No of layers IN718 [%wt] P [W] v [mm/s] h [um] z [um] E [J/mm3]

42 0 300 700 50 50 170
12 5 300 700 50 50 170
12 10 300 700 50 50 170
12 15 300 550 50 50 218
12 20 300 450 50 50 267

All the specimens produced in the three experimentations were mounted in resin and polished for metallographic
analysis. Optical microscopy images were taken of the entire specimen cross-section in order to determine porosity
and crack formation (Quick Vision ELF QV-202, Mitutoyo, Kawasaki, Japan). Apparent density was measured
employing image processing software. Images were then binarized to calculate the apparent density which was

determined as follows:

— AtotA_Apore (2)
tot

Pa

where Awt is the total area considered and Apore is the total area of the pores [49]. Selected samples have been also
observed by SEM (EVO-50, Carl Zeiss, Oberkochen, Germany) and elemental composition evaluated by EDX.
Microhardness measurements have been carried out on all of the specimens. Vickers microhardness was measured
on samples with 500 gf load and 15 s dwell time. Material microstructure was analysed by optical microscopy
(UM200I, EchoLAB, Paderno Dugnano, Italy). As an aid to describe the observed phenomenon, thermodynamic

calculations have been performed using Thermocalc software.
3. Results
3.1. Processability of single alloys and pre-mixed powders
3.1.1.Density

In Figure 5 cross sections from specimen produced with different levels of energy density input are reported. In
Figure 6 plot reports the measured density for all specimen respect to energy density input. For Ti6Al4V and In718

specimens, an increase in E granted an increase in density, up to a certain threshold, after which full densification
11



is obtained. Full densification threshold observed for Ti6Al4V is 120 J/mms, while for IN718 is 250 J/mms. These
values were assumed, indicatively, as lower and upper boundaries for the definition of the experimental campaign
for the premixed blends. Despite the high density measured, further increase of energy density resulted in swelling

of the specimens. Above 500 J/mms the process was no feasible for geometrical inaccuracy.

The same analysis was carried on for 10 and 20 wt% IN718 specimen. In particular, for all the conditions no
porosity is detected. For 30 and 40 wt% IN718 specimen the density was not measured since the presence of cracks
hindered the image-based density calculation, however, porosity was not observed in the sections. The formed
cracks are expected to be due to the formation of hard and fragile intermetallic phases. The size of the cracks with
the 30 and 40 wt% IN718 are comparable to the size of the specimens. These cracks were visible on the produced
specimens reaching the side walls of the specimens after the SLM process. The formation of these cracks were
associated to the release of the thermal stresses by the breakage of the fragile intermetallic phases. The high cooling
rates of the SLM process is known to induce high thermal stresses, which can generate severe cracking in the
presence of fragile phases [50,51]. Preheating of the baseplate or the powder bed can be a solution to provide a
solution to reduce the thermal stresses, as well as the formation of fragile phases, which should be assessed

according to the material composition [52,53].

Figure 5 Cross sections of the deposited specimens.

Figure 6 Apparent density of the produced specimens as a function of energy density.

3.1.2.Crack formation

Figure 7 reports the crack presence as a function of the process parameters and the chemical composition of the
pre-mixed powders. It can be seen that both the replications were not cracked in all tested conditions with 10 wt%
IN718 blended with Ti6Al4V. Crack presence started with the blend containing 20 wt% IN718 below 266 J/mms

energy density. Specimens with 30 wt% and 40 wt% IN718 all specimens exhibited severe macro cracks,
12



regardless of the process parameters. For these conditions, a qualitative analysis on the internal sections showed

that specimen produced with high energy density input exhibit less and smaller cracks.

Figure 7 Crack presence as a function of process parameters and IN718 content in the blend. The severity of the processing condition was

assessed in terms of the number of cracked replicates (none, one, or both).

Crack initiation and propagation usually occurs at point of stress concentration and weak bonding at the interface.
Material immiscibility inhibits bonding, and mismatch in thermal properties such as large differences in the
coefficient of thermal expansion induce thermal stresses. The formation of brittle intermetallic phases could also
increase the susceptibility to failure even at relatively low thermal stresses. It has been reported by Chatterjee et
al. [54] and Shah et al. [55] that presence of Tiz2Ni and TiNis were responsible for cracking in dissimilar laser
welding of Ti with Ni, and in the direct laser deposition of Ti6AI4V and IN718, respectively.

In order to clarify the mechanisms that governs the crack formation in the different blends investigated
thermodynamic calculations were performed. Although the SLM process is in a non-equilibrium condition,
performing these calculations over a range of temperatures allows for the analysis at temperatures that the system
may experience.

Thermodynamic were performed on the blend systems (from 0% to 40% IN718), using elemental composition
data reported in Table 3. The results of calculation are reported in Figure 8.a where the pseudo phase diagram of
Ti6AI4V alloyed with IN718 is shown.

The solidification range (ATsolidification), can be associated to the weldability of a metal alloy and thus can be
extended to evaluate the processability by means of SLM. The compositions that exhibit large solidification
temperature ranges are generally susceptible to cracking. ATsolidification OF pure Ti6AI4V is 16°C. The increase of
IN718 fraction in the blend results in a progressive reduction of both Tiiquidus and Tsolidus, with an abrupt drop of the

latter. As a consequence, the solidification range is significantly increased. For 10 wt% IN718 the solidification

13



range is increased up to 191°C. For 20 wt% IN718, ATslidification achieves the highest value of 288°C, decreasing

slightly with the further increase of IN718 to 194°C for 30 wt% and 119°C for 40 wt%.

These results suggest that the main cause of the crack formation was not the solidification crack, since the 20 wt%
IN718 blend has a low defect density though it is characterized by the highest ATsolidification. There are two important
points that can be drawn from the phase diagram in Figure 8a. The thermodynamic calculations predict the
progressive destabilization of a-phase, with temperature formation decreased to values lower than 600°C for the
40% blend. Critical transformation temperature is strongly decreased by the addition of Ni and Cr, and the beta
phase transformation results inhibited due the fast cooling rates. The high solidification rates are responsible for
the strong segregation of Ni, Mo and Cr in the last solidifying zones, particularly at the melt pool boundaries. This
result can be associated to the decrease of martensitic phase that almost disappears for IN718 fractions higher than
20 wt%. As shown in Figure 8b, the thermodynamic calculations also point out the formation of the hard
intermetallic phase Ti2Ni. Results of thermodynamic calculations highlight an increase of Ti2Ni formation
equilibrium temperature with increased IN718 fraction. For 30 wt% and 40 wt% IN718 blends, Tiz2Ni starts to
form in the liquid phase. The formation of this intermetallic phase can strongly affect material behaviour. As well
known for Ni superalloys, the formation of high fraction of NisAl intermetallic phase is associated to a drop of
weldability. The formation of cracks with high fraction of IN718 can also be linked to the formation of these

intermetallics.

Figure 8 a) Pseudo-phase diagram of Ti6Al4V blended with IN718. b) Fractions of liquid and TizNi phases as function of temperature for

different Ti6Al4V /IN718 blends.

3.1.3.Microhardness

Microhardness (HV) of the specimens produced with the energy density level that granted full densifications and
no cracks was measured. Figure 9 reports the microhardness measurements for the single materials and the blends
along with the energy density chosen for the representative defect-free conditions. Measured hardness for Ti6AlI4V

is 402+7 HV, for IN718 255+13 HV. The inclusion of 10 wt% IN718 in the blend provided a decrease in hardness
14



to 381+21 HV compared to Ti6AI4V. The alloying elements introduced with IN718, acting as beta-stabilizers for
titanium, could promote the formation of beta phase, softer than the alpha one. For the blends with 20, 30 and 40
wit% IN718 microhardness was much higher, due to the probable formation of hard intermetallic phases. Measured

hardnesses were 477+16 HV for 20 wt%, 684+48 HV for 30 wt% and 582+27 HV for 40 wt% IN718 content.

Figure 9 Vickers Microhardness as a function of IN718 wt% content in the blend. Energy densities allowing defect-free processing were

chosen for comparison.

3.1.4.Microstructure

Figure 10 depicts the microstructure of the Ti6Al4V sample. Optical microscopy analysis revealed that the
microstructure of the components was composed of fine acicular o’ grains. The o' martensitic laths are organised
within prior B grain boundaries with different inclinations, mainly at ~ +45° with respect to the build direction.
The columnar grains are the result of epitaxial growth of the previous layer upon successive laser scans. Some

lack of fusion defects could also be identified.

Figure 10 Optical microscopy images of the Ti6Al4V sample (E=178 J/mms). a) B-grains seen at lower magnification, b) o’ laths seen at

higher magnification.

Figure 11 shows representative OM and SEM micrographs of IN718 specimens. The typical layer by layer SLM
manufacturing characteristics, as well as the melt pool morphology are clearly visible. Columnar grains across
several layers can also be distinguished, with a very fine dendritic structure. The SEM micrograph give a detail of
the dendritic structure of the material, with the evidence of the strong segregation in the interdendritic zones,

resulting enriched in Nb and Mo. The bright phases, observable in BSE image, achieve Nb content up to 23.7 wt%

15



(measured by EDS analysis) and Mo up to 2.5 %. According to literature, these high element contents can be

associated to the formation of NisNb 6—phase in the segregated areas [56,57].

Figure 11 Optical microscopy (a,b) and SEM (c) images of the IN718 sample (E=300 J/mms).

Figure 12 shows the SEM micrographs of pre-mixed blends along with the chemical composition analysis. The
SEM micrographs in Figure 12a belonging to 10 wt% IN718 blend shows a non-uniform microstructure across the
specimen surface. The deposited layers are clearly distinguishable and no alpha martensitic lathes could be
observed. The alloying elements which compose IN718, mainly Ni, Cr and Fe, act as beta-stabilizers for titanium,
promoting the growth and retaining of this phase down to room temperature. The dendritic microstructure is not
clearly observable within the layers, indicating a low microsegregation level. Instead the presence of
macrosegregated areas, located at the layer interfaces is clearly evidenced. In these areas, Ni reaches values up to
15 wt% and Cr up to 3.6 wt%. In Figure 12b the micrographs of the 20 wt% IN718 blend are shown. SEM analysis
reveals a complex (yet uniform, as stated) microstructure, with clear evidence of a second phase nucleated in the
interdendritic zones. The formation of  phase is expected with the the increase of IN718 content. SEM/EDS
analysis evidences that the second phase is rich in Ni (up to 17% wt). The further IN718 fraction increase, in the
30 wt% IN718 and 40 wt% IN718 blends, promotes the nucleation of the intermetallic Tiz2Ni phase (bright phase
in Figure 12c and d). It can be expected that the a-Ti + Ti2Ni eutectoid transformation starts at grain boundaries
of the B phase. Due to the massive precipitation of the intermetallic phase the dendritic solidification microstructure

is no more observable.

Figure 12 SEM micrographs of premixed blends. a) 10 wt% IN718, E= 165 J/mms, b) 20 wt% IN718, E= 267 J/mms, ¢) 30 wt% IN718,

E= 400 J/mma, d) 40 wt% IN718, E= 400 J/mma.

3.2. Multi-material SLM with a graded transition

16



Graded transition specimen were cross sectioned without removing them from the substrate. Process parameters
used for producing these specimens were determined from the previous experiments. The internal section appeared
fully dense and crack free. No delamination between layers can be observed, nor between the first layers and the
Ti6AI4V substrate. As seen in Figure 13, the graded specimen was successfully built up to the 20 wt% IN718

content.

Figure 13 Cross-section of the graded specimen with the schematic representation of the grading structure.

The hardness profile of the deposited component as a function of the build height is reported in Figure 14. The
increase of hardness values is smoother with respect to the samples with the same nominal fraction of IN718
(Figure 9). The difference can be attributed to the dilution effect occurring due to the diffusion of alloying elements

among the adjacent solidified layers.

Figure 14 Microhardness of the multigraded specimens as a function of the build height.

Figure 15 shows the microstructure of the multigraded specimens taken at different build height positions. The
local chemical composition measurements taken are provided in Table 6. The variation of the chemical
composition measurements along the build direction is shown in Figure 16 (data has been acquired in points along
build direction which correspond to the different Ti6AlI4V/IN718 target compositions). The decrease in Ti content
along the build direction, together with the increased presence of IN718 alloying elements, was coherent with the
graded deposition. The dilution of the Ti6AI4V composition, due to the layer interdiffusion, is also observable by
the corresponding Cr, Fe and Nb increase and the reduction of Al and V. The remelting effect induced by the laser
beam (the previous solidified layers are melted together with the last deposited layer of powder) contributes in
creating a smoother transition from one blend to the other, thus creating a whole new, functionally graded material.
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This trend was consistent with that observed for hardness. The highest hardness values are obtained in the layers
strongly enriched in Ni, Nb, Cr and Fe content, presumably associated to the formation of hard intermetallic

phases.

Another influential factor concerning the material microstructure is the position of the investigated region due to
the cooling direction [58]. As the deposited height grows the solidification rates can change also due to heat
accumulation. Such phenomenon is more marked in DED processes compared to SLM due to the slower cooling
rates [59]. However, the influence of the position is expected to be much less significant compared to the chemical

composition change induced by the material mixing.

Figure 15. Microstructure along the build direction of the multigraded specimens at different heights: a) 0.7 mm, b) 2.0 mm, c) 2.8 mm,

d) 3mm, e) 3.62 mm, f) 4.10 mm.

Table 6 Local chemical compositions revealed in Figure 15. All values are reported in wt%.

Height Region Al Ti V Cr Fe Ni  Nb
2.00 mm A 6.11 84.63 349 0.28 0.60 098 381
2.00 mm B 552 86,54 339 019 0.32 1.00 3.03
2.80 mm A 489 7579 350 315 321 632 3.23
2.80 mm B 592 86.36 4.16 0.06 - 016 333
3.62 mm A 459 7783 348 249 249 6.76 2.80
3.62 mm B 564 86.11 410 021 0.33 094 266
3.62 mm C 451 6599 235 356 4.70 1536 3.53
4.10 mm A 470 79.04 339 212 254 691 3.09
4.10 mm B 491 8201 368 111 174 408 246
4.10 mm C 390 67.77 296 224 4.09 15.68 3.36

Figure 16. Chemical composition profile along the build direction of the multigraded specimen.

4, Conclusions

In this work, an innovative multi-material SLM prototype system was employed to study the production of

premixed and multigraded Ti6Al4V/IN718 specimens. The main conclusions of the research are as follows:
18



e As a base line for the multigraded deposition, the optimal processing parameters to obtain full density
specimens for each alloy singularly were identified (respectively E>160 J/mms for Ti6AlI4V and E>300
Jimms for IN718). Pore-free specimens were then characterized in terms of microhardness and
microstructure.

e Processability of Ti6Al4V and IN718 premixed powder blends was determined in the second part of the
experimental investigation: results show that for 10 wt% IN718 blend full density is achieved with the
same energy density input required to process 100% Ti6Al4V. 20 wt% IN718 blended alloy could be
successfully produced without cracks with E>266 J/mms. Specimens produced with IN718 content greater
than 20 wt% showed cracking regardless of the processing conditions. The metallographic analysis along
with thermodynamic calculations indicated that the generation of fragile Ti2Ni phases occurs at the liquid
state. This fact was attributed as the main cause for the severe cracking.

e Multigraded Ti6Al4V/IN718 components were deposited via SLM. The gradual increase in IN718 content
and the use of suitable process parameters allowed to realize a functionally graded material:
microhardness showed a gradual increment that could be explained by the increased presence of hard
inclusions. Thermodynamic calculations revealed themselves as a helpful tool to design crack free
components with graded compositions by controlling the solidification range and avoiding the crack

formation due to the excessive presence of brittle phases.
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