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Abstract

Increasing performance requirements of advanced components demands versatile
fabrication techniques to meet application-specific needs. Composite material processing via
laser-based additive manufacturing offers high processing-flexibility and limited tooling
requirements to meet this need, but limited information exists on the processing-property
relationships for these materials as well as how to exploit it for application-specific needs. In this
study, Ti/B4C+BN composites are developed for high-temperature applications by designed-
incorporation of ceramic reinforcement (5 wt% total) into commercially-pure titanium to form
combined particle and in situ reinforcing phases. We combine both B4C (limited reactivity with
matrix) and BN (high reactivity with matrix) reinforcements to understand the processing
characteristics, in sifu phase formations, and combinatorial effect of the multiphase
microstructures on thermomechanical properties and high-temperature oxidation resistance.
Combined reinforcement in this new composite material leads to superior yield strength and
wear resistance in comparison to the other compositions and matrix, as well as comparable
oxidation characteristics to commercially-developed high temperature titanium alloys, alleviating
the need for multiple rare-earth alloying elements that significantly raises costs for
manufacturers. Tubular structures are fabricated to demonstrate the ease of site-specific
composition and dimensional tolerancing using this method. Our results indicate that tailored
ceramic reinforcement in titanium via laser-based AM could lead to significantly enhanced

engineering structures, particularly for developing higher temperature titanium-based materials.
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1. Introduction

Next-generation manufacturing strategies will incite engineers to design components with

application-specific material properties, geometry, and functionality—all within a single part.

Until now, traditional processing of metallic-based materials has called for machining from large

stock pieces, casting for parts with complex features, and/or requiring multi-step techniques for

advanced coatings or to achieve other surface functionality. Laser-based additive manufacturing
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Figure 1: Reactive-deposition based processing for metal-
ceramic composites. Reinforcement material and location
can be specified and printed by changing the feedstock
composition, all with a commercial laser-based AM
system.

(AM), or 3D-Printing, has
transformed these methodologies
by enabling manufacturers to
design components in a layer-by-
layer fashion, i.e. create from the
ground-up, reducing waste
material and, in some cases, the
need for secondary procedures or
post-processing [1-5]. From these
efforts, improved engineering
alloys have emerged [1-4], as
well as multi-material and
functionally-graded structures [5—
7], lattice and topology-optimized
structures [8,9], and metal-matrix
composites and coatings [10—12].
Despite these advances, complex
designs still lead engineers to
make trade-offs on material and/or
geometric features in order to meet
specific design criterion. This
motivates the expansion of
current additive and advanced
manufacturing techniques and

investigation of novel methods,



particularly in situations where metals that are otherwise unable to perform are desired for use.
These situations are commonly found in elevated temperature environments where expensive
secondary coatings and/or superalloy materials are used, which significantly increases costs for
manufacturers (see Figure 1A). To this end, we demonstrate functional reinforcement
manufacturing using directed-energy-deposition (DED), a powder-flow type of metal-AM, to
tune the properties of titanium-based metallic materials for use in high-temperature oxidative
environments (see Figure 1). DED is a method that is ideal for fabricating multi-material
composites by easily changing the printed feedstock material and/or processing parameters,
resulting in composites with site-specific composition and performance [1,5]. This aspect opens
new design possibilities as metallic or ceramic powders can be strategically printed to form in
situ phases and from high-temperature reactions during printing, i.e., reactive-deposition [10,13—
16]. Heat accumulation during processing pushes reactions forward to form refractory phases in
situ and provide high-temperature capability to inadequate metals [11,17-19]. Examples of these
phases include metal borides and carbides/nitrides which form in situ from metal and ceramic
powders, or act as particle reinforcement within the metallic matrix. This reinforcement
technique is more direct in comparison to traditionally-produced multi-element superalloys, or
components with multi-step coatings and composites that require complex processing equipment
and too complex of geometry (Fig. 1A). It is envisioned that reactive-deposition can be
implemented as a single step manufacturing process for high-temperature applications such as

location-specific coatings and/or bulk structures in high temperature/wearing regions.

Titanium-based components, in particular, maintain relatively low operating temperature
(400°C-500°C) and wear resistance despite having desirable strength/weight ratio and corrosion
resistance for many applications in aerospace, nuclear, marine, and biomedical industries [20].
Among many others, alternative materials such as titanium aluminides have historically been
investigated for replacing nickel-based or other high-temperature superalloys in areas where the
operating temperature is too high for titanium, but ductility plays a role in fabricability
challenges that typically include complex heat treatment steps [21,22]. In addition, methods such
as powder metallurgy [23,24], spark plasma sintering [25], deposition-based coatings [26], and
tape-based or other casting methods [27,28], among others, have been investigated to reinforce
titanium but suffer from low geometric freedom, flexibility of reinforcing strategies, and are

limited to single material or composition. From this, it is envisioned herein that improvements in



properties could be made by small (<5wt%) functional reinforcement of ceramic (and subsequent
in situ phases) for site-specific composite properties, and printed with the reactivity of feedstocks
in mind for tailoring the resulting microstructure and properties. To this end, titanium
composites with B4C/BN ceramic reinforcement were manufactured using DED-based
processing to understand the effect of ceramic on properties as well as reinforcement strategy.
Boron nitride (BN) was chosen for its previous ability to increase the wear resistance and
hardness of the titanium matrix through its reactivity and propensity to form TiN and TiB
[16,29], and boron carbide (B4C) was chosen for its ability to significantly improve the strength
of the titanium matrix through particle reinforcement. Because of the limited information on
high-temperature oxidation performance of these composite materials through laser-based
processing, isothermal oxidation testing was performed to understand the scale formation and
effect on weight change in an elevated temperature environment. To the best of our knowledge,
no work exists on functionally reinforcing titanium composites in a single manufacturing step
with multiple reinforcing agents, as well as limited information on the high-temperature
oxidation resistance of these class of structures, which differentiates the current work. It was
hypothesized that the formation of ceramic phases from combined particle and in situ phase
formation would result in a composite with improved resistance to oxidation while maintaining
significantly improved properties over the matrix material, titanium. To evaluate this hypothesis,
four different compositions (CPTi, CPTi-5wt%B4C, CPTi-5wt%BN, CPTi-2.5wt%B4C-
2.5wt%BN) were printed separately, as well as demonstration pieces with multiple transition
strategies. The CPTi composition (commercially-pure titanium, also referred to in this work as
“T1”) serves a control for studying the base-material (or matrix) performance, whereas the BN
and B4C reinforced compositions serve to understand the effect of the different reinforcement on
microstructure and thermomechanical properties. The final composition (CPTi-B4C-BN) was
used to evaluate the combined effect of ceramic reinforcements on overall properties while
maintaining the same overall reinforcement amount. Isothermal oxidation testing, quasi-static
compression, reciprocating wear, and thermal diffusivity testing were used to understand the
individual composites’ properties in comparison to the titanium matrix. Scanning electron
microscopy (SEM), X-ray diffraction (XRD), and Gibbs free energy change analysis were used

to understand the phase evolution and microstructural features that occur during processing. Our



work demonstrates the ability to functionally reinforce ineffective materials to achieve

application-optimization using a commercially-available additive manufacturing process.

2. Materials and methods

2.1 Reactive-deposition based processing and dimensional expansion measurements: Our

LENS™ gystem (Optomec LENS™ 750, Optomec, Albuquerque, NM) operates a continuous-
wave, Nd:YAG laser (500W) that focuses a beam on top of a substrate that is moved in the x/y
directions to outline the CAD cross section while powder is simultaneously fed into the melt
pool. The buildplalte is contained in an argon environment (O2 ppm < 15). The powder
composition is carried into the melt pool via an argon stream. Further discussion can be found in
references [11,30]. Spherical CPTi powder (Gr.2 Ancor-Ti, Hoganas, Sweden), granular-B4C
powder (Presi, Switzerland), and hexagonal-BN powder (“PTX60” from Momentive
Performance Materials, Waterford, NY) were obtained for printing of the composite structures.
Titanium powder was printed within a 45-150pum particle size range, and the ceramic particles
ranged from 25-75um in overall size (after sieving). The premixed composition was milled for
20 minutes, without balls, to ensure compositional homogeneity. Because these powders are of
different color (titanium-gray, B4C-black, and BN-white), it was clear after 20 minutes of milling
the composition was evenly distributed throughout the container as there were no regions of
white or black throughout the container. All samples were 3D printed separately as 15mm by
25mm rectangular cross-sectional patterns, onto a 3.4mm thick CPTi substrate, according to the
parameters outline in Table 1. Four compositions (CPTi, CPTi-5wt%B4C, CPTi-5wt%BN,
CPTi-5wt%B4C-5wt%BN) were 3D printed separately on the same build-plate (Optomec
LENS™ 750, Optomec, Albuquerque, NM). The first composition (CPTi) serves as the primary
control, whereas the second and third compositions (CPTi- CPTi-5wt%B4C & CPTi-5wt%BN,
respectively) were chosen to evaluate the effect of B4C and BN on the LENS™-processed CPTi
system. The final composition (CPTi-5wt%B4C-5wt%BN) was determined by preserving a
Swt% reinforcement to the titanium matrix while combining the two separate reinforcements.
Optimized laser-power and scan settings are shown in Table 1. Parameters needed to be adjusted
to accommodate the different reinforcements, which affected the layer thicknesses. Our goal was

to match the layer thickness as closely as possible to indicate the feasibility of making functional



components out of these compositions. Dimensions of the first set of block samples were
measured using digital caliper (+£0.01 mm) and compared to CAD design. Percent expansion was

calculated as:

L -L
% Expansion = 100% [M] (D
Leap

Where L;,tq; 1 the measured specimen length, and L.4p represents the CAD-based
dimension. A precision error of 2.5% was considered when calculating values, due to the
tendency of DED-based processes to provide edge-effects that increase the overall final part

dimension(s) [16].

2.2 Sample preparation, microstructural characterization, and phase analysis Samples for

imaging and analysis (Figs. 2 & 3) were sectioned from the as-printed structures via low-speed
diamond saw, mounted in phenolic resin, then sequentially wet-ground using 60-2000 grit SiC
paper. Polishing was performed using an alumina-DI water suspension on polishing pad from 1p
down to 0.05u. X-Ray Diffraction (XRD) (X’Pert PRO PANalytical, Almelo, Netherlands, Cu
Ka source and a Ni filter) was performed for the as-printed specimens (Fig. 4). All intensities
were normalized by the largest peak observed. Vickers cross-section hardness indents (Phase 11,
Upper Saddle River, NJ) were taken in line with ASTM standards for both metals and advanced
ceramics on the unetched, ground and polished samples in the as-processed and oxidized
conditions [31,32]. High-magnification microstructural imaging, Field-Emission Scanning
Electron Microscopy (FESEM, SEM) was utilized on both etched as-printed specimens, as well
as unetched compression-tested samples. Submersion etching for 25s was done in Kroll’s

Solution (92mL DI Water, 6mL HNO3, & 2mL HF).

2.3 Isothermal oxidation: Oxidation measurements and analysis were performed to

understand the effect of composition on mass gain and kinetics (Figs. 5-8). Weight-change
measurements for the oxidized samples (all compositions) were performed using a Netsch STA
409-PC Luxx unit (Burlington, MA). A single sample from each composition was loaded in an
alumina crucible and contained with a lid with a central hole, and the sample dynamically
weighed under air delivery (accuracy of 0.01mg). A heating rate of 20°C/min was used to reach
isothermal testing temperature, hold time of 25hrs., and then a 40°C/min decrease back down to

room temperature. During measurement, air at 0.5psig and flow rate of 40 mL/min was supplied.



Optical microscopy was used to analyze the surface scale (Fig. 6) and scale thickness (Fig. 8).
Arrhenius analysis (Fig. 7) was carried out according to the fundamental mass change
relationship:

(AW

WY <kt @

Where AW represents the mass change, A is the exposed surface area, and K, is the rate

constant given in units of (mgem2s™) for linear kinetics where n=1, and units of (mgZcm™s™) for

parabolic kinetics where n=2. After identifying the proper K ,, term based on the kinetic

characteristics, the Arrhenius relationship can be used:

K, = Kpexp (— RQ_T) (3)

Where K, is a constant, Q the activation energy in kJmol™!, R the universal gas constant,

and T the absolute temperature. This equation can be re-written as such:

1

log (K,) = log (Ko) ~ 53z (1) (@)

From which experimentally-determined (Table 3) values for K, and % can be plotted and

Q evaluated by taking the slope of the line and equating it to with the 2.303 factor used for

Q
2.303R’

the logarithm change of base.

2.4 Thermomechanical testing: Quasi-static compression testing (Shimadzu, Trapezium

X, Kyoto, Japan) was performed at constant displacement rate of 0.15 mm/min (~0.2*10* s™!
strain rate in linear region) until plastic deformation was evident from the live displacement vs.
force output (Figs. 10-11). Two samples per configuration were ground to side-lengths of
5.254+0.05mm and height of 11.5+0.05mm for an average aspect ratio of ~2. Moduli were
evaluated via slope of the stress-strain curve, and a standard 0.2% offset method was used to
calculate yield strength, per ref. [33]. Damage analysis via SEM was performed on a single as-
compressed, unetched sample from each configuration (Fig. 11). Thermal diffusivity testing was
performed via the flash method from 50°C-300°C (NETZSCH, Germany) on specimens
measuring 10.4+0.5mm square and 2.5+0.05mm thickness that were cut from the as-printed

structures. Prior to testing, a thin layer of graphite was applied on each side of the testing



specimen to ensure measurement accuracy. Five separate tests were performed at each
temperature value. Wear degradation testing (NANOVEA, Irvine, CA) was performed according
to ASTM standard on flat sliding wear to determine the coefficient of friction (COF) and
compound wear rate (Fig. 11) [34]. Testing conditions were a 1000m distance test at a load of
10N, track length of 10mm, 3mm diameter Al>O3 wear-ball, DI water medium at ambient
conditions, and test rate of 1Hz (1200 mm/min linear wear speed). COF and wear depth were
collected during testing, and three separate tests were performed on each composition at 7N. The
COF plots shown are from a single run from each composition, and are representative of each
composition’s characteristics over the course of the test. Compound wear rate was evaluated

using the final wear depth after 1000m, using the equation below from [34]:

Wear Vol _(nh) 3D? c
ear Volume = s (5)

DZ
h=R—-R /RZ—T (6)

Where R is the wear-ball radius, h is the scar height, and D is the wear track length. Normalized

With:

value was obtained by dividing by both the distance and the load.

3. Results

Ti-B4C-BN composites were successfully processed using laser-based additive
manufacturing, leveraging reactive-deposition to form in sifu reinforcing phases. Isothermal
oxidation, compression, thermal diffusivity, and reciprocating wear testing were used to

characterize the performance of these composites.

3.1 Reactive-deposition based processing and dimensional-expansion measurements: All

four compositions were printed using similar geometry (16mm x 25mm rectangular), hatching
sequence (0°, 120°, 240°, 180°), and spacing between deposits (0.58mm, approx. 40% deposit
overlap), but power and scanning speed were tuned to optimize the amount of deposited material
per layer and minimize visible defect phenomena such as balling and unwanted porosity, as

shown in Table 1.



Table 1: Processing parameters for LENS™ deposited Ti-B4C-BN coatings and structures.

Hatch

Laser Scan Contour Hatch Layer Hatch Relative
Composition Power Scan Speed | Spacing Thickness Angle .
W) Speed (mm/s) (mm) (um) Sequence Density
(mm/s) " 1
CPTi 350 6.7 5.0 400 Layer 1:  96.4%+2%
CPTi-5B4C 410 6.4 4.5 415 La}(l)er 5. 97.4%+2%
CPTi-5BN 450 6.4 4.0 0.58 375 120° 96.1%+2%
' Layer 3:
i- - 240°
RIS a0 60 4.0 40 Lavers: 963%=1%
180°

After the first layer was optimized, the scanning speed and power remained constant for
all subsequent layers. CPTi was processed at the lowest power of 350W and a scanning speed of
5.0 mm/s and 6.7 mm/s for the contour and hatch, respectively. For the ceramic-containing
compositions, limited deposit height was exhibited for 350W, so the energy input was increased
by both increases in power (410W-450W) as well as decreased scanning speed (4.0mm/s-
6.0mm/s). These processing conditions resulted in layer thickness of ~375-415um and
dimensional expansion of ~15%-17% relative to the X-CAD dimension, and ~17-19% for the Y-
CAD dimension (see Table 2), indicating that component part height and features are repeatable
even with the addition of 5wt% ceramic phase.

Table 2: Percent expansion of all compositions from CAD-to-part for the as-built compression
samples. Machine “edge” error was considered within the calculations.

Composition Parameter X (CAD:16mm) Y (CAD:25mm)
100% CPTi ]g/ll;a;l;‘i)‘i 19.3+0.03 28.9+40.23
% Expansion 18.3% 15.3%
CPTi-SB.C gﬁfﬁ;ﬁ 19.40.09 29.3+0.23
% Expansion 18.9% 16.7%
CPTi-5BN Sf;aesrlllsrii 19.4+0.01 29.1+0.14
% Expansion 18.9% 16.0%
CPTi-2.5B4C-2.5BN LTy 19.340.09 20 310.13

Dimension



% Expansion 17.9% 16.8%

3.2 Microstructure and phase analysis: All as-printed surfaces were free from cracking

and large-scale defects, and the hatching directions can be distinctly visualized from Figs. 2A1-
2D1. In addition, the etched microstructures (Figs. 2A2-2D2) were free from large-scale

cracking and processing-induced defects, but differed significantly in the phases present.
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Figure 3: High-magnification microstructures of individually-reinforced composites showing the
nature of the reaction zones around each of the individual reinforcements.
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which all had distinct transitions from the substrate to the as-printed material as indicated in
(Figs. 2B3-2D3). The CPTi-5B4C composition (Fig. 2B2) was comprised of a primary a-phase
(HCP) titanium matrix with B4C particles dispersed from 20-50um, which is the only other phase
observed in the XRD analysis (ICSD:654971), overlapping with the 45° titanium peak. Higher
magnification images reveal the reaction zone comprised of a dual TiC-TiB reinforcement region
immediately adjacent to the B4C particles, but mostly titanium in the matrix region, which has
been previously reported [35], but was not observed in the XRD analysis. These features indicate
that this composition is predominately particle-reinforced as opposed to in sifu phase reinforced.
The CPTi-5BN composition exhibited a microstructure predominantly comprised of TiN
dendrites and TiB/TiB: networks interspersed between the TiN phase, as has been reported in
other works [12,16,29], indicating that this composition is highly in sifu phase reinforced.
Additionally, BN particles that are partially reacted (20-75um) with the titanium matrix are
observed with some internal porosity within the particles. The XRD analysis shows the presence

of TiN at 48° (ICSD:183415), TiB at 45° (ICSD:24701), and BN at 34° (ICSD:162875), in



addition to titanium, which corroborates the dominant microstructural features found via SEM
imaging. Further, the CPTi-B4C-BN composite maintained a microstructure that was a
combination of the two individually-reinforced compositions. Partially-reacted BN particles
along with B4C particles are readily observed within the microstructure, as well as the networks
of TiB/TiB:> and TiN dendrites, indicating that both ceramic feedstocks are reacting with the
titanium matrix during deposition. For all compositions, the microstructural features at the
interface were similar in nature to the features within the bulk sample, indicating that the heat
accumulation effect common to DED-based processing was minimal on the microstructural

features of the composites.



3.3 Isothermal oxidation: Figs. 5-8 display the results of isothermal oxidation testing of

the composites from 700°C-1000°C. For all compositions, XRD analysis (Fig. 7A) of the

1000°C tested surfaces revealed exclusively TiO> in the form of rutile (tetragonal structure),
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Figure 5: Isothermal-oxidation weight change curves for
700°C, 850°C, and 1000°C across the 25-hr test, with the
kinetic characteristics identified.

indicating that the sole
oxidation product was TiO»
(Rutile ICSD: 9161). This 1s
substantiated further by the
derivative of the Arrhenius
plots (Fig. 7B) which reveled
activation energies for
oxidation ranging from 127-
167 kimol™! for all
compositions. These values
remained consistent across
temperature for each
composition, and are very near
to the activation energy range
previously reported for TiO>
(88-276 kJmol™) [21,36,37],
indicating that the driving
factor for mass change in these
composites at high temperature
is the oxidation of the titanium
matrix and diffusion of oxygen

through the scale.

Figure 5 displays the weight
change curves normalized by
surface area for each of the

compositions at all

temperatures, and Table 3 provides fit parameters for either parabolic or linear kinetic regimes.

Surface scale micrographs are shown in Figure 6 with the corresponding scale thickness shown



in Fig. 8A. At 700°C, all compositions exhibited parabolic-breakaway schemes throughout the
entirety of testing, whereas, at 850°C the regimes were strictly linear for CPTi and parabolic for
all ceramic-reinforced composites. At 700°C, the K, values are decreased as much as 31% from
9.20e? (mg*cm™s™!) down to 7.0 (mg*cm™s™) with the addition of B4C, and 21% with the
addition of BN, which remained the same for the CPTi-B4C-BN composition. Further, the scale
on the CPTi surface is fully spread and covering most of the original grinding lines, whereas the
scales on the ceramic compositions are either still spreading outward (CPTi-B4C), or fully spread
at significantly lower overall thickness (CPTi-BN and CPTi-B4C-BN). Further, the scale
thickness was significantly reduced from 2.9+0.4um to as low as 1.6+0.2um in the case of CPTi-
B4C-BN composition (45% decrease), and a 31-38% decrease with the addition of BN and B4C
alone, respectively. All compositions were free from cracking and large-scale spallation. At
850°C, the kinetic regime shifts from linear to parabolic with the addition of ceramic. K, values
ranged from 0.27-0.38 (mg*cm™s™) for B4C and BN reinforcement, with the CPTi-BN
composition exhibiting the lowest value. An order of magnitude increase in the K;, values when
comparing from 850°C to 700°C is attributed to the higher temperature and propensity for
reaction with the oxidizing environment. From the scale micrographs (Fig. 6), it is seen that
during the 25hr period, the CPTi scale not only grew on the surface but also outward from the
surface in certain areas. The scale thickness significantly decreased from 123.44+9.3um to
12.542.0um for CPTi-B4C, 19.3+5.3um for CPTi-BN, and 15.0+1.4um for CPTi-B4C-BN
(overall 7X decrease in scale thickness compared to CPT1). The CPTi-B4C and CPTi-B4C-BN
compositions both exhibited smooth even scales, whereas the CPTi-BN composition showed
areas of outward growth as well as dispersed throughout the surface. All compositions were free
from cracking and large-scale spallation. At 1000°C testing level, there was a transitional kinetic
regime from linear to parabolic for all compositions, varying from 1.5hrs-2.5hrs depending on
the composition. K, values for CPTi were 7.10 (mgZcm2s™!) for the linear regime (0-1.5hrs) and
9.49 (mg*cm™s!) for the parabolic regime. With the addition of B4C, these values decreased to
1.26 (mgZcm2s), 2.67 (mg*cm™s™) for the linear and parabolic regimes, respectively (4.7X and
2.6X decreases). For the CPTi-BN composition, the values decreased to 4.98 (mg?cm?s™), 6.04
(mg*cm™s™) for the linear and parabolic regimes, respectively (43% and 57% decreases). For the
combined composition (CPTi-B4sC-BN), values decreased to 2.05 (mgZcm™2s), 2.75 (mg*cm™s™)

for the linear and parabolic regimes, respectively (2.5X decrease for both regimes).



Table 3: Isothermal oxidation characteristics of the titanium composites

Fit Parameters

T(°C) Composition ChOdetam.n;.
aracteristics *KL, Kp N R2 Value
CPTi 9.20e 1.8 0.98
00°C CPTi-B4C Parabolic- 7.00e 1.8 0.93
CPTi-5BN Breakaway 7.60e 1.8 0.94
CPTi-2.5B4C-2.5BN 7.60e 1.8 0.86
CPTi Linear 0.51 1.0 0.99
CPTi-5B4C 0.34 1.4 0.99
850°C
CPTi-5BN Parabolic 0.27 1.4 0.99
CPTi-2.5B4C-2.5BN 0.38 1.4 0.99
Linear to
CPTi Parabolic 7.10, 9.49 1.0, 1.8 0.99, 0.97
(1.5hr to transition)
Linear to
CPTi-5B4C Parabolic 1.26, 2.67 1.0,14 0.99, 0.99
1000°C (2.5hr'to transition)
Linear to
CPTi-5BN Parabolic 498, 6.04 1.0,2.4 0.99, 0.99
(1.5hr to transition)
Linear to
CPTi-2.5B4C-2.5BN Parabolic 2.05,2.75 1.0,1.4 0.99, 0.99

(2.5hr to transition)

*for linear kinetics fit units of K, (mg*cm?s'), whereas parabolic kinetic fit units of K, (mg’cm™s™)

Further, the scale for the CPTi sample reached 664.9+15.1um and was effectively decreased
with the addition of B4C by 1.8X to 240.6+74.1um, 2.5X to 190.5+10.8um with the addition of
BN, and 1.8X for CPTi-B4C-BN to 237.1+£31.7um. The CPTi scale exhibited significant
outward growth from the surface as indicated from Fig. 6. The CPTi-BN composition exhibited
outward growth in much lower scale than was exhibited by CPTi, and the CPTi-B4C and CPTi-
B4C-BN compositions exhibited scale growth on the surface with minimal visible outward
growth. All compositions were free from cracking and large-scale spallation. Fig. 8B displays
the bulk hardness values for each composition that were tested for 25hrs that were measured
1.5mm (halfway) through the sample cross-section. CPTi demonstrated an as-processed hardness

of 274+8HV 2115, with a decrease to 157+9H Vo215 and 143+6HV.2/15 for the 700°C and 850°C



temperatures. The bulk hardness increased to 322+70HV¢.2/15, however, when tested at 1000°C.
The CPTi-B4C composition remained relatively stable with slight increases in average hardness
from an as-processed condition of 348+31H Vo215 to 377+25HV0.2/15, 385+17HV.2/15 and
465+51HVo.2/15 for 700°C, 850°C, and 1000°C temperatures. There was a much more significant
increase in hardness for the CPTi-BN composition from an as-processed condition of
713+85HVo.2115 to 774£116HV.2115, 981£102H V2115 and 9206 1HV.215 for 700°C, 850°C, and
1000°C temperatures. The deviation in the CPTi-B4C-BN composition ranged from an as-
processed condition of 527+51HV.2/15 to 517+50HVo.2/15, 704+77HV.2/15 and 647+76HV.2/15
for 700°C, 850°C, and 1000°C temperatures. Oxidized microstructures are shown in Figure 9.
At 700°C, the oxidized B4C and BN reinforcement morphology resembles the as-processed state,
namely, B4C with a slight reaction zone around the particles and TiB needles and TiC
reinforcement forming perpendicular to the particles’ surface. For the BN composition, the
morphology resembles reacting BN particles with a network of TiN and TiB forming in the
matrix, and a mixture of all reinforcing phases for the combined composition. At 850°C and
1000°C, however, the increase in the reaction zone length and reduction of B4C particle size is
evident in the B4C reinforced composition (with white dotted lines indicating the increased
thickness of the region). For the BN composition at 850°C, the amount of visible BN particles
decreases, and at 1000°C there are no visible BN particles within the matrix, indicating that the

reactions have continued during the high temperature testing.
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evolution and continuation of in situ phase formation at different temperatures.



3.4 Thermomechanical and reciprocating-wear testing: Compression testing and thermal

diffusivity analysis of the composites is shown in Figs. 10 & 11. For the CPTi composition, a

compressive yield strength of 490+9MPa was achieved, with a modulus of 115+17GPa. B4C

incorporation increased the strength by 43% to 700+20MPa, with only a 35% increase in

modulus (155£11GPa). Samples
mainly failed through cracking in the
reinforcement particles, with cracks
being arrested by the titanium matrix
for an overall ductile failure mode. BN
incorporation, however, increased the
modulus by as much as 56% to
179+11GPa with only a 24% increase
in strength (609+7MPa). Failure for
this composition mainly stemmed
from cracks near small-scales pores in
the BN particles and propagation
through the matrix, initiating brittle
failure (Fig. 11). The CPTi-B4C-BN
composition demonstrated the highest
strength (758+14MPa), a 55%
increase in comparison to CPTi, with
only a 33% increase in modulus
(1524+8GPa). As indicated from the
damage cross sections, this composite
failed through cracking in the
reinforcement phase, with crack arrest
by the CPTi matrix. No large-scale
crack propagation was observed,
leading to an overall ductile failure
mode. From Fig. 10C, the thermal
diffusivity of the CPTi matrix did not
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significantly differ compared to literature values, indicating that highly refined grain structure

did not alter the thermal transport capability. Ceramic reinforcement had limited effect on

adjusting the thermal
transport, with only 5-

) Bic 2
15% difference across Particle
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material is the main

thermal conductor.
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Figure 11: Damage analysis of ceramic-reinforced compression

particle and in situ phase samples in low magnification (left column) and high
meaning that there is a magnification (right column).
higher degree of thermal resistance within the matrix for the conduction to take place, indicative

of a lower thermal diffusivity as shown. Ceramic reinforcement significantly influenced the
reciprocating-wear behavior of the composites (see Fig. 12). Both CPTi and CPTi-B4C
compositions exhibited increasing coefficients of friction (COF) over reciprocating distance
(beginning in the 0.4-0.5 range and increasing steadily past 1.2 at 1000m). The compound wear
rates were 0.59+0.04 (10 mm3*N"1*m™) and 0.38+0.0.01 (10* mm3*N 1*m™), respectively,
indicating that the material removal was not significantly influenced by the incorporation of B4C.
As shown in the tested surface micrographs (Fig. 12B), horizontal lines in the direction of testing
as well as regions of gashing indicate the plastic deformation and “ploughing” material removal
mechanism. The BN-containing compositions, however, maintained stable COF within the first

35-50m of testing (from 0.8-0.9 to 0.75-0.85 at 1000m). The significantly smaller wear track



diameters and limited evidence of gashing indicate its higher resistance to wear degradation. The
compound wear rates for the CPTi-BN and CPTi-B4C-BN compositions were 0.17+0.003 (10
mm3*N"*m™) and 0.12+0.0.010 (10* mm3*N"*m"), respectively. Compared to titanium, these

composites exhibited a 3.5X and 5X decrease in overall wear rate over the course of the 1000m

test.
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3.5 Manufacturing demonstration—tubular transition structures: Two strategies were

utilized to join regions reinforced with strictly singular-ceramic reinforcement: direct joining and
transitional joining using two layers of the CPTi-B4C-BN composition. For each printed
composition, the optimized parameters from Table 1 were utilized. From Fig. 1, it is shown that
similar outer morphologies are achieved with both techniques in comparison to processing of the
strictly-titanium tube, however, the hardness profiles across each structure show difference in the
transition region (Fig. 14A). The final hardness values (900-1000HV for CPTi-BN and 200-
300HV for the CPTi-B4C remain the same for both tubes, but the CPTi-B4C-BN intermediate-
region tube maintains a plateau region as well as a diffuse interface region owing to the mixed
composition deposition. In addition, the directly joined composition shows a steady increase in

hardness along the height of the tube, without a plateau-region.
4. Discussion

Reactive-deposition was previously investigated [11,12,29], however, the processing
strategies and resulting mechanical properties of these materials are still not well understood.
Because of this, the objective of this work was to understand the effects of individual and
combinatorial reinforcement on the processing and properties of titanium-based metal matrix
composites, with specific interest to the oxidation characteristics for high temperature

applications.

4.1 Effect of ceramic on processing characteristics: Many factors contribute to a single
material’s processability using laser-based AM, which becomes more complex upon the
introduction of multiple reinforcing phases into the powder mixture. Ideally, the laser-head
standoff will remain at the same distance to the built sample on each layer (to maintain the laser
focus spot), and processing parameters need to be optimized to achieve consistent melt
characteristics and layer buildup for building an overall structure. As is the case here, the
parameters that were used for CPTi were slightly different from the ceramic-reinforced
compositions (350W vs. 410-450W), owing to the change in solidification characteristics (see
Table 1). The increase in power was required to maintain the ~400um layer thickness which was
in the same range of 375-415um among each composition. In our previous work [16], laser
powers of 450W were used to maintain similar layer overall layer thicknesses, albeit for higher

(10wt%) reinforcement of BN ceramic. In other works, similar laser power and processing



parameters were used for BN and/or B4C reinforced titanium [12,29]. In terms of dimensional
expansion measurements relative to the CAD model, the averages ranged from 15.3%-18.9%,
indicating that the achievable dimensional tolerancing is consistent across each composition,
despite the addition of ceramic phase which complicates the melt pool characteristics. Other
work has shown anywhere from 6-19% difference when incorporating ceramic phase into the
titanium matrix, which is inadequate to be used for producing larger-scale components that

require finer tolerances [16].

4.2 In situ reactivity, microstructure, and phase formations: The elevated temperatures

experienced during DED-based processing can lead to reactions and significant phase evolution
between feedstock materials [11,16]. The Gibbs free energy change for reactions between the
metal (T1) and the ceramic reinforcement (B4C/BN) can identify which phases are more likely to
form during high-temperature processing. This analysis is carried out by evaluating the relative
spontaneity of known reactions across a specified temperature range [38], and identifying which
are more likely to occur. While this analysis does not consider time for diffusion, i.e. based
solely on thermodynamic equilibrium (which is not the case in or around the melt pool), it can
still identify insights into the nature of the reactions in the larger as-built structure. The Gibbs

Free Energy change is defined by the fundamental relation:
AG =AH —TAS (7)

Where AG is the free energy change for the given reaction (given in kJmol '), AH & AS
are the enthalpy and entropy changes associated with the reaction (given in kJmol! & kJmol'K-
1) and these are evaluated over a temperature range T. Previous investigations [29,38-42] have
shown a multitude of relationships between titanium-boron nitride and titanium-boron carbide
material systems using hot-pressing techniques, and the ones with the largest change in free

energy are shown in Table 4.

Table 4: Gibbs Free Energy change analysis of reactants during reactive-deposition based
processing

Reactants Equation AH ﬂ AG ﬂ Ref
mol mol
. . . . [38,3
Ti-BN 3Ti + 2BN — TiB, + 2TiN (4.1) -504 -446

9]



2Ti+ BN - TiB + TiN (4.2) 256 227 [24]

2Ti + B,C - 2TiB, + C (4.3) -594 -507 [43]

. . . . [24,3

Ti-B4C 3Ti + B,C — 2TiB, + TiC (4.4) -780 -664 8 43]

. . . [24,4

5Ti + B,C — 4TiB + TiC (4.5) -798 -710 3.44]

. . . i i [24,4

Secondary Ti + TiB, — 2TiB (4.6) 7 6 5.46]
Reactions ) . .

8Ti + B,C + 3C — 4TiB + 4TiC (4.7) -1326 -1250 [38]

It should be noted that for the reported equations, the free energy change did not vary
much throughout this temperature range, therefore the reported calculated values are averages.
For the CPTi-BN system, Eqs. 4.1-4.2 indicate a free energy change from -227 kJmol™! to -446
kJmol!, resulting in spontaneous formation of TiN and TiB/TiB; across the temperature range of
300-2300K. This agrees with the present findings from SEM imaging (dendritic TiN
microstructures with TiB/TiB2 networks interspersed throughout), as well as the phase analysis
which identified both TiN and TiB phases present in the microstructure (Fig. 3). For the Ti-B4C
system, Eqgs. 4.3-4.5 indicate that the spontaneous reaction products across 300-2300K are TiB,
TiC, and TiB., with free energy change ranging from -507 kJmol™ to -710 kJmol ™. This is also
in line with the TiC/TiB microstructures exhibited near the interface of Ti-B4C particles (Fig. 3).
Eqgs. 4.6 and 4.7 involve potential secondary reactions that can occur between feedstock
materials. As has been previously reported [47], in situ TiB formation quickly follows the
formation of TiB2 when presented in an environment of abundant titanium, indicating that Eq.
4.6 1s also involved with the formation of TiB in all three ceramic-containing compositions.
Additionally, Eq. 4.7 indicates that during the phase evolution of the CPTi-B4C reaction zone,
free carbon can help to drive the formation of TiB and TiC. When considering the combination
composition (CPTi-B4C-BN), which exhibited microstructural characteristics of both the CPTi -
BN and CPTi-B4C compositions, the lowest free energy change among all relationships are for
Eqgs. 4.7, 4.3, and 4.5, indicating that the theoretical formation of TiB,, TiC, and TiB are the
most spontaneous. While these phases are present in the microstructure, it is clear that TiN is
also a predominant phase in the microstructure, indicating that for this specific composition the

analysis does not agree completely with our experiment. This is likely due to the fact that in the



melt pool (as well as very near to the melt pool) there are steep thermal gradients which
significantly affect the reaction characteristics. Because BN particles have some internal porosity
(Fig. 3) in comparison to the B4C particles, it is likely that the temperature and localized heating
in those areas are higher than near the B4C particles. This would result in lower amounts of
conductive pathways for heat transfer near the BN particles and cause more reaction to occur

near to these particles, in comparison to the B4C particles.

4.3 Effect of ceramic reinforcement on thermal oxidation behavior: For each

composition, thermal oxidation is a multi-factor phenomena governed by temperature, hold time,
and environmental conditions. For titanium on its own, a material known for its affinity for
oxygen which limits its temperature capability to 500-600°C in some cases, the issue is not only
the surface scale growth than can cause cracking, but also the ingress of oxygen into the titanium
lattice structure which can cause embrittlement and degradation of mechanical properties [48].
From the mass change curves (Fig. 5), it is clearly seen that the presence of ceramic
reinforcement significantly influences the oxidation behavior at 850°C and 1000°C by
decreasing the mass gain as well as the K, values by 45% to as high as 2.5X (250%),
respectively. At 700°C all compositions exhibited a parabolic-breakaway regime indicative of a
slow-growing uniform scale, where the oxide scale is beginning to form at points along the
surface, but has yet to fully combine in different regions. This results in multiple regions where
new growth takes place, and the resulting weight change is recorded. This changes as the
ceramic reinforcement transitions this growth behavior from linear to parabolic at 850° and
1000°C, indicative of a slow-growing protective coating without spallation or cracking at high
temperature. This is attributed mainly to the formation of dominant reinforcing phases such as
TiN, TiB and TiB,, which have previously been shown to have a favorable effect on the
oxidation behavior of titanium [49]. Not only do these phases prevent the formation of a scale on
the surface, but also decrease the mobility of oxygen ingress and formation of “alpha-case”
which is detrimental to the titanium lattice structure. This is especially the case at 1000°C, a
temperature well above the p-transus where the BCC phase can provide higher mobility to the
oxygen through the scale as well as into the bulk structure [49]. Despite the decrease in mass
gain when exposed to high temperature, bulk hardness of the ceramic compositions is shown to

increase overall when exposed to rising temperatures (Fig. 8B). This was mostly at temperatures



of 850°C and 1000°C, indicating that there is both phase evolution occurring during processing
as well as during oxidation >850°C. This effect was most clear in the CPTi-BN composition
which was shown to have a predominantly TiN and TiB microstructure, as well as high-
reactivity during processing. It is clear that the reactions forming the in situ phases continued
progressing when exposed to high temperature as was shown in [49], resulting in a more
depleted titanium matrix and higher percentage of ceramic (and a correspondingly higher
hardness). SEM micrographs in Figure 9 indicate the continued reaction of both the BN and
B4C reinforced compositions, whereby increased reaction zone thickness and the disappearance

of the original BN particles is observed in the oxidized microstructures.

Understanding this phase evolution and effect on properties may be an important
consideration for future work with the implications of component life when exposed to
temperatures greater than 850°C. For the CPTi composition on its own, a decrease in hardness is
shown at 700°C and 850°C likely due to annealing of the microstructure, but an increase at

1000°C likely due to the ingress of oxygen into the bulk structure and emphasizing the need for
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Figure 13: Mass gain of CPTi-B4C-BN composition in comparison to commercial alloys in the
literature.



In comparison to literature of other commercial titanium alloys developed for high-
temperature applications (Fig. 13), the CPTi-B4C-BN composition at 850°C outperformed
Ti6Al4V tested at 800°C [50], and performed comparably in terms of mass gain to IMI-834 &
TizAl at 700°C [51,52]. Although reporting lower Kp values, Hai et al. (2009) also reported
oxide scales in the 3-5um range for 800°C oxidized at 17hrs, indicating that the CPTi-B4C-BN
composition (scale of 15.0+£1.4um at 850°C) maintained a similar overall scale thickness to the
high-performance material developed with multiple alloying elements. In addition, both Hai et.
al (2009) and Cvijovic-Alagic (2019) showed the formation of cracks in the combined Al>Os-
TiO; scales owing to differences in the thermal expansion characteristics [53], indicating that the

singular scale phase contributes to better adhesion to the base material.

4.4 Effect of ceramic reinforcement on thermomechanical and wear behavior: The

properties of metal-ceramic composites are heavily influenced by their distribution of
reinforcement phases, composition, and the processing methodology utilized [54,55]. While most
composites can be analyzed from a rule-of-mixtures perspective, the in situ reactivity exhibited
in the present work does not fully describe the properties of these composites. From a
mechanical perspective, properties such as compressive modulus and strength are significantly
affected by the nature of the reinforcing phases. For the CPTi-BN composition, the CPTi
modulus was increased as high as 56% to 179+11GPa with only a 24% increase in strength
owing to the formation of TiN (E~420GPa) and TiB (E~425-480GPa), which act in conjunction
to increase the strength and modulus of the composite. However, large-scale cracks in the
microstructure after compression failure indicate that this composition exhibits brittle
characteristics. These were alleviated with the reduced amount of BN and introduction of B4C
particles in the CPTi-B4C-BN composition, where failure mainly initiated through cracking in
the reinforcement B4C phase as has been shown similar in [56], with crack arrest by the CPTi
matrix and no crack propagation through the microstructure. This composition demonstrated the
highest strength (758+14MPa), a 55% increase in comparison to CPT1, with only a 33% increase
in modulus (152+8GPa) indicating that the combination of B4C and BN phases results in the
greatest increases in strength at limited cost to ductility, while still maintaining the TiN and TiB

phases that aid in wear-resistance. These values are comparable to other works involving TiB



reinforcement into titanium using powder metallurgical and/or self-propagating synthesis which
result in strengths and moduli ranging from ~485-1100MPa depending on the amount of
reinforcement and titanium alloy used as the matrix [54,57-59]. Namini et al. (2017)
demonstrated a tensile strength as high as 485MPa with a 2.4wt% incorporation of TiB; into the
titanium matrix using spark plasma sintering processing. Similar to the present work, grain
refinement and reinforcement were shown to be the dominant reinforcing mechanisms [60].
From Fig. 10C, the thermal diffusivity of the CPTi matrix did not significantly differ compared
to literature values, indicating that highly refined grain structure did not alter the thermal
transport capability. Ceramic reinforcement had limited effect on adjusting the thermal transport,
with only 5-15% difference across 50°C-300°C, indicating that the titanium matrix material is
the main thermal conductor, and the introduction of reinforcing phases in small amounts does not
compromise the thermal transport through the bulk structure as is typically the case with

advanced high-temperature coatings.

Ceramic reinforcement significantly influenced the reciprocating-wear behavior of the
composites (see Fig. 12). BN incorporation (and subsequent TiN and TiB phase formation)
proved to maintained stable COFs within the first 35-50m of testing (from 0.8-0.9 to 0.75-0.85 at
1000m), and was also exhibited within the CPTi-B4C-BN composition. The significantly smaller
wear track diameters and limited evidence of gashing indicate its higher resistance to wear
degradation in the presence of the reciprocating load and in comparison to the titanium matrix.
The compound wear rates for the CPTi-BN and CPTi-B4C-BN compositions were 0.17+0.003
(10 mm3*N"*m™) and 0.12+0.0.010 (10* mm3*N-'*m™!), respectively. Compared to titanium,
these composites exhibited a 3.5X and 5X decrease in overall wear rate over the course of the
1000m test. In comparison to other works, the COF ranges were comparable to Traxel et al.
(2018) which involved Ti-10wt%BN and COF ranging from 0.8-0.9 and limited wear debris
exhibited throughout testing and hardness in the 1000-1400HV, as well as Sahasrabudhe et al.
(2016) which featured an in situ nitride titanium surface and COF in the range of 0.7-0.9 during
reciprocating wear testing with hardness as high as 1200-1400HV [61].



4.5 Future Directions: The combination of TiN, TiB and B4C phases in the CPTi-B4C-

BN composition demonstrated a combination effect on the properties which resulted in the most

desirable compression and wear testing, with acceptable oxidation performance and maintaining
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costs for manufacturers of advanced components. Many different variant compositions can be
envisioned, such as a higher loading of B4C that could further enhance the strength and oxidation
resistance. Further, CPTi (unalloyed) material was used as the matrix in this study to understand
the reactions of the feedstock powders with the base material, but it is envisioned that other
additions of alloying elements could be used to further tailor the properties as has been shown in
[12,16]. In addition, other reinforcing phases could be used to tailor the structural, biological,

and/or thermal properties in different applications other than with the use of titanium.

5. Conclusions

Reactive-deposition based additive manufacturing was successfully employed to produce

ceramic-reinforced titanium matrix composites with superior properties in comparison to the



base material, as well as site-specific reinforced structures. Multiphase microstructures
comprised of titanium-based borides and nitrides were identified via SEM microstructural
analysis and substantiated from XRD and Gibbs free energy analysis. BN-reinforcement
significantly influenced the oxidation behavior from 700 to 1000°C, reducing the weight gain
and scale thickness. Combined reinforcement significantly enhanced the strength and wear
resistance at low cost to increasing the overall stiffness and propensity for brittle failure mode
under loading. Our results indicate that combined ceramic-reinforcement via directed energy
deposition can be exploited to enhance the material properties of commonly used materials such
as titanium, as well as the ability to use a commercially-available additive manufacturing system

to functionally reinforce a structure to achieve site-specific functionality.
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