
1 

Melt/solid interaction and melt super-saturation effect on the microstructure asset of ultra-

refractory composites prepared by reactive melting infiltration 

Laura Silvestroni1*, Antonio Vinci1, Nicola Gilli2, Luca Zoli1, Diletta Sciti1, Dietmar Koch3, Marius Kütemeyer4 

1CNR-ISSMC (former ISTEC), Institute of Science, Technology and Sustainability for Ceramics, Via Granarolo 

64, 48018 Faenza, Italy 

2CNR-IMM, Institute for Microelectronics and Microsystems, Via Gobetti 101, 40129 Bologna, Italy 

3Univ. of Augsburg, Inst. of Mater. Resource Management, Am Technologiezentrum 8, 86159 Augsburg, 

Germany 

4German Aerosp. Center (DLR), Inst. of Struct. and Design, Pfaffenwaldring 38-40, Stuttgart 70569, Germany 

Abstract 

The reactions occurring between a Zr2Cu melting phase and possible compounds intended for use in 

ultra-refractory ceramic matrix composite, i.e. SiC, TiB2 and ZrB2 are first explored through sessile drop tests, 

confirming a promising infiltration capability of the melt. Then, a multiphasic ultra-high temperature ceramic 

matrix composite was prepared by reactive melt infiltration (RMI), using a TiB2-coated carbon fiber preform 

infiltrated with Zr2Cu at 1500°C which resulted in the precipitation of ZrB2 and ZrC sub-micrometric faceted 

grains and a general damage of both fiber and fiber coating, which were penetrated by the melt. Then, to 

decrease the RMI process temperature down to 1200°C and limit the fiber damage degree, a second 

composite was prepared introducing an additional ZrB2-B infiltration step. Although processing at 300°C 

lower, notable alteration of the fiber occurred upon reaction with the Zr2Cu melt and developed a ZrC scale 

around them, but still allowing pull-out. In addition, the local B-rich environment promoted the development 

of a dual-phase microstructure within the matrix composed of new sub-micrometric grains and of larger ZrB2 

grains, partially dissolved in the melt and re-precipitated acquiring a nano-sized lamellar eutectic structure. 

The combination of factors on multiple scale length, from the micro- of the fiber to the nano-of the lamella, 

seems to provide synergistic reinforcing phenomena and thus could be a valuable approach to develop 

materials for extreme environments. 

Keywords: Borides; reaction melt infiltration; dual-phase microstructure; eutectic structure. 

1. Introduction

With the advancement of new aerospace vehicle designs, sharp components are essential to enable 

better maneuverability and higher performance. Significant aerodynamic drag, and hence localized 
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aerodynamic heating, characterizes the sharpest components of these vehicles, which are thus the most 

solicited regions. As such, they require a combination of thermo-mechanical properties which are currently 

unmet by currently used materials. Failure tolerance, resistance to thermal shock, high temperature stability 

in oxidizing environment are some of the key properties which have to be simultaneously achieved in new 

generation materials to sustain hypersonic flights. Current Cf/C and Cf/SiC composites, although they might 

be suitable for very short flight durations, are not appropriate for an extended flight envelope [1], [2]. Indeed, 

acute tips will touch temperature above 2000°C and, in oxidizing environment, both types of composites will 

suffer remarkable ablation [3], [4]. Promising materials to be used at such temperature with minimal erosion 

are the class known as ultra-high temperature ceramics (UHTCs),[5] which possess melting points over 

3000°C and have zirconium diboride (ZrB2) as forefather [6], [7]. The union between the classical ceramic 

matrix composites (CMCs) and UHTCs has recently generated a new class of hybrid materials, named 

UHTCMCs, having a refractory ceramic as matrix, and SiC or C fibers as reinforcement [8]–[14]. Tailoring the 

matrix chemistry and morphology on one side and the amount and type of reinforcement on the other side 

promise unprecedented performances in extreme environment, by combining the strengths of both 

components. 

Reactive melt infiltration (RMI) is a convenient technique to produce ceramic matrix composites 

[15]–[19]. It is advantageous over other fabrication techniques, like polymer infiltration and pyrolysis (PIP) or 

chemical vapor infiltration (CVI), in terms of shorter producing times, lower costs, lower fraction of residual 

porosity and possibility to obtain large parts and near-net-shape components [20]. The process utilizes 

porous preforms, which are infiltrated by a melt that, under the driving force of capillary action, fills the 

pores, reacts with the preform and ultimately yields a dense composite with a matrix dependent on the 

chemistry of the melt, the features of the preform and the infiltration atmosphere used. However, as main 

drawbacks, the RMI method uses melts which can be very aggressive towards the fiber, like the case of 

transition metals containing ones, so a protective coating is often required. Furthermore, the final density of 

the component might be relatively high, owing to residual metal alloy or new reaction products trapped in 

the matrix. 

The most commonly employed melt is silicon which results in high performance Cf/C-SiC composites 

[21]. Despite the complexity and dynamicity of the RMI process, subject to element concentration and 

temperature local variations, recent literature reported good agreement between modelling of channel filling 

and reaction phase formation with experimental data in Zr-Si-C systems,[22], [23] putting forward the 

practicability of a more controllable process even in more complex system as compared to the conventional 

Si-C one. 

In the perspective of increasing the high temperature stability of composites, the wetting behavior 

of the melt towards the porous Cf/UHTC preform is fundamental for the success of the RMI process. 

Therefore, the most important parameters for achieving a suitable infiltration depth during the process are:  
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 atmosphere and infiltration temperature, which in turn impacts on 

 melt viscosity and contact angle with the preform,  

 reaction phases and corresponding properties, 

The ideal phase should have a low melting temperature to enable easy processing, it should homogeneously 

wet the preform and react or decompose forming high melting point compounds. 

Possible candidates to obtain a ZrB2-filled carbon fiber fabric include copper, silicon or Zr-Cu alloys. 

Si melts at higher temperature, 1400°C, wets ZrB2, but the reaction products are ZrxSiy which have low melting 

phases and are brittle.[24] In addition, the volume expansion due to SiC formation needs higher infiltration 

temperatures necessary. Amongst Zr-Cu alloys, Zr2Cu has a low congruent temperature at 1025°C. 

Copper melts at 1085°C and Zr-Cu alloys are liquid already from about 900°C.[25] The Zr released by 

the liquid Zr2Cu is very reactive and can form additional ZrB2, in the presence of boron sources (R1), or ZrC, 

upon reaction with the fibers (R2).  

Zr2Cu + 4B → 2ZrB2 + Cu          R1 

Zr2Cu + 2C → 2ZrC + Cu           R2 

Thermodynamics calculations revealed that reaction R1 could occur at temperatures as low as 

1100°C.[26] As the melt gets impoverished of Zr, the stoichiometry changes and the alloy becomes 

increasingly richer in copper, which does not wet ZrB2 properly as featured by a contact angle >120°[27] and 

no interaction [28] and is also associated to a volume increase resulting from reaction R1, which pushes the 

residual Cu-alloy to segregate to the surface. 

Besides the melt/UHTC matrix interactions, the melt/fiber reaction must also to be taken into 

account. Unfortunately, like all compounds containing metals, Zr2Cu strongly reacts with carbon fiber and 

would convert it to polycrystalline ZrC, thus losing the carbon fiber reinforcing effect. Typical coating for 

carbon fibers are pyrolytic carbon, which would just delay but not block the consumption process, or better 

SiC or TiB2, in view of their compatibility with the ZrB2 matrix and envisaged working environment.[28] The 

information regarding the interaction between the selected melt, Zr2Cu, and the possible coatings, SiC or 

TiB2, has been poorly investigated, but it is of fundamental importance for defining the fracture behavior of 

the final composite, i.e. a low reactivity would guarantee fiber integrity, the desired fiber pull-out and UHTC 

toughening.[29], [30] Studying the wetting behavior between melts and SiC substrate is important also in 

view of extending the findings to polycarbosilane, which could be used as infiltration medium. 

The goals of this study are multiple:  

1) to check the interaction between a Zr2Cu melt and possible fiber coating, i.e. SiC, TiB2, ZrB2;  

2) to assess the reliability of sessile drop tests as fast method for evaluating the actual behavior of a UHTCMC 

produced by reactive melt infiltration;  

3) to use a low temperature melting and low viscosity phase as reactive compound to improve the infiltration 

within a C preform, to avoid the need of a fiber coating, and to neutralize residual Cu-based low melting 
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phases by dissolution and formation of more refractory compounds, i.e. to produce further ZrB2 upon the 

infiltration process. 

Under these perspectives, the sessile drop technique is here used to understand the interactions between 

the reactive melt and the three substrates; subsequently, infiltration of a porous TiB2-coated carbon fiber 

preform composite by Zr2Cu was accomplished, and then additional boron was introduced to the system to 

prepare a second composite using naked carbon fibers. 

The resulting diffusion couples and UHTC composites were investigated from a microstructural point of view 

to highlight key process parameters for optimizing the RMI process of UHTCMCs. 

 

2. Experimental procedure 

2.1 Materials 

To investigate the interaction between melt and ZrB2, TiB2 or SiC, the following fully dense ceramics 

were used as substrates: a fully dense ZrB2 ceramic provided by CNR-ISSMC (former ISTEC), Italy and 

produced according to the procedure described in [31], fully dense SiC and TiB2, both provided by FCT 

Ingenieurkeramik GmbH, Germany. As melting phase, Zr2Cu was used (HMW Hauner GmbH & Co. KG). The 

substrate materials were cut into 15 mm X 15 mm square plates with thicknesses between 2-3 mm and 

polished using diamond suspensions on a range of polishing discs, with an average surface roughness of 0.1 

μm. Before beginning the wetting experiments, the polished surfaces were cleaned using ethanol and 

acetone and then rinsed in an ultrasonic bath. 

 Subsequently, a UHTCMC was produced by RMI using Zr2Cu as melting phase as described in [15], 

essentially comprising the following steps: deposition of TiB2 by chemical vapor deposition (CVD) on pitch-

based carbon fibers sheets (XN80 Granoc, Nippon Graphite Corporation), infiltration of the TiB2 coated 

preform with a polycarbosilane (Starfire SMP-877) enriched with 70 wt% amorphous B powder (Tradium 

GmbH 95/97); stacking of the coated sheets in 0/90° configuration, dry, cure and pyrolysis and reactive 

infiltration with the Zr2Cu melting phase at 1500°C. This material was labeled as 1. The size of the composite 

was 50x50 mm2 with a thickness of about 10 mm and the penetration height was about 41 mm, as reported 

in [15]. 

Active phases, like B and C, can be used to further decrease the amount of residual melt inside the 

UHTCMC matrix.[28], [30] Therefore, in a following test, with the aim of preserving the fiber integrity and 

skipping the expensive and time consuming CVD process to deposit the TiB2 coating, a 1 at% B-modified Zr2Cu 

alloy (HMW Hauner GmbH & Co. KG) was selected to decrease the viscosity of the melting phase (from 103 

to 8x104 MPa·s at 1320°C) and better infiltrate the carbon fiber preform.[28] In addition, to decrease the 

unreacted Zr-Cu residuals, a ZrB2-25 vol% B slurry was used as infiltration UHTC source prior to the reactive 

stage.[32] For this material, labeled as 2, the procedure consisted in the infiltration of unidirectional fiber 

preforms with the ZrB2-B slurry and subsequent reaction with the Zr2Cu-B melt bath at 1200°C. Also in this 
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case, the size was 50x50 mm2 with 8 mm height, but differently from sample 1, it was fully infiltrated, 

including the sample holder.[32] 

 

2.2 Wetting tests 

Using the DSAHT LORA 1700 contact angle measurement system (KRUESS), a small granule of Zr2Cu 

alloy was placed atop the flat ceramic plate and heated from room temperature in the small tube furnace at 

ambient pressure under an Ar atmosphere. The furnace controller was set at a heating rate of 10 K/min from 

25-1000°C, 7 K/min from 1000-1200°C and 5 K/min between 1200-1500°C, with a total experimentation cycle 

ranging within 8-10 hours. The peak temperature for each experiment, 1500°C, was held for 20 minutes 

before controlled cooling at a rate of 5K/min. Between 1000-1200°C the melting temperature of all sample 

alloys was reached and some form of wetting was observed. Using windows fitted at the end of the furnace, 

the DSA4 camera system took drop-shape images of the melt’s shadow and recorded the associated contact 

angle; taking 4-5 images/K. Contact angles were recorded at 50°C intervals at the triple line points, at both 

the left and right sides of the droplet. The DSA4 software measures the volume and surface area of the drop 

as it wets, fitting the silhouette to Young-Laplace or Tangent algorithms and providing information about the 

melt’s spreading behavior. 

 

2.3 Characterization 

The microstructure upon substrate/drop interaction and cross section of the UHTCMCs was analyzed 

on polished cross-sections by field-emission scanning electron microscopy (FESEM, mod. IGMA, ZEISS NTS 

Gmbh, Germany) coupled to an energy dispersive X-ray micro-analyzer (EDS, mod. INCA Energy 300, Oxford 

Instruments, UK). For a selected material, a specimen was prepared for analysis by transmission electron 

microscopy (TEM, FEI Tecnai F20 ST) by conventional mechanical grinding. Local phase analysis was 

performed with an acceleration voltage of 200 kV. The TEM was equipped with an EDAX EDS X-ray 

spectrometer PV9761 with a super ultra-thin window. Indexing of diffraction patterns was carried out 

through the commercial software JEMS (Java Electron Microscopy Software, P. Stadelmann, Switzerland). 

 

3. Results and Discussion 

3.1 Contact Angle Measurements 

Table I summarizes the contact angles measured at 1200 and 1500°C on several substrates using 

different melt phases. Zr2Cu starts melting at around 1020°C, wetting the SiC substrate at an angle of 56°. 

Small decreasing steps in the contact angle (25°) could be measured at 1026°C, and again (15°) at 1057°C. By 

1065°C the melt fully wetted the SiC substrate. Both ZrB2 and TiB2 experienced very low contact angles, less 

than 10°, shortly after melting. The Zr2Cu alloy hence proved to display sufficient wetting tendency to 

promote infiltration of either SiC or Zr/TiB2-based substrates. 
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Given the lower viscosity of the B-modified Zr2Cu alloy, also this compound showed to be suitable for 

the reactive melt infiltration process. 

 

Table I: Summary of the contact angles at 1200 and 1500°C on SiC, ZrB2 and TiB2 using Zr2Cu and B-doped Zr2Cu as 

melting phases.[29] 

Substrate Melt 
Contact Angle [°] 

1200°C 1500°C 

SiC 
Zr2Cu 65 <10 

Zr2Cu-1B 45 <10 

TiB2 
Zr2Cu <10 <10 

Zr2Cu-1B <10 <10 

ZrB2 
Zr2Cu <10 <10 

Zr2Cu-1B n.a. n.a. 

 

3.2 Microstructure analysis 

3.2.1 Sessile drop tests 

Substrates 

The three ceramic substrates, SiC, TiB2 and ZrB2 were characterized by negligible residual porosity as 

ascertained by SEM inspection. SiC matrix contained less than 10 vol% B4C particulates and TiB2 impurities; 

TiB2 had a fraction of nitride impurities below 3 vol% and ZrB2 contained minor amounts of secondary phases 

including SiC, ZrO2, ZrSi2 and SiO2-based species, altogether below 5 vol%. 

 

SiC-Zr2Cu system - The interaction between the Zr2Cu alloy and the SiC substrate was very poor, although the 

drop had enough wettability. Indeed, the drop detached from the ceramic phase without development of 

any reaction phase, Fig. 1a. The microstructure of the unaltered substrate and drop are illustrated in Fig. 1b,c, 

respectively. 

 
Fig. 1: SEM images of the cross section upon wetting between SiC/Zr2Cu at 1500°C. a) Overall view of the 
detached drop, b) magnification of the unaltered SiC bulk substrate and c) of the alloy drop. 
 

TiB2-Zr2Cu system - The Zr2Cu alloy showed good wettability towards the TiB2 substrate too, but tensional 

stresses developed and provoked cracks at the ceramic side. Analysis of the cross section in Fig. 2a revealed 
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that reactions mostly occurred in the melt rather than in the ceramic, which remained apparently unaltered. 

Just at the interface, Zr-C based phases formed at the TiB2 grain boundaries, as evidenced in the inset of Fig. 

2a. The melt composition can be divided in two regions, in the upper part of the drop, labeled as I in Fig. 2b 

and magnified in Fig. 2c-e, flower-like features developed within the Zr2Cu phase, as a consequence of its 

dissociation already at low temperature. These were biphasic structures with Zr-C and ZrB2 as major 

components. Moving toward the TiB2 ceramic, labeled as II in Fig. 2b and magnified in Fig. 2f,g, the ceramic 

was mostly composed of the Zr2Cu matrix where new ZrB2 tiny grains precipitated. ZrB2 became progressively 

more abundant and fine at the interface with TiB2, Fig. 2f. Possible reactions leading to formation of ZrB2 

phase are proposed in R3-R5: 

4TiB2 + Zr2Cu  2ZrB2 + Cu + 4TiB      (R3) 

2TiB2 + 3Zr2Cu  3ZrCu + ZrTi2 + 2ZrB2      (R4) 

2TiB2 + Zr2Cu + 2C  2ZrB2 + Cu + 2TiC       (R5) 

The Zr2Cu phase is not present in most common thermodynamic databases, so it is difficult to assess which 

of the above reactions is the most favorable. Most thermodynamic calculations treat Zr2Cu as a mixture of 

its individual constituents, Zr and Cu, and therefore any calculated ΔG of reaction would account only for the 

reaction between Zr and the reactant, either B or C. However, given the reducing environment and the ease 

of formation of TiC over TiB, reaction R5 is the most probable to occur. 

 

Fig. 2: SEM images of the cross section upon wetting between TiB2/Zr2Cu at 1500°C. a) Overall view with inset 
a detail of the drop/substrate interface, b) magnification of the drop, c) layer I, d)- e) detailed views of the 
flower-like microstructure in I, f)-g) layer II. 
 

ZrB2-Zr2Cu - The Zr2Cu drop, after reaching 1500°C, was well adherent to the ZrB2 substrate. A cross section 

image of the joint is shown in Fig. 3a and a complex architecture can be recognized: two distinct regions, 

layer I and II, composed the Zr2Cu drop, while the substrate was comprised by a reaction zone, layer III and 

the bulk ceramic itself. Starting from the top, a bright region composed of Zr/Zr2Cu was the residual of the 

melt containing also complex metal silicides, Fig. 3b. Then, a 340 µm thick layer mostly based on ZrB2/Zr/Zr2Cu 
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and Zr-Cu-Si alloys followed, Fig. 3c,d. Entering into the ceramic substrate, a 770 µm thick Si-depleted region 

was observed, Fig. 3f, before entering the unreacted bulk material, Fig. 3g. All the interfaces between these 

four regions were coherent and smooth, Fig. 3e, indicating a good solubility of the constituting elements and 

the strong tendency of Si-based phases, present in the as sintered ceramic, to be drained by capillary forces 

and react with the Zr2Cu melt. This sequence of layers may indicate either a higher tendency of Zr2Cu to 

dissociate in presence of Si-species, as compared to a cleaner system observed in the case of TiB2 substrate, 

or suggests that the ceramic matrix significantly dissolved in the melt, probably promoted by the silicide 

phases abundance in layer II, and was drained from the bulk material. 

 

Fig. 3: SEM images of the cross section upon wetting between ZrB2/Zr2Cu at 1500°C. a) Overall view and b) 
magnification of layer I, c) of layer II, d) detailed view of the microstructure in II, e) interface between layer II 
and III, f) layer III and g) unaltered bulk substrate. 

 

Overall, these tests evidenced that moving from SiC to TiB2 to ZrB2, an increase in reactivity occurred 

with the Zr2Cu melt, putting forward the need to cover the carbon fiber with either a SiC or TiB2 layer to 

preserve its reinforcing action in a UHTC composite. 

 

3.2.2 TiB2-coated UHTCMC with Zr2Cu melt (Material 1) 

The microstructure of the TiB2-coated UHTCMC composite is shown in Fig. 4. The external surface was 

covered with Cu, which is an expected behavior owing to reaction of the alloy with the composite itself. In a 

user-perspective, the surface should be in any case scraped to remove such low-melting metal. Low 

magnification images show a very good infiltration level and no major porosity across the thickness, but just 

scattered in fiber-rich zones, Fig. 4a. The distance between two subsequent fiber layers was rather 

homogeneous and averaged 150 µm, Fig. 4b. Occasionally, cracks were observed to depart from the fiber 
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and to cross the UHTC region. In a future material optimization step, the distance between subsequent fiber 

layers could be decreased to simultaneously minimize tensile stresses rising in the dense matrix and increase 

the fiber volume fraction, thus reducing the overall density of the composite. Cracks are indeed commonly 

found if the matrix to fiber ratio is unbalanced during stacking, or there are inhomogeneous zones, due to 

the thermo-elastic properties mismatch between the carbon fiber and the UHTC matrix. In the area between 

the UHTC-rich matrix and each fabric layer, progressive TiB2 coating consumption was observed consistently, 

Fig. 4c, in agreement with the wetting tests that showed formation of new ZrB2 grains at the interface 

between the metal alloy and TiB2, Fig. 2f,g.  

 

Fig. 4: SEM images of the cross section of the TiB2-coated Cf preform infiltrated with Zr2Cu alloy, material 1. 
a) Overall view, b) magnification of the fiber/matrix asset and detailed view of c) fiber/matrix interface, d) 
matrix, e) fiber boundle multiphase structure with EDS of the corresponding phases below. 
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A closer inspection on the UHTC matrix revealed a very complex but homogeneous microstructure 

characterized by faceted squared ZrB2 and ZrC tiny grains immersed into a Zr2Cu matrix, Fig. 4d. The 

composition of the grains varied and solid solutions including Ti into Zr-boride and carbide lattices were often 

found, especially in proximity of fiber-rich areas, since TiB2 was covering the fiber. In these zones, around the 

carbon fiber, the TiB2 coating was well visible as discontinuous dark grey layer, about 1-3 µm thick, Fig. 4b. 

Cracking of the TiB2 coating is in agreement with the cracking observed upon the sessile drop test, Fig. 2a, 

and possibly due to the large coefficient of thermal expansion mismatch between the boride and the metal 

alloy.[7], [33] As a consequence of the discontinuous TiB2 coating, at the C/TiB2 interface, all fibers developed 

a 500 nm thin bright interlayer based on (Zr,Ti,Cu)C, Fig. 4c. The bright phase within the fiber bundle was 

again a mixture of ZrB2, ZrC, ZrSi2 and ZrxCuy. The silicide phase derives from the infiltration with the 

polycarbosilane. 

The microstructure analysis of material 1 demonstrated that sessile drop tests reproduced in a rather 

accurate way the behavior of the reactive melting environment and demonstrated that the interactions 

occurring in such complex UHTCMC system can be split and understood in simple separate wetting tests. In 

addition, material 1 pointed to the fact that a fiber coating, if not well coherent and continuous, does not 

offer sufficient protection to the corrosive action of the penetrating melt. Therefore, the design concept 

behind the next composite included the use of an uncoated fiber preform and a ceramic matrix containing 

extra elemental boron, to promote the preferential in-situ formation of ZrB2 instead of ZrC. From 

thermodynamic simulations, the formation of ZrB2 from the elemental constituents is more 

thermodynamically favored as compared to the formation of ZrC in the temperature range investigated, Fig. 

5. Therefore, the presence of elemental boron can effectively limit the fibre degradation and simultaneously 

lead to the formation of an UHTC phase in the material, namely ZrB2. However, due to the high affinity of B 

with Zr, the reaction is difficult to control and can quickly create a barrier towards further diffusion of the 

melt within the matrix, by halting the infiltration process. In order to limit this phenomenon, raw ZrB2 

powders in varying ratios were added as filler in the boron powder suspensions, as presented in a previous 

study.[32] In the following material of the present work, the B-to-Zr vol% was 25-to-75%. 

 

Fig. 5. Gibbs free energy variation calculated at 1 bar for the formation of carbides and borides of Ti and Zr 

starting from the elemental constituents. 
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3.2.3 ZrB2-B impregnated UHTCMC with Zr2Cu melt (Material 2) 

The microstructure and properties of this composite had been presented in a previous study,[32] but for the 

sake of clarity the main microstructural features will be summarized, together with additional TEM analysis. 

Despite the relatively low processing temperature, the carbon fiber notably reacted with the surrounding 

Zr2Cu melt leading to the formation of ZrC at the interface, Fig. 6a, which formed a sort of rim around the 

fiber with grains of progressively coarser size, according to reaction R1. However, the combined presence of 

boron and carbon, within a reducing environment, could trigger a multi-step formation pathway according 

to reactions R6-R8: 

Zr2Cu + 2B + C → ZrB2 + ZrC + Cu R6 

ZrB2 + C  ZrC + 2B R7 

ZrB2 + CO + 1/2O2  ZrC + 2B2O3 R8 

R7 is not thermodynamically favorable in the temperature range investigated (ΔG > 0), but R8 is. 

Fig. 6: SEM images of the cross section of the ZrB2-B impregnated and reaction melt infiltrated UHTCMC, 
material 2. a) Overall view of the fiber/matrix asset, b) magnification of the matrix highlighting nano-sized 
ZrB2 grains beside the micron-sized ones and c) detailed view of a corroded ZrB2 grain showing lamellar 
eutectic structures. 

Beyond the ZrC layer around the fibre, two types of ZrB2 grains were identified: 100-300 nm small ones, 

deriving from the reaction between boron present in the slurry and the Zr2Cu phase, and 2-3 μm wide ones, 

deriving from the ZrB2-B-based slurry impregnation before the reactive melting step, Fig. 6b. The first group 

of grains had faceted boundaries and squared shape, as typically found in metal-rich cermets and other 

crystals deriving from reactive processes.[34]–[36] These sub-micron sized ZrB2 grains were immersed into 

residual Zr-Cu alloy, where CuO phase was often found at the grain boundaries and recognizable as black 

smears, Fig. 7b,c. In turn, within this trapped oxide phase, Cu precipitates were found as illustrated in the 

EDS profile in Fig. 7d. As for the second group of grains, i.e. the larger ones, reminiscent of the original ZrB2 

powder composing the slurry, were featured by edge consumption in a peculiar way, Fig. 6c, and by the 

systematic presence of dislocation network at the boride/alloy interface, Fig. 7e, owing to the large thermo-

elastic constant mismatch between the boride and the metal alloy.[37]  
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Figure 7. TEM images of the RMI UHTCM, material 2, showing a) progressive grain coarsening moving from 
the fiber to the matrix, b) CuO black smears trapped at the ZrB2/Zr2Cu grain boundaries pointed by arrows 
with c) & d) EDS profile spectra with magnification of Cu precipitates within the oxide. e) Dislocations within 
ZrB2 grains adjacent to the Zr2Cu melt, f) & g) examples of lamellar eutectic structures with EDS of the dark 
(ZrB2) and bright (Zr2Cu) laths. 
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Each large ZrB2 grain was partially dissolved in the melting Zr2Cu phase and, upon cooling, developed a 

lamellar-like boundary where laths of ZrB2 were alternating laths of Zr2Cu, Fig. 7f,g, as typically observed 

during the crystallization of a metallic alloy from a mixture of eutectic composition.[38] Cu-oxide phases were 

systematically found also at the apical terminations of these lamellar structures were dark contrasted linear 

features delineated a precipitation front between crystalline ZrB2 and the newly formed ZrB2 nano-sized 

grains precipitating from the melt, Fig. 8a,b, suggesting poor wettability between the oxide and the boride. 

High resolution analyses coupled to selected area diffraction highlighted the nanostructure of the Zr2Cu alloy, 

where possibly ZrB2 reaction grains tended to anchor epitaxially to the pre-existing ZrB2 lath, Fig. 8c,d. This 

microstructure assembly suggests that the phase transformation front moves quickly, leaving behind two 

solid products upon a rapid cooling of a eutectic system. Since the transition happens quickly and diffusion 

lengths are limited due to the low processing temperature of 1200°C, the atoms cannot move far to reach an 

equilibrium structure and result in fine lamellae by shortening the diffusion distance between the two solid 

phases.The grain boundaries of large ZrB2 grains were often decorated with CuO phase, Fig. 9a, with which 

weak bonds were established owing to the poor wettability and the different coefficient of thermal 

expansion, reported even to be negative for CuO[39] and thus resulting in a predominant intergranular 

fracture of the matrix, Fig. 9b, possibly further contributing to additional toughening. 

Regarding the residual Zr2Cu melt phase, it was either found as irregularly shaped or as faceted crystals, Fig. 

7e & g, respectively, possibly in relation to the Zr and B dissolved in it. 
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Figure 8. a) BF-TEM images of “lamellar eutectics” grains of ZrB2 in material 2 showing b) CuO at the 
precipitation front and c) corresponding HR-TEM coupled with SAED recorded in different positions and 
showing the incipient formation of nanocrystals in the Zr-Cu-B alloy and anchorage to the growing ZrB2 lath. 
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Figure 9. HR-TEM image of the RMI UHTCMC, material 2, showing ZrB2 boundaries wetted by a CuO film 
resulting in weak bonds that promoted intergranular fracture of the matrix as displayed in b) where 
interlocking with metal phase on multiple scale-span is highlighted. 
 
 

According to TEM investigations on the material 2, the microstructure of directionally solidified lamellar 

eutectics in ZrB2 grains is the trace left behind in the solid by the periodic stationary pattern that the solid-

liquid interface occurred during growth. Such growth pattern is the result of a dynamic balance between the 

competing diffusion in the liquid and capillary forces at the interface. [40] 

As the Zr-Cu-B melt rich in Zr2Cu crystallized, an excess of Zr-B remained and diffused a short distance 

laterally, due to the limited atoms mobility at such low temperatures,[41], [42] where it was incorporated in 

the ZrB2. Similarly, the Zr-Cu atoms “rejected” ahead of the local melt phase diffused to the tips of the 

adjacent lamellae, resulting in stripes of the two crystals as shown in Fig. 8a. Such a structure defined as 

“lamellar eutectics” is energetically preferentially adopted in order to allow the phases to form but reduce 

the distance of diffusion. Therefore, the formation of such engrailed structure can be described as result of 

a dynamic process where the nucleation and growth of a new lath fragment is determined by continuous 

variations of the local super-saturation of the local melt and interdiffusion of Zr-Cu and Zr-B at the 

solidfication front, with the thickness of the lamella being controlled by the lateral diffusion velocity, as 

sketched in Fig. 10.  

The degree of jagging and lath length were observed to decrease with the increase of B available in 

the melt,[32] suggesting that an increase of B amount in the melt leads to lower Zr-Cu super-saturation and 

lower lamella grow rate of both Zr2Cu and ZrB2 phases. For high local super-saturation, 2D nucleation is 

preferred over a homogeneous one from the point of view of achieving energetically stable interfaces. 
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Fig. 10: Sketch of the formation of the lamellar eutectic structure on ZrB2 seed. Local super-saturation of Zr-
Cu or Zr-B and low atom mobility owing to the low temperature and rapid cooling process provoke the 
development of 2D laths of alternating composition.  
 
 

The realization and microstructural analysis of material 2 evidenced that the reactive melting method 

is an effective technique to obtain almost fully dense refractory composites with microstructural features 

going from the micro- to the nano-sized scale length and therefore able to offer multiple synergistic 

reinforcing phenomena: from the carbon fiber pull-out to the crack deflection around 100-200 nm wide laths. 

However, it has to be remarked that the performance of such composites at high temperature are not 

expected to be relevant, owing to the residual amount of Cu-based low-melting compounds. 

 

4. Conclusions 

This work first explored the reactions occurring between a Zr2Cu melting phase and possible 

compounds intended for use in ultra-refractory ceramic matrix composite, i.e. SiC, TiB2 and ZrB2. 

Very good agreement, in terms of microstructure evolution, was assessed between sessile drop tests, 

singularly carried out on the three above substrates to obtain information on contact angle thereof and on 

the infiltration capability of the melt, in view of producing a multiphasic ultra-high temperature ceramic 

matrix composite by reactive melt infiltration (RMI), comprising a TiB2-coated carbon fiber preform infiltrated 

with the Zr2Cu at 1500°C. Main features of the composite were the precipitation of ZrB2 and ZrC sub-

micrometric faceted grains in the matrix and a general damage of both fiber and fiber coating, which were 

penetrated by the melt. 

Subsequently, a second composite was prepared introducing additional ZrB2-B that enabled to 

decrease the RMI process temperature down to 1200°C in an attempt to reduce the fiber damage degree 

during preparation, thus avoiding the need of using coated fibers, and reduce the processing costs. Despite 

this stratagem, these were notably altered by reaction with the Zr2Cu melt and developed a ZrC crown around 

them, although pull-out was still promoted. In addition, the local B-rich environment provided the suitable 

conditions for the development of a dual-phase microstructure within the matrix composed of sub-micron- 

sized grains and of larger ZrB2 grains, partially dissolved in the melt and re-precipitated assuming a lamellar 

eutectic structure. The lamellae, alternating ZrB2 and Zr2Cu phases had nano-sized dimensions and were well 
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interlocked. The simultaneous presence of microstructural features going from the micro- to the nano-sized 

scale length, i.e. from the carbon fiber pull-out, to the crack deflection around the 100-200 nm wide laths, is 

potentially able to offer multiple synergistic reinforcing phenomena and thus to be a valuable approach to 

develop materials for extreme environments. 
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