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Abstract 

Strength retention of continuous carbon fiber-reinforced dense ZrB2-based ceramics (Cf/ZrB2) after thermal 

or indentation damage was evaluated. Thermal damage was in-situ induced and characterized by cyclic 

dilatometric analysis. Indentation damage was induced through Vickers indentation and then characterized 

by digital microscopy. The investigation of Vickers imprints figured out that residual stresses promote the 

material pileup and the appearance of out-of-plane freed fibers (OFF) onto the fibers’ plane and out-of-

fibers’ plane, respectively. On the other hand, thermal damage reduces the residual stresses and leaves 

inner freed fibers (IFF) which enhance the elastic response. Finally, the flexural tests on damaged 

specimens unexpectedly revealed that Cf/ZrB2 kept its load bearing capability in both cases and showed 

damage insensitivity although tested in fully matrix-dominated loading configuration (off-axis 

configuration). 

Keywords: transverse direction; anisotropic porous ZrB2; continuous fiber ceramic composites (CFCC); 

Vickers indentation; pile-up. 
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1 Introduction 

Ultra-high temperature ceramic matrix composites (UHTCMCs) are currently attracting increasing research 

interest for their potential impact in the aerospace field [1,2]. With respect to the already used C/SiC 

composites for nose cones, leading edges and rocket nozzles, UHTCMCs promise to increase the operating 

limit from ~1600°C to above 2000°C while keeping good structural behaviour, dimensional tolerances and 

thermal shock resistance [1,3]. UHTCMCs are based on a dense-matrix of borides, carbides or nitrides such 

as ZrB2, HfB2, ZrC, HfC, TaC, HfN, and carbon fiber reinforcement (Cf). The former is characterized by high 

melting points, high hardness, chemical inertness and relatively good resistance to oxidation in severe 

environments [4-7]. The latter should enhance the damage tolerance and shock resistance [8]. From 2015, 

the properties of the “baseline UHTCMC” based on ZrB2 matrix reinforced with unidirectional 45 vol% of 

high-modulus carbon fiber have been greatly improved, and are showing a considerable margin for further 

development in terms of structural properties, oxidation and ablation resistance [9-12]. Nowadays, the 

flexural strength at RT and 1500 °C, and the fracture toughness are around 360 MPa, 550 MPa, and 11 

MPa·m1/2, respectively [1,13], compared to the preliminary values of these composite series, 260 MPa and 

200 MPa, respectively, at RT and 1800 °C [14]. The composites science agrees that flaw-tolerant ceramic-

matrix composites can be developed by deliberately inducing delamination modes (i.e. H-crack formation). 

Basically, flaw-tolerant behaviour is promoted by designing matrix pore structures (i.e. porous-matrix 

continuous-fiber-reinforced ceramic composites, CFCCs), or by designing the weakness of the matrix/fiber 

interfaces (i.e. dense-matrix CFCCs with weak interphases) [15,16]. A porosity higher than 10 % could 

jeopardize ablation, erosion and oxidation resistance, and off-axis strength. On the other hand, it is not 

easy to obtain dense-UHTC matrix CFCCs with weak interphases. A good strategy to achieve weak interfaces 

is grouping the fibers into bundles in order to exploit the weak Cf/Cf and Cf/ZrB2 interfaces within the 

bundles [13]. Anyway, this architecture, also called “salami-inspired” or “non-periodic”, reduces the off-axis 

strength and is suspected to decrease ablation and oxidation resistance with respect to the corresponding 

periodic structures [5].  
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In this work, we showed that sintered UHTC matrix, with just 7% of residual porosity and reinforced with 

strongly bonded continuous fibers, is unaffected by thermal damage and indentation. Hence, it is possible 

to maximize the off-axis strength without compromising the damage-tolerant characteristic as 

consequence of the “excessive” sintering and strong matrix/fiber interfaces. The supporting results are 

based on (i) the investigation of the thermal and indentation damage by dilatometric analysis and optical 

investigation of the indentation imprints, respectively, both along transverse direction (TD) and longitudinal 

direction (LD); (ii) off-axis strength retention after damage induced by thermal cycling or indentation. Since 

TD avoids the reinforcement effect of the fiber, during the bending test this configuration ensures a valid 

failure under tensile stress without any interlaminar shear incoming. By suppressing the delamination 

mode, it was guaranteed that the observed flaw-tolerant did not depend on the applied stress and was not 

deliberately induced [15]. Furthermore, since the fibers were perpendicular to the applied tensile stress, 

they were not the reason of the damage insensitivity as generally observed in CMCs where fibres in the 

damage zone are subjected to stresses that are comparable in magnitude to the remote stresses [17-19]. 

 

2 Materials and methods 

2.1 Material manufacturing and microstructure characterization 

UHTCMCs based on carbon fiber-reinforced ZrB2 were produced by hot pressing at 1900°C. The final 

microstructure consists in 55 vol% of matrix (83 % ZrB2 + 10 vol% SiC + 7 % pores) and 45 vol% Cf. Further 

details on slurry preparation, infiltration, densification, and microstructural and mechanical features of the 

produced samples were reported in a previously published work [1].  

The microstructure was analyzed on polished and fractured surfaces by field emission scanning electron 

microscopy (FE-SEM, Carl Zeiss ΣIGMA NTS Gmbh Öberkochen, Germany). Bars for thermal and mechanical 

characterization were machined both in the longitudinal and transverse direction, here forth indicated as 

AP-ZrB2/Cf,L ,AP- ZrB2/Cf,T, respectively. 
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2.2 Dilatometric analysis 

For thermal damage determination, 5 consecutive cycles from room temperature up to 1300°C were 

carried out using a dilatometer (Netzsch mod. DIL E 402, Germany), on 25 mm x 2.5 mm x 2 mm bars (Fig.1 

(a)), under flowing argon, 10°C/min heating rate. The relative dimensional change (ΔL/L0) vs. temperature 

was recorded both along TD (sample named TC-ZrB2/Cf,T) and LD (sample named TC-ZrB2/Cf,L) . The 

coefficient of thermal expansion (CTE) was measured from the slope of the secant line joining the values at 

25 °C and 1300 °C. After 5 cycles, TD and LD bars were also indented as explained below. 

 

2.3 Indentation analysis 

10 and 20 Kg indentations were introduced by using a Vickers diamond pyramid indenter (Innovatest 

Falcon 500, Netherlands), in air as explained below. 

a) In order to study the indentation damage, 3 Vickers indentations with a 10 kg load were applied on 

25x2.5 and 25x2 mm2 surfaces (fiber’s plane and out-of-fiber’s plane, respectively, see Fig.1 (b)) of 

both as produced composites (AP-ZrB2/Cf,T and AP-ZrB2/Cf,L, respectively) and thermally cycled 

composites (TC-ZrB2/Cf,T and TC-ZrB2/Cf,L, respectively) . One of the diagonals of each of the 

indentations was aligned parallel to the test specimen length. The indentations were characterized 

through SEM and digital microscopy (HIROX RH 2000, Japan). From the obtained 3D reconstruction 

of the imprints, the indentation profiles along the two diagonals were extrapolated. 

b) A load of 20 kg was applied to 25x2.5 mm2 tensile surface of AP-ZrB2/Cf,T specimens (Fig.1 (c)), 

which then were mechanically tested as described in the following (I-ZrB2/Cf,T specimens). We 

chose to apply an higher indentation load to I-ZrB2/Cf,T specimens in order to mechanically test the 

beams with a damage size as large as possible. The indentation load of 20 kg was decreased down 

to 10 kg in order to avoid the break under indentation of TC. 
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2.4 Bending test 

4-point flexural strength (σ) was measured at room temperature on specimens with dimensions of 

25×2.5×2 mm3 (length × width × thickness), lower span of 20 mm and an upper span of 10 mm using a 

Zwick-Roell Z050 testing machine. The crosshead speed was fixed to 1 mm/min. Three bars for each kind of 

specimen were tested:  

 

- as produced composite, labelled as AP-ZrB2/Cf,T;  

- thermally cycled composite with the above dilatometric analysis, labelled as TC-ZrB2/Cf,T;  

- intended composite, labelled as I-ZrB2/Cf,T.  

 

T subscript means that all the bars were tested with the fiber aligned transversally to the tensile stress, as 

shown in the sketch (Fig.1 (c)). It worth noticing that specimen geometry and bending test configuration 

were chosen in order to avoid the shear failure, and to ensure that fracture occurs in a tensile mode, i.e. 

transverse tensile failure. The conditions were identified through a comparison of the maximum values of 

tensile (σt) and shear (τi) stress achieved during the bending test and the critical values of these stresses 

needed to initiate tensile and shear failure, σt,c = 63 ± 7 MPa and τi,c = 36 ± 4 MPa, respectively [1]. The 

resulting condition to avoid the shear failure is: 

 

    

    
 
 

 
  (1) 

 

Hence the present conditions: τi,c/σt,c and t/s = 2/20 (thickness-to-lower span ratio), widely satisfy the 

Eq.(1), at least for the AP-ZrB2/Cf,T bars.  
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Fig.1 Sketch of the composites configuration for the (a) dilatrometric analysis, where probes push the 2.5x2 

mm2 surfaces for both transversal and longitudinal fiber configurations: ZrB2/Cf,T, and ZrB2/Cf,L, respectively. 

(b) 10 kg Vickers indentation: 3 indentations were done on the 25x2.5 mm2 surface (fiber’s plane) or 25x2 

mm2 surface (out-of-fiber’s plane) for ZrB2/Cf,T and ZrB2/Cf,L, respectively, and in both material states: as-

produced (AP) and thermally cycled (TC). (c) 4-point bending test was performed in the transversal 

configuration for AP, TC and 20 kg Vickers indented specimens. All the beams with dimensions of 25×2.5×2 

mm3 (length × width × thickness) were drawn with isometric cavalier perspective (angle between x- and z-

axis is 150° for (a) and (b), and 255° for (c)). 

 

3 Results and discussion 

3.1 Microstructure 

Fig.2 shows the typical interface between matrix and fiber. Both in the transverse cross section, Fig.2 (a), 

and in longitudinal cross section, Fig.2 (b), the interlocked fiber/matrix interface is clearly visible on both 

directions. The degree of interlocking is proportional to the matrix shrinkage, due to the densification 

phenomena, and is allowed by the anisotropic microstructure of the carbon fibers and the presence of 

voids between the graphene layers [13]. In fact during densification, the matrix compresses the fibers, 
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which plastically deform allowing the penetration of ZrB2 grains and the formation of jagged interfaces [20]. 

This interface configuration results very efficient in terms of stress transfer between matrix and fiber, and 

does not hinder the fiber pull-out [13]. In fact, since the van der Waals bonding between the graphene 

layers in pitch-derived Cf is considerably weak, the interface debonding does not occur between the fiber 

and the matrix, but between the graphene layers within the fibers [13]. On the other hand, the strong 

fiber/matrix interface allows the stress build-up during the cooling step of the sintering and leaves the 

material in a stressed state after sintering, and homogeneously spaced cracks in the matrix with a 

periodicity of about 20 μm [20]. In correspondence of the cracks both matrix and fiber release their residual 

stress and for that, in the following, this portion of fiber is called “inner freed fiber” (IFF).  

 

 

Fig.2 SEM micrographs of the cross section of the UHTCMC based on pitch-derived carbon fibers and 

ZrB2/SiC matrix along (a) the transverse direction, and (b) longitudinal direction.  

 

3.2 Thermal damage 

Experimental curves in Fig.3 show the relative dimensional change (ΔL/L0) versus temperature up to 

1300 °C for polycrystalline ZrB2 [21], typical anisotropic pitch-derived carbon fibers along their transverse 

(Cf,T) and longitudinal (Cf,L) direction [22], and unidirectional Cf-reinforced ZrB2-matrix of this work along the 

transverse (ZrB2/Cf,T) and longitudinal (ZrB2/Cf,L) direction. All the above curves were fitted with polynomial 

equations and the coefficients were reported in Table 1. As expected, ΔL/L0 of the composites along TD and 

of polycrystalline ZrB2 are very close to each other and also very comparable with that of Cf,T (Fig.3 (a)). In 
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fact, the obtained CTE of ZrB2/Cf,T is intermediate between that of fiber and matrix (Table 1). The 

overlapping of ΔL/L0 of the composite with that of the matrix and its deviation from that of the fiber should 

be ascribed to the graphitic structure of the latter. In fact Cf can easily deform along the radial axis by 

untangling and graphitization of the graphene sheets, this avoids their elastic shrinkage along the 

longitudinal axis and allows that fibers plastically deform and follow the different dilation of the matrix 

along TD, where CTE mismatch between matrix and fiber is -3.6·10−7 °C−1. From Fig.3 (b) it can be seen that 

this small CTE mismatch and the supposed facile plastic deformation of the fiber along TD do not affect the 

overall CTE of the composites with the succession of thermal cycles. In fact, ΔL/L0 loops are almost 

overlapped, and CTE of the composite, at the end of thermal cycling, decreased of just 0.9 % (Table 1). On 

the contrary, the large linear CTE mismatch of +7.3·10−6 °C-1 between matrix and fiber along LD (Fig.3 (c)) 

leads to a decreasing of 52 % the longitudinal CTE (from 1.75·10−6 °C-1 to 0.84·10−6 °C-1, Table 1), and a 

permanent expansion of 0.47 % at RT (Fig.3 (d)). The absolute value of the permanent expansion 

corresponds to 117 μm and can be correlated to the matrix cracking which leads to the matrix shrinkage 

(releasing of tensile stresses) and fiber elongation (releasing of compressive stresses) along LD. Hence, this 

releasing of elastic strain leads to the formation of IFF. 
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Fig.3 (a) Relative dimensional change (ΔL/L0) vs. temperature (T) of tested UHTCMC (ZrB2/Cf,T, dashed line) 

along the transversal direction together with that of polycrystalline ZrB2 [21] (dotted line), and pitch-

derived fibers [22] (Cf,T, solid line) along the transversal direction. (b) Measured dilatometry curves of 

ZrB2/Cf,T during thermal cycles. (c) ΔL/L0 vs. T of tested UHTCMC (ZrB2/Cf,L, dashed line) along the 

longitudinal direction together with that of polycrystalline ZrB2 [21] (dotted line), and pitch-derived fibers 

[22] (Cf,L, solid line) along the longitudinal direction. (b) Measured dilatometry curves of ZrB2/Cf,L during 

thermal cycles. 
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Materials # a4  

(°C-4) 

a3  

(°C-3) 

a2  

(°C-2) 

a1  

(°C-1) 

a0 CTE  

(10-6 °C-1) 

Ref. 

ZrB2 1 – – 6.65193E-10 6.69346E-6 -1.7922E-4 7.51 – 

Cf,T 1 – 1.238E-13 -2.87108E-10 8.03756E-6 -2.8383E-4 7.87 [22] 

Cf,L 1 1.152E-16 -7.35902E-13 2.11178E-9 -1.54005E-6 4.56636E-5 0.25 [22] 

ZrB2/Cf,T 1 -2.37084E-15 6.0085E-12 -4.10573E-9 8.0073E-6 6.39353E-5 7.70 – 

ZrB2/Cf,T 5 -2.45087E-15 5.94493E-12 -3.73478E-9 7.70884E-6 5.25088E-5 7.63 – 

ZrB2/Cf,L 1 6.55164E-16 -1.91583E-12 3.52715E-9 -5.23633E-7 1.04914E-4 1.75 – 

ZrB2/Cf,L 4 4.05192E-16 -3.70271E-12 4.44807E-9 -2.58827E-6 3.16065E-4 0.84 – 

Table 1 Cycles number (#). Polynomial coefficients of measured relative dimensional change (ΔL/L0): a4, a3, 

a2,a1, and a0. Secant CTE in selected temperature range of 25-1300 °C. 

 

3.3 Indentation damage 

In order to study the indentation damage, 10 kg Vickers imprints were made onto the in fiber’s plane (first 

column of Fig.4) and out-of-fiber’s plane (second column of Fig.4) of both as produced (AP, Fig.4 a,b) and 

thermally cycled (TC, Fig.4 c,d) specimens.  

 

3.3.1 Indentation onto the fiber’s plane 

From the indentation obtained onto the fiber’s plane (Fig.4 a,c), material pile-up can be seen. Indeed, 

during the loading, fibers are forced to bend until they break and release their compression state and 

producing a widespread pile-up. The pile-up height of AP is higher than that of TC (Fig.4 e). This result is in 

agreement with the expected initial residual stress level. In fact, since TC should has released its residual 

stress by matrix cracking and the corresponded formation of IFFs, the swelling of AP results bigger. The pile-

up term, reminiscent of metal work hardening, should intended as spring up of material outside the surface 

since the material inside is constrained. The pile-up propagation across the surface is larger in TD, where 

the elastic modulus of the composite, Ec,T, is smaller (70 GPa), on the other hand it is smaller in LD where 
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Ec,L is higher (230 GPa). Looking beneath the initial surface – at the imprints left by the tip – the indentation 

depth (h) and diagonal (d) of TC are about 37 % deeper and 25 % larger than that of AP (Table 2). These 

differences are significant and match the significant decreasing of matrix modulus with thermal cycles, 

which has been estimated to decrease from ≈200 GPa to few tens of GPa after three thermal cycles up to 

1300 °C [20]. Hence, on the fiber’s plane the thermal cycles decrease the material stiffness as well as its 

hardness. The lower d/h value (r) of both AP and TC with respect to the theoretic one and to the 

experimental one measured on the monolithic ZrB2-based ceramic [23] is due to the higher elastic spring 

back of Cf along the x-axis with respect to that along z-axis (Table 2). In other words, the elastic spring back 

of the fibers, dispersed within the matrix, tends to close the imprint. The higher spring back of TC with 

respect to AP (rTC-ZrB2/Cf,T
 < rAP-ZrB2/Cf,T

, Table 2) could be due to the higher amount of IFF. rZrB2
of 9.8 is in 

agreement with that can be extrapolated from the Berkovich nanoindentation on ZrB2 ceramic grains by 

Csanádia et al. [24]. In fact, considering that Berkovich indenter gives the same projected area-to-depth 

ratio as the Vickers indenter and that the projected areas of loaded and unloaded imprint are the same, the 

h/hmax ratio of 0.62 corresponds to a rZrB2
of 11.3 [24,25]. The higher value extrapolated from the 

nanoindentation (11.3 > 9.8) could be ascribed to a more elastic response of the single ZrB2 grain with 

respect to that of polycrystalline area, which could improve the plastic deformation. In Fig.4 e the 

theoretical Vickers’s imprints is drawn with the same depth of experimental ones in order (i) to better 

visualize the xy shrinkage of the experimental imprints, and (ii) to resume the parallelism with the pile-up of 

the metals, which is large only when h = hmax [26].  

 

3.3.2 Indentation onto the out-of-fiber’s plane 

From the characteristics of imprints into the out-of-fiber’s plane (Table 2), it can be noted that r-values are 

higher than 7. This reverse result, with respect to that obtained into fiber’s plane, is due to the Cf spring 

back which this time acts along the z-axis. Also on the out-of-fiber’s plane, as for fiber’s plane, the spring 

back is bigger for the TC specimens (rTC-ZrB2/Cf,L
 > rAP-ZrB2/Cf,L

) owing to the higher amount of IFF. If we consider 

rZrB2
instead of rTh., we can note that rAP-ZrB2/Cf,L

 is smaller than this reference, while rTC-ZrB2/Cf,L
 is larger. rAP-
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ZrB2/Cf,L
 < rZrB2

 could be ascribed to the damage induced by the indenter in the stressed AP specimens. rTC-

ZrB2/Cf,L
 > rZrB2

can be justified considering that the IFFs can be easily buckled under the loading, hence permit 

a deeper penetration, and then release a larger spring back. In Fig.4 f, it can be seen that the unloaded 

profile of TC specimen has a flatter shape and almost loses that of the Vickers’ indenter. As for the AP 

specimen the induced damages may free some fiber from the matrix clamping. As consequence we found 

the appearance of fibers outside the area of imprint (out-of-plane freed fibers, OFF) visible in Fig.4 b,f. This 

phenomenon can be described as a sort of “button effect” or “antipull-out”, since occurs by pushing in. To 

better characterize the indentation profiles on the out-of-fiber’s plane, 5 cycles of loading-unloading 

indentation were performed. In this way, the elastic recovery of both IFF and OFF was suppressed by 

destroying the free fibers (Fig.4 f) and the calculated r-values match that of monolithic ZrB2. 

 

Materials Load 

(kg) 

h 

(μm) 

d 

(μm) 

r = d/h 

 

AP-ZrB2/Cf,T 10 30 ± 5 156 ± 6 5.2 

AP-ZrB2/Cf,L 10 24 ± 1 207 ± 17 8.6 

AP-ZrB2/Cf,L (reloaded x5) 10 24 ± 1 235 ± 8 9.9 

TC-ZrB2/Cf,T 10 41 ± 4 195 ± 21 4.8 

TC-ZrB2/Cf,L 10 24 ± 3 311 ± 12 13 

TC-ZrB2/Cf,L (reloaded x5) 10 41 ± 2 356 ± 14 9 

Monolithic ZrB2 1 2.9 ± 0 28.3 ± 1.1 9.8 

Theoretical Vickers imprint - 1 7 7 

Table 2 Vickers indentation results: permanent depth (h) and diagonals (d) beneath the fiber’s plane 

(ZrB2/Cf,T) and out-of-fiber’s plane (ZrB2/Cf,L) in as-produced (AP) and thermally cycled (TC) composites, and 

monolithic ZrB2.  
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Fig.4 3D colored map of As-Produced, AP, (a,b) and Thermally Cycled, TC, (c,d) specimens indented onto 

fiber’s plane (first column) and out-of-fiber’s plane (second column). The gray and black arrows indicate the 

stacking direction of the yarns, and the longitudinal direction of the fibers, respectively. Red and blue colors 

indicate the higher and the lower height, respectively. The four 3D maps have the same z-scale and the 

initial surfaces are at the same level: z ≈ 0 μm. (b-inset) SEM of out-of-plane fibers (OFF). (e) Typical profile 

of the diagonal impression made on fiber’s plane of AP (red solid line) and TC specimens (blue dashed line), 

and monolithic ZrB2-based ceramic (black solid area close to the origin axes). (f) Typical profiles of the 
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indenter's diagonal made on out-of-fiber’s plane of AP (dashed line in the upper plot) and TC specimens 

(dashed line in the lower plot), and after five load-unload cycles (solid lines). In all the profile plots, the 

horizontal axis intercepting y = 0 and represents the initial surface. The areas filled with lines pattern 

represents the theoretical profile of the Vickers indenter at the maximum load of 10 kg. (f-inset) SEM of 

out-of-plane fibers (OFF) after five loading-unloading cycles. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the Web version of this article.) 

 

3.4 Retained fracture strength after thermal cycling 

After thermal cycling from RT to 1300°C for 5 times, the retained strength was measured and compared to 

the pristine one (Fig.5 (a)). Despite the damage introduced by thermal treatments decreased the matrix 

elastic modulus as shown in earlier studies [20], the strength does not undergo appreciable variation, 

starting from 63 ±7 MPa and remaining 62 ± 24 MPa. Generally, when monolithic ceramics are subjected to 

a thermal damage, they show a retained average strength lower than 30 % of the pristine value, and an 

increase of data dispersion [27,28]. In our case, since the orientation angle of fibers to the tensile direction 

is 90 °, specimens were tested in matrix-dominated loading configuration where Cf act more as long 

defective channels, rather than reinforcing phase. Hence, both AP and TC ZrB2/Cf,T samples can be 

considered as bulk ZrB2 materials affected by a 45 % of anisotropic porous channels. This observation leads 

to justify the obtained σ values which are similar to that of other porous ceramics with similar architecture 

[29]. The reason of the higher σ values and damage tolerance with respect to the correspondent isotropic 

porous ceramics is generally ascribed to the higher tensile strength of the larger struts, and to the crack tip 

blunting due to the circular shape of fibers section [29,30].  

Moreover, these results give a different perspective to the concept of damage tolerance. In fact, if along 

the longitudinal direction it is mainly the matrix porosity that enables the damage tolerance by reducing 

the interlaminar shear strength as a consequence of the lower matrix and matrix/fiber interface strengths 

[31,32], along the transverse direction it is the inverse: fibers, acting as pores, enable the damage tolerance 

of the dense matrix characterized by strong fiber/matrix interfaces. In the context of off-axis composite 
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strength and damage tolerance, such aging treatment has not detrimental effect, as well as the high matrix 

density and the strong interfaces. 

Looking at the fracture surface of AP specimen (Fig.5 (b,c)), it can be seen that failure occurred mainly 

through the matrix and was accompanied by delamination between orthogonal yarns and fiber 

“scissoring”, but with minimal fiber fracture. Fiber scissoring is maximized where the fracture occurred in 

the plane orthogonal to the yarns and transversal to the fiber axis (Fig.5 (b)). In this surface, crack tip 

blunting is clearly visible. The same toughening mechanism was observed for TC specimens (not shown ). 

This observation supports what is surmised above: in both cases (AP and TC) the off-axis damage tolerant 

behaviour is not yielded by the fibers in itself, but should be ascribed to the blunting effect produced by the 

“channels” produced by the fibers. The fracture surface of TC specimen (Fig.5 (d)) displays a combination of 

fiber “scissoring” and “ripping”. Furthermore, its matrix cracks appear wider than that of AP specimen. 

These observations attest to lower efficacy of the TC matrix, with respect to the AP matrix, in intensifying 

stress concentrations around fiber breaks. Anyway in both cases interlaminar shear failure was not 

observed (i.e. H-crack formation), in agreement with the designed failure (Eq.(1)), and the expected matrix-

dominated loading behaviour guaranteed by the dense-matrix. 

 

3.5 Retained fracture strength after Vickers indentation 

Through Vickers indentation of 20 kg, a damage of 50 μm depth was introduced. The damaged specimens 

(labeled with I) gave the fracture strength, 84 ± 20 MPa which could appear higher than that of AP 

specimens (63 ± 7 MPa). This feature is somewhat misleading in the sense that fracture did not started 

from the flaw, but quite far (≈1 mm) from that, and hence the indentation imprint does not act as critical 

defect. Hence, the composite displays a damage insensitivity [33]. The reason of this unexpected result 

could be the releasing of tensile stress of the matrix and the consecutive strengthening of the volume 

involved by the process zone (estimated to be ≈ 1 mm3). Thus, the volume from which fracture-initiation 

can take place should be reduced of about 20 %. This value, all approximations aside, is a relevant part and 
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not a fraction, and, according to the Weibull statistics, can justifies the apparent increase of the fracture 

strength and the broadening of the dispersion.  

For sake of comparison in Fig.5, the stress-displacement curve for a typical monolithic ZrB2 + 10 vol% SiC 

[23] is shown together with that obtained after 2 kg indentation (5 μm depth) [34]. The monolithic ceramic 

with a retains about 24 % of the pristine strength (from 637 ± 80 MPa to 156 ± 11 MPa) [23,34]. The 

strength retention improves when ceramics are reinforced. For example, by reinforcing Al2O3 with 30 vol% 

SiC whisker instead of nano-sized SiC particles, the retained strength, after a Vickers imprint of about 50 μm 

depth, increases from 48 % to 72 %. In any case, the found notch insensitivity is particularly striking: the 

fibers aligned along TD cannot bridge the crack walls and the strength drop should be comparable with that 

of the particulate composite [35], instead of remaining unchanged. The reason could be that nor the 

transverse dimension of the fibres (10 μm) neither the indentation damage (50 μm) are the critical flaw 

size, but the latter could consist in multiple transverse fiber sections linked by matrix cracking (> 50 μm). 

This explanation is not fully convincing since, contrary to the result presented in 3.4 section, the critical flaw 

size and/or density should increase with the thermal damage and decrease the transverse strength. 

Anyway, the retention of the off-axis strength after thermal damaging or indentation suggests that not only 

UHTCMCs can bear thermal cycles, thermal gradient, vibrations, debris impacts, etc. but also, if we look to 

the ratio of transverse to longitudinal strengths, σT /σL = 0.18 (σT = 65 MPa, σL = 360 MPa), that carbon 

fiber-reinforced dense UHTCs can bear the transverse load without need cross-ply architecture. In fact, this 

baseline UHTCMCs show a transverse strength and strength isotropy more than three times higher than 

that of conventional non-woven CMCs (σT = 3-20 MPa, σT/σL = 0.004-0.029 MPa, respectively [36-38]).  
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Fig.5 (a) Typical flexure stress vs. crosshead displacement curves obtained with a 4-point bending test for 

the as produced specimens (AP-ZrB2/Cf,T: solid line, and monolithic ZrB2 [15]: dash-dotted line), thermally 

cycled specimens (TC-ZrB2/Cf,T, dotted line), intended specimens on the tensile surface (I-ZrB2/Cf,T: dashed 

line, indented monolithic I-ZrB2 [29]: short dotted line). The symbols (solid square for AP-ZrB2/Cf,T, open 

circle for TC-ZrB2/Cf,T, open diamond for I-ZrB2/Cf,T, solid up triangle for ZrB2, and open down triangle for I-

ZrB2 [29]) represent the mean values of the fracture strength at breaking displacement. SEM of fracture 

surfaces along (b) the thickness-for-length surface and (c) thickness-for-width surfaces of as produced 

specimen, and (d) along thickness-for-width surfaces of thermally cycled specimen. An example of crack tip 

blunting, fiber scissoring, fiber ripping, and matrix crack is pointed by an arrow in each electron micrograph. 
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4 Conclusions 

The strength retention of ultra-high temperature ceramic matrix composites (UHTCMCs) based on ZrB2-

matrix reinforced with 45 vol% of unidirectional continuous carbon fibers was investigated after inducing 

thermal and indentation damage. The results proved that UHTCMCs kept their load bearing capability in 

both cases, and showed damage insensitivity although tested in fully matrix-dominated loading 

configuration (off-axis configuration). The retention of off-axis properties after thermal damaging and 

indentation suggested that UHTCMCs can bear thermal cycles, thermal gradient, vibrations, debris impacts, 

etc., and really can lead to a breakthrough in the aerospace field. Furthermore, thermal damage 

accumulation and decrease of residual stresses did not affect the coefficient of thermal expansion along 

the transverse direction. On the other side, thermal damage led i) to a deeper imprint, and ii) to a larger 

elastic recovery owing to the larger amount of inner freed fiber.  
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