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Abstract

This study proposes a thorough investigation of the mechanical properties of two 3 metastable
titanium alloys (Ti-12Mo and Ti-8.5Cr-1.55n (wt %)) processed by laser powder bed fusion. Particular
emphasis is put on the influence of chemical homogenization and defects formation as a function of
the processing parameters. It is demonstrated that the Transformation / Twinning — induced plasticity
(TRIP/TWIP) mechanisms already revealed as beneficial in the case of wrought alloys, still bring a larger
work hardening level and a larger ductility in the case of laser powder bed fusion (L-PBF) processing.
Improved mechanical properties in terms of yield and ultimate tensile strengths with similar uniform
deformation compared to the wrought counterparts are thus achieved after L-PBF and a very short

annealing.
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1. Introduction

The major advantage of metal additive manufacturing (AM), i.e. the ability to process fully operational
complex parts in a unique operation, is nowadays largely hindered by the reduced number of
compatible alloys and/or by the decreased levels of mechanical properties compared to conventionally
processed equivalent parts. Among the thousands of available metallic alloys in use today, very few
can be reliably printed without detrimental defects resulting from the specificities of the process, such
as cyclic heating, melting/solidification, segregation, grain growth, ... as summarized by Meier et al.

[1]. Large efforts are currently done in developing the Laser Powder Bed Fusion (L-PBF) process of high-



performance engineering metallic materials initially inappropriate for AM like high strength Al 7xxx [2]
and 2xxx [3] series, TiAl intermetallic compounds [4], Nitinol [5], etc.

Among recent high-performance metallic alloys, titanium alloys have seen the emergence of 3
metastable titanium alloys exhibiting simultaneously Transformation-induced martensitic
transformation (TRIP) and mechanical twinning (TWIP) [6—10], leading to a significant increase in both
strength and ductility, particularly in the case of wrought alloys. Furthermore, beside the improvement
of the work hardening rate by the TRIP and TWIP effects [11,12], impressive fracture toughness and
true fracture strain were also revealed in the case of the archetypal Ti— 12 wt % Mo alloy [13], related
to an extraordinary resistance to damage nucleation [14]. Considering such alloys for additive
manufacturing with its specific set of processing parameters could bring improved or at least
undeteriorated properties.

Several B-type TRIP or TWIP alloys were recently processed by L-PBF, either in the case of pre-alloyed
powders [15—17] or as in-situ alloying based on blended powders [18,19]. This technique promotes the
manufacturing of parts with a blend of elemental powders instead of pre-alloyed powders, achieving
alloying operation during the scanning of the laser beam. Combining different mixtures of powders
and processing parameters opens up a whole new research field and it gets rid of the accessing
problem to suitable feedstocks of atomized powders [20]. Collins et al. and Almeida et al. [21,22]
showed that a hardness level close to the wrought case can be reached by this technique through laser
cladding of Ti and Mo powders. However, depending on the printing and powders parameters, this
method can lead to the formation of unmelted zones and/or chemical heterogeneities as with Ta [23],
Nb [18,24-26], V [21], Mo [19,21,22] or more elements [27] in the Ti matrix. This is mainly due to the
large difference in particle sizes, melting points and densities of the elemental powders. This can be
an obstacle in the achievement of a homogeneous microstructure and uniform distribution of the
chemical elements in the SLM process. And the quantification of this inhomogeneity has never been

carried out extensively.



The work of Vrancken et al. [19] showed that the presence of unmelted Mo particles in a § —stable Ti
alloy does not seem to have visible influence on the mechanical properties (tensile and fatigue), as also
pointed out by others studies [28,29]. Some authors showed that a deliberately heterogeneous
material can be a means of achieving original mechanical properties [30] or tuned one for specific

needs [23].

Unfortunately, the presence of unmelted powder more generally leads to a drop in mechanical
properties. In particular, the design of B-metastable Ti alloys is highly compositionally-dependent, so
that it is necessary to achieve sufficiently spread chemical homogenization in addition to optimizing
the printing parameters to achieve fully dense microstructures. Duan et al. [31] reported that it is very
challenging to print the Ti — 12 wt % Mo grade without remaining unmelted Mo particles. While Duan
etal. [31] obtained a relatively homogeneous concentration of Mo by several remelting of the powders
during the printing process, the reported large ductility and strain-hardening capacity of this alloy were
lost together with the suppression of the TRIP and TWIP effects in the printed samples. A similar
suppression of the TRIP and TWIP effects together with a strong decrease of ductility was reported by
Mantri et al. [32] in the AM processed conditions of f-metastable Ti-10V-2Fe-3Al alloy, by Chen et al.
[33] after printing high strength § — metastable Ti-6Mo-5.5Cr-1Co-0.1C alloy, and by Qui et al. [34] in
Ti-10V-2Fe-3Al alloy. Mantri et al. [32] revealed through a combination of Transmission Electron
Microscopy and Atom Probe Tomography the presence of fine a laths as well as a high density of w
nanoprecipitates in the as-printed 8 grains as well as zones of depleted alloying elements around these
precipitates. They argued that the successive heat treatments undergone by the printed material
during additive manufacturing favoured the growth of w;s, and a precipitates, rejecting the -
stabilizing elements from the precipitates to the matrix and modifying locally the S-stability of the
alloy. Some ductility (6% elongation) could be recovered by applying an annealing treatment on the
printed alloy followed by water quenching to obtain a f-metastable microstructure, reactivating both
TRIP and TWIP effects [32]. Although additive manufacturing of 8 —metastable Ti alloys has been

studied to some extent, only relatively poor tensile ductility has been reported yet (max 6%), far from



the excellent ductility and strain-hardening capacity reported for wrought f —metastable Ti alloys [6—

10].

The aim of this work is to study the potential of 3D printed f —metastable Ti alloys, in particular Ti —
12 wt % Mo and Ti- 8.5 wt % Cr - 1.5 wt % Sn alloys, in terms of mechanical properties. Pure elemental
powders were mixed and processed by L-PBF using ranges of processing parameters in order to
generate a wide range of microstructures potentially containing defects in several natures and

proportions.

2. Experimental Procedure

Elemental powders of titanium (Grade 1, <45 um in diameter), chromium (99% pure, <45 um) and tin
(99.7%, <45 um) from TLS Technik and molybdenum (99.95%, 3-7 um in diameter, agglomerated into
15-20 um agglomerates) from Alfa Aesar were used as raw materials for the L-PBF of 2 different
TRIP/TWIP alloys reported in the literature [9,11-13,35], i.e. Ti-12wt % Mo and Ti-8.5 wt % Cr-1.5wt %
Sn, called Til2Mo and TiCrSn in the following. The elemental powders were mixed in a turbula for
several hours to ensure homogeneity of the blended powders. In addition, pre-alloyed Ti-6Al-4V
powder was also provided by TLS Technik for the sake of comparison. The initial batches are presented
in Figure 1, together with the powder size distributions (PSD). Mean diameters of 30, 25 and 23 um

were measured for Til2Mo, TiCrSn and TA6V, respectively, while the Dgo were 45, 36 and 33 um.

TA6V and TiCrSn samples were fabricated using a DMP-X100 machine, while Til2Mo samples, requiring
more power (due to the high melting temperature of Mo), were fabricated using a DMP-X200 machine,
both from 3D Systems, with pure Ti substrate. The layer thickness was 30 um while the residual oxygen
level of the Ar atmosphere was kept below 200 ppm during the whole fabrication cycles. Cubes
10*10*10 mm? in size were printed for density measurements and microstructural characterization,
while plates of 80*12*2 mm? were printed for mechanical testing. All samples were fabricated with

the hexagonal strategy available in the 3D Systems software. After separation from the substrate by
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electrical discharge machining (EDM), ‘dog-bone’ shape tensile specimens were machined with a
calibrated gauge length of 26 mm and a width of 6 mm. The thickness of the mechanically tested
samples was the thickness of the as-built plates that were only ground with SiC paper to remove the
excessive roughness since no contour optimization procedure has been carried out in this study. It is
worth noting that the building direction (Z) is perpendicular to the tensile direction. The mechanical
properties of the 3D printed specimens were measured using uniaxial tensile loading with a crosshead
speed of 1 mm.min™’. Details for the derivation of the engineering stress — engineering strain curves as
well as true stress — true strain curves up to the true fracture point from the uniaxial tensile tests can

be found in [14].

Wrought Ti-12Mo and Ti-8.5Cr-1.55n alloys were also processed to compare their mechanical
properties to their 3D printed counterparts. Both alloys were cast by the self-consumable melting
technique, with a nominal composition of Ti-12Mo-0.02Fe-0.01Cu-0.130 (wt.%) and Ti-8.51Cr-1.47Sn-
0.04Fe-0.01AI-0.100 (wt.%). The cast alloys were then cold rolled with a 90% reduction level to a 1
mme-thick plate, recrystallized at 900°C for 15min and water quenched. The initial microstructure of
both alloys is constituted of equiaxed f grains with an average initial grain size of 40 &+ 9 um for Ti-
12Mo alloy and 86 £10 um for Ti-8.5Cr-1.55n alloy. It should be noted that athermal wgy
nanoprecipitates also form during water quenching, as demonstrated in [9, 11]. Wrought TA6V alloy
was ordered from TIMET with a Widmanstatten microstructure. The initial microstructure of the

wrought alloys can be found in Supplementary Materials (S1).

Density measurements of the 3D printed samples were performed both by the Archimedes method
according to the ASTM-B311 procedure [36] using ethanol as wetting medium, and by light microscopy
and automated image analysis using the ImagelJ software. In the case of image analysis, porosities were
first thresholded from the rest of the microstructure. The total porosity fraction as well as the pore
size distribution were evaluated for each set of building parameters on a surface of 24 mm?2. The

remaining unmelted or partially blended molybdenum particles (see below) were also included as



defects after the thresholding procedure, thus influencing the estimated proportion of ‘porosities’,
which is then different from the densities estimated by the Archimedes’ method. In the following, the
term “defect” will therefore refer to either porosities or Mo particles unless the type of defect is

explicitly specified.

Oxygen contents of the initial batches and of the as-fabricated parts were measured with a LECO ONH
836 system. SEM observations were carried out with FEG-SEM Ultra55 equipped with EDS and EBSD

detectors.
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Figure 1: SEM and EDX micrographs of (a) Ti-Mo blend, (b) Ti-Cr-Sn blend and (c) Ti6Al4V powder.
Pure Ti, Mo, Cr and Sn powder particles are shown in red, green, blue and yellow, respectively. The
corresponding particle size distribution (PSD) are given in (d).

It is worth emphasizing that the optimization of the processing parameters in the case of blended

powders is complexified with respect to the classical case of L-PBF processing of pre-alloyed powders.



Indeed, the classical optimization, which mainly consists in the minimization of the residual porosity,
must be combined with other constraints which are the melting of pure elements, particularly
presenting a high melting temperature like Mo (2610°C), and the in-situ homogenization of the
resulting liquid. A preliminary study has been conducted in order to refine the process window in the
case of Til2Mo. A linear energy density parameter (defined as power/speed) ranging from 140 to 270
J m?® was found to produce satisfactory results in terms of single-tracks shape and continuity. 22
different combinations of power level (P) and laser speed (S) were investigated, each time for two
hatch spacings (hs), 50 and 70 um. Power level P ranges from 80 to 275 W, laser speed S ranges from
300 to 1800 mm s*. Specific sets of parameters corresponding to various combinations of levels of
porosity and chemical homogeneity will be presented in details in the following, even though the
complete set of results will be considered in the case of mechanical properties. Finally, for TiCrSn and

TA6V samples, the set of parameters optimized in a preliminary study will be considered.

3. Results and Discussion

3.1.Influence of the processing parameters on as-built microstructures

a) Density and defects

The density and characteristics of defects for the Til2Mo grade were measured for a large range of
processing parameters, resulting in a large range of defects quantities and sizes. Figure 2 presents
typical optical micrographs of Til2Mo when the relative density is larger than 99% (Fig. 2(a)) and when
the relative density is smaller than 98% (Fig. 2(b)). Representative values are given in Table 1. In the
case of TiCrSn and TA6V alloys, values are given for the samples with the highest levels of relative

density. The complete dataset is given in Supplementary materials (S2).
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Figure 2: Light micrograph of Til2Mo samples when the relative density is >99% (a) and <98% (b).

b H Archimedes Image based
v
relative density relative density
(W] [mm/s] [pm] [%] [%]
70 99.32 99.99
500
50 99.09 99.06
100
70 98.86 99.96
700
50 99.39 98.94
Til2Mo 70 98.02 97.30
700
50 97.24 96.39
175
70 99.34 99.98
1200
50 99.55 99.71
275 1500 50 99.48 99.56
TiCrSn 100 800 70 99.02 99.08
TAGV 90 650 70 99.80 99.78

Table 1 : Archimedes and image based relative density obtained for focused sets of parameters.



As shown in Table 1, the relative density obtained for TA6V fits with the highest values reported in the
literature (between 99 and 99.9%) [37-49]. In the case of Til2Mo and TiCrSn samples, the relative
density varies between 97.2% and 99.8%, which is in the range of the relative densities reported in
previous work on Ti-Mo processed by L-PBF [50,51]. The mean pore radius is smaller than 10 um for
dense samples (>98% in relative density), and increases to the range of 10-20 um for samples with a

relative density <98%.

b) Oxygen content

The oxygen content of the processed samples was measured to assess a potential influence of the
processing conditions on the level of dissolved oxygen and resulting mechanical properties. As shown
in Figure 3, it is found that the oxygen picking is correlated to the volumetric injected energy defined

as

Pxtime

Einj =

volume

where P is the power of the laser, ‘time’ is the total building time of the sample used for oxygen
measurement, and ‘volume’ is the total volume of the sample. It is worth noting that this volumetric

injected energy parameter Ej;,; is different from the energy density parameter E usually used in L-PBF

P

(and defined as E =
Sxhxt

[J mm3], with S, h and t being the laser speed, the hatch spacing and the

layer thickness, respectively). It is observed that the oxygen enrichment seems to follow a linear

evolution with this parameter.

Figure 3 also shows that the oxygen level in Til2Mo processed by L-PBF is of the same order of
magnitude than in the case of wrought alloy. As the oxygen uptake is very low for all values of injected
energies investigated in this work, it can be concluded that oxygen should not influence the triggering
of expected plasticity mechanisms as shown in the case of wrought samples of Ti-10Mo-xO (wt.%)

alloys by Min et al. [52].
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Figure 3: (a) Oxygen level as a function of the volumetric injected energy during printing of Ti12Mo.
Oxygen levels of the powder and of the wrought state are also indicated.

¢) Chemical homogeneity

As mentioned in the Introduction, in the case of blended elemental powders, the thermally-activated
alloying has to be scrutinized, particularly in the case of hard-to-melt alloying elements such as Mo.
Several processing conditions were thus considered, with the aim of characterizing the resulting
homogenization after fast melting and cooling. This is still of more fundamental importance when
considering the fact that the simultaneous activation of the TRIP and TWIP effects during deformation

of B metastable Ti alloys occurs for a narrow range of compositions around a nominal one.

Figure 4 illustrates the as-built microstructure of Til2Mo with building parameters P=275 W, S=1500
mm s and hs=50 um as characterized by EBSD (Figure 4(a) - band contrast map) or by EDS (Figure
4(b)). Figure 4(b) actually corresponds to a reconstructed chemical map for which pixels are

discriminated based on compositional ranges. Indeed, depending on the Mo content, the phases
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potentially present in rapidly cooled microstructures are HCP o’ martensite (for 0<Mo<1 wt %),
orthorhombic o’ martensite (for 1<Mo<8 wt %, with increasing amount of residual B phase) and finally
a fully B microstructure for Mo>8 wt % [11,53-58]. It should be noted that for a compositional range
from 8 wt % to 15 wt %, the f§ phase is metastable and w,;; nanoprecipitates are also formed during
the rapid cooling [11]. Chemical heterogeneities are clearly visible on this map, consisting in either
remaining unmelted Mo clusters or Mo-depleted zones. Furthermore, the microstructure is composed
of elongated grains along the building direction, as it is almost systematically observed in additively
manufactured Ti alloys [59—61]. A magnification of a Mo-depleted zone is given in Figure 4(c). The
band contrast map highlights needle-shaped precipitates with a thickness of hundreds of nanometers
and a few micrometers in length. These needles have been indexed as martensite. It is worth noting
that XRD measurements have also been performed on as-built samples, confirming the presence of B
(BCC) and o’ (orthorhombic) phases of titanium, as well as sometimes peaks corresponding to pure
Mo (BCC as well). However, the phase quantification method based on EDS was preferred to avoid
texture-induced uncertainties in the Rietveld refinement of diffraction spectra or undiscriminated Ti-

B and Mo in the case of EBSD measurements.
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Figure 4: (a) Band contrast map of a Ti-12Mo sample processed by LPBF (P=275W, S=1500mm s7,
hs=50 um) and (b) reconstructed phase map from EDS mapping. (c) Magnified view of the dark
features in (a) highlighting the martensitic needles of o’ phase (in dark grey) in the Mo-depleted
zones. Light grey pixels correspond to unindexed pixels.

Figure 5 presents such phase maps based on EDS measurements for samples processed following the
printing parameters given in Table 1. First, they show that decreasing the hatch spacing from 70 pum
((a), (c), (e) and (g)) to 50 um ((b), (d), (f) and (h)) leads to less Mo-rich clusters in the Ti matrix.
Secondly, increasing the speed is detrimental to the homogenization for a given level of power,

contrarily to the influence of the increase of power for a given speed.
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Figure 5: EDS-based phase maps of some Til2Mo samples. Colors represent the Mo composition
range of observable phases in the Ti-Mo system: white for o', grey for a" (+p residual), cyan for
metastable B, red for stabilized beta while yellow stands for Mo clusters. E as the energy density.

To assess the influence of such chemical heterogeneities, a single deviation to homogeneity criterion
of processed microstructures has been defined. It consists in comparing the heterogeneous
distribution of alloying elements with respect to the most homogeneous case taken as the reference

(i.e. a wrought sample in the present case). Large EDS maps of 500*750 um? have thus been measured
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at the center of samples fabricated following each set of parameters. The size of these maps
corresponds to a number of melt pools ranging from 75 to 125, depending on the orientation and
hatch spacing (50 or 70 um), which is considered as representative of the specific solidification process.

The deviation to homogeneity criterion D is defined as follows:

1
_ printed wrought-~2
D= Z(xi - X; )
i=0

Where xiprmted and xzwought are the fractions of pixels of composition i (ranging from 0 to 1 and
discretized by steps of 0.003) in a printed sample and in the wrought sample, respectively. A value of
D close to 0 thus means a more homogenized microstructure. Figure 6 corresponds to the proportions
of metastable B phase and of a’’ + Bres as a function of this deviation factor. A monotonous increase of

the proportion of B phase with the adequate composition (for the activation of the TRIP and TWIP
effects — see below) is observed for decreasing D factor.
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Figure 6: Evolution of the proportions of the main phases as a function of the deviation factor for all
fabricated samples of Til2Mo.

Figure 7 summarizes the deviation factor D calculated for numerous combinations of processing
parameters. It can be seen that decreasing the hatch spacing has a first order effect on the

homogenization (location of red and blue zones). On the other hand, homogenization is larger when
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the lasing power is larger and when the lasing speed is slower. These observations can be rationalized
through the size of the melt pools. Indeed, the melt pool size directly depends on the combination of
lasing power and speed [62,63] thus fixing the number of re-melting cycles imposed to a given volume
of material. Increasing the power, decreasing the speed and reducing the hatch spacing bring a larger
number of re-melting cycles, resulting in a larger chemical homogenization. These observations are in

good agreement with the results of Duan et al. [31].
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Figure 7: Deviation from homogeneity factor as a function of the lasing power and lasing speed (size
of circles) for samples fabricated with 70 um (red) and 50 um (blue) hatch spacing for Ti12Mo alloy.
Colored envelopes are guides for the eyes.

In the case of the TiCrSn alloy, a very low value of deviation to homogeneity factor (D=0.0058) has
been reached, even with a hatch spacing of 70 um. This observation can be explained by the fact that
both Cr and Sn present lower melting temperatures with respect to titanium, resulting in an easier and

more effective homogenization during the L-PBF processing.

Following the results of this analysis of the influence of the printing parameters on the as-built
microstructures of Til2Mo (but also on the mechanical properties which will be presented later in
Figure 11), a sample was selected in order to be able to compare it to its wrought counterpart but also

to the TiCrSn and TA6V alloys.
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3.2.Mechanical properties of as-built and heat-treated microstructures.

a) Influence of heat treatment on microstructure, homogeneity level and

mechanical properties of the three alloys

As in previous studies [17,32,64], mechanical properties of Ti alloys in as-built state show generally a
brittle behaviour which can be easily overcome by post heat or thermomechanical treatment.
Microstructures of Til2Mo, TiCrSn and TA6V samples processed with optimized parameters are shown
in Figure 8 in the as-built and heat-treated states. An annealing at 920°C for 2 hours under argon
followed by air cooling (AC) was chosen for TA6V alloy to mimic the typical HIP treatment [65]. For
Til2Mo alloy, a short annealing at 900°C for 90 seconds in air was chosen at it was sufficient to recover
its ductility, as discussed below, while hindering grain growth and oxygen intake. A longer heat
treatment at 900°C for 15min was chosen for TiCrSn alloy to further increase its homogenization, which
was not possible for Til12Mo due to the low diffusivity of Mo. The process parameters in the case of
Til2Mo were P = 275 W and V = 1500 mm s, bringing homogenization (D<0.001) and a low fraction
of small porosities (Table 1). Typical columnar grains elongated along the building direction (Z) are
observed (as already reported for Ti alloys [59,60]), together with remaining chemical heterogeneities
associated to unmelted or partially melted clusters of Mo. Melt pool boundaries are clearly visible as
depicted in the magnified inset of Figure 8(a). White lines correspond to the initiation of the planar
solidification front that quickly turns into a fine dendritic solidification front. In the heat-treated
Til2Mo sample (Figure 8(b)), these white lines and fine dendrites are no longer visible. However, the
former melt pool boundaries can still be guessed owing to the chemical contrast brought by the
remaining local chemical heterogeneity. In the case of the TiCrSn as-built sample, some Cr particles
were scarcely observed, but disappeared in the heat-treated conditions. Finally, microstructures of as-
built and heat-treated TA6V samples are given in Figures 8(e) and (f), respectively. As-built
microstructure consists of very fine acicular a’ martensite as thoroughly studied previously [38,66—70].

Prior columnar B grains of hundreds of um in height are present due to epitaxial growth during
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solidification. Heat-treated microstructure (Figure 8(f)) on the other hand, exhibits a growth of a

lamella, with B phase precipitation between them.

As-built Heat treated

Til2Mo

TiCrSn

TAGV

(e)

Figure 8: SEM micrographs of L-PBF processed alloys with building direction orientated vertically. (a)
and (b), as-built (275 W, 1500 mm s) and heat treated (90 s at 900°C + WQ) Ti12Mo, respectively.
(c) and (d): TiCrSn as-built and heat-treated (15 min at 900°C + WQ), respectively. (e) and (f): TA6V
as-built and heat treated (2h at 920°C + AC), respectively. Insets in (a) and (b) highlight melt pool
boundaries.

A comparison of the EDS maps corresponding to the wrought, as-built and heat-treated states for
Til2Mo and TiCrSn alloys is given in Figure 9. In the case of TiCrSn, a treatment for 15min is sufficient
to obtained a good chemical homogenization. This observation was consistently reproduced in several

areas of the sample (supplementary material S3).

17



Cr distribution Mo distribution

(a) Wrought TiCrSn (b) Wrought Ti12Mo

100
Cr Mo
clisters clusters
90
(c) As built TiCrSn (d) As built Ti12Mo
5 z
R =]
& =
= o
(e) Heat treated TiCrSn (f) Heat treated Ti12Mo -
B 1 a Bm
1"
m G +
u"+ Bres 4 ’ | Bres
1 a

Figure 9: EDS-based phase maps of Cr in TiCrSn (a, c) and of Mo in Til2Mo, 275 W, 1500 mm s? (b,
d) samples. In wrought (a, b) and printed + heat treated (c, d) states. Colors represent the
composition range of observable phases in the Ti-Mo and Ti-Cr systems: white for o', grey for a' (+p
residual), cyan for metastable B, red for stabilized beta while yellow stands for Mo and Cr clusters.

Tensile curves of these as-built and heat-treated samples are given in Figure 10 for the 3 grades. For
both TRIP/TWIP Til2Mo and TiCrSn alloys, as-built samples show very high yield strength, larger than
1 GPa, but almost no uniform elongation. After annealing, both alloys recover a large ductility with a
uniform elongation of 36% and 30% for Til2Mo and TiCrSn, respectively. Heat treated Ti1l2Mo alloy
exhibits a yield strength of 695 MPa with an ultimate tensile strength (UTS) of 820 MPa and TiCrSn
grade exhibits yield and ultimate tensile strengths of 680 and 945 MPa, respectively. These levels of
properties correspond to the typical ones obtained in the case of wrought TRIP/TWIP Ti alloys, even if

the starting materials consisted in blended elemental powders. Interestingly, the short annealing
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applied in the case of Til2Mo is long enough to regenerate the mechanical properties from the as-built
state. A similar recovery of ductility was observed in another §-metastable Ti alloy using a heat
treatment over the f-transus temperature after 3D printing [32] and was associated with the growth
of the initially present athermal wg,:, nanoprecipitates into the embrittling isothermal wjs,
nanoprecipitates. It was hypothesized that the coarsening of these w,;; nanoprecipitates occurs
during successive reheating associated with the consolidation of the successive layers, leading to a
brittle behavior [32,33,71-73]. When globally reheated above the B-transus during the post-heat-
treatment, these wiso precipitates are completely dissolved, regenerating the effective microstructure
and ductility with the re-activation of both TRIP and TWIP effects in these S-metastable alloys. A similar
growth of w;s, nanoprecipitates during 3D printing is expected in the case of § —metastable Til2Mo
and TiCrSn alloys as supported by the full recovery of their ductility after a heat treatment over the -
transus temperature, followed by water quenching. In the case of TiCrSn, a longer heat treatment of
15 minutes was applied not only to regenerate the 3 phase, but also to erase the Cr heterogeneities.
Finally, the tensile curves of TA6V in as-built and stress-relieved conditions are also given in Figure 10
for the sake of comparison. This heat treatment brings some softening with a slight increase of the

deformation.
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Figure 10: Engineering tensile stress-strain curves of Til2Mo (a), TiCrSn (b) and TA6V (c) alloys in L-
PBF as-built conditions (blue curves) and after heat treatment (red curves).

Figure 11 presents SEM and EBSD analyses of deformed microstructures of heat-treated Ti-12Mo and
Ti-8.5Cr-1.5Sn alloys. A dense network of deformation features is observed, resulting from the

activation of the TRIP and TWIP effects, as expected from previous studies [9,11].

(b) TiCrSn
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Figure 11: SEM and EBSD micrographs of strained Til2Mo (a, ¢, d, e) and TiCrSn (b) samples
processed by L-PBF, illustrating the activation of the TRIP and TWIP effects. Samples were deformed
to £=0.05. Map (c) corresponds to the band contrast; map (d) shows that martensite (in yellow) is
present together with the 3 matrix; map (e) corresponds to the inverse pole map of the 3 phase,

illustrating the occurrence of twinning.

b) Influence of the homogenization level and defects on the mechanical

properties

Figure 12 illustrates the engineering stress — strain curves of heat-treated Til2Mo samples after
different processing conditions, thus presenting different amounts of defects (chemical
heterogeneities and porosities) scrutinized above. The as-built curves are not given since it was shown
in the previous section that a short annealing is mandatory to restore the TRIP/TWIP properties. A

wide range of mechanical properties results from the investigated processing parameters. Particularly,
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the ductility ranges from an elongation at fracture of less than 1% (fracture before the onset of
plasticity) up to 50%. Interestingly, a lower spread of the mechanical properties can be observed for
samples built with a hatch spacing of 50 um, which present a larger chemical homogeneity as shown

in Figure 7. The complete set of tensile curves is given in Supplementary materials (S4).
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Figure 12: Effect of processing parameters (power (P) and speed (S)) on the mechanical properties
of Til2Mo processed by L-PBF and heat treated. Curves in (a) and (b) correspond to 70 um and 50
um of hatch spacing, respectively.

Figures 13(a) to (d) highlight 4 representative features that can be observed on the fracture surfaces
of printed Ti12Mo: (i) small flat dimples (Figure 13(a)), (ii) very large dimples surrounded by smooth
shear surfaces (Figure 13(b)), (iii) small broken particles in a ductile, teared matrix (Figure 13(c)), and/or
(iv) very small dimples (around 100 nm in diameter, Figure 13(d)). The first fracture feature (Fig. 13(a))
is similar to what has been observed on the fracture surface of wrought Til2Mo [14], and constitutes
the main fracture feature of the most ductile 3D printed samples. It was shown that these flat dimples
are associated to a large resistance to damage nucleation, forcing the formation of thin localized shear
bands after strong localized necking at high true strain levels [14]. That feature is therefore associated
with high ductility in terms of true fracture strain. In the most ductile 3D printed sample, these flat
dimples are accompanied by either large cavities, as illustrated in Fig. 13(b), or by the third fracture
feature (illustrated in Fig. 13(c)). The former originates from the initially present large porosities, while

the latter originates from void nucleation events by fracture of small particles, identified as Mo-rich
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particles by EDS, and/or decohesion between these particles and the matrix. As a large ductility is kept
with the presence of initial large cavities and/or unmelted Mo particles, their presence does not
constitute strongly embrittling features for these alloys. The relative unsensitivity of the ductility of

the alloys on the presence of cavities and unmelted Mo particles is currently under investigation.

On the other hand, the fourth fracture feature (Fig. 13(d)) is observed in the case of the less ductile
specimens, also corresponding to the less homogeneous specimens. Such small dimples are typically
observed on the fracture surface of Ti alloys containing fine a/a’ laths in a B matrix [14]. Unlike the
initial Mo particles and initial voids, the presence of these a/a’ laths in the initial microstructure,
resulting from a low homogeneity level, seems to be detrimental to the ductility of the 3D printed Ti-

12Mo alloys.

Figure 13: Representative SEM micrographs of the fracture surface. Processing conditions of sample
corresponding to (a) 270 W-1800 mm s-50 um; (b) 175 W-700 mm s50 pum; (c) 100 W-700 mms*
50 um and (d) 175W-1200 mm s-70 pm.
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This study shows that a wide range of homogeneity levels, density and phase fractions (B, B-
metastable, a/a’) can be achieved depending on the chosen laser parameters, resulting in a wide range
of associated mechanical properties. Moreover, these alloys exhibit a low sensitivity to the presence
of defects inherently present with LPBF processing, in particular the presence of unmelted Mo
particles, as it was already showed by previous work [19,28,29], but also the presence of initial
porosities which is remarkable, especially for porosities of such a large size (10-20um) that is
uncommonly reported in the literature. This observation is in phase with the unique properties of

damage and fracture of such alloys reported above and also in the case of wrought state [11,13,14].

c¢) Comparison with wrought TRIP/TWIP alloys

The excellent combination of both mechanical resistance and ductility of 3D printed Ti alloys is further
highlighted in Figures 14 and 15, in comparison with their wrought counterparts and additively-
processed TA6V alloys. Quite uniquely, the samples processed by L-PBF present improved mechanical
properties, i.e. yield strength, UTS, uniform elongation and work hardening. Indeed, alloys processed
by L-PBF classically present a higher yield strength but lower levels of ductility compared to their
wrought counterparts as illustrated by TA6V on Figures 14 and 15 [37—-47,69,74-78]. On the one hand,
the increase of the vyield strength in additively-processed samples is inferred to the finer
microstructures resulting from rapid solidification [79]. On the other hand, ductility is generally
decreased due to higher content of microstructural defects, which promote the damage mechanisms
and crack propagation. Some exceptions must be highlighted, where the strength-ductility trade-off of
classical additive manufactured alloys such as TA6V [80] and 316L [81] alloys could be increased by
favouring nano-twinning through a controlled microstructure (texture, grain size). Agrawal et al [82]
also showed a significant increase of yield strength, ultimate strength and uniform elongation in a 3D
printed Fe-Mn-Co-Cr-Si high entropy alloy compared to its as cast counterpart, due to an enhanced

TRIP and TWIP plasticity. In this study, at the end of the optimization of the processing parameters,
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the two investigated grades of TRIP/TWIP Ti alloys also show quasi-static mechanical properties that
are equal or better with respect to their wrought counterparts (Figure 14), particularly the work
hardening rate. The origin of such improved mechanical properties could be explained by the synergy
of several microstructural parameters such as finer microstructure and texture effects, which are
controlled by the chosen set of printing parameters. But also, by the activation of the TRIP and TWIP
mechanisms which indirectly depend on the chosen printing parameters via the chemical homogeneity

of Mo in the Ti matrix. This will be investigated in a near future.
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Figure 14: Tensile and work hardening curves of TiMo (a, d), TiCrSn (b, e) and TA6V (c, f) alloys after
printing by L-PBF and heat treatment (red) compared to their wrought counterparts (black). dotted
line parts of the tensile curves correspond to the extrapolation between the true uniform strain

and true fracture strain.
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Figure 15: Combinations of uniform elongation and UTS for Til2Mo (blue) TiCrSn (green) and TA6V
(black, yellow, red) [37-47,69,74-76] for the wrought state (empty markers) and after printing (full
markers). For TA6V, a distinction is made between the as-built state (black), annealed state (by pre-
lasing, by hot building plate, or post printing treatment) (yellow) and HIP treatments (red).

4. Conclusion

This work investigated homogenization level and defects formation in B metastable titanium alloys
processed by L-PBF and their influence on the resulting mechanical properties, in the case of blended
powders as feedstocks. Two different alloys (Ti-12Mo and Ti-8.5Cr-1.5Sn (wt %)) were processed by in-
situ alloying by L-PBF. The process is complexified by the presence of high melting point elements like
Mo resulting in incomplete homogenization and/or porosity formation. As-built conditions exhibited
brittle-like behavior, most probably due to the presence of wiso phase that coarsened during the
successive processed-induced heat cycles. However, a very short annealing above the 3 transus was

enough to recover excellent mechanical properties associated to the activation of the TRIP and TWIP

effects.
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Using blended powders as feedstocks allowed a thorough analysis of the influence of defects and
homogeneity on the mechanical properties. A decrease in the relative amount of § —metastability
together with the presence of a/a’ laths due to insufficient homogenization was found detrimental
for the ductility. However, more homogeneous samples exhibit a large strength - ductility balance.
Furthermore, equal or improved work hardening and strength-ductility tradeoff was obtained in the L-

PBF alloys compared to their conventionally processed, wrought, counterparts.

Further investigation is needed to understand the quantitative influence of the different defects (fine
a/a' laths; unmelted Mo particles; porosities) and their synergy on the ductility and associated
fracture mechanisms. Complementary investigations of the local mechanical behavior close to defects

will be carried out.
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