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Abstract

Complex-shaped TiCx ceramic preforms with a gradient of carbon content in the titanium
carbide phase (x changes from 0.7 to 0.98) were fabricated for the first time by Binder jet 3D
printing technology. The complex-shaped preforms were infiltrated with molten carbon steel
(0.7 wt.%C). Thermodynamic considerations showed that carbon could be transferred from
titanium carbide to steel and vice versa according to the initial concentration of carbon
(activity) in both phases. After infiltration, solidification and slow cooling, a microstructural
gradient was obtained throughout the steel matrix from ferrite, in the region where the steel
was in contact with titanium carbide of low carbon content (x=0.7), to pearlite, in the region
where the steel underwent interactions with stoichiometric titanium carbide (x=0.98). After
annealing at 900°C and quenching in oil, a structural gradient in the steel matrix from ferrite

to martensite was obtained, resulting in a hardness gradient of 700-1600 HV. The suggested
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processing approach allows for fabrication of complex-shaped graded composites with the

desired property gradient suitable for a wide range of practical applications.

Introduction

Implementation of a graded materials concept provides material designers with additional
degrees of freedom for designing and manufacturing the material components required to
meet specific goals. Many approaches have been employed for the fabrication of ceramic-
metal composites (cermets) in which the metal-to-ceramic ratio varies gradually along certain
pre-determined directions as a result of free infiltration of a porous ceramic preform with
graded porosity [1-5]. An approach for the fabrication of graded cermets, based on a
composition-dependent interaction between the ceramic phase and the molten metal, was
previously suggested and implemented for the fabrication of graded titanium carbide/steel
cermets [6]. In the present study, this approach was applied to a system consisting of the
titanium carbide phase of various carbon content and plain carbon steel (0.7 wt.%C).
Titanium carbide displays a wide stoichiometric domain from 33 at.%C (TiCo4g) to 49 at.%C
(TiCogs), with its thermodynamic properties strongly depending on the composition. It was
shown that the carbon activity in the ceramic phase varied from 1 for titanium carbide TiCp gs
to the extremely small value of about 107 for titanium carbide with the lowest carbon content
[7] (with graphite and a-Fe being the standard states). General thermodynamic considerations
showed that the interaction between the stoichiometric titanium carbide and the molten steel
with 0.7 wt.%C (in which the carbon activity at 1550°C was about 10?) led to enrichment of
the steel by carbon (up to 0.8-1.0 wt.%C), while the interaction of steel with titanium carbide

of lower carbon content led to significant carbon depletion of the steel (less than 0.1 wt.%C)

[8].



It is well known that carbon content in molten steel dictates the microstructure of the steel
matrix of infiltrated composites after solidification and cooling. The mechanism of
microstructure evolution includes carbon diffusion from the ceramic phase to the steel, or vice
versa, according to the initial carbon activity in the both phases. The microstructure of the
steel after solidification and slow cooling was determined by assessing the final carbon
concentration. Appropriate heat treatment of the composite could lead to desired phase
transformation and mechanical properties evolution in the steel matrix of the infiltrated
composites. It was established that the metallic matrix of composites fabricated with
stoichiometric titanium carbide (TiCogs) displayed a pearlitic microstructure, while for
composites with ceramic preforms made of TiCy 7, the microstructure of the metal matrix was
mostly ferritic [6]. These microstructural changes in the metal matrix, occurring over a
relatively narrow change of the carbon content in the titanium carbide phase, open the
possibility of producing graded composites. This possibility is based on the effect of carbon
content in the metal matrix on the microstructure and properties of the matrix after quenching.
While quenching hardly changes the hardness value of the ferritic matrix, this trait
significantly increases in the pearlitic matrix due to the formation of martensite. Thus, by
varying the titanium carbide composition along certain directions of the ceramic preform,
with subsequently infiltration with molten steel and quenching of the infiltrated composites, a
graded material can be generated, in which hardness varies according to microstructural

changes in the metal matrix.

A thermodynamic analysis of the TiC,/steel system that takes into account carbon activity in
both phases [7,9] allowed to design the final composition of each layer of the infiltrated
composite and hence, its final properties. To fabricate graded composite parts with complex
geometries, an additive manufacturing (AM) approach for ceramic preform preparation can be

applied [10]. Here, a ceramic preform with complex geometries would have to be infiltrated
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by molten carbon steel to produce TiC/steel composites. Several different AM techniques are
used today to fabricate ceramics parts [11]. Previously, yttria-zirconia structures with precise
complex geometries [12], as well as SiC [13] (subsequently infiltrated with Si to form Si/SiC
composite) and Al,O3 [14,15] parts, were fabricated using selective laser sintering.
Stereolithography has been reported as a processing route for the production of turbine airfoils
made of fused silica [16], microwave guides made of zirconia [17], hydroxyapatite bone
implants [18] and honeycomb silicone oxicarbide structures for various applications [19].
Studies of extrusion free-forming of silicon nitride, lead-zirconate-titanate, lead-magnesium
niobate and alumina [20—22] have been reported. Presently, however, the most widely applied
ceramic additive manufacturing technique is 3D-printing. Examples of 3D-printing of
ceramics include dental restorations [23], miniature heat exchangers [23-25], impellers [26],
and micro-pillar arrays [27] for direct 3D-printing (i.e. direct deposition of the ceramic
suspension), as well as bone implants [28] and macrocellular structures [29,30] by the indirect

technique, also known as binder jetting.

Binder jetting uses several ejection nozzles for scalable parallel application of a binder to a
powder in the powder bed. High deposition speed, along with no need for a high-powered
energy source, makes binder jetting a fast and low cost process. One of the most important
benefits of this approach is the ability to produce parts with geometries of any complexity
without the need for support structures. Binder jetting allows for the arrangement of several
separated or interconnected (assembly) parts, arrayed and stacked in the powder bed, thereby
greatly increasing the number of parts printable in a single print job [31,32]. After printing,
the part can be infiltrated by a molten metal, which imparts special properties to the final
product [10,11]. Binder jetting has been used for fabrication of many ceramic-based

composites, such as Si/SiC[30,33], Al,03/Cu[34] and TiAls/Al,03[35]. TiC/TiCu composites



have been produced using 3D-printing of starch and subsequent infiltration with TiCu alloy

[36]. 3D-printing of TiC structures from TiC powder has, however, not yet been reported.

Here, we report on an approach for the fabrication of fully dense graded titanium carbide/steel
composites with tailored properties by binder-jet 3D-printing of complex-shaped TiC

structures and their free infiltration with molten steel.

Materials and Methods

Materials

Non-stoichiometric TiCx (x = 0.7, 0.8, 0.9, 0.98) powders were prepared by mixing TiCggs
powder (CERAC, 99.5% pure, ~44 microns) and Ti powder (Alfa Aesar, 99% pure, ~44
microns) in appropriate ratios by ball milling (boron carbide crucible and grinding balls) for 1
hour. SAE1070 steel (C - 0.65-0.75%, Mn - 0.6-0.9%, P < 0.040% , S < 0.050%) was used for

infiltration of the ceramic preforms.

Design of the final composition

To design the final composition of the composite, thermodynamic equations of carbon activity
in steel and carbide, described in previous worka [9,37], were used for the computational
calculation of TiC/steel reaction products. The calculation was performed using equations for
four titanium carbide compositions (TiCo7, TiCog, TiCoyg, TiCogg) and SAE1070 (0.7 wt.%C)
written in Matlab software, provided in the “Thermodynamic calculations” section of the

Supplementary Materials .

Processing
Several simple- and complex-shaped graded parts, consisting of four layers with various

titanium carbide compositions (TiCo7, TiCgg, TiCog, TiCpos), Were printed using the ExOne
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X1-Lab binder jet machine at the Manufacturing Demonstration Facility (MDF), Knoxville,
TN. Key parameters of the printing process were as follows: The feed powder to layer ratio
was 2.5:1, each printed layer was 100 microns thick, the powder spread velocity was 0.5
mm/sec, and binder saturation and powder packing were 80% and 35%, respectively. The
ExOne commercial ProMetal R-1 Binder was used for all printed parts. The obtained green
body parts (see below) were free-infiltrated with SAE1070 steel in a vacuum furnace (<10
torr). The infiltration process included two heating stages. First, heating and holding at
1400°C for 4 hours to enable the synthesis of TiCy from the mixed powders, and then heating
and holding at 1550°C for 15 minutes. After cooling in the furnace, the samples were cut,
mounted and polished for further study. After infiltration, the samples were heat-treated at

900°C for 30 minutes and quenched in oil.

3D-printing process

Binder jetting is an AM process that utilizes inkjet technology to deposit a binder into a
powder bed. The process starts with a spreading of the powder with a roller into a ~100
micron thick layer. Then, an inkjet print head passes over the layer and deposits the binder
into a two-dimensional pattern corresponding to the cross section of a specific layer of the
part. The built area is then lowered to the desired layer thickness, more powder is spread, and
the process continues at the next layer until the part is fully printed. Due to the chemistry of
the binder, the part must then be cured at 200°C while remaining in the powder bed. Once

cured, the part is in the “green” state and can be removed from the powder bed.

Characterization
The microstructure of the specimens before and after infiltration and quenching was evaluated
using an optical microscope (Zeiss, Aalen, Germany) and a High Resolution Scanning

Electron Microscope (HRSEM, JEOL JSM 7400F). Phase composition was determined by X-
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ray diffraction (XRD) using a Rigaku RINT 2100 (Tokyo, Japan) diffractometer with Cu Ka
radiation (A= 0.1542 nm). The operating parameters were 40 kV and 40 mA, with a 20 step
size of 0.033. The XRD patterns were analyzed using the whole pattern fitting approach with
MDI Jade 2010 software (MDI, Livermore, CA). Prior-to-infiltration samples of each
composition, synthesized at 1400°C for 4 hours, were ground to powder for XRD analysis in
order to confirm that the desired stoichiometry was achieved. XRD examination of the
samples after infiltration was carried out on both sides of the composite, where the initial
titanium carbide stoichiometry was TiCp7; and TiCpos, respectively Vickers hardness

measurements were performed using a Buehler Micromet 2010 apparatus under a 2 kg load.

Results and Discussion
Due to the impressive geometrical versatility of the printed parts, infiltration-oriented profile
and highly economical operation, binder jetting was used for fabricating graded complex-

shaped TiC parts. The fabrication process used is illustrated in detail in Figure 1.
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Figure 1. Fabrication of fully dense 3D-printed graded TiC/steel composite.

To create varying spatial composition based on the desired TiCy stoichiometry profile
(calculated by thermodynamic analysis), TiC and Ti powders with various TiC/Ti ratios,
corresponding to TiCy compositions with x=0.7, 0.8, 0.9, 0.98, were mixed and heat-treated at
1400°C for 4 hours. XRD analysis of the heat-treated ceramics showed no evidence of free Ti,
with the lattice parameters estimated from the diffraction spectra being 0.4325, 0.43306,
0.43286 and 0.4328 nm for the above-mentioned mixtures presenting x values of 0.7, 0.8, 0.9,
0.98, respectively. The obtained results were in a good agreement with those reported in the
literature [8] (Figure 2) and confirmed that the applied heat treatment allowed complete
transformation of the Ti-TiC powder mixtures into a single titanium carbide phase of the

various desired compositions.



The Ti-TiC mixtures were used for 3D-printing of four-layered parts with various geometries,
such as a hollow and a full cone, a helical gear, a “spider web” lattice truss, “Lego bricks” and

simple cubes (Figure 3 and Supplementary Movie S1).
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Figure 2. Lattice parameters of the titanium carbide phase as a function of its composition [8,38-41].
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Figure 3. 3D-printed TiC, preforms with various geometries: a) helical gear, "spider web" lattice truss
and simple cubes; b) hollow and full cones; c¢) "Lego brick"; d) helical gear; e) "spider web" lattice
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The graded preforms were heat-treated at 1400°C for TiC, formation and infiltrated with
molten steel at 1550°C. The microstructure of each layer of the infiltrated specimens was
examined before and after quenching (Figures 4 and 5, respectively). The microstructure
consisted of smooth-edged ceramic grains, surrounded by the steel matrix. This feature is
attributed to the partial dissolution of the ceramic particles in the molten metal [9]. The layer
with TiCy 7 displayed a mostly ferritic microstructure (Figure 4a) while the degree of pearlite
phase increased as one approached the layer with TiCygg (Figure 4b and c), where steel

mostly presented a pearlitic microstructure (Figure 4d).

Figure 4. SEM images of polished and etched (Nital, 4%) composite layers with various initial
compositions of titanium carbide before quenching: (a) x = 0.7, (b) x = 0.8, (c) x = 0.9 and (d) x = 0.98.
I DON'T SEE THE (c) ON THE PANEL

Grain growth of the ceramic phase with initially low carbon content was observed. It is well

known that mass transport and grain growth during sintering of titanium carbide powder

strongly depends on its stoichiometry. Significant grain growth was observed for titanium
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carbide with low carbon content, even at relatively low sintering temperatures [42]. In our
case, synthesis of titanium carbide of the desired stoichiometry was conducted at 1400°C for

4 hours. Evidently, these conditions were sufficient to provide the grain growth observed.

Gradually increasing the carbon content in steel from the TiCg 7 side of the composite towards
the TiCogs side was reflected in the post-quenching microstructure (Figure 5). The
microstructure mostly consisted of un-transformed a ferrite on the TiCy7 side (Figure 5a),

while fine martensitic microstructure was clearly observed on the TiCy g side (Figure 5d).

Figure 5. SEM images of polished and etched (Nital, 4%) composite layers with various initial
compositions of titanium carbide after quenching: (a) x = 0.7, (b) x = 0.8, (c) x = 0.9 and (d) x = 0.98.
The magnified image (x5000) in (d) shows the fine martensite structure in the vicinity of TiCqgg in

detail.

The lattice parameter calculated from the XRD spectrum taken from the TiCo; layer after
infiltration corresponded to that of the TiCpg layer. According to the EDS analysis, the Ti

content in the steel that was in contact with TiCy7; was about 0.8wt.%. Before quenching,
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hardness values along the composite varied only slightly from 700 to 1000 HV on the TiCq7;
and TiCy g sides, respectively. After quenching, the hardness values in the carbon-rich (i.e.,
martensite-rich) layers significantly increased up to 1600 HV, providing a 700 + 1600 HV

gradient along the composite (Figure 6).
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Figure 6. Hardness values of the composite layers as a function of titanium carbide composition

before and after quenching.

In this article, we designed TiC/steel composites with tailored gradients of properties using
thermodynamic predictions and, for the first time, fabricated fully dense complex-shaped
parts by binder-jet 3D-printing and free infiltration. This approach opens the door for

advanced applications in tooling, wear, aerospace, ballistic and other fields.
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