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Abstract 

Approaches for addressing the high processing temperatures required in reactive melt 

infiltration (RMI) processing of state-of-the-art multiphase ceramic matrix composites (CMCs) 

are reviewed. Ultra-high temperature ceramic composites can be realised by reactive melt 

infiltration of silicon, transition metals and/or alloys designed as immiscible phases, miscible 

phases, silicide phases and/or silicide eutectics to lower the temperature required for RMI. 

Whether carbides, borides or nitrides are envisaged in the resultant ceramic matrix composite, 

RMI presents an optimization challenge of balancing the composition of the phases 

incorporated and the processing temperature to be used. Current efforts aim at preparing 

complex and homogeneous microstructure preforms prior to RMI, minimising damage to 

reinforcing phases, applying rapid heating techniques, and developing in situ real-time 

monitoring systems during RMI. Future opportunities include integration of additive 

manufacturing and RMI, the increased use of process modelling and the application of in situ 

alongside in operando characterization techniques. 
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 Introduction 

Carbide, boride, and nitride ceramics with melting points above 3000 °C are often referred to 

as ultra-high temperature ceramics (UHTCs)1,2. The distinguished refractoriness of UHTCs is 

attractive for extreme environments found in aerospace and nuclear applications but is a 

challenge that demands high manufacturing temperatures to realise the ceramic matrix 

composites (CMCs) useful in these applications. One route used to make UHTC composites is 

reactive melt infiltration (RMI). In this technique, silicon, transition metals and/or alloys are 

melted and driven by capillary action into the voids of a preform at high temperatures typically 

1400 °C and above. The perform usually consists of a carbon matrix that is ready to react with 

the molten phase as it is transported in the voids. The reaction forms carbides in the matrix 
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previously occupied by the carbon phase. Addition of boron and/or boron carbide phases leads 

to boride ceramics. On the other hand, infiltrated and nitrided metal alloys lead to nitride 

ceramics.  

Whether carbides, borides or nitrides are envisaged in the resultant ceramic matrix composite, 

RMI presents an optimization challenge of balancing the composition of the phases 

incorporated and the high processing temperature to be used. Silicon carbide has been the 

historically leading ceramic candidate for high temperature and oxidising environments. 

However, additions of Group IV-VI transition metal carbides, borides and nitrides further 

improve oxidation resistance and mechanical robustness of silicon carbide in applications 

beyond 2000 °C3,4. Therefore, the current preference is towards multiphase (hybrid) ceramic 

matrices. Multiphase ceramic matrix composites consist of at least two transition metals 

elements in the matrix, and the metals typically form ultra-high temperature ceramics 

(UHTCs). Such matrices have the benefit of complementing the thermochemical and 

thermomechanical performance of the various ceramic phases used. For example, carbides of 

Hf, Ta, Zr and Nb have melting points above 3500 °C and can be combined to form multiphase 

matrix systems with silicon carbide5–8.  

Multiphase carbide-boride combinations are common complementary systems to silicon 

carbide9–15. The popularity of such carbide-boride systems is attributed to their ability to form 

borosilicate glass which acts as an oxygen diffusion barrier up to 1600 °C in oxidising 

environments. Boria glass offers protection to 1100 °C4,16 and silicate glass to 1200 °C in 

oxidising environments. However, the effectiveness of the glasses is a function of oxygen 

partial pressure which determines whether the oxidation proceeds actively or passively17. To 

improve UHTCs oxidation resistance, the scale porosity is reduced by using glass-forming 

compounds3 and liquid-phase sintering dopants18 to increase densification. Both decrease 
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oxygen diffusion through the oxide scale. The need to combine multiphase UHTCs with C/C, 

C/SiC or SiC/C preforms provides an opportunity for the application of the RMI route.  

Investigations on ranking the oxidation performance of UHTCs started in the early 1960s19–21 

although the term “ultra-high temperature ceramics” was only introduced in the 1980’s18. In 

early work, carbides and borides of Hf, Zr, Ti, Ta, Nb, Mo and W were tested as UHTC 

candidate materials. The melting point of the UHTCs and the oxide compounds they form have 

been the primary screening criteria since then3. Derkewitz-Mattuck et al.19 established the 

temperatures at which the scale ruptured on carbide UHTC surfaces in the following order 

HfC=ZrC>TiC>TaC>WC (at 1730, 1730, 1200, 1030 and 730 °C respectively). The borides 

of Group IV were considered the most desirable for UHTC applications22 and ranked in 

oxidation resistance as  HfB2>ZrB2>TiB2 up to about 1950 °C20. Carbides and borides of the 

same species have been compared too19,23,24. However, for the Group IV nitrides, the oxidation 

resistance is in the order of TiN>HfN>ZrN25. Comparison of the oxidation resistance of 

carbides and nitrides has been demonstrated, for example for the zirconium systems by 

Harrison and Lee26,27. On the other hand, the reactive melt infiltration of multiphase metals into 

carbon preforms has been studied mostly for zirconium, ZrX and hafnium, HfX (X = C, B 

and/or N) composites. Nitrides have seen less frequent RMI processing compared to carbides 

and borides, however. 

With performance in application environment considerations in mind, the multiphase ceramic 

matrix composites designer must select compositions that require achievable processing 

temperatures during reactive melt infiltration. The present review presents state-of-the-art 

multiphase composites that have been prepared by reactive melt infiltration. The different 

techniques of lowering the processing temperature required in reactive melt infiltration and the 

approaches of addressing these limitations are highlighted. The disadvantages of 

microstructural inhomogeneities and fibre damage, and consequential mechanical performance 
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of RMI parameters are discussed. Solutions involving rapid heating, in situ characterization 

and in operando control techniques are anticipated, including future perspectives.  

 Addressing High Processing Temperatures  

Four approaches can be used to make multiphase UHTC systems of at least two transition 

metals and/or including Si, while circumventing high infiltration temperature challenges: 

2.1 Immiscible metallic systems  

Approaches to immiscible metallic systems entail alloying a low melting-point immiscible 

transition metal to a refractory transition metal (UHTC-forming metal, M). Copper is typically 

mixed and/or alloyed with Group IV-VI UHTC-forming metals for this purpose to leverage the 

lower melting point of copper (⁓1064 °C) compared to the refractory metal. The approach can 

be viewed as utilizing molten copper as a carrier of the solid phase of the refractory metal, of 

which the later forms the carbide UHTC as shown in Equation (1). Composites that have been 

prepared using this approach are shown in Table 1. This approach enables RMI at temperatures 

between 1100 and 1300 °C. 

 

M2Cu(l) + 2WC(s) = 2MC(s) + 2W(s) + Cu(l) (1) 

 

Cu-M systems are predominantly thermodynamically immiscible. The microstructures formed 

are characterized by phase immiscibility between the ceramic phase formed and the Cu. An 

example of the Cu-Ti system (Figure 1a) clearly shows the dramatic decrease of liquid phase 

temperature from potentially 5555 °C to about 3414 °C from 100 at.% to 1 at.% of W. Also, 

the Cu-W system presents the highest bimetallic mixing enthalpy known. In performing RMI, 
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one can leverage the tiny liquid region between 1064 and 2583 °C. Comparing the Cu-W and 

Cu-Ti systems, the latter shows that infiltration can be performed at virtually any Ti content 

below 80 at.% at half the temperatures possible in the former system in which only W content 

below 5 at.% is possible.  

 

Depending on the concentration of copper used, W and Cu grains typically disperse in the 

UHTC matrix formed and assume intragranular positions as shown in Figure 1(d-e). At 22-66 

at. % of Zr, realization of nanodispersoids versus microdispersoids have been reported28. On 

the other hand, in a W/ZrC composite prepared by Khoee et al.29, showed nanorange ZrC grains 

dispersed in a continuous copper phase. Co, Fe and Pd can be added to improve sintering in 

the Cu-W phases. The case of using Fe (Fe-W), instead of Cu (Cu-W) has shown, in the work 

of Camarano et al.30, that besides limited thermochemical and mechanical performance issues, 

the long 3-8 h at 1450–1550 °C runs do not prove advantageous, however. 

 

The case of the Cu-Ti system (Figure 2b) presents a different case from most of the refractory 

transition metals in that mutual dissolution occurs and intermetallics form. Increasing the Ti 

concentration in the Cu-Ti system leads to the formation of multiple stable intermetallics 

(Figure 1f-g), namely Cu4Ti, Cu2Ti, Cu3Ti2, Cu4Ti3, CuTi, CuTi2 and CuTi3
31. Such multiple 

phases are the major drawback of the approach as it results in nonuniform properties in the 

composite. On the other hand, composites can be extended to Cu-MI-MII systems as shown by 

Liu et al.32 for the Cu(Ti,Hf)2 system. In UHTC applications involving ablation, the 

vaporization of residual Cu can provide transpiration-cooling advantages33. However, the 

boiling point of Cu is 2595 °C at 1 bar; Cu might evaporate easily and contaminate the 

processing equipment. 

 



7 

 

 
Figure 1: (a) Cu-W system34. (b) Cu-Ti system35. (c) WC-core and W-shell microstructures 

embedded in ZrC matrix in a WC/ZrC-Cu composite33. (d)-(e) W and Cu inclusions that 

precipitated in a ZrC matrix in a C/ZrC-W-Cu composite28 revealing immiscibility. (f) Cu-Ti 

couple segment as part of Cu-Ti-Hf couple segment in (g), and the multiple intermetallics 

that form32. 

Although Al is a low melting temperature metal for alloying, its application has been directed 

at the formation of MAX phase UHTCs via RMI. Typically, Al-Ti alloys can be used for RMI, 

and can be extended to ternary Al-Ti-M (M = refractory metal) phases as demonstrated by 

Valenza et al.36 who used Ti–6Al–4V titanium alloy during RMI and obtained TiC–VC and 

Al4C3 phased composite. Al potentially wets SiC when alloyed with Mo and Nb.  
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2.2 Miscible metallic systems  

This approach combines at least two refractory metals to leverage a eutectic temperature37,38. 

The eutectic point dictates the compositions used in the infiltrant and the infiltrating 

temperature. This approach has been commonly used for M-Si and MI-MII alloys (M = 

refractory metal) as shown in Table 1.  

 

An example is the work of Arai et al.39 who used a Zr–Ti alloy to form C/C-TiC-ZrC 

composites infiltrating at varying Zr contents across the Zr–Ti system (Figure 2(a)). The 

apparent contact angle of Zr–Ti alloy with the graphite preform increased with Zr content, 

recording 20°, 41° and 42° for 12, 37 and 80 at. % Zr, respectively. Graded structures of SiC, 

TiSi2 and Si phases have been reported40,41 with the infiltrant and the reaction products forming 

a U-shaped profile when contacting the preform.  

 

The reaction of Zr with C is thermodynamically more favourable than that of Ti with C, 

although the carbides form solid solutions in the latter system. The quasibinary ZrC-TiC 

system39 shows that upon cooling the carbides, phase separation of the carbides will occur at 

compositions bound by binodal and spinodal lines. Combinations of metals in the infiltration 

process, have been studied by Zheng et al.38 for the Zr-Ti system, and a number of Hf systems 

(HfSi, HfV, TiHf and HfMo) by Krenkel et al.42 

M-Si enables a wider range of compositions to be infiltrated as shown in the Ti-Si example 

system in Figure 2 (b) in which multiple eutectic points are leverageable depending on whether 

a titanium-rich or silicon-rich composite is sought. At 1330 °C the eutectic point would solidify 

into TiSi2 and Si; while the one at 1340 °C would solidify into β-Ti and Ti5Si3. Silicon contents 

between 15 and 60 at..% demand infiltration temperatures above 1600 °C, and above 2000 °C 



9 

 

for Si contents in the 35-45 at.% range. An additional advantage of infiltrating M-Si alloys is 

less reaction exotherm temperature during SiC formation than when infiltrating Si metal43. Yet 

another advantage of infiltrating M-Si alloys is that this approach leads to formation of M 

disilicides, like molybdenum disilicide, which have been shown to be useful sintering and 

composite thermomechanical properties enhancers43. Of interest is how this approach would 

compete with the eutectic ceramics sintering technique which has been demonstrated by 

Nesmelov et al.44 and Tu et al.45 on W2B5–ZrB2–SiC–B4C and ZrC-ZrB2-SiC composites, 

respectively. 

2.3 Metal/ceramic-refractory silicides systems  

Transition metal silicides generally have lower melting points than counterpart carbides, 

borides and nitrides, hence provide a low RMI temperature phase option. Silicides are further 

useful in introducing the oxidation-resistance enhancing silicon phase into a composite46. 

Shah47 examined refractory MSi2 phases that have structural applications that can potentially 

be used for RMI. The phase stability analysis of Wei et al. provides selection guidance on 

designing an infiltrating system for RMI48.  

Metal silicides have also been considered extensively as sintering aids49–56. Molybdenum and 

tantalum silicides are some of the most common sintering aids in UHTC composites51–53,56. 

Most studies on the effect of MSi2 have focused on densification mechanisms in boride UHTC 

composites formed and their mechanical performance. Furthermore, the advantages of 

performing RMI with metal silicide dopings are still to be weighed against the advantages of 

just eutectic techniques. For example, for the TiB2-WB2 quasi-binary system, the eutectic 

temperature at 2030 °C57 suggests that RMI should be possible at 2100 °C. Immiscibility gaps 

can be leveraged to sustain preferred microstructures e.g. platelet grains for mechanical 
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performance enhancement. However, MSi2-infiltration and sintering aids would overtake the 

MIB2-MIIB2 eutectic infiltration approach as a large number of refractory MIB2-MIIB2 systems 

have continuous solid solubility, e.g. CrB2-TiB2
57. In addition, the eutectic-forming MIB2-

MIIB2 systems still would require RMI above 2000 °C. 

 

Figure 2: (a) Ti-Si system40. (b) Ti-Zr system58. Optical and phase-coloured backscattered 

electrons micrographs of (c) a β-SiC+TiC/ TiSi2 U-profile composite obtained by infiltrating a 

TiC/SiC preform with eutectic Ti0.16Si0.84 alloy at 1550 °C41, and (d) a β-SiC/TiSi2 composite 

obtained by infiltrating a SiC preform with alloy at 1550 °C 41. Red arrows show the infiltration 

direction. 
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ZrSi2 has been demonstrated in some studies but at a lower scale than MoSi2 and TaSi2. Guo 

et al. showed that 100% theoretical density could be achieved at 1500 °C for a ZrB2 matrix 

when up to 40 vol% ZrSi2 is used. UHTC-forming or enhancing reactions do not occur in such 

a system. TiSi2 has a lower melting point than most refractory but has been associated with 

Roger and Salles’s work40,41 showed that in the case of an α-SiC preform infiltration by Si-

TiSi2, a MAX phase (Ti3SiC2) dominated layer forms around the composite, together with TiSi2 

and SiC inclusions. However, when a Si-14Ti eutectic alloy was infiltrated, no MAX phases 

were formed albeit swelling occurred. 

 

Meier et al.’s work 59 provides a guiding approach for infiltrating MoSi2-Si phases into C and 

SiC-based preforms by including a third phase, X, which has the capability of reacting with the 

carbon or silicon in the system, to form infiltrated MoSi2-Si-X (X = Al, B, Cr and Ti ) systems. 

The study demonstrated how thermodynamic considerations of MoSi2-Si-X systems lead to the 

formation of MoSi2 during solidification. The system allows compositional flexibility in the 

composite, while ensuring that RMI can be performed at 1600 °C maximum temperature. 

2.4 Refractory silicide eutectic systems  

RMI of two disilicides at their eutectic composition merges the advantages of techniques (b) 

and (c) already discussed. As the meaning of “eutectic” (“easily melted”) would have, two 

disilicides would be alloyed together to leverage the lowest possible melting temperature 

(eutectic point) in their quasibinary system during RMI. Table 3 shows examples of refractory 

MI-MII disilicide and penta-trisilicide quasibinary systems, and their melting and eutectic 

points that determine the RMI temperature to be used. It is expected that the eutectic point is 

lower than the melting point of the two disiliced species. However, titanium silicide is an 

exception; it has a lower melting point than the eutectic temperature in some cases. The Ti-Mo 
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and W-Ti systems in Table 3 exemplify this anomaly. Furthermore, TiSi2 potentially forms 

MAX phases40,41 when infiltrated in reactive systems. There is a need for more thermodynamic 

and kinetic studies to elucidate the RMI conditions that lead to MAX phases or monocarbides 

when TiSi2 is used as an infiltrant. 

 

Makurunje et al.46,60–62 showed the formation of UHTC composites by the RMI of two 

disilicides at their eutectic composition for TaSi2-TiSi2, HfSi2-TiSi2 and WSi2-TiSi2 systems. 

Details of such systems are shown in Table 4. Here we consider the example of a disilicides 

eutectic alloy in the WSi2-TiSi2 system (Figure 3(a)), and the example of a disilicide and penta-

trisilicide alloy in the (W,Mo)5Si3 – (W,Mo)Si2 system (Figure 3(b)). The disilicide and penta-

trisilicide quasibinaries melt congruently, offering an advantage of homogeneity in the 

composite. However, disilicides generally have lower melting points and larger regions of 

thermodynamic stability than penta-trisilicides, 

 

A 10.0W-23.3Ti-66.7Si alloy prepared by leveraging the eutectic composition of the WSi2-

TiSi2 system is shown in Figure 3(c-e) in which TiSi2 and Ti0.6W0.4Si2 phases were obsserved. 

RMI infiltration at 2000 °C yielded the Cf/C-SiC-(Ti,W)C UHTC composite in (f-g). On the 

other hand, the infiltration of MISi2-MIISi2 has made molybdenum disilicide systems favoured 

in the RMI process. MoSi2 provides phase stability in MoSi2-MSi2 (M=Cr, V, Nb, Ta, Ti) 

pseudo-binary systems. Alloying molybdenum silicides with tungsten, vanadium and niobium 

enhances their refractory properties and the high temperature strength of the composite. Gnesin 

and Gnesin63 demonstrated the infiltration of a (W,Mo)5Si3 – (W,Mo)Si2 eutectic to form a 

coating on a C/C composite. A SiC layer was observed at the interface of the coating and the 

carbon substrate. In addition to carbide (W,Mo)C phases, the unreacted (W,Mo)5Si3 and 

eutectic phases present.  
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Figure 3: (a) TiSi2-WSi2 quasibinary system64. (b) (W,Mo)5Si3–(W,Mo)Si2 quasibinary 

system63. 64(c)-(d) Microstructure of TiSi2-WSi2 eutectic alloy showing the phases defined by 

the TiSi2-WSi2 quasibinary system in (a)62. (e) EPMA elemental maps showing the TiSi2-WSi2 

alloy in (c)-(d). (f)-(g) Cf/C-SiC-(Ti,W)C composite microstructure prepared from infiltrating 

TiSi2-WSi2 alloy into a Cf/C preform62. 
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Table 1: Multiphase composites prepared by reactive melt infiltration of immiscible metal alloys 

Material Infiltrant Technique/Equipment 

(atmosphere) 

Dwell 

Temperature 

Duration Preform 

(Open 

porosity) 

Comment  Ref 

C/C-ZrC-Cu 

composite 

Zr/Cu alloy, 50/50 

wt % 

Electric furnace 

(vacuum) 

1300 °C 2 h C/C preforms Cu improves 

density and thermal 

conductivity of 

composite 

65 

MoC/ZrC-Cu 

composites 

Zr-Cu alloy tube furnace (flowing 

argon) 

1300 ℃ 10 min MoC preform 

(55%) 

Zr reacted with the 

C in the MoC 

preform 

66 

W/ZrC composite Zr2Cu alloy  vacuum furnace  1300 ℃ 2 h porous WC Cu, ZrO2, WO2 

phases in matrix 

29 

W/ZrC composite Zr2Cu alloy vacuum 1300 ℃ 1 h partially-

carburized W 

powder 

 67 

W/ZrC composite Zr2Cu alloy   vacuum 1300 ℃ 1 h partially-

carburized W 

powder 

 68 

 

 

W/ZrC composite Zr2Cu alloy  vacuum 1200 ℃ 1 h WC preform  69 

W/ZrC composite Zr2Cu alloy W 

contents from 48 

to 68 vol % 

vacuum  1300 ℃ 1 h partially-

carburized W 

powder 

 70 

C/C–Cu-TiC 

composite 

Cu-Ti alloy (92-8 

wt %) 

vacuum 1100 ℃ 0.5 h CNIP/C Cu and Cu2O 

phases deterred TiC 

formation 

71 

W-Cu/TiC-ZrC 

composite 

Induction smelted 

Zr-Cu alloy 

tube furnace in vacuum 1300 °C  1 h (Ti0.75,W0.25)C 

(50%) 

(Ti0.75,W0.25)C solid 

solution powder 

72 

C/TiC-Ti–Cu  

composite 

Ti-Cu alloy (50-

50 wt %) 

tube furnace (flowing 

argon) 

1100 °C 0.5 h porous starch-

derived carbon 

(3D-printed) 

TiCx (x=0.78) 73 
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C/C-Cu5Si-TiC 

composite 

LSI: Si  

RMI: 90Cu-10Ti 

w/w 

LSI followed by RMI 

(vacuum) 

LSI: 1750 °C 

RMI: 1300 

°C 

LSI: 0.5 h 

RMI: 2 h 

Ccf/C (37.7%) 

Ccf/C-SiC 

(26.7%) 

5.8–6.2% residual 

open porosity after 

RMI 

74 

 

Abbreviations 

Cf = continuous fibres 

Ccf = carbon chopped fibres 

Cw = carbon whiskers 

Cp = particulate carbon 

CNIP = carbon needled integrated preform 

CNT = carbon nanotubes 

ss = solid solution 

ns = not specified 
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Table 2: Multiphase composites prepared by reactive melt infiltration of M-M systems and related eutectics 

Material Infiltrant Technique/Equipment 

(atmosphere) 

Dwell 

Temperature 

Duration Preform 

(Open 

porosity) 

Comment  Ref 

C/C-SiC–ZrC–TiC 80 at.%Zr–20 

at.%Ti 

ns 1800–2000 

°C 

1–3 h C/C (ns) Ti0.82Zr0.18C0.92 

phases formed 

41 

C/C-SiC–ZrC–TiC 35 at.%Zr–65 

at.%Ti  

ns 1800–2000 

°C 

1–3 h C/C (ns) Zr0.83Ti0.17C0.92 

Zr0.57Ti0.43C ss 

phases formed 

41 

C/C-ZrC-SiC 

composites 

Zr-Si alloy tube furnace (flowing 

argon) 

2000 °C 2h Cf/C preforms  42 

Cf/SiC-ZrC-ZrB2 

composite 

Zr-B alloy vacuum 1300 ℃ 1 h C/C preform 

(35.23%) 

Preform modified to 

C/ZrC composite 

before RMI 

43 

C/C-ZrTiC/SiC 16Zr-4Ti-80Si 

 

electric furnace (argon-

filled) 

2000 °C 0.5 h Ccf/C (⁓76 %) 9.7% residual open 

porosity after RMI 

44 

C/C-Zr0.8Ti0.2 C 80Zr-20Ti alloy electric furnace (argon-

filled) 

1 800–2 000 

°C 

0.5–2 h CNIP/C 

(28.8 - 39.8 %) 

 45 

Cf/C–TiC-Al-MoSi2–

SiC composite 

63Si-23Mo-7Ti-

7Al alloy 

 

electric furnace (argon-

filled) 

1550 °C 6 h CNIP/C Residual Si leads to 

MoSiTi phase 

39 

Cf/C-(Mo,Ti)Si2-SiC 

composite 

63Si-23Mo-14Ti 

23Si-30Mo-47Ti 

electric furnace (argon-

filled) 

1550 °C 6 h CNIP/C  46 

C/C- TiC–ZrC– SiC 80Si–16Zr–4Ti 

alloy 

electric furnace (argon-

filled) 

2000 °C 0.5 h CNIP/C  9.7 % residual 

density 

47 

(Hf,Zr)C-SiC coating 50Hf10Zr40Si 

alloy 

carbon tube furnace 

(vacuum, 10-2 Pa) 

1600, 1700 

and 1900 °C  

0.5 h C/C composite 100, 150 and 500 

µm respectively. C 

traces in coating 

48 

C/C–2HfC–2SiC– 

1ZrB2 

RMI: Si  

CVI: 

tube furnace (natural 

gas) 

1000–1100 

°C 

ns C/C (⁓30.9 %) 

7.4% 

Slurry pre-

infiltration, in situ 

RMI with CVI 

49 
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C/C–2TaC–2SiC–

1ZrB2 

RMI: Si  

CVI: 

tube furnace (natural 

gas) 

1000–1100 

°C 

ns C/C (⁓30.9 %) 

7.4% residual 

porosity 

Slurry pre-

infiltration, in situ 

RMI with CVI 

49 

SiC-TiC Ti0.16Si0.84 alloy vacuum furnace (5E-3 

mbar) 

1380-1550 °C 0.25 h TiC-SiC (⁓50 

%) 

 40,41 

C/C-TiC-ZrC 

composites 

Ti-12at%Zr alloy 

Ti-37at%Zr alloy 

Ti-80at%Zr alloy 

vacuum furnace  1750 °C 0.25 h   39 
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Table 3: Melting and eutectic points of MISi2-MIISi2 disilicide and penta-trisilicide quasibinary systems 

MI-MII MISi2 

melting 

point 

MIISi2 

melting 

point 

MISi2-MIISi2 

disilicide 

quasibinary 

eutectic 

MI,5Si3 

melting 

point - 

MII,5Si3 

melting 

point 

MI,5Si3-

MII,5Si3 

penta-

trisilicide 

quasibinary 

eutectic 

Ref 

Ti-Ta 1490 2200 1456 - - - 75 

Ti-Mo 1490 2020 ⁓1840  - - - 48 

Mo-Ta 2020 2200 ⁓1850 - - - 48 

Mo-Nb 2020 1930 1760 2100 ⁓2450 1910 48 

Mo-Zr 2020 1620 - 2180 ⁓2180 - 48 

W-Ti 2145 1490 1540 2230 2107 ⁓1980 64 

W-Nb 2234 2207 1860 - - - 76 

W-Mo 2160 2020 Continuous 

solid solution 

2320 2180 Continuous 

solid solution 

77 
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Table 4: Multiphase composites prepared by reactive melt infiltration of metal silicide systems and related eutectics 

Material Infiltrant Technique/Equipment 

(atmosphere) 

Temperature Duration Preform 

(Open 

porosity) 

Comment  Ref 

Cf/SiC-ZrC-ZrB2 

composite 

ZrSi2 alloy ns (vacuum) 1850◦C ns Cf/B4C-C 

preforms 

molten ZrSi2 alloys 

into the Cf/B4C-C 

preforms 

78 

Cf/SiC-ZrC-ZrB2 

composite 

ZrSi2 alloy ns (vacuum) 1850◦C ns Cf/B4C-C 

preforms 

density of CMC by 

RMI greater than by 

PIP at same 

temperature 

79 
80 

Cf/SiC-ZrC-ZrB2 

coating 

ZrSi2 alloy electric furnace 

(vacuum) 

1800 ℃  2h Cf/C (9%), 

then 

Cf/B4C-C 

preforms 

 81 

Cf/SiC-ZrC-ZrB2 

composite 

ZrSi2 alloy ns 1800 ℃ ns C/SiC preform 

(30%) 

Residual ZrSi2 phase 

in composite 

82 

 

Cf/SiC-ZrB2-ZrC-

Lu2O3 

ZrSi2– 5 wt % 

Lu2O3 powder 

electric furnace 

(vacuum and static 

argon) 

1670 ℃ 10 min B4C-infiltrated 

Cf/SiC prefrom 

(9 and 18%) 

Residual ZrSi2 phase 

with Lu2O3 in 

composite 

83 

C/C-Zr0.8Ti0.2C0.74B0.26 

 

Zr0.8Ti0.2 C1-x  

 

electric furnace (argon-

filled) 

1 800–2 000 

°C 

0.5–2 h CNIP/C 

(39.8 % to 

28.8 %) 

 84 

Cf/C–TiC-MoSi2–SiC 

composite 

50Si-36MoSi2-

14Ti alloy 

electric furnace (argon-

filled) 

1550 °C 6 h CNIP/C Gradient 

microstructure 

85 

Cf/C-SiC-(Ti,Hf)C HfSi2-TiS2 Crucible in spark plasm 

sintering furnace 

2000 °C 0.5 h Cf/C (28.3%) BN coated fibres  60 

Cf/C-SiC-(Ti,Ta)C TaSi2-TiS2 Crucible in spark plasm 

sintering furnace 

1600-1800 °C 0.5 h Cf/C (28%) Non-eutectic alloy 

composition 

46 

Cf/C-SiC-(Ti,Ta)C TaSi2-TiS2 Crucible in spark plasm 

sintering furnace 

1800 °C 0.5 h Cf/C (28%) Eutectic alloy 

composition 

61 



20 

 

Cf/C-SiC-(Ti,W)C WSi2-TiS2 Crucible in spark plasm 

sintering furnace 

2000 °C 0.5 h Cf/C (28.3%) BN coated fibres 62 

C/TiC-WC composite      CNT  86 

Cf/C–TiC-Al-MoSi2–

SiC composite 

63Si-23Mo-7Ti-

7Al alloy 

 

electric furnace (argon-

filled) 

1550 °C 6 h CNIP/C Residual Si leads to 

MoSiTi phase 

85 

Cf/(Ti,Mo)Si2–SiC  induction tube furnace 

(static argon 

1600 °C 0.25 h C cloths (6-8% 

and (40-42%) 

SiC, MoSi2 and a 

residual 

(Ti0.8,Mo0.2)Si2 ss  

87 

C/SiC-FeSi2-Si Si/5-35wt%Fe tube under (flowing 

argon, 100 cm3 /min) 

1450–1550 

°C 

3–8 h Csf/C-binder 

(47%), mean 

pore diameter 

= 30 μm 

FeSi2 phase in 

matrix. Residual Si 

phase of <1 at. % 

30 

C/WC-MoC coating (W, Mo)5Si3 – (W, 

Mo)Si2 

vacuum furnace 1950 °C 1 – 2 min Cf/C SiC formed, and 

residual silicides 

63 
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 Microstructural Inhomogeneities and Flaws  

While multiphase systems are useful in enhancing the properties of the resultant CMC, they 

introduce microstructural inhomogeneities in the composite. Flaws in composites prepared by 

RMI exist as cracks, pores, uneven carbide grain growth, residual infiltrant “lakes” and residual 

carbon matrix “islands”, as well as gradient phases across the infiltrated area, as shown in 

Figure 4. The uniformity of the composite post-RMI primarily depends on the microstructure 

of the preform, particularly the homogeneity of the pore structure88. Simultaneous RMI 

phenomena to be considered are mass transfer, heat transfer and their combined effect on the 

matrix formation reaction89. However, processing conditions for each type of preform and 

infiltrant need optimisation. Studies90–93 on C preforms for infiltration by Si melt highlight 

parameters to consider optimizing for any system, for example, porosity, pore size distribution 

and the reactivity of the carbon phase. Further process modelling including reaction kinetics 

and thermodynamics would improve our understanding of multiphase infiltrant cases.  

In the case of mass transfer, the rate at which the reactants form during RMI determines if 

capillaries get choked with reacted product or not. Choking leads to residual infiltrant phases 

due to the infiltrant not percolating fully and/or not reacting fully with the preform. Choking 

scenarios have been modeled extensively, to predict process and material thresholds. The 

effects of process variables on infiltration depth (including choking) have been studied for 

C/SiC, SiC/SiC and other UHTC composites94. Besides choking, residual infiltrant phases may 

still be present; Suyama et al.95 recorded residual phases in the range of ⁓12 to ⁓32 vol %.  

Residual phases may be reduced by increasing the carbon content for the reaction95 for carbides 

and borides, increasing the porosity96 or increasing the infiltration temperature61.  
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Since carbide formation is exothermic,89 temperature gradients arise in the composite during 

processing. Heterogeneous thermal spikes lead to thermal stresses and volume expansion 

changes resulting in localised cracking97. Temperature gradients of 170-550 ℃ have been 

reported in silicon carbide composites preparation90,98. Homogenising the preform pore 

structure controls the mass flow rate of the infiltrant into the preform and promotes uniform 

temperature profiles. Temperature-dependent composite volumetric changes in ZrB2-based 

CMCs (expansion ratios between 200 and 400 vol % infiltrating at 1300 ℃ and ⁓120 vol % at 

1500 ℃96), have been demonstrated as shown in Figure 4c. Hucke99 showed that key to 

successful RMI is achieving the right balance between pores in the preform that are not too 

small to hinder capillary transport, yet not too large to reduce contact surface area therein. This 

ultimately reduces the thermal stresses and allows less local overheating which could lead to 

grain growth and silicon lake formation. Leveraging the excess heat of reaction to melting the 

infiltrant reduces surface tension and improves preform wetting by the infiltrant89. 
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Figure 4: (a) X-ray computer-tomography of C/C-Zr0.8Ti0.2C0.74B0.26 showing residual 

porosity in red, carbon in grey and carbides in yellow84. (b) Cracking in a C/SiC composite 
97. (c) Expansion in ZrB2-matric composite infiltrated at 1300 ℃ (top) and at 1500 ℃ 

(bottom) 96. (d) Spalling in a composite 100. (e) Unreacted carbon and silicon phases in a 

Cf/SiC composite101. (f) Residual Hf alloy on a C/C preform 102. (g) Residual infiltrant 

artefacts on a C/C–SiC composite (left) and after finishing (right) 103. 

On the other hand, the physical state of the infiltrating phase, be it powder, alloy and/or 

compacted pellet form, has an effect on the microstructure of the resultant composite.  The 

impact of Zr-Si infiltrating phases on C/C preforms104,105 is shown in Figure 5. Compacted 

pellets may result in a nonuniform distribution of reaction products. Alloys are typically arc-

melted before infiltration; an additional step of crushing the ingots before contacting with the 

preform may be necessary. Alloy ingots lead to homogeneous products. Although using simply 

mixed (unalloyed) powders shortens the processing step, the reaction proceeds so rapidly that 

clogging and microstructural inhomogeneity results. Powders, alloy ingots and/or compacted 

pellets usually involve in situ melting and subsequent infiltration in an induction furnace, for 

instance. Alternatively, a preform dipping method allows faster infiltration (120 s) as revealed 
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by Vinci et al.106. Automation of such a dipping system to process multiple articles is a likely 

opportunity for complex shaped preforms. 

Understanding of RMI processes would benefit from the use of modern in situ characterization 

techniques which in future could be applied commercially in operandi to give improved quality 

assurance. Synchrotron radiation techniques have been applied for high temperature in situ 

RMI phase characterisation during e.g., of titanium and aluminide alloys107,108. Neutron 

diffraction has also been applied to the same effect with atomic disorder sensitivity e.g., on Ti-

Al-Nb-Mo-B alloys alongside microscopy up to 1450 ℃109. Laser scanning confocal 

microscopy, for microstructure evolution during processing, has particular capability in 

resolving amorphous phases evolution that are difficult for X-ray or neutron diffraction 

techniques109. Synchrotron radiation has been used with video camera aid in tracking 

microstructural evolution too108. Synchrotron radiation in situ X-Ray computer tomography 

has been demonstrated for flaw characterisation of C/C composites up to 1200 ℃110. In situ 

mechanical properties evolution e.g., tensile strength has been demonstrated for SiC/SiC and 

C/SiC composites111,112. However, the computational processing time involved is too long, e.g., 

⁓90 min for a scan of 1025 projection images112.  

Considering the expensive equipment required to perform both in situ and in operando 

characterisation techniques, simulation studies provide useful information on both the 

infiltration and reaction the mechanisms involved during RMI. The infiltration dynamics and 

reaction steps have been studied for silicon 93,113, silicon and refractory metals e.g. Zr, Ta, W 

and Mo114 that can form carbides with carbon, and for silicon and non-carbon wetting metals 

like Cu, Co and Al115,116. The characteristics of the preform, the transport phenomena for the 

molten phases and consequential choking, the wetting of preform surfaces115–119, and the 

reaction thermodynamics and kinetics across the preform, infiltrants, and reaction products. 
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There is opportunity for simulation studies to be extended to complex multiphase systems that 

involve silicon and at least two transition metals elements in the matrix. 

 

Figure 5: Schematic of the microstructural effects of using infiltrating phases in pellet, 

powder, and alloy forms during and after RMI of Zr-Si into C/C preforms 105. 

 

The aforementioned in situ and in operando characterisation techniques are not readily 

applicable in industrial furnaces. The techniques require specialised equipment at specific 

synchrotron beam centres, are cost prohibitive, take long characterisation time to be part of 

real-time instrumentation and control suite, and usually accommodate one sample at a time. 

However, laser-flash techniques provide an opportunity for monitoring RMI parameters in real-

time. Fraunhofer’s ThermoOptical Measurement (TOM) integrated furnace system helps 



26 

 

monitor thermophysical (e.g., infiltrant viscosity and dimensional expansion with 

complementary dialometers) and thermochemical (e.g., phase reactions in preform) and 

thermomechanical (e.g., elastic modulus and creep) dynamics120,121.  

 Effects on Fibre Reinforcement and Mechanical Performance 

During RMI, the melt has the potential to damage reinforcing phases in the composite122,123. 

The work of Tong et al.124 showed that lengthening the infiltration process decreases the 

composite flexural strength. This can be attributed to fibre corrosion by the infiltrating melt as 

shown schematically in Figure 6(a). To protect fibres during the RMI process, barrier coatings 

can be introduced around them. Barrier coatings, for example pyrolytic carbon, BN125, B4C126, 

TiB2
127and SiC128, are typically introduced by chemical vapour deposition (CVD) or polymer 

infiltration and pyrolysis (PIP). However, when the melt reactively corrodes the interphase 

and/or the fibre, the latter phases fuse with the matrix to form a continuous phase limiting crack 

deflection and resulting in a flat fracture surface. Pre-densification of the preform matrix by 

less corrosive methods like room temperature slurry infiltration can also reduce the processing 

duration for RMI. However, cracking and delamination in the composite can be exacerbated 

by heat-treatment of the preform prior to RMI129. 

Bending strength studies are used to determine the robustness of the composites in distributing 

stress along the fibres. Fractography studies are also useful in determining the fibre pull-out as 

a qualitative assessment of the damage on fibres after RMI. The premise of fibre-pull out tests 

is that when an infiltrant is bonded with the fibres the fibres become fused to the matrix and 

lose their function of transferring loads. Considering the varying degrees of melt interaction 

with fibres, shown by the schematic in Figure 6(c-d), varying degrees of fibre pull out are 

observed in the fracture surfaces of the UHTC-CMCs. The differing extents of fibre pull out 
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are also influenced by crack deflection mechanisms. The mechanism consists of fibres 

debonding from the matrix (Figure 6e) or form the interfacial coating (or interphase) (Figure 

6f) to facilitate crack deflection. These differences give the fracture surface a jagged finish 

across the reinforcement orientation. Chen et al.126 showed that the jagged microstructures can 

also be observed at the interfacial coating fracture surfaces. The non-uniform corrosion of 

fibres also promotes the formation of fibre bridges in the case of matrix failure or spallation. 

 

Figure 6: (a) Corrosion of carbon fibre and B4C coating by ZrSi2 melt during RMI126. (b) 

SEM image of the cross-section of a carbon fibre surrounded by a PyC coating and a SiC 

matrix126. (c)The effect of partially infiltrated fibre bundle and, (d) fully infiltrated fibre 

bundle126. (e)Fibre debonding from a ZrC-ZrB2-Zr2Cu matrix106. (f) Fibre pull-out from B4C 

interphase coating and ZrC-SiC matrix after a bending test126. 

 

The typical stress-strain curve of a CMC-UHTC (Figure 7a) consists of an initially quasi-linear 

increase of strain with stress (region I), denoting pseudo-elastic behaviour. At a point in the 

linear relationship, the onset of cracking in the composite matrix is indicated by region II 
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(Figure 7a) in which the gradient of the linear relationship decreases. A kink or step in the 

linear relationship indicates crack deflection in the matrix or at the fibre/matrix interphase. The 

propagation of cracks weakens the composite, explaining the rapid strain at relatively low stress 

increases. At the peak of the curve (region III), the ultimate flexural strength is realised. 

Thereafter, the decrease in stress with increasing strain is observed, typically with pseudo-

ductile fracture behaviour. Tests performed at 1500 ℃ revealed a sudden decrease of the stress 

due to the fractured composite showing significantly reduced resistance to failure in quasi-

linear elastic region IV130. The ultimate failure occurs in region V. Gao et al.131  also 

investigated how the flexural strength is affected by test temperature up to 1500 °C for a 

complex multiphase composite MoSi2(Cr5Si3)–RSiC prepared from the RMI of MoSi2−Si−Cr 

alloy into a SiC-based preform.  Studies on the oxidation behaviour and ablation resistance of 

UHTCMCs composites in application-similar environments, and the subsequent mechanical 

performance changes, are important in determining the effects of the infiltration phases, 

preform characteristics and process parameters used in RMI. This subject is vast and deserves 

a separate review.   

The desirable characteristics is for the CMC-UHTC composites to show a large range of 

pseudoplastic behaviour at high stresses by leveraging crack deflection, interfacial debonding, 

fibre bridging and fibre pull-out processes. These mechanisms delay composite failure and 

improve the flexural strength and fracture toughness of the composite. Figure 7b shows 

examples of carbon fibre-reinforced CMCs prepared by RMI with the melt phases introduced 

as immiscible metals, metallic alloys, including silicides, and metal element systems. The 

graph shows a general trend of higher infiltration temperatures resulting in lower flexural 

strengths in the composite produced. The work of Lee et al.132 similarly showed how the 

flexural strength of the CMCs decreases with increasing RMI temperature in silicon carbide 

fibre-reinforced UHTC-CMCs prepared by RMI. On the other hand, Li et al.133 showed that 
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the bending strength of a C/ZrC-SiC composite without an interphase was 121 MPa, but with 

PyC and PyC/SiC interphases the bending strength improved by 83% and 149%, respectively, 

and the flexural modulus increased by 35% and 47%, respectively.   

Galizia et al.134 compared the mechanical performance of RMI-prepared UHTC-CMCs to 

processing methods as shown in Figure 7c. shows slurry-infiltration (SI) as a pre-RMI 

densification method using the same matrix phase. Although slurry infiltration, polymer 

infiltration and pyrolysis, chemical vapour infiltration and reactive gaseous infiltration are 

considered competing techniques to RMI, they can be utilised as pre-RMI densification 

processes. Thus, the advantages of RMI are better leveraged when combined with PIP135, 

CVI136, SI134 and sol-gel137. Although PIP, CVI and room temperature SI processes do not 

damage fibres; PIP and SI produce relatively low-density composites than RMI138. On one 

hand, the PIP process involves complex and usually toxic precursors, and on the other hand, SI 

presents difficulties of fine particle sizes of the infiltrating materials to ensure mass transport 

into pores during filtration. As such, it is easier to use ceramics as precursors as they are easier 

to control fine particle sizes than metals. PIP, CVI, and SI are eligible densification processes 

because they can be performed repeatedly on the same composite until the required density is 

achieved. RMI cannot be repeated because of fibre damage and choking phenomena. The sol-

gel process is still to be investigated further to validate its pros and cons. 
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Figure 7: (e) Stress-strain curves of C/SiC-ZrC composite with varying amounts of Zr in the 

filtrating melt and tested at room temperature and 1500 °C130. (b) Bending strength and 

flexural modulus of various UHTC-CMCs prepared by RMI 30,39,65,74,100,106,126,131,134,136,139–

147(c) Comparison of flexural strength and specific flexural strength graphs of UHTC 

composites prepared by other methods (HP=hot pressing, SI = silicon infiltration, SPS = 

spark plasma sintering, CVI = chemical vapour infiltration, RF = radio frequency, and RMI 

= reactive melt infiltration)134. 
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 Rapid Heating Techniques  

Notwithstanding the high processing temperatures that the reactive melt infiltration process 

demands, rapid heating techniques such as spark plasma sintering (SPS), microwave assisted 

sintering (MAS)148–150 and electromagnetic induction heating sintering (EIHS)151,152 have been 

demonstrated for RMI processes. Such techniques are growing in application thanks to the 

short processing times they afford. Figure 8 shows schematically some rapid heating techniques 

for RMI. The European Union’s HELM (High Frequency ElectroMagnetic technologies) 

project is using such approaches to improve RMI. Guo et al. 151 showed that electromagnetic 

induction heating reactive melt infiltration (EMIRMI) is achieved using heating rates of 300, 

500 and 700 °C/min. At 700 °C/min, the heating rate was eighteen times faster than that using 

a conventional carbon tube furnace in the same investigation. On the other hand, the pulsed 

electric current sintering (field‐assisted sintering technique/spark plasma sintering 

(FAST/SPS)) methods typically apply heating rates up to 250 °C/min. Microwave reactive 

infiltration of silicon into C/C and C/SiC composites showed heating rates of 360 °C/min at 

2.45 GHz148.  
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Figure 8: Schematic diagrams of fast-heating RMI arrangements (a) spark plasma sintering 

(b) high frequency induction heating151,152 (c) electrodes induction set-up153  (d) carbon paper 

sandwich149,154 

 Future Perspectives 

Perfect net-shaping in complex geometry composites prepared by RMI is still a challenge. The 

application of additive manufacturing routes, particularly three-dimensional printing will be 

applied to realise homogeneous matrix microstructures. Additive manufacturing studies are 

already underway, for example, for ceramic composites155–157 and for cermet composites158,159.  

Selective laser sintering101,160,161 approaches have yet to be widely demonstrated for RMI 

preforms. The review by Koyanagi et al.162 provides approaches for combining 3D-printing 

with RMI. The application of in-situ RMI and joining of the 3D-printed components to form 
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larger parts on commercial scale is envisaged. Heidenreich163  demonstrated in situ joining of 

a 5-part complex C/C-SiC using RMI.  

The experience gathered from laboratory in situ RMI process monitoring will be scaled up to 

pilot plant and eventually industrial scale. Process control instrumentation will incorporate 

such elements to measure parameters such as infiltration height, infiltrated mass, and composite 

density. The use of process modelling covering mass transfer and heat and fluid flow as well 

as reaction kinetics, thermodynamics and microstructural evolution will be increasingly 

applied to RMI. Application of thermo-optical and spectroscopy techniques120 for in situ 

analysis and thermal management in RMI is likely to expand. The integration of in situ 

visualisation of phase changes and mass transport will help monitor RMI progress. The testing 

and compilation of multiphase infiltrant properties pertinent to RMI is also likely to grow, for 

example, using high-temperature electrostatic levitator (HTESL) measurements as has been 

demonstrated at the Japan Space   Utilization   Promotion   Centre164. Eventually, it is envisaged 

that these techniques will be applied commercially in operandi to give close quality control 

likely in sectors requiring this such as nuclear and defence.  

High entropy alloys have yet to be integrated into composites via reactive melt infiltration, and 

this is an area ripe for exploration in the near future. If the concept of high entropy UHTCs is 

demonstrated to be commercially relevant, this will open a further extension of the RMI 

processing route. 

 Summary and Conclusions 

Advanced multiphase ultra-high temperature ceramic composites have an important role in 

upgrading the oxidation resistance of C/SiC, SiC/SiC or SiC/C composites for aerospace and 
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nuclear applications. Whether carbides, borides or nitrides are envisaged in the resultant 

ceramic matrix composite, RMI presents an optimization challenge of balancing the 

composition of the phases incorporated and the processing temperature to be used.  

• Approaches for lowering the infiltration temperature are based on adjusting the constituent 

phases of the infiltrating material. Four approaches can be used to make multiphase UHTC 

systems of at least two transition metals and/or including Si, while circumventing high 

infiltration temperature challenges: 

a. Immiscible metallic systems involve RMI at temperature range 1100 to 1300 °C by 

utilizing molten copper as a carrier of the solid phase of the refractory metal of which 

the later forms the carbide UHTC. The Cu-Ti system is an exception to the 

immiscibility, however. 

b. Immiscible metallic systems combine at least two refractory metals to leverage their 

eutectic composition and temperature. This approach has been commonly used for M-

Si and MI-MII alloys (M = refractory metal) as shown in 

c. Metal silicides systems have lower melting points than UHTCs, hence provide a low 

RMI temperature and double as sintering aids.  

d. Eutectic silicide systems involve combining at least two disilicides and/or penta-

trisilicides to leverage their quasibinary eutectic point during RMI.  

 

• Although RMI demands high processing temperatures, rapid heating techniques such as spark 

plasma sintering, microwave assisted sintering and electromagnetic induction heating sintering 

help to lower processing times. Heating rates of up to 700 °C/min have been demonstrated. 

• Temperature gradients can occur in ceramic matrix composites during processing, leading to 

heterogeneous thermal spikes, thermal stresses and volume expansion changes. Temperature 

gradients of up to ⁓550 ℃ have been reported in silicon carbide composites.  
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• Homogeneous pore structures in the preform promote uniform infiltrant flow rates into the 

preform and uniform temperature profiles. This reduces microstructural defects (cracks, pores, 

uneven carbide grain growth, residual infiltrant matrix phases) in the resultant multiphase 

ceramic matrix composite.  

• Applying barrier coatings protects the reinforcing fibres from corrosive effects of the 

infiltrating melt during RMI and improves the flexural strength and fracture toughness of the 

composite. Lower RMI temperatures and shorter processing times improve the fibres 

robustness for crack deflection, interfacial debonding, fibre bridging and fibre pull-out 

processes.  

• Current efforts aim at preparing complex and homogeneous microstructure preforms prior to 

RMI. Integration of additive manufacturing and reactive melt infiltration into a single step is 

envisaged.  

• Tracking thermophysical, thermochemical and thermomechanical properties in the composite 

during processing has been demonstrated by in situ laser-flash instrumentation and this will be 

applied more extensively in future, even in operandi. 

• Increased use of process modelling including of mass transfer, heat and fluid flow, reaction 

kinetics, thermodynamics and microstructural evolution is envisaged, correlated with empirical 

data.  
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