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Mo-Si-B alloys are potential creep resistant materials for accessing harsh loading scenarios beyond Ni-
based superalloys due to their excellent mechanical performance at ultra-high temperatures (>
1200 °C). Here, we report on the fabrication through laser additive manufacturing of a Mo rich Mo-Si-B
alloy with and without dispersion of oxide (La,03) particles. The major phase in the solidified material is
dendritic a-Mo. The inter-dendritic regions contain a mixture of the MosSi3 (T1) + MosSiB, (T2) phases,
and not the expected equilibrium MosSi + MosSiB; (T2) phases. This combination of phases is shown to
yield improved high temperature creep resistance but was only accessible through by addition of Nb, W
or Ti that substitute Mo in the intermetallic phases. Whereas here it is attributed to the large under-
cooling in the small melt pool produced during laser processing. We show that this phase mixture, upon
annealing, is stable at 1200 °C for 200 h. We also demonstrate successful dispersion of oxide particles
mainly in the inter-dendritic regions leading to a high indentation fracture toughness of ~18 MPay/m at
room temperature. Toughening originates from crack trapping in the ductile a-Mo and the formation of
micro-cracks and crack deflection in the vicinity of oxide particles.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Refractory based Mo-Si-B alloys are promising high temperature
structural alloys, especially for components in gas-turbine engines.
They are able to withstand higher temperatures compared to
existing single crystal Ni-based superalloys that are limited to re-
gimes up to ~1200°C, i.e. above 90% of their respective melting
points [1—4]. The prime motivation to design Mo-Si-B based alloys
is to increase the turbine's operating temperature, thereby
improving fuel efficiency. The tolerance of these alloys against
strong oxidation at temperatures above 1300 °C is due to the for-
mation of a boron-rich borosilicate layer on the surface [5—7].

In this Mo-Si-B system, two main polyphase regimes have been
explored as shown in Fig. 1: (1) a¢-Mo + MosSi + MosSiB; (T2
phase), also known as “Berczik's triangle” [5,6] and (2)
MosSi + MosSis (T1 phase) + MosSiB; (T2 phase). Materials in both
phase regimes show rather brittle fracture behavior at room tem-
perature. However, alloys from regime (1) show slightly better

* Corresponding author.
** Corresponding author.
E-mail addresses: sk.makineni@mpie.de (S.K. Makineni), b.gault@mpie.de
(B. Gault).

https://doi.org/10.1016/j.actamat.2018.03.037
1359-6454/© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

mechanical response [4,8—10], as the presence of a ductile a-Mo
solid solution phase renders the alloy more damage tolerant
compared to alloys in regime (2) containing only intermetallic
phases [11—13]. For alloys based on regime (1), the a-Mo solid so-
lution matrix provides intrinsic toughening at room temperature
by crack blunting and trapping mechanisms. Thus, the fracture
toughness can be tuned from ~ 5MPay/m to ~20MPay/m
depending on the a-Mo volume fraction [14,15]. In molybdenum
alloys, it was shown that rare earth oxide dispersion leads to an
increase in the fracture toughness by as much as 400% depending
upon the distribution of oxide particles [16]. This distribution can
be tuned by adopting specific processing routes such as conven-
tional sintering of solid Mo based powders with solid oxide parti-
cles (S-S doping) or with rare earth liquid solution (S-L doping) and
newly developed molecular level liquid — liquid doping methods
[16]. This motivated studies aiming to improve the fracture
toughness of the Mo-Si-B alloys in this regime by doping with rare
earth oxides (such as La;0s3), which led to an increase from
~5MPay/m to ~9 MPa+/m at ambient temperatures [17,18].

Alloys synthesized from regime (2) show superior high tem-
perature strength and oxidation resistance due to the presence of
the Si-rich T1 and the B-rich T2 phases. It was observed that the T1
has higher resistance to oxidation and higher temperature strength
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Fig. 1. Mo rich corner of Mo-Si-B phase diagram (1600 °C isotherm) adapted from
Ref. [3] showing the Mo-3.1Si-0.8B (Mo-8.5Si-5.6B, in at.%) composition (measured by
ICP analysis) in the phase regime of a-Mo + Mo3Si + MosSiB; (Berczik's triangle, [5,6]).

compared to the MosSi phase [1,19,20]. These properties motivated
several attempts to develop alloys based on the combination of the
o-Mo + T1 + T2 for yielding a material with a good combination of
high-temperature mechanical and oxidation properties. Recent
studies have shown that an addition of more than approx. 25 at.%
amount of Ti, Nb and W stabilizes a phase combination of a-
Mo + T1 + T2, which led to creep properties superior to those of
single-crystalline Ni-based superalloys [21—24]. However, these
alloys showed inferior high temperature oxidation resistance
[24,25].

The main synthesis and processing routes explored so far for
making these Mo-Si-B based alloys are ingot solidification (arc
melting) and powder processing (ball milling/atomization and
consolidation). Application of additive manufacturing (AM) tech-
niques has not been explored yet. Selective laser melting (SLM)
has opened a wide range of new opportunities for the processing
and fabrication of metallic products with complex constitutional
design and shapes impossible to achieve via conventional
wrought/casting and powder methods [26—28]. SLM involves the
layer-by-layer fabrication, controlled through a computer aided
design (CAD) software, of a metallic component through the
successive local melting and solidification of typically pre-alloyed
powders through the deposition of energy from a laser beam. This
technology has been implemented successfully in producing a
range of engineering alloys such as oxide-dispersion-
strengthened steels [29] and high temperature nickel-based su-
peralloys [30,31]. Recently, the feasibility of applying SLM to
molybdenum with its high melting point of 2610°C has been
demonstrated [32,33].

In this context, we demonstrate in this study three main items:
First, synthesis of Mo-Si-B based alloy by laser melting; Second,
stabilization of a new phase regime containing the ¢-Mo + T1+ T2
without using any additional alloying addition, and this phase
regime is shown to be stable even after annealing at 1200 °C for
200 h; Third, we obtained rare earth oxides dispersion into the
microstructure. Local individual phase properties such as hard-
ness and elastic modulus have been evaluated using nano-
indentation.

2. Experimental
2.1. Alloy formation by laser melting

Two batches of pure elemental powders of Mo (3—7 um), Si (1-5
um) and B (—325 mesh size), supplied by Sigma Aldrich, were
mixed homogenously in a laboratory scale ball milling unit (PUL-
VERISETTE 7, FRITSCH, using 10 mm diameter tungsten carbide
balls) for 10 h. One batch included 1 wt.% La;0Os3 particles (particle
size ~100 nm). We chose the alloy composition Mo-4.2Si-1.1B (in
wt.-%; Mo-12Si-8B, in at. %) that falls into phase regime (1).

The milled powder mixture was subjected to laser heating for
melting and alloy synthesis. The powder was placed in grooves
milled into a 316/1.4404 stainless-steel substrate (see Fig. 2(a)) and
subsequently exposed to the laser operated at 400 W power
(Ytterbium fibre laser system, IPG Laser GmbH, with a wavelength
of 1070 nm and a focus diameter of 1 mm). The laser speed was kept
at 20 mmy/s. These parameters were selected for melting a Mo-rich
alloy with its high melting point, based on the estimation of the
energy deposited by the laser beam (see supplementary
information S1). The laser energy density is estimated to be
around 40 kJ cm~> which exceeds the energy density required to
melt a Mo rich alloy (14 kj cm™—3).

The process was iterated with 12 passes, manually adding a
powder layer of approximate thickness of 0.5 mm each time, until a
5 mm-height sample was fabricated on the substrate. To minimize
contamination from the substrate into the alloy, the first three
layers were melted using pure-Mo powder. Cross-section samples
of the alloy were cut using a diamond saw and were mechanically
polished for characterization. A schematic diagram with an optical
micrograph of the cross-section is shown in Fig. 2. The overall alloy
composition was measured by inductively coupled plasma (ICP)
analysis and found to be Mo-3.1Si-0.8B (in wt.%) with 0.8 wt.%
Lay0s.

2.2. X-ray diffraction (XRD)

Phase identification was carried out by X-ray diffraction using an
ISO-DEBYEFLEX 3003 equipped with Co K,; (A = 1.788965 A) radi-
ation as a source operated at 40 kV and 25 mA between 20 and 120
deg (20) at a step size (A26) of 0.03 deg and a counting time of 20's
per step. The X-ray beam shape was in point focus with a beam size
of 0.7 mm.

2.3. Microstructural characterization

Scanning electron microscopy (SEM, ZEISS MERLIN) was used
for imaging and phases were identified by using wavelength-
dispersion spectroscopy (WDS) in an electron probe micro-
analyzer (JEOL ]JXA—8100). Transmission electron microscopy
(TEM) was carried out using a Phillips CM-20 instrument operated
at 200 kV. The indexing and simulation of TEM diffraction patterns
obtained from the evolved phases were carried out using the JEMS
software [34].

Atomic-scale compositional analysis on the phases was done
using atom probe tomography (APT). Samples for TEM and APT
were fabricated using a dual beam SEM/focused-ion-beam instru-
ment (FEI Helios Nanolab 600) in conjunction with an in-situ lift-
out method. To remove regions severely damaged by the high-
energy (30kV) Ga ion beam during APT specimen and TEM
lamellae fabrication, a final cleaning procedure was carried out at
2 kV and 16 pA current. APT measurements were conducted using a
LEAP™ 3000X HR (Cameca Instruments), equipped with a reflec-
tron lens. Laser pulsing mode (532 nm wavelength, 10ps pulse
duration, ~10 um spot size) was applied at a pulse repetition rate of
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Fig. 2. (a) A stainless steel substrate top view and side view with grooves of depth 7 mm. (b) Schematic of the built-up laser melted alloy. Optical micrographs of (c) the entire cross-

section and from (d) the marked region at higher magnification.

250kHz and a pulse energy of 0.4 n]. The specimen's base tem-
perature was kept at 60 K and the target detection rate was set to be
5 ions detected every 1000 pulses. Data analysis was performed
using the software package IVAS 3.6.14.

2.4. Mechanical properties

The room temperature indentation fracture toughness was
measured using Vickers diamond pyramid indentation, which is a
well-established probing tool for similar brittle materials and
applicable to small scale specimens [35—37]. A Hysitron TriboScope
950 nano-indenter system was used for nano-hardness testing. The
system contained a XYZ sample stage and a setup which combines
a piezo-scanner with a transducer. The nano-indentation was car-
ried out using Berkovich diamond indenter. Indentation on indi-
vidual phases was carried out in displacement controlled mode up
to a 50nm range with the loading and unloading rate being
maintained at a value of 10 nm/s and the loading time was 5s. Load
and displacement were measured simultaneously during indenta-
tion. Standard calibration was performed beforehand at various
depths on quartz. For indentation fracture toughness calculation,
indentations with a load of 1kg were performed with a Vickers
diamond pyramid indenter. To generate a large amount of inden-
tation cracks in the microstructure, a load of 5 kg was also applied.

3. Results
3.1. Identification of phases by X-ray diffraction (XRD)

Fig. 3(a) and (b) shows a comparison of XRD patterns for the ball
milled (10 h) Mo-Si-B-La;03 powder and of the deposited specimen
after laser melting. The as-milled powders show only «-Mo
diffraction peaks with a body centered cubic (bcc) crystal structure
but neither peaks from B/Si nor any other intermetallics phases
were detected. The measured lattice parameter of a-Mo is 3.1362 A.

After laser exposure, intermetallic phases emerge. XRD shows
that o-Mo solid solution, T1 and T2 phases have evolved. The T1 has

tetragonal crystal structure with space group I4/mcm and a lattice
parameters of a = 9.6443 A and ¢ = 4.9090 A, respectively. The
boron rich T2 forms in D8; body-centered tetragonal crystal struc-
ture with the same space group I4/mcm but it has different lattice
parameters with values =5.998 A and ¢ = 11.027 A. Interestingly,
this is not the combination of equilibrium phases expected for the
alloy composition selected. The phase diagram in Fig. 1 suggests
formation of MosSi instead of T1 along with the a-Mo and T2. The
0-Mo lattice parameter was measured to be 3.1442 A. The a-Mo
peaks become narrower and shift to the right after laser melting, as
revealed by the inset that shows the comparison of the highest
intensity [110] a-Mo diffraction peak. This observation indicates a
lattice expansion of a-Mo after laser melting and solidification of
the ball milled powder. This behavior is in accordance with reports
by Kriiger et al. [38] that the a-Mo lattice tends to contract in Mo-Si
and Mo-Si-B alloys, after around 10 h of ball milling. They attributed
this observation to the dissolution of lower atomic radius Si/B
solutes into the a-Mo bcc lattice. Here, the lattice parameter of the
0-Mo phase is measured to be 3.1362 A after 10 h of ball milling,
lower than that of the pure Mo (lattice parameter of 3.14608 A).
This observation indicates supersaturation of the ¢-Mo by Si and B
solutes. After subsequent laser melting of the milled powder, the
lattice parameter of the a-Mo increases to 3.1442 A and the inter-
metallic phases emerge. This lattice expansion of the a-Mo suggests
that the dissolved Si/B solutes were rejected from the «-Mo and
partitioned to form the respective phases T1 and T2 during rapid
solidification of the laser melt pool. Importantly, Fig. 3(c) shows the
XRD pattern after annealing at 1200 °C, 200 h for laser melted alloy.
Peaks corresponding to @-Mo, T1 and T2 were identified. This
finding shows that the new phase combination is stable at 1200 °C
for 200 h.

3.2. Microstructural investigation of the laser melted alloys

The backscattered scanning electron (BSE) micrographs in
Fig. 4(a) and (b) show the a-Mo dendritic microstructures for laser
melted Mo-Si-B alloy with and without La,0s3 particles respectively.
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Fig. 3. Comparison of X-ray diffraction patterns obtained for a Mo-Si-B-La,05 alloy (a) after ball milling, (b) after laser melting and (c) subsequent annealing at 1200 °C for 200 h.
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Fig. 4. Scanning electron micrographs for (a) the laser melted Mo-Si-B alloy without oxide particles. (b) the laser melted Mo-Si-B-La,0s3 alloy and (c) at high magnification showing
inter-dendritic region with dark contrast phase (B rich), grey phase (Si rich) and the dark particles (La,03) (d) Size distribution for the oxide La;O3 particles in the alloy.

The microstructure is clearly coarser in the alloy without oxide
particles. Fig. 4(c) shows a higher magnification BSE image of an
inter-dendritic region for the alloy with oxide particles. The phases
exhibits different contrast depending on their relative average
atomic number. WDS spot analysis (see Supplementary Table S2)
enabled us to determine that the bright phase is the a-Mo solid
solution, the dark grey and light grey phases in the inter-dendritic

regions are B-rich and Si-rich phases, respectively. The area frac-
tions of these phases in the microstructure are measured to be
~70%, 21% and 9%, respectively. The compositions obtained by WDS
are taken qualitatively in order to distinguish the phases due to the
limitation posed by the overlap of the interaction volumes.
Additionally, there is a clear contrast between the three phases
and the dark particles embedded mostly in the inter-dendritic
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regions. These dark particles appear similar to pores found in many
alloys synthesized through laser additive manufacturing. Alterna-
tively, when considering the drastic change in the morphology of
the phases, it is also possible that these dark zones are the
dispersed Lay0s3 particles. It was subsequently confirmed through
atom probe tomography that these particles are indeed lanthanum
and oxygen rich particles (see section 3.4). The size distribution of
the La,0j3 particles is shown in Fig. 4(d) with an average diameter of
154 + 74 nm. Unlike previous studies on similar alloys fabricated
from conventional sintering processes [17,18]], the La;03 particles
are found mostly in the inter-dendritic regions where the two
intermetallic phases are also present, and not in the a-Mo. In
addition, we could not observe any solidification cracks throughout
the cross-section of the sample as otherwise pure Mo, with its high
melting point, is susceptible to crack formation during SLM [32,33].

3.3. Crystallographic analysis of the phases by transmission
electron microscopy (TEM)

The existence and crystal structures of the «-Mo, as well as of
the T1 and T2 phases were further analyzed and confirmed by TEM.
Fig. 5(a) shows a bright field image taken near to the inter-dendritic
region of the laser melted oxide-dispersed Mo-Si-B alloy. The
diffraction patterns taken from the dendrite, indexed in terms of -
Mo with a bcc crystal structure, suggest a growth direction aligned
near to the [313] zone axis. In Fig. 5(a), a phase near the dendrite
exhibits darker contrast and the diffraction pattern taken from this
region indicates that it has the structure of the boron-rich T2 phase
aligned near to the [721] zone axis. The combined indexed
diffraction patterns taken from the interface (red circle) among the
a-Mo and T2 phases are also shown in Fig. 5(b) along with the
simulated and indexed schematic patterns. From the stereographic
projection (see Supplementary Fig. S3 for overlapped stereograms),
we found that these phases tend to align with the following
orientation relationship

[ooT]

aMo {]ﬁ} MosSiB,(T2)

(020) ... 312)wossin, o)

which agrees with observations mentioned in Ref. [39]. Respective

(2)

[3 1 3]a.-.\la

[721]

MosSiB,
e

dark field images taken from (202) and (024) diffraction spots,
corresponding to the a-Mo and T2 phases respectively, are also
shown (Fig. 5(c)). Similarly, we found another phase with darker
contrast when the foil is oriented near to the [313] zone of the same
a-Mo dendrite, as shown in Fig. 6(a).

The indexing of the diffraction pattern from the darker contrast
region reveals that the region contains a Si-rich T1 phase aligned
near to the [312] zone axis. The combined pattern obtained from
the interface region (red circle) between the a-Mo and the Si-rich
T1 phase is also shown in Fig. 6(b) along with the corresponding
simulated and indexed schematic patterns. From the stereographic
projection analysis (See Supplementary Fig. S4 for overlapped
stereograms), we deduce an unreported orientation relationship of:

[213]

aMo [ﬁo] MosSis(T1)

(ﬁl > aMo (Tl 4) MosSi3(T1)

A dark field micrograph taken from the (130) diffraction spot
corresponding to the T1 is also shown in Fig. 6(c).

3.4. Compositional analysis of the phases by atom probe
tomography (APT)

Precise compositional measurements were obtained from APT,
as summarized in Fig. 7(a—b) where an APT reconstruction of a
specimen containing all three phases is shown. An iso-composition
surface that delineates regions containing above 19 at.% B high-
lights the location of the different phases. The composition profiles
across interface 1 is shown in Fig. 7(b).

The composition measured, after background correction, of the
silicon rich phase is 62.6 at.% Mo — 37.1 at.% Si — 0.2 at.% B, which
accurately matches the stoichiometry MosSis of the intermetallic
T1. Similarly the measured composition of the boron rich phase is
63.1 at.% Mo — 12.7 at.% Si — 24.2 at.% B, which is near the MosSiB;
stoichiometry of the intermetallic T2. The o-Mo composition was
measured on another set of specimens that were prepared from
site-specific lift-out tips taken from the regions near to the center of
the dendrites. The Supplementary Fig. S5 shows an example of an
APT reconstruction from the o-Mo dendrite revealing the

(b)

[313]amoll[721] pocsin,

MosSiB,

Fig. 5. (a) Bright field micrographs taken along the [313] a-Mo zone axis revealing the orientation relationship of the matrix with MosSiB, (T2). (b) Diffraction pattern taken from
the interface region (red circle) in (a) with their simulated and schematic indexed pattern: in green is «-Mo, in red is the MosSiB, phase; (c) Dark field micrographs taken using
(202) a-Mo, the phase highlighted in green color is reflected, and using the (024) MosSiB, spot, the phase highlighted in red is reflected. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. (a) Bright field micrographs taken along the [313] a-Mo zone axis revealing the orientation relationship of the matrix with MosSis. (c) Diffraction pattern taken from the
interface region (red circle) in (a) with their simulated and schematic indexed pattern: in green spots is the «-Mo and in black the MosSi; phase. (c) Dark field micrograph using the
(130) MosSis reflection highlighted in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. (a) Atom probe tomography reconstruction of an Mo-Si-B alloy tip containing all three phases separated by interfaces 1 and 2 with MosSi3/MosSiB, and MosSiB,/¢-Mo
respectively. (b) Elemental composition profile across interface 1. (c) Site specific lift out of a specimen around the dark particle present in the microstructure of the Mo-Si-B alloy
containing oxide particles. SEM micrographs showing presence of dark particle in the cut section of the APT lamella and the APT tip with the particle. (d) APT reconstruction of the
tip revealing the Lanthanum and Oxygen atoms. (e) Mass spectrum of the tip showing the peaks from Lanthanum and Oxygen.

distribution of Mo, Si and B. The composition was found to be Mo —
2.04at.% Si with no measurable B content after background
correction.

For the oxide particles appearing in dark contrast, specimens for
APT were prepared by site-specific lift-out, to leave a particle
exactly at the tip of the needle-shaped specimen, as depicted in
Fig. 7(c). The obtained reconstructions and mass spectra shown
from these analyses are shown in Fig. 7(d) and (e) respectively. The
composition of the particle was measured as 38.7 at.% La + 61.3 at.%
O, which is as close to the LayO3 stoichiometry as can be expected
from APT measurements which are known to have issues with O
composition measurements in oxides [40—42].

3.5. Mechanical properties

3.5.1. Evaluation of hardness and modulus of respective phases by
nano-indentation

For identifying the respective mechanical properties of indi-
vidual phases in this new multi-phase regime, nano-indentation
was performed. Fig. 8(a—c) shows the representative load
displacement curves obtained for the three phases present in the
microstructure. The nano-indentation data was analyzed using the
Oliver and Pharr method [43]. The measured hardness and
modulus values for the phases are shown in Fig. 8(d). A significant
difference in both values was observed among the three phases.
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Fig. 8. Representative Load displacement curves obtained from nano-indentation on individual phases of (a) a-Mo (b) MosSi3 (T1) and (c) MosSiB, (T2) and their corresponding
representative SEM images as insets respectively. (d) Comparison of average hardness and reduced elastic modulus of all the three phases.

The -Mo phase shows an average hardness value of 8.5 + 0.3 GPa
with a reduced elastic modulus of 265 + 7 GPa. The hardness of the
o-Mo phase is similar to the values obtained in conventionally cast
Mo-Si-B alloys [44,45]. For the T2 phase, the obtained hardness and
modulus values are 23 + 0.6 GPa and 305 + 4 GPa while for the T1
phase, the values are 14 + 0.4 GPa and 270 + 6 GPa, respectively,
falling in-between the values obtained for «-Mo and T2. From the
measured reduced modulus (E;) for each phase, we have calculated
the respective elastic modulus (E) using the standard relation [46].

11— (1-9?)

E- E | E

(where i stands for indenter i.e. Berkovich diamond indenter; ‘v'
denotes Poisson's ratio).

The calculated elastic moduli (E) for the «-Mo, T1 and T2 have
average values of 305, 312 and 367 GPa, respectively, when
assuming a Poisson's ratio (v) of 0.3 for each of the Mo-rich phases.
For the a-Mo solid solution, Yang et al. [47] reported an elastic
modulus of 310 GPa with a Si content of ~2.6 at.%. In the present
laser melted alloy, the a-Mo phase contains ~2.05 at.% Si and shows
an elastic modulus of 305 + 7 GPa, which is in the same range. For
T1 and T2, the reported elastic moduli are 323 GPa and 383 GPa for
bulk samples [48], slightly higher than the values determined in the
present alloy by nano-indentation. This can be attributed to un-
avoidable superposition with nearby interphase boundaries in our
measurements. The calculated values of elastic moduli for the
phases obtained in the current microstructure were used as one of
the inputs to evaluate the indentation fracture toughness in the
next section.

3.5.2. Estimation of micro-indentation fracture toughness

The indentation fracture toughness was evaluated for the laser
melted Mo-Si-B alloy both with and without Lay0s3 particles, so as
to identify the effect of the incorporation of the oxide particles. We
assessed the fracture toughness by micro-indentation measure-
ments with a 1 kg load owing to the limited amount of synthesized
material available. At least 12 indents were made to derive an
average value.

Fig. 9(a) shows a representative low magnification image of one
of the indent impressions on the surface of the oxide dispersed Mo-
Si-B alloy. A higher magnification image (Fig. 9(b)) reveals, at one of
the corner of the indent impression, the formation of a crack and its
interaction/deflection (out of plane) with the oxide particle and
subsequent crack trapping at ductile a-Mo phase. The indentation
fracture toughness (K;) was evaluated by using the Lankford crite-
rion [34] suited for non-ductile materials

K; = 0.0782 (Hua°~5) (E/H,)%4(c/a)~ 16

Where, c is the post indentation crack length, a is the indentation
dimension, Hy is the Vickers hardness number and E is the elastic
modulus that has been predicted for this multi-phase alloy using
the linear rule of mixture from the values of the individual phases
as determined by nano-indentation. The weights assigned to the
individual phase portions in the rule of mixture proportionally to
their volume fractions determined from electron micrographs (see
3.2). The volume fraction of the oxide particles was not taken into
account since these will contribute to the toughness of the alloy
through an extrinsic mechanism. The resultant weighted average
elastic modulus (E) was estimated to be ~313 GPa by using the
estimated values of 305 GPa, 312 GPa and 367 GPa for «-Mo, T1 and
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Formation of micro-cracks

(c)

Cracking
- trapping by

1
(d) cracking deflection (out of plane) by La,05

Fig. 9. SEM micrographs for Mo-Si-B-La,05 alloy showing (a) an indent with 1 kg load and (b) crack propagation from one of the indent corners and its interaction (deflection) due
to the oxide particle (an extrinsic toughening mechanism) and its subsequent trapping in ductile z-Mo phase, an intrinsic toughening mechanism. Macro indentation with 5 kg load:
(c) Formation of micro-cracks mainly in inter-dendritic intermetallics region in the vicinity of La;03 particles and (d) as an example of micro-crack deflection by a La;03 particle

providing extrinsic toughening to the alloy.

T2 respectively as obtained from nano-indentation. The measured
¢/a and Hy values are ~1.05 and ~690 VHN. With this input, the
average indentation fracture toughness was calculated to be
~18 MPay/m. For the Mo-Si-B alloy without the oxide particles, a
lower average value of ~12 MPay/m was measured.

Further, to generate a large number of cracks, the laser melted
alloy were indented using a Berkovich pyramidal tip with a higher
load of 5kg. The micrographs in Fig. 9(c—d) (see also
Supplementary Fig. S6) show formation of micro-cracks mostly in
the intermetallic phase region in the vicinity of oxide particles, and
the micro-cracks were trapped in the ductile «-Mo phase, finally,
micro-crack deflections were also observed (as shown in Fig. 9(d)),
contributing to the fracture toughness extrinsically [11].

4. Discussion

Our work advances the field of Mo-Si-B based alloys mainly in
two ways: first, we synthesized the material by additive
manufacturing, which allowed us to exploit the rapid quenching to
reach a regime of multiple non-equilibrium phases (a-Mo, T1, T2)
not obtained so far through conventional synthesis and processing
routes. This phase regime remains stable even after annealing for
200 h at 1200 °C. Second, we show the possibility of modifying the
alloy by oxide particle dispersion that leads to an improvement in
indentation fracture toughness.

The measured bulk composition of Mo-3.1Si-0.8B falls in the
phase regime of a-Mo + MosSi + T2, however, in the present case,
we observe the suppression of MosSi phase and formation of the T1
phase. The combined structural (XRD, TEM) and compositional
(APT) results confirmed the formation, structure and composition
of each phase. The o-Mo matrix forms primary dendrites with a
phase fraction of ~70%. T1 and T2 form in the inter-dendritic re-
gions with phase fractions of ~21% and 9%, respectively. This new

phase regime is attributed to the fast cooling rate during solidifi-
cation. In laser-based additive manufacturing, typical cooling rates
are of the order of 103—106Ks~, i.e. much higher than in conven-
tional casting with ~10'=10?Ks~!, as the small melt pool cools
down very rapidly due to high heat conduction from the molten
pool into the cold substrate. In the Mo-Si-B alloy system, the phase
melting  points are a-Mo (2610 °C) > MosSiB, (T2,
2200°C) > MosSis (T1, 2180°C) > MosSi (2022 °C) [11]. Hence, it
seems likely that the undercooling offered by laser melting may
promote the observed suppression of the equilibrium MosSi phase.
Similar observations have been reported for previously studied Mo-
Si-B based alloys [39], i.e. showing suppression of undesired and
deleterious borides such as MoB and the MosSi phase with rapid
solidification processing (RSP) by splat quenching (cooling
rate ~ 107 Ks~1) in a two phase a-Mo + T2 alloy.

The microstructural observations suggest that during solidifi-
cation after laser melting of the alloy, the a-Mo solidifies first due to
its higher melting point of 2600 °C in the form of primary den-
drites. The dendrites reject the solute (Si and B) across the solid/
liquid interface into the supercooled liquid and thus the liquid
becomes enriched in Si and B. Subsequently, this solute enriched
supercooled liquid solidifies at a very high solidification rate,
thereby suppressing the equilibrium phase with the lowest melting
point, i.e. MosSi, in the solidified microstructure. The inter-
dendritic region finally contains only T1 and T2 solidified with
specific orientations relative to the «-Mo dendrite. This observation
indicates non-equilibrium solidification due to the high cooling
rate. In Fig. 4(a) and c, we show that the Mo-Si-B alloy, when doped
with LapO3 particles, has a much finer and continuous distribution
of a-Mo dendrites compared to the reference alloy without oxide.
This is can be attributed due to a grain-refining effect of the oxide
particles that provide nucleation sites for «-Mo dendrites during
solidification.
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In the present oxide dispersed Mo-Si-B alloy, both intrinsic and
extrinsic mechanisms contribute to improving the indentation
fracture toughness. Intrinsic toughening occurs ahead of the crack
tip while extrinsic toughening occurs in the wake of the crack tip
known as “shielding” of the crack. The finer microstructure in the
oxide-dispersed alloy likely explains the improved fracture
toughness values at room temperature: a continuously arranged
and compliant o-Mo matrix morphology forms that enables
blunting/trapping of crack tips which is an intrinsic mechanism
contributing towards toughness [49,50]. Additionally, oxide parti-
cles in the brittle intermetallic regions tend to induce micro-cracks
in the vicinity of them (Fig. 9(c)) and thus generate new surfaces
that absorbs higher energy, which contributes to an improved
fracture toughness [49,50]. Further, we observe that these micro-
cracks were deflected by the oxide particles (Fig. 9(b—d)) in the
intermetallic phase region, which can provide additional extrinsic
toughening to the alloy at room temperature. All these factors
contribute to the comparatively high indentation fracture tough-
ness of the oxide containing alloy which marks a progress of ~33%
compared to the value of ~12 MPay/m observed for the Mo-Si-B
reference alloy without oxide dispersion. Kruzic et al. [14]
showed that the presence of even a 49 vol% fraction ductile a-Mo
with continuously arranged morphology, produced by the method
described in Ref. [15], can lead to a fracture toughness of up to
20 MPay/m in higher Si/B content Mo-7.6Si-1.5B (Mo-20 at.%Si-
10 at.%B) materials which otherwise have~5MPay/m fracture
toughness values when fabricated by conventional powder pro-
cessing methods. The present Mo rich Mo-3.1S5i-0.8B (Mo-8.5 at.%
Si-5.6 at.%B) alloy has a higher ductile a-Mo volume fraction (70%)
with homogeneous topological distribution. When blended with
oxides in fine dispersion the Mo-Si-B alloy contains an additional
extrinsic toughening feature conveying an indentation fracture
toughness value of~ 18 MPay/m to the material.

5. Conclusions

1) We demonstrate the fabrication of dense Mo-Si-B-based alloys
through an additive laser melting technique that results in a
typical dendritic solidified alloy microstructure. No additional
high temperature sintering methods were required.

2) We show existence of a microstructure with a previously un-
documented phase regime comprising ¢-Mo dendrites with
MosSi3 (T1) and MosSiB; (T2) phases in the inter-dendritic re-
gions of the laser melted alloys. The obtained phase regime is
found to be stable even after annealing at 1200 °C for 200 h.

3) Oxide particles (such as Lay0s3 in the present case) were suc-
cessfully dispersed in the microstructure and were observed to
arrange mainly in the inter-dendritic phase regions, resulting in
a refined microstructure and enhanced indentation fracture
toughness.

4) The indentation fracture toughness value was calculated to be
~18 MPa\/m for the alloy variant with La;Os particles. The
toughening is attributed to crack trapping (intrinsic toughening
mechanism) by the presence of continuously distributed ductile
a-Mo phase in the microstructure and additional extrinsic
toughening from oxide particles by formation of micro-cracks
and crack deflection.
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