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Abstract 

 A fabrication route based on aqueous colloidal processing plus transient liquid-phase 

assisted spark-plasma-sintering (SPS) with Ti-Al additives is described for the environmentally 

friendly obtention of superhard B4C composites reinforced with reduced graphene oxide (rGO) 

having orthotropic and isotropic microstructures. It is shown that the former, which have coarse 

rGO platelets preferentially aligned perpendicular to the SPS pressing direction, can be prepared 

from mixtures of B4C and Ti-Al particles with a source of thick, large rGO nanoplatelets by 

imposing smooth co-dispersion conditions to avoid platelet re-exfoliation and fragmentation. The 

latter, which have fine rGO platelets randomly oriented, can be fabricated from mixtures of B4C 

and Ti-Al particles with a source of thin, small rGO nanoplatelets by applying intensive 

sonication to promote platelet re-exfoliation and fragmentation during co-dispersion. Finally, it is 

shown that these orthotropic and isotropic B4C/rGO composites are equally superhard, and that, 

as expected, their microstructures interact differently with the cracks. Finally, this processing 

route is simple, and easily adaptable/extensible to make other ceramic/rGO composites with 

orthotropic and isotropic microstructures. 
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1. Introduction 

B4C-based ceramics are receiving growing attention lately as one of the most promising 

types of structural material for use in contact-mechanical and tribological applications [1-10]. 

What makes B4C particularly appealing over other advanced structural ceramics is its super-

hardness and ultra-lightweight, which are very important attributes in many structural 

applications (essential for example in the field of personnel and vehicle armour). Despite their 

great promise as advanced structural ceramics, widespread implementation of B4C-based 

ceramics is still very limited because they are hard to sinter [4,11] and brittle [1,12]. The former 

is mitigated using sintering aids [4,13,14] and/or non-conventional sintering (in particular, spark-

plasma sintering (SPS)) [15-20]. The latter is palliated by forcing cracks to in some way interact 

intensely with the microstructure (microstructural toughening) [21,22]. 

Following the classical approach of toughening brittle ceramics with fibres, whiskers, and 

platelets [21,22], it is today more popular to use carbon nanostructures as reinforcements. These 

include zero-dimensional (0-D) carbon nanoparticles (CNPs), one-dimensional (1-D) carbon 

nanotubes (CNTs), and two-dimensional (2-D) graphene nanoplatelets or their 2-D derivatives 

(i.e., nanoplatelets of graphene oxide (GO), partially-reduced graphene oxide (prGO), or reduced 

graphene oxide (rGO)). CNPs have little toughening effect, but act efficiently as internal solid 

lubricants in wear applications [23]. CNTs, however, have been widely used as toughening 

reinforcements [24,25], and it has been revealed that they exhibit a unique crack-bridging 

toughening mechanism [26]. Reinforcement with 2-D carbon nanoplatelets has been far less 

studied despite their being in principle potentially more effective in bridging cracks [27] and 

more easily dispersible in ceramic matrices [24]. Very recently, novel in situ observations of 

crack propagation in Al2O3 ceramics reinforced with rGO nanoplatelets have identified why 
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these composites are tougher, and have shown the marked importance of the size and orientation 

of those nanoplatelets [28]. The ceramic/rGO composites are sometimes unintentionally 

“orthotropic” because the uniaxial pressure applied during SPS results naturally in 

microstructures with rGO nanoplatelets aligned perpendicularly to the compaction direction. 

Others, however, are fortuitously isotropic. Importantly, it has been shown that the orthotropic 

ceramic composites reinforced with coarse rGO nanoplatelets are markedly tough for cracks 

propagating with their front normal to the rGO nanoplatelets [28], while the isotropic ceramic 

composites reinforced with randomly-oriented fine rGO nanoplatelets are moderately tough in all 

directions [28]. 

B4C is no exception, and, although few, there have already been studies on B4C/rGO 

composites reporting both orthotropic and isotropic microstructures. They have, however, been 

fabricated somewhat uncontrollably by very varied processing routes (heterogeneous co-

precipitation plus ex-situ reduction and SPS [29], self-assembly polymerization plus SPS [30], 

high-energy rotary-vibratory milling plus hot-pressing [31-34], ultrasonic dispersion plus hot-

pressing [35], attrition milling plus hot-pressing [36], diluted wet-dispersion plus SPS [37], etc.), 

some of which are certainly complex. It thus appeared especially timely to explore how to turn 

the orthotropic and isotropic microstructural designs into reality for B4C/rGO by one given 

simple processing route, in a controlled manner. This was indeed the objective of the present 

study, which is specifically aimed at developing an environmentally friendly fabrication route 

combining aqueous colloidal processing with transient liquid-phase assisted SPS of B4C with Ti-

Al additives that enables the controlled obtention of one or the other microstructure depending 

on the source of rGO nanoplatelets and on the conditions of colloidal co-dispersion used. The 

motivation for processing controllably these types of B4C/rGO composites is because toughened, 
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superhard materials based on B4C have great potential for myriad of engineering applications, 

and the ceramics industry demands fabrication processes for the mass production of parts that are 

well established. 

 

2. Experimental procedure 

2.1. Aqueous colloidal processing of the powder mixtures  

 The starting materials were commercially available powders of B4C (Grade HD 20, H.C. 

Starck, Germany), Ti-Al (22895, Alfa Aesar, Germany), GO (1.8, Abalonyx AS, Norway), and 

prGO (2.1, Abalonyx AS, Norway) with the features indicated in Table 1, as well as a 

commercially available cationic polyelectrolyte (polyethylenimine (PEI); MW ~25,000; Sigma-

Aldrich, USA). Note that (i) Ti-Al is the transient liquid-phase sintering additive for B4C [38,39], 

and that (ii) GO and prGO are the source of rGO for the orthotropic and isotropic B4C/rGO 

composites, respectively. From these four powders, mixtures of B4C+Ti-Al+GO and B4C+Ti-

Al+prGO, designed to yield B4C composites with 4.9 vol.% Ti-Al and 2 vol.% rGO, were 

prepared by aqueous colloidal processing, as described below. These concentrations of Ti-Al and 

rGO were chosen because earlier studies have shown that they optimize the SPS densification 

[38] and mechanical properties [29], respectively, of the B4C composites.  

 Firstly, the appropriate proportion (wt.%) of PEI deflocculant for dispersing the 

GO/prGO powder in water at neutral pH was identified by studies of colloidal stability through 

zeta potential measurements (Zetasizer Nano-ZS, Malvern, UK). These measurements were done 

on dilute aqueous suspensions (0.1 g/l; KCl 10
–2

 M as inert electrolyte) of the GO/prGO powders 

without and with different PEI additions, after their sonication for 1 min and equilibration for 
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<10 min. The colloidal stability in water of the B4C and Ti-Al powders is already known [40], 

and therefore the study was not repeated. 

 Secondly, the appropriate homogenization conditions for preparing at neutral pH aqueous 

suspensions of both B4C+Ti-Al+GO and B4C+Ti-Al+prGO as concentrated as possible were 

identified by rheological studies (MARS, Haake, Thermo, Germany). These studies were 

performed on suspensions with different total solids loadings, prepared under continuous 

mechanical agitation (at 310 rpm) according to the following sequence: (1) addition to the de-

ionized water of the PEI content required to disperse the GO/prGO powder, and agitation for 1 

min; (2) gradual incorporation of the GO/prGO powder, and agitation for 5 min; (3) addition of 

the PEI content required to disperse the Ti-Al and B4C powders, and agitation for 1 min; (4) 

introduction of the Ti-Al powder, and agitation for 15 min; and (4) gradual addition of the B4C 

powder, adjustment of the pH to neutral pH, agitation for 30 min, and pulsed sonication (UP-

400S, Hielscher Ultrasonics GmbH, Germany) at 240 W for the desired time. The flow curves 

were measured operating the rheometer, configured in the double cone-plate geometry, in 

controlled shear rate mode (from 0 to 1000 s
−1

 in 300 s, then a plateau at 1000 s
−1

 for 60 s, and 

lastly from 1000 to 0 s
−1

 also in 300 s). 

 Lastly, the optimal concentrated suspensions of B4C+Ti-Al+GO and B4C+Ti-Al+prGO 

were frozen using a rotary evaporator (RV10 basic, IKA, Germany) immersed in a liquid-N2 

bath, and then were freeze-dried (Cryodos-50, Telstar, Spain) at -50 °C and 0.3 mPa for 24 h. 

The resulting powder mixtures were characterized by Raman spectroscopy (Nicolet Almega XR, 

Thermo Scientific, UK). 
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2.2. Spark-plasma sintering of the B4C/rGO composites 

The powder mixtures of B4C+Ti-Al+GO and B4C+Ti-Al+prGO were loaded individually 

into graphite dies (2-cm diameter) lined with graphite foils and covered by graphite blankets, and 

were SPS-ed in dynamic vacuum. The SPS conditions were those already used successfully in 

B4C ceramics with Ti-Al [40]: target temperature of 1900 °C (as measured using an axial optical 

pyrometer), heating ramp of 100 °C/min, soaking time of 30 min, and pressure of 75 MPa 

(applied at 300 °C). The resulting B4C composites were characterized microstructurally by 

scanning electron microscopy (SEM; Quanta 3D, FEI, The Netherlands) at the fracture surfaces, 

and Raman spectroscopy at polished, top surfaces. They were also characterized mechanically by 

Vickers indentation (MV-1, Matsuzawa, Japan) at 9.8 N load. Two types of tests were done, ones 

on the polished, top surface to evaluate the hardness (10 indents per sample) [21] and others on 

the gold-coated, polished cross-section surface to elucidate how the Vickers cracks interacted 

with the microstructures. The observations of the residual Vickers indents were performed in all 

cases by optical microscopy (OM; Epiphot 300, Nikon, Japan). The Vickers indents were also 

selectively observed by SEM (S-3600N, Hitachi, Japan). 

 

3. Results and discussion 

 The environmentally friendly fabrication of the orthotropic and isotropic superhard 

B4C/rGO composites developed here comprises the steps of aqueous colloidal processing and 

SPS described next. 

 

3.1. Aqueous colloidal processing of B4C+Ti-Al+GO/prGO powder mixtures 

Fig. 1 shows the dependence of the zeta potential on pH for the individual dilute aqueous 

suspension of GO without and with different PEI additions. It is clear that GO is negatively 
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charged over the entire range of pHs investigated, either with no isoelectric point or with one at a 

very acidic pH (pH<2). It is also seen that the zeta potential increases relatively little in 

magnitude with pH, and is (in absolute value) always greater than 30 mV. In principle, GO 

would then be colloidally stable in water at practically any pH. This is because this GO is 

inherently functionalized with hydroxyl, carbonyl, epoxy, and alcoxy surface groups with a C:O 

ratio of 2.4-2.6, and so is hydrophilic and easily dispersible in water. Nonetheless, unfortunately 

it is not possible to prepare well-dispersed aqueous suspensions of B4C+Ti-Al+GO at neutral pH 

because B4C and Ti-Al are not colloidally stable (due to their low zeta potentials) [40]. Indeed, it 

has recently been demonstrated that the aqueous concentrated suspensions of B4C+Ti-Al are well 

dispersed at neutral pH if deflocculated with a cationic polyelectrolyte [40], conditions at which 

the B4C and Ti-Al particles are charged positively with zeta potentials of ~50 mV (see Fig. 1). 

Introducing GO into these suspensions would then result in the undesirable hetero-aggregation, 

not in the sought-for co-dispersion, of the negatively-charged GO nanoplatelets with the 

positively-charged B4C and Ti-Al particles. 

Logically, it is possible to change the charge of GO from negative to positive by cationic 

polyelectrolytes, and in particular by PEI which would thus simplify the route of colloidal 

processing (because PEI is the deflocculant used for B4C and Ti-Al [40]). Accordingly, Fig. 1 

also shows the evolution of the zeta potential as a function of pH for the individual dilute 

suspension of GO with different PEI additions. Clearly, only 1 wt.% PEI already induces the 

appearance of an isoelectric point for GO at pH~4.2, but it is insufficient for preparing well-

dispersed suspensions of B4C+Ti-Al+GO at neutral pH because at this pH GO still has a negative 

zeta potential (-45 mV), not positive as do B4C and Ti-Al [40]. With increasing PEI content, the 

isoelectric point of GO gradually shifts to greater pH (pH~6.5, 7.0, 7.2, 8.0, 9.3, and 9.7 for PEI 
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contents of 2, 3, 4, 6, 8, and 10 wt.%, respectively) while the zeta potential below the isoelectric 

point increases markedly, which is clear evidence for electrosteric stabilization. More 

importantly, it is seen that ~8 wt.% PEI already provides GO with the required (positive) zeta 

potential of ~50 mV exhibited by B4C [40] and Ti-Al [40] with 1 wt.% PEI at neutral pH. 

Fig. 2 shows the dependence of the zeta potential on pH for the individual dilute aqueous 

suspension of prGO without and with different PEI additions. It is seen that, unlike GO, prGO 

exhibits an isoelectric point at pH~2.6. This is because this prGO was prepared by the thermal 

reduction of GO at 400 °C, which resulted in the partial removal of oxygen-containing functional 

groups (prGO thus has less hydroxyl, carbonyl, and epoxy groups than GO, as well as a much 

higher C:O ratio of 7-8). Nonetheless, neither can prGO be used directly for preparing well-

dispersed suspensions of B4C+Ti-Al+prGO at neutral pH because, like GO, at this pH its zeta 

potential is still negative (-40 mV) [40]. Consequently, adding PEI is also necessary in this case. 

This is especially the case given the very hydrophobic nature of prGO, and its consequent low 

dispersibility in water. As expected, PEI addition gradually shifts the isoelectric point of prGO to 

greater pH (pH~4.6, 6.0, 9.3, and 10.0 for PEI contents of 1, 2, 4, and 6 wt.%, respectively). 

Indeed, prGO and GO have similar isoelectric points for low PEI contents (i.e., 1 and 2 wt.%), 

above which prGO has much higher isoelectric points. Interestingly, ~6 wt.% PEI already 

provides prGO with the required (positive) zeta potential of ~50 at neutral pH, which is ~2 wt.% 

PEI less than for GO. 

Well-dispersed concentrated suspensions of B4C+Ti-Al+GO and B4C+Ti-Al+prGO will 

then be prepared at neutral pH (pH~6.9-7.0) by adding 8 wt.% PEI for GO, 6 wt.% PEI for 

prGO, and 2 wt.% PEI for both B4C and Ti-Al [40]. The composition of solids of these 

suspensions can only be formulated knowing the mass loss that both GO and prGO will undergo 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

10 

 

during SPS. Consequently, pellets of GO and prGO were compacted individually, weighed, and 

heated with the SPS furnace up to 1900 °C in vacuum, and re-weighed, determining that their 

mass losses were ~54.4 and 42.5%, respectively. As expected, GO lost more weight (~12%) than 

prGO, attributable to its greater abundance of oxygen-containing functional groups. 

Consequently, to obtain the desired B4C composites with 4.9 vol.% Ti-Al and 2 vol.% rGO one 

needs to prepare concentrated suspensions with compositions in wt.% of 89.07B4C+7.02Ti-

Al+3.91GO and of 89.82B4C+7.08Ti-Al+3.10prGO. 

Unfortunately, the attempts to prepare these suspensions to total solids loadings of 30 and 

25 vol.% were unsuccessful because, as shown in Figs. 3A-B, during the gradual addition of 

GO/prGO the suspensions coagulated as grainy solids. In this scenario, aqueous colloidal 

processing is unfeasible. Fortunately, however, the situation changed when the total solids 

loading was reduced to 20 vol.%, in which case it was possible to prepare the desirable flowable 

suspensions, as shown in Fig. 3C. 

The concentrated suspensions (20 vol.% of total solids) of 89.07B4C+7.02Ti-Al+3.91GO 

and 89.82B4C+7.08Ti-Al+3.10prGO were then characterized rheologically before and after 

sonication for various times. The objective was to identify the optimal co-dispersion conditions 

of B4C and Ti-Al with GO/prGO platelets as coarse/fine as possible (for fabricating the 

orthotropic/isotropic composites). Fig. 4 shows the flow curve of the concentrated suspension of 

B4C+Ti-Al+GO prepared only by mechanical agitation. This suspension exhibits a shear-

thinning rheological behaviour (i.e., pseudo-plastic behaviour without yield point) with some 

thixotropy, indicative of good dispersion. The visual observations shown in Fig. 4 confirmed that 

it is indeed very flowable. This suspension has then the sought-for good dispersion of the B4C, 

Ti-Al, and GO, while preserving the coarse nature of the starting flaky GO platelets. 
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Consequently, this suspension was freeze-dried, thus obtaining the starting powder mixture from 

which orthotropic B4C/rGO composites would be fabricated. Note that in this case sonication is 

detrimental because it will re-exfoliate and re-fragment the desired flaky coarse GO platelets. 

Certainly, the flow curves shown in Fig. 4 for the concentrated suspensions of B4C+Ti-Al+GO 

sonicated for 1 and 2 min confirm that this is what occurs. It is seen that the sonicated 

suspensions exhibit a very shear-thinning rheological behaviour (i.e., plastic behaviour with yield 

point), with an increasing yield stress. The direct visual observations shown in Fig. 4 confirmed 

that they are thicker and indeed resemble pastes. What happens is that sonication results in a 

greater number of thinner and smaller, but still relatively coarse, GO platelets, which, at rest 

conditions, are randomly oriented within the suspension between the B4C and Ti-Al particles. 

Owing to their high aspect ratio, larger number, and random orientation, these newly-formed GO 

platelets offer a great overall resistance to the flow for low shear rates to such an extent that the 

suspension has a yield stress. However, shearing above the yield stress orients the GO platelets 

in parallel to the flow direction, thus reducing the suspensionꞌs viscosity. 

Fig. 5 shows the flow curves of the concentrated suspension of B4C+Ti-Al+prGO as a 

function of the sonication time. Unlike before, sonicating is now key to obtaining prGO platelets 

as fine as possible for fabricating the isotropic B4C/rGO composites. It is seen that the sonicated 

suspensions exhibit the desired shear-thinning rheological behaviour with little thixotropy, 

whereas the non-sonicated suspension is more viscous and thixotropic. The direct visual 

observations shown in Fig. 5 confirmed that they are all fluid, although in this case sonication is 

indeed beneficial for the dispersion because the flow response got better. Most likely, this is 

because (i) the starting prGO platelets are much finer and smaller than the GO platelets, and 

become even much finer and smaller after sonication, and (ii) the concentrated suspensions 
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contain less prGO than GO because prGO loses less mass than GO during SPS. The optimal 

sonication time is 2 min, above which dispersion got worse (because the viscosity increases). 

This last is because the excess of sonication causes some re-agglomeration once the heat-induced 

surface activation starts to predominate over dispersion [41]. Consequently, the suspension 

sonicated for 2 min was freeze-dried thus obtaining the starting powder mixture from which 

isotropic B4C/rGO composites would be fabricated. 

 

3.2. Spark plasma sintering of orthotropic and isotropic B4C/rGO composites 

Figs. 6 and 7 present SEM images at different magnifications of the fracture surface of 

the B4C composites fabricated by SPS from the optimized powder mixtures of B4C+Ti-Al+GO 

and B4C+Ti-Al+prGO, respectively. It is seen that the two composites are, thanks to the Ti-Al 

additives, well densified. Fig. 8 compares the Raman spectra of the composites and their powder 

mixtures, indicating that the former contains rGO nanoplatelets, not the parent GO/prGO 

nanoplatelets. This is because the intensity ratio of the D to G bands is lower in the composites, 

which is indicative of thermal reduction of GO/prGO to rGO in situ during SPS. The B4C/rGO 

composites, however, exhibit notable microstructural differences regarding their distribution of 

nanoplatelets. Thus, the B4C/rGO composite fabricated from B4C+Ti-Al+GO is orthotropic 

because its rGO platelets are preferentially aligned in planes perpendicular to the pressing 

direction during SPS (Figs. 6A-B). Also, these rGO platelets are coarse and span longitudinally 

tens of microns because they are actually flaky aggregates of thick, large rGO nanoplatelets (Fig. 

6C). On the contrary, it is hard to distinguish rGO platelets in the B4C/rGO composite fabricated 

from B4C+Ti-Al+prGO (Figs. 7A-B). Its microstructure is fairly isotropic because most of its 
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rGO platelets are fine and are randomly oriented (Figs. 7A-B) and wrapped at grain boundaries 

(Fig. 7C). 

Interestingly, the two B4C/rGO composites are equally superhard, with a Vickers 

hardness of ~31-32 GPa. They are therefore only slightly softer than the reference material 

without rGO, whose Vickers hardness is 34±1 GPa [40]. This is simply because rGO is relatively 

soft. However, as seen in the OM and SEM observations of Figs. 9 and 10, they exhibit marked 

differences in how the Vickers cracks propagated through their microstructures. Thus, in the 

orthotropic B4C/rGO composite, the cracks run very little in parallel to the pressing direction 

during SPS because the flaky rGO platelets arrest their propagation (marked toughening), and 

much more in the perpendicular direction (virtually no toughening) (Figs. 9A and B). The 

anisotropic toughening power of the coarse rGO platelets is more evident in Figs. 9C and D, 

which show that no cracks are able to emanate from the corner of the plastic impression when 

this falls where there are coarse rGO platelets. In the isotropic B4C/rGO composite, however, the 

Vickers cracks run equally in both directions (Fig. 10A), but they propagated tortuously (Fig. 

10B), indicating active interaction with the thin rGO platelets and therefore moderate 

toughening. Indeed, recent detailed toughness measurements on Al2O3/rGO composites 

demonstrate that (i) those with orthotropic microstructure are markedly tough with a rising R-

curve in the direction perpendicular to the rGO platelets, but are practically untoughened in the 

direction parallel to the rGO platelets [28], and that (ii) those with isotropic microstructure are 

moderately toughened in any direction with a shallower R-curve [28]. According to the Vickers 

indentation tests, this is the present case, and therefore future work (beyond the scope of this 

processing study) is needed to measure these R-curves. 
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Anisotropy in functional properties is also expected for the present orthotropic B4C/rGO 

composites. Certainly, earlier study on orthotropic composites of B4C reinforced with graphene 

platelets (GPLs) has demonstrated greater electrical conductivity in the direction parallel to the 

GPLs [33]. This is also true for orthotropic SiC/GPL composites [42], for which the thermal 

diffusivity has also been found to be greater in the direction parallel to the GPLs [43,44]. Higher 

electrical and/or thermal conductivities in parallel to the reinforcements have also been reported 

for Al2O3/GPL nanocomposites [45], and for AlN/GPL [46], 8YSZ/GPL [47], and 3YTZP/GPL 

composites [48], to name but a few examples. 

What is remarkable is that the feasibility has been demonstrated of fabricating 

controllably by the same processing route B4C/rGO composites with different microstructural 

designs, for their use on demand depending on the complexity of the mechanical loads and 

particular needs in each given engineering application. Also, this processing route is simple, and 

easily adaptable/extensible to make other orthotropic and isotropic ceramic/rGO composites 

(with the desired ceramic matrix, tailored content of sintering additives (if any), and required 

percentage of GO nanoplatelets), provided that all starting powders can be co-dispersible as 

concentrated suspensions (with shear-thinning rheological behaviour) conveniently deflocculated 

(using ideally a common deflocculant, or else a combination of various deflocculants of the same 

charge), in aqueous or non-aqueous media. 

 

4. Conclusions 

 The processability of fully-dense B4C/rGO composites with orthotropic and isotropic 

microstructural designs on demand has been studied. Based on the results and analyses, the 

following conclusions can be drawn: 
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1. A simple processing route combining aqueous colloidal processing with transient liquid-

phase assisted SPS has been developed that is customizable to obtain both orthotropic 

and isotropic B4C/rGO composites, controllably. 

2. In this route, the orthotropic B4C/rGO composites are obtained by using a source of 

coarse rGO platelets and imposing smooth co-dispersion conditions during aqueous 

colloidal processing to avoid their re-exfoliation/re-fragmentation. 

3. Contrarily, the isotropic B4C/rGO composites are obtained by using a source of fine rGO 

platelets and imposing intensive co-dispersion conditions to ensure their re-exfoliation/re-

fragmentation. 

4. Both types of B4C/rGO composites are equally superhard (~31-32 GPa). Nonetheless, the 

orthotropic composites exhibit marked toughening and virtually no toughening for cracks 

propagating perpendicularly and in parallel to the rGO reinforcements, respectively. The 

isotropic composites exhibit however moderate toughening for any crack. 
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Figure Captions 

 

Figure 1. Dependence of the zeta potential on pH and PEI deflocculant content for the individual 

dilute suspensions of GO, as indicated. Dots are the experimental data, and the lines are guides 

for the eye. The grey stripe denotes the zone excluded for low colloidal stability. The blue stripe 

denotes the zones excluded for restrictions of charge sign or pH. The curves of zeta potential for 

B4C and Ti-Al with 1 wt.% PEI are also included as references for the co-dispersion [40].  

 

Figure 2. Dependence of the zeta potential on pH and PEI deflocculant content for the individual 

dilute suspensions of prGO, as indicated. Dots are the experimental data, and the lines are guides 

for the eye. The grey stripe denotes the zone excluded for low colloidal stability. The blue stripe 

denotes the zones excluded for restrictions of charge sign or pH. The curves of zeta potential for 

B4C and Ti-Al with 1 wt.% PEI are also included as references for the co-dispersion [40].  

 

Figure 3. Optical photographs showing the visual appearance directly observable just after 

dispersing the entire amount of prGO into the water for total solids loadings of (A) 30, (B) 25, 

and (C) 20 vol.%. 

 

Figure 4. Flow curves as a function of sonication time for the 89.07B4C+7.02Ti-Al+3.91GO 

concentrated suspension prepared to 20 vol.% total solids, and optical photographs showing its 

visual appearance. Sonication was not prolonged further once the flow curve worsened. The 

number at the right of each curve denotes the sonication time. The arrows indicate the uploading 

and downloading stretches of the flow curves. 
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Figure 5. Flow curves as a function of sonication time for the 89.82B4C+7.08Ti-Al+3.10prGO 

concentrated suspension prepared to 20 vol.% total solids, and optical photographs showing its 

visual appearance. Sonication was not prolonged further once the flow curve worsened. The 

number at the right of each curve denotes the sonication time. The arrows indicate the uploading 

and downloading stretches of the flow curves. 

 

Figure 6. SEM micrographs of B4C/rGO composite fabricated from the optimal B4C+Ti-Al+GO 

concentrated suspension showing its orthotropic microstructure at magnifications of (A) 1000×, 

(B) 5000×, and (C) 5000× but with detail of the flaky rGO platelets at 11500×. The vertical 

arrows mark the pressing direction during SPS. 

 

Figure 7. SEM micrographs of B4C/rGO composite fabricated from the optimal B4C+Ti-

Al+prGO concentrated suspension showing its isotropic microstructure at magnifications of (A) 

1000×, (B) 5000×, and (C) 65000×. The vertical arrows mark the pressing direction during SPS. 

 

Figure 8. Raman spectra of the two B4C/rGO composites fabricated by SPS, and of their starting 

B4C+Ti-Al+GO and B4C+Ti-Al+rpGO powder mixtures. The position of the bands D, G, and 2D 

are indicated.  

 

Figure 9. Optical and SEM micrographs of the Vickers cracks in the orthotropic B4C/rGO 

ceramic showing (A) a general view, (B) a vertical crack being arrested at coarse rGO platelets. 

and (C-D) residual impressions with their top corners located at coarse GO platelets. The plastic 

impression is coloured with light-violet background. The vertical arrows mark the pressing 
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direction during SPS. These Vickers indentation tests were performed on the polished cross-

section surface. 

 

Figure 10. Optical and SEM micrographs of the Vickers cracks in the isotropic B4C/rGO 

ceramic showing (A) a general view and (B-C) details of the tortuous path of the horizontal and 

vertical cracks emanating from the corners of the residual impression. The plastic impression is 

coloured with light-violet background. The vertical and horizontal arrows mark the pressing 

direction during SPS. These Vickers indentation tests were performed on the polished cross-

section surface. 
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Table and Table Caption 

 

 

Table 1. Features of the starting powders. Purity, morphology, and size are as provided by the 

manufacturerꞌs specifications. Densities were measured experimentally by He-pycnometry.  

  

Powder Purity (%) Density (g/cm
3
) Morphology Size (m) 

B4C >99 2.559 particulate ~0.7  

Ti-Al >99.8 3.841 particulate ~38 

GO >99 1.845 nanoplatelets ~10 diameter, 0.005 thickness 

rGO >99 2.372 nanoplatelets  ~5 diameter, 0.002 thickness 
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Figure Captions 

 

Figure 1. Dependence of the zeta potential on pH and PEI deflocculant content for the individual 

dilute suspensions of GO, as indicated. Dots are the experimental data, and the lines are guides 

for the eye. The grey stripe denotes the zone excluded for low colloidal stability. The blue stripe 

denotes the zones excluded for restrictions of charge sign or pH. The curves of zeta potential for 

B4C and Ti-Al with 1 wt.% PEI are also included as references for the co-dispersion [40].  

 

Figure 2. Dependence of the zeta potential on pH and PEI deflocculant content for the individual 

dilute suspensions of prGO, as indicated. Dots are the experimental data, and the lines are guides 

for the eye. The grey stripe denotes the zone excluded for low colloidal stability. The blue stripe 

denotes the zones excluded for restrictions of charge sign or pH. The curves of zeta potential for 

B4C and Ti-Al with 1 wt.% PEI are also included as references for the co-dispersion [40].  

 

Figure 3. Optical photographs showing the visual appearance directly observable just after 

dispersing the entire amount of prGO into the water for total solids loadings of (A) 30, (B) 25, 

and (C) 20 vol.%. 

 

Figure 4. Flow curves as a function of sonication time for the 89.07B4C+7.02Ti-Al+3.91GO 

concentrated suspension prepared to 20 vol.% total solids, and optical photographs showing its 

visual appearance. Sonication was not prolonged further once the flow curve worsened. The 

number at the right of each curve denotes the sonication time. The arrows indicate the uploading 

and downloading stretches of the flow curves. 

 

Figure Captions
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Figure 5. Flow curves as a function of sonication time for the 89.82B4C+7.08Ti-Al+3.10prGO 

concentrated suspension prepared to 20 vol.% total solids, and optical photographs showing its 

visual appearance. Sonication was not prolonged further once the flow curve worsened. The 

number at the right of each curve denotes the sonication time. The arrows indicate the uploading 

and downloading stretches of the flow curves. 

 

Figure 6. SEM micrographs of B4C/rGO composite fabricated from the optimal B4C+Ti-Al+GO 

concentrated suspension showing its orthotropic microstructure at magnifications of (A) 1000×, 

(B) 5000×, and (C) 5000× but with detail of the flaky rGO platelets at 11500×. The vertical 

arrows mark the pressing direction during SPS. 

 

Figure 7. SEM micrographs of B4C/rGO composite fabricated from the optimal B4C+Ti-

Al+prGO concentrated suspension showing its isotropic microstructure at magnifications of (A) 

1000×, (B) 5000×, and (C) 65000×. The vertical arrows mark the pressing direction during SPS. 

 

Figure 8. Raman spectra of the two B4C/rGO composites fabricated by SPS, and of their starting 

B4C+Ti-Al+GO and B4C+Ti-Al+rpGO powder mixtures. The position of the bands D, G, and 2D 

are indicated.  

 

Figure 9. Optical and SEM micrographs of the Vickers cracks in the orthotropic B4C/rGO 

ceramic showing (A) a general view, (B) a vertical crack being arrested at coarse rGO platelets. 

and (C-D) residual impressions with their top corners located at coarse GO platelets. The plastic 

impression is coloured with light-violet background. The vertical arrows mark the pressing 
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direction during SPS. These Vickers indentation tests were performed on the polished cross-

section surface. 

 

Figure 10. Optical and SEM micrographs of the Vickers cracks in the isotropic B4C/rGO 

ceramic showing (A) a general view and (B-C) details of the tortuous path of the horizontal and 

vertical cracks emanating from the corners of the residual impression. The plastic impression is 

coloured with light-violet background. The vertical and horizontal arrows mark the pressing 

direction during SPS. These Vickers indentation tests were performed on the polished cross-

section surface. 
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Table and Table Caption 

 

 

Table 1. Features of the starting powders. Purity, morphology, and size are as provided by the 

manufacturerꞌs specifications. Densities were measured experimentally by He-pycnometry.  

  



 A fabrication route based on aqueous colloidal processing plus transient liquid-phase 

assisted spark-plasma-sintering (SPS) with Ti-Al additives is described for the 

environmentally friendly obtention of superhard B4C composites reinforced with 

reduced graphene oxide (rGO) having orthotropic and isotropic microstructures.  

 Orthotropic B4C/rGO composites, which have coarse rGO platelets preferentially 

aligned perpendicular to the SPS pressing direction, are prepared from mixtures of 

B4C and Ti-Al particles with a source of thick, large rGO nanoplatelets by imposing 

smooth co-dispersion conditions to avoid platelet re-exfoliation and fragmentation.  

 Isotropic B4C/rGO composites, which have fine rGO platelets randomly oriented, are 

fabricated from mixtures of B4C and Ti-Al particles with a source of thin, small rGO 

nanoplatelets by applying intensive sonication to promote platelet re-exfoliation and 

fragmentation during co-dispersion.  

 The orthotropic and isotropic B4C/rGO composites are equally superhard, but their 

microstructures interact differently with the cracks. 

*Summary of Novel Conclusions




