High Temperature Strength of an Ultra High Temperature Ceramic produced by Additive Manufacturing
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Abstract
In this study hafnium diboride was fabricated using the additive manufacturing technique robocasting. Parts have been successfully produced with complex shapes and internal structures not possible via conventional manufacturing techniques. Following pressureless sintering, the monolithic parts reach densities of 94–97 % theoretical. These parts exhibit bending strength of 364±31 MPa at room temperature, and maintain strengths of 196±5 MPa up to 1950 °C, which is comparable to UHTC parts produced by traditional means. These are the highest temperature mechanical tests that a 3D printed part has ever undergone. The successful printing of the high density HfB2 demonstrates the versatile range materials that can be produced via robocasting using Pluronic pastes.
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Introduction

Additive manufacturing, also known as 3D printing, offers many advantages over traditional manufacturing methods for both prototyping and complex shape production. Recent research on additive manufacturing of ceramic materials has accelerated as processing techniques improve,[1] but it is still far behind additive manufacturing of metals and polymers[2], [3]. Robocasting is a direct writing additive manufacturing technique that deposits a continuous flow of paste material through a nozzle in three dimensions. [4]–[6]. The rheological behaviour of the paste is arguably the most important factor in the process as this controls both the extrusion of the paste and shape retention of the resultant piece. A number of different methods for tailoring these rheological properties have been investigated, including hydrogels,  [7]colloidal suspensions whose rheology has been optimised by tuning pH or ion concentration [8] and pastes with very high solids loading , which dry rapidly after extrusion. Robocasting has concentrated on commonly used ceramics, with a focus on biological applications [9], [10] . Robocasting has been used to produce high density alumina  [7], [11] , mullite [12], tricalcium phosphate [13] and SiC [7], [14], and many other ceramics. 

Ultra-high temperature ceramic (UHTC) materials such as hafnium diboride (HfB2) exhibit a combination of high thermal conductivity and high temperature strength, making them candidates for the leading edges of hypersonic and re-entry vehicles [15], [16]. Shaping of UHTC materials is typically done via electro-discharge machining of dense sintered pieces. This is a major advantage compared to non-conductive ceramic materials, and allows fast production of simple shapes. However it does not allow for complex 3D shapes or internal structures such as cooling channels which require new production processes such as additive manufacturing.

The majority of conventional processing of UHTCs is centred on ZrB2, with tape casting [17], gelcasting [18], slipcasting [19], and injection moulding [20] being used to produce parts of near full density. So far there are only a limited number of reports of additive manufacturing of UHTC materials, with a small number of researchers using laser or electron beam based sintering, with either poor or no densities being reported in the resultant parts [21], [22]. Some robocasting of ZrB2 has been attempted in the literature, but crucially no densities or mechanical properties have been reported [23].

This paper investigates using robocasting to produce HfB2 parts with high density, internal structures, and high mechanical strength at ambient and elevated temperatures. To achieve this, the rheology of HfB2 powder laden hydrogels is tuned to suit the printing process, and the drying and pressureless sintering of the resulting printed structures is tailored to give high density parts. Lastly, the microstructure of the resulting material is analysed and the mechanical properties at room and high temperature are discussed with reference to the microstructure and properties obtained elsewhere.
Experimental

A commercial hydrogel, Pluronic F-127 (Sigma-Aldrich, UK), was combined with de-ionised water to form a 25 wt% mixture. This mixture was stored at 4 °C for 12 hours until a homogenous solution was obtained. HfB2 (Treibacher Industries, Austria), B4C (H.C. Starck, Grade HS, Germany) and Dolapix (Zschimmer – Schwarz) at weight ratios 97.9:2.0:0.1 were then added to the solution in several steps, mixing with a planetary mixer (ARE-250, Thinky, Japan) at 2000 RPM for 1 minute and cooling between each step, until a homogeneous 40 vol% solids paste is obtained. This was then de-foamed in the same mixer at 2200 RPM for 2 minutes before manually loading the paste into syringe barrels with a spatula, ensuring no bubbles or voids are caught in the syringe. 

The rheology of the pastes was measured using a 40 mm parallel plate geometry (Discovery HR-1, TA Instruments, Germany) with a solvent trap to prevent drying. Both the storage and loss moduli were measured using oscillating torque experiments, and the shear thinning effect was measured with strain rate ramp experiments.

[bookmark: _GoBack]The printing tool path was designed in Aerobasic G-code, with a raster pattern running parallel to the long axis of the test bar samples. A conical syringe nozzle of 0.41 mm internal diameter was used to print the parts. Printing was carried out on a robocasting system (3dInks, USA) onto a polished polytetrafluoroethylene (PTFE) substrate at a speed of 20 mm/s with an X and Z spacing of 0.34 mm. A custom-built enclosure was used to ensure temperature and humidity were stable at 23°C and 70-80 % respectively. The printed parts were then slowly dried in a sealed container at room temperature for 1 – 2 days. The dry monolithic parts were then isostatically pressed in a fully evacuated pouch at 300 MPa for 1 minute using a cold isostatic press (Stanstead Fluid Power, UK). This process is expected to improve the green density of these parts.

Pressureless sintering was completed in a graphite furnace with heating and cooling rates of 10 °C min-1, a 1 hour hold at 600 °C to burn out the organics, followed by a 1 hour hold at either 2100 °C or 2200 °C. The final dimensions of the sintered samples used for strength measurements were approximately 4 x 3 x 25 mm.

The density of the sintered parts was determined using Archimedes’ principle and validated via image analysis using ImageJ. The microstructure was characterised by observing fracture surfaces in a scanning electron microscope, JEOL-5610LV. Grain size was estimated using ImageJ. The room temperature strength testing was performed on 17 samples using a Zwick-Roell 2.5 kN testing rig in a 3-point bend setup. High temperature results were obtained using a custom-built testing rig consisting of an MRF vacuum furnace mounted in a 100 kN universal test frame and 25 kN load cell, with molybdenum heat shields, tungsten elements and graphite push rods (3-point bend). Samples were loaded at a rate of 6 mm h‑1. Two samples were tested per temperature.
Results and Discussion
Rheology and Printing
For printing to be successful the ceramic powder must be mixed into a paste with suitable strength, stiffness and flow properties. To achieve this a hydrogel based on Pluronic F-127 was mixed with HfB2 powder and the sintering additive B4C. An example of the rheological properties of the resulting paste is shown in Figure 1. The paste shows the required shear thinning behaviour with a shear thinning coefficient of n = 0.24. This behaviour is important for extrusion as it allows flow through small nozzles at a reasonable pressure. The viscoelastic behaviour of this paste is typical of Pluronic hydrogel pastes used successfully in the literature [24]–[27]. Several solids loadings were used and the highest (40 vol%) that produced a paste that flowed well was selected.

Using this paste, a range of parts have been printed, see Figure 2c. The printed path can be selected such that the printed lines overlap and combine to form a monolithic part as detailed elsewhere[7], or alternatively internal channels can be incorporated, Figure 2a and 2b.
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[bookmark: _Ref509491333]Figure 1. Rheological behaviour of the HfB2 – hydrogel paste.
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Figure 2. (a, b) Examples of a parts with internal structure and (c) example of a complex shaped, dense part.

Processing & Microstructure
After printing, the parts must be dried slowly to avoid drying defects, and the parts must detach from the substrate during the drying process to avoid warping. Following drying the printed parts can be sintered in a conventional way; typical ramp rates, burnout, sintering temperatures and times have been used. Unlike other additive manufacturing techniques, the relatively low fraction of organic binder in the green bodies (~2.5 wt%) means that burnout can be completed quickly (1 hour).

The B4C phase was distributed evenly across the height of each of the samples, as shown in Figure 3. This indicates that HfB2 and B4C do not separate during printing and drying, for example via sedimentation of HfB2. This is significant, as HfB2 has significantly higher density than B4C (10.5 g cm-3 versus 2.52 g cm-3). This mixture of powders is therefore very prone to sedimentation, so the hydrogel is a very successful at preventing this. This is due to the fact that the Pluronic hydrogel effectively freezes the powder in place when at rest, preventing sedimentation and segregation, even in this system with powders of very different densities. For this reason the hydrogel is well suited to producing pastes with UHTC powders, as it effectively provides a structured matrix which holds and carries the ceramic particles.

In order to investigate the most effective conditions to achieve the highest density two sintering temperatures were used: 2100 °C and 2200 °C. The microstructure of the parts sintered at 2100 °C is typical of conventionally produced HfB2, with ~4 µm HfB2 grains surrounding smaller B4C rich grains, see Figure 4a. Conversely there is significant grain growth at 2200 °C. According to the known phase diagrams of this system no liquid is expected at 2200 °C, therefore any liquid formation which could promote grain growth would require some impurities such as oxides. The densities achieved by each set of samples is detailed in Table 1. 
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Figure 3. Section of a whole printed bar following sintering, showing an even distribution of B4C and density.
 [image: ]
Figure 4. Fracture surfaces of printed HfB2, sintered at 2100 °C (left) and 2200 °C (right).

Table 1. Densities and mechanical properties of the two groups of printed HfB2 bars.
	Material
	Image Analysis Density (%)
	Archimedes Density (%)
	Max Theoretical (g/cm3)
	Room Temp. Flexural Strength (MPa)
	Grain Size (µm)

	Fine Grained
	93.8 ± 1.2
	97.4 ± 0.7
	9.87
	364 ± 31
	3.7 ± 1.2

	Coarse Grained
	95.1 ± 2.2
	100.6 ± 0.4
	9.87
	287 ± 66
	54 ± 17



Mechanical Properties
The 3-point bending strength of the two groups of samples is detailed in Figure 5. At room temperature the strength of both materials is marginally lower than equivalent materials reported in the literature. However at higher temperatures, where the mechanical properties of this material are most important, the strength is comparable to those reported in the literature. The strength of the finer grained material is ~20% higher than the coarser grained samples. As is true of many ceramics, the room temperature flexural strength of HfB2 increases as the grain size decreases. Strength reported in the literature also varies depending on the sintering method, with pressureless sintering typically giving lower strengths than hot pressing.

As test temperature is increased the strength decreases by ~100 MPa over 1800 °C, Figure 5. This gradual drop is similar to the moderate reduction in elastic modulus over that temperature range and suggests it is related in part to a reduction in the surface energy. This effect has been reported elsewhere in the literature [28], [29]. As temperatures approaches 2000 °C the strength begins to drop more dramatically. This is also in agreement with the literature, and has been attributed to the onset of creep as a failure mechanism.[30] Figure 6 shows that for 500 oC the failure mechanism is transgranular. As the testing temperature increases the failure mode progresses to mixed mode and finally fully intergranular at 1950 oC.

To our knowledge this work comprises the highest temperature strength test of a 3D printed part ever conducted. The thermo-mechanical properties reported here show that additive manufacturing is a feasible method to produce HfB2 parts with acceptable strength up to very high temperatures. This may serve a number of applications in the aerospace industry.


[image: ]
Figure 5. HfB2 bending strengths compared with the literature for a range of temperatures[28], [31]–[33].


[image: ]
Figure 6. Fracture surfaces of the fine grained and coarse grained samples fractured during high-temperature bending from 500°C to 1950°C.
Conclusions
This research shows that HfB2 with good mechanical strength and density can be produced via robocasting. We infer that this should be possible for many other UHTC materials too. Parts have been printed with complex geometries and internal structures with homogeneous microstructure. Due to the viscoelastic properties of the hydrogel used in the printing process, there is no evidence of segregation or sedimentation despite the wet processing conditions. The parts printed via this technique have a room temperature bending strength of ~350 MPa, and maintain a strength of ~200 MPa up to 1950°C. This is in line with the properties of HfB2 produced by conventional means.
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