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ABSTRACT

For the first time we show that spark plasma sintering can efficiently replace hot pressing
for the densification of UHTCMCs, in the present case ZrB,/SiC composites reinforced with
continuous carbon fibres. To this purpose, the same materials were first produced by hot pressing as
baseline samples and then by spark plasma sintering (SPS) to compare microstructure and basic
mechanical properties. A special emphasis was given to the study of interfaces, in case of both
coated and uncoated carbon fibres.

SPS allowed for faster sintering but required an adjustment of the temperature to avoid
fibre degradation compared to hot pressing. With similar porosity levels, we observed a slight
decrease of flexural strength (300 vs 470 MPa), and an improvement of fracture toughness (15 vs
10 MPavm) for SPSed samples. SPS was proved to be an effective method for the consolidation of

continuous fibre reinforced UHTC composites.

Keywords: spark plasma sintering; ceramic matrix composite; UHTCMC; carbon fibre; hot

pressing
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1. Introduction

Spark plasma sintering (SPS) is a consolidation technique for the processing of several
class of materials and configurations. [1-3] The simultaneous application of electrical current and
mechanical pressure allows to overcome many of the problems encountered with poorly sinterable
materials [4-8]. The advantages of SPS over hot pressing for refractory ceramic bulk compounds
such as Ultra-High Temperature Ceramics (UHTCSs) has been proved in several publications [9-12].
With this technique it is possible to reduce the maximum temperature, holding time and/or avoid the
use of sintering agents, which results in overall refinement of the microstructure and improvement
of mechanical properties [13]. Recently, fast consolidation of ZrB,-based composites reinforced
with ultra-short pitch-based carbon fibres (<0.5 mm) has been obtained by SPS, with minimal or no
fibre damage provided that the sintering parameters are carefully tailored[14].

This paper investigates for the first time the SPS densification of continuous carbon fibre -
UHTCMCs obtained by overlapping carbon fibre preforms impregnated with ZrB,-SiC powder
mixtures. UHTCMCs are under development in the European project C:HARME
(www.c3harme.eu) and are designed to be applied in aerospace harsh environments such as thermal
protection systems for hypersonic re-entry vehicles and rocket nozzles for satellite launchers
[15,16]. UHTCMCs should in principle overcome the operational limits of SiC-based CMCs, due to
active oxidation of SiC to SiO, at temperatures above 1600 °C and at low oxygen partial pressures
[17-21]. Several processing methods are currently under investigation to combine the functionality
of the UHTC phase with the damage tolerance of CMCs; one approach is based on the coating of
CMCs with a layer of UHTCs [22], while other methods involve the incorporation of UHTC
particles in the starting liquid precursor [19,23,24]. In all these cases the UHTC phase represent a
very low volumetric fraction of the final composite [25-27]

Hot pressed continuous carbon fibre-UHTCMCs are basically constituted by a UHTC

matrix well integrated with the carbon preform, and have recently shown an excellent oxidation
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resistance [18], thermal shock resistance up to 1500 °C [26] and damage tolerance [28]. Further
investigations have been carried out on ablation behaviour under hypersonic re-entry conditions
[29] demonstrating an excellent behaviour at temperature exceeding 2500 °C.

In the present work, consolidation efficiency of C{/ZrB,-SiC UHTCMCs by spark plasma
sintering was investigated. On the same materials, hot pressing cycles were performed as reference.
Sintering parameters, microstructural features and mechanical properties were compared in order to
understand advantages and drawbacks of the SPS technology. This work also includes the study of
sinterability and characterization with two different types of fibres i.e.:

- pyrolytic carbon (PyC) coated PAN-based carbon fibres,

- uncoated pitch-based carbon fibres.

2. Experimental

Fabrication. The following raw materials were used:

Powders: ZrB, Grade B, H.C. Starck, Germany, particle size range 0.5-6 pm, impurities (wt%): 0.2
C,1.30,0.19N, 0.1 Fe, 1.4 Hf; o-SiC (Grade UF-25, H.C. Starck, Germany, Dsy 0.45 pm.

Fibres: PAN-derived Carbon fibres (T8O0HB-6000, TORAYCA, Japan), diameter 5 um, coating:
pyrolytic carbon (PyC) 0.0811 g/m (coating thickness ~0.5-1 um); pitch-based carbon fibres
(XN80-6K, Granoc, Japan), diameter 10 um, uncoated.

A (90 vol% ZrB, - 10 vol% SiC) powder mixture was prepared by wet ball milling and dried. With
the mixed powders, aqueous slurries were prepared according to previous studies [25]. Composites
were fabricated impregnating unidirectional fibre bundles with the slurry and subsequently stacking
the fibre layers, either 30 x 30 mm? squares or @ = 40 mm discs, in a 0/0° configuration. The 4

materials have the following compositions, in vol% (see details in Table 1):

45% (90 %ZrB,-10 % SiC) + 55 vol% PyC PAN-C;, labelled as C_SPS or C_HP,

55% (90 % ZrB,-10 % SiC) + 45 vol% Pitch-Cs, labelled as U_SPS or U_HP,
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where “C” refers to coated fibres, “U” to uncoated fibres, “SPS” to spark plasma sintering ad “HP”
to hot pressing.

Sintering. Hot pressing cycles were carried out on 30 x 30 mm? samples on the basis of
previous experience [26], under vacuum (~0.2 mbar), at 1900 °C, 40 MPa, holding time of 30 min,
heating rate of 25 °C/min, free cooling. The temperature behaviour was monitored by an optical
pyrometer focused on the external surface of the graphite die. Since the heating rate is low and the
sample highly thermally conductive we assume that temperature experienced by the sample is
consistent with the value measured by the pyrometer. Spark plasma sintering cycles (SPS furnaces
HPD25, FCT Systeme GMBH, Germany) on @ = 40 mm discs were carried out under vacuum
(~0.3 mbar) at 1850, 1900 °C, holding time 2-5 mm, heating rate 100 °C/min, cooling rate 450
°C/minute. The temperature was monitored with an optical pyrometer focused on the bottom of the
upper graphite punch, about 5 mm away from the sample. The final pressure of 40 MPa was applied
at the beginning of the cycle and released at the beginning of the cooling stage.

Characterization. The bulk density of the sintered pellets was determined using
Archimedes’ method, and the relative density was defined as the ratio between the experimental and
the theoretical values. The theoretical density of materials was calculated with the rule of mixtures
on the basis of the starting composition. Residual porosity, fibre volumetric content (FVC) and
mean grain size (m.g.s) of ZrB, were measured by image analysis using the Image-Pro Analyzer 7.0
software (v.7, Media Cybernetics, USA) on SEM images of polished sections. The microstructures
were analysed on polished and fractured surfaces using field emission scanning electron microscopy
(FE-SEM, Carl Zeiss Sigma NTS Gmbh Oberkochen, Germany).

Four-point bending tests (o) were performed on 25 x 2.5 x 2 mm? bars (length by width by
thickness, respectively). Chevron notched beams (CNBs) specimens of 25 x 2 x 2.5 mm? (length by
width by thickness, respectively) were used for toughness tests (K,). The test bars were notched
with a 0.1 mm-thick diamond saw; the chevron-notch tip depth and average side length were about

0.12 and 0.80 of the bar thickness, respectively. All tested bars were fractured using a semi-



126

147
15
168
17
18 9
19
20
5410
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
gl
3912
40
4113

434
44

495
46

47
48l6
49

5017
51

5
5%18
54
5519
56
57
50
59
60
61
62
63
64
65

articulated stainless steel four-point fixture with a lower span of 20 mm and an upper span of 10
mm, using a Zwick-Roell Z050 screw-driven load frame. The crosshead speed was 1 mm/min and
0.05 mm/min for ¢ and K, respectively. The Work-of-Fracture (WoF) was calculated from the
CNB test as the area below the load-displacement curve divided by the double of the projected real

surface.

3. Results and discussion

3.1 SPS vs HP - Microstructural features and fibre/matrix interface characteristics

Table 1 summarizes sintering conditions, densities and properties of the materials obtained.

Label Sintering conditions Sintering Max Density  Porosity ZrB; mean Fibre Flexural Fracture

Tonset densification grainsize  volumetric  strength, toughness
rate content c K,

(°C/min) (°C) (MPa) (min) (°C) (%/min) (glem?) (%) (um) (%) (MPa)  (MPaVm)
C_HP 25 1900 40 30 1600 0.9 3.0 18 ~2.4 55 470+50 10.0+3.0
C_SPS 100 1850 40 3 1500 6 3.0 18 ~2.3 55 300+50 14.6+3.0
U_HP 25 1900 40 30 1600 0.9 3.8 10 ~2.5 45 320+10 10.3+0.3
U_SPS 100 1850 40 3 1500 6 4.0 5 ~2.4 45 260+20 8.7+04

Table 1. Sintering parameters (heating rate, max temperature, pressure, residence time),
physical properties and mechanical properties of specimens sintered by HP (C_HP, U_HP) and SPS
(C_SPS, U_SPS) with coated PAN-derived fibres (C) and uncoated pitch-based fibres (U).

C_HP (reference sample): The composite with coated fibres, hot pressed at 1900 °C,
showed a residual porosity of 18%, Table 1. Densification was aided by formation of Si-O liquid
phases that helped particle rearrangement and favoured cleaning of the ZrB, particle surface from
surficial ZrO, and B,Og, incorporating them in the liquid, as previously reported [30]. The typical
densification curve is reported in Fig. 1a. The onset for densification was around 1600 °C, with a

change in the slope related to an increase of the densification rate at around 1700 °C. The maximum



1 densification rate, ~0.9 % min™, was recorded during the heating step when temperature approached

2 1850 °C.
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255 Fig. 1. Densification curves obtained for a) HP cycle at 1900 °C, 30 min, b) SPS cycle at
276 1900 °C, 5 min. In the inset the densification rate vs. temperature during heating step is shown.

318 Details of the microstructure, Fig. 2, show coated fibres grouped in clusters, Fig. 2a, with
349 unaltered coating, Fig. 2b, c and isolated fibres with a reacted layer in place of the coating, at the
3610 interface, Fig. 2e. The coating was useful to prevent a strong fibre/matrix reaction, which would
33[1 have been unavoidable in the case of uncoated fibres [25]. Around the fibres, we detected the

4112 formation of small bright contrasting grains and intermediate grey particles (Fig. 2c), which were
4313 recognized as ZrC and SiC particles by EDS (Fig. 2d). Formation of ZrC at the interface with C
4614 fibres was already reported in previous works [14] and is caused by carbo-reduction of ZrO; present

4815  on the surface of ZrB; particles with carbon provided by the fibres, see reaction 1.

296 Zr0, +3C - ZIC + 2CO )
52

5317 For isolated fibres, inclusions of ZrC and SiC particles inside the coating/fibres were

54

2218 detected and were due to penetration of Si-O based liquid phases inside the coating layers and

5819  subsequent reaction with the fibre, during sintering, see Fig 2e. The combination of unreacted
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clustered coated fibres (Fig. 2b) and isolated fibres (Fig. 2e) with partially reacted interfaces led to a

mixture of weak and strong interfaces, as depicted in the fracture image in Fig. 2f.

Fig. 2. Microstructural details of sample C_HP, a) polished cross section showing grouped

fibres, b) magnification of the grouped fibres joined by the coating, ¢) coating detachment due to
load application, d) EDS analysis of 3 different spots marked in fig. 2c as 1,2,3, e) two fibres with
reacted coating, f) fracture surface with extensive pull-out of grouped fibres and no pull-out of

isolated fibres.

C_SPS: Different trials were conducted to replicate similar microstructural features as for
hot pressed samples. SPS cycles were first conducted at 1900 °C for 2, 3, 5 min, and then at 1850
°C for 2, 3, 5 min. The densification curve for the cycle at 1900 °C, 5 min, is reported in Fig. 1b.
Besides the displacement originating from the thermal expansion effects of the pistons, the
behaviour is similar to hot pressing. The onset of densification occurred roughly at 1500 °C; at 1800
°C a sudden increase of densification rate was observed. Due to the four times higher heating rate,
the maximum value of densification rate, of about 6 % min™, was achieved after the heating step
when the temperature reached the peak of 1906 °C. The higher densification rate for SPS compared
to HP is likely due to the higher heating rate of the former. With these sintering conditions, full

density was achieved; however, SEM analysis on the fracture surfaces revealed the degradation of



1  the fibre coating, leading to the loss of the coating functionality and no fibre debonding during
22 fracture (Fig. 3). Decreasing the holding time from 5 to 2 minutes did not solve the issue of
53  fibre/matrix overreaction, therefore it was necessary to decrease the maximum sintering

74  temperature.

245 . SRS . _—

»7 6  Fig. 3. Fracture surface of the damaged fibre highlighting a group of four fibre sections overreacted
with the matrix. The dark contrasting rounded phases are the fibers, the light contrasting phase is
308 the ZrB, matrix, the grey contrasting is SiC. The jagged interface containing ZrC particles is due to
329 the overreaction of the fibre and matrix at the fibre/matrix interface during SPS at 1900 °C.

3410

2211 Cycles carried out at 1850 °C for shorter times, 2 min, were considered more suitable to
2512 achieve a level of densification (residual porosity < 20 %) in the matrix similar to the hot pressing
2213 one, with no fibre damage. A slight ZrB, grains refinement was observed for SPS, see Table 1.
%%4 Fig. 4 shows essential features of the composite sintered at 1850 °C for 2 min. Similar to
jgw C_HP the fibre distribution was uneven, due to the fibre coating applied before impregnation, see
E%LG Fig. 4a. Indeed, the liquid slurry could not penetrate the bundles connected by the CVD PyC

2217 coating, and neither SPS nor HP did repair this defect. Noteworthy, inside fibre clusters a partial

52
5318  detachment of the coating from the fibre was frequently observed during densification (Fig. 4b).
54
2219 This detachment was likely due to shrinkage stresses occurring during the SPS treatment. On the

57 . . : . .

520  contrary, isolated fibres showed a more reacted interface, and no coating detachment, see Fig. 4c,
59

61  similar to hot pressing. Overall, the phenomenon of coating detachment was more marked after

61

62

63

64 8
65
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SPS, Fig. 4b, very likely enhanced by the faster heating and cooling rate that did not allow a
suitable rearrangement of particles inside the composites. On the other hand, the higher temperature
and longer holding time of hot pressing caused a slightly higher reaction at the interface for isolated
fibres, (compare Fig. 4c to 2e). In Fig. 4d a bimodal extensive fibre pull-out is visible, weak
interface for grouped fibres and a strong interface for isolated fibres. Details in Fig. 4e, indicate that

fibre sliding occurred predominantly between fibres and coating.

Fig. 4. Microstructural details of sample C_SPS, a) polished cross section showing

grouped fibres, b) magnification of the grouped fibres showing coating detachment c) isolated fibre
cross section with partially reacted coating, d) fracture surface with an extensive fibre pull-out, e)
details of the interface after fibre sliding.

U_HP (reference HP sample): The microstructure obtained with uncoated pitch fibres is
very different from the previous cases, Fig. 5a. This is due to several factors including the lower
FVC, 45 vs 55 vol.% and a larger fibre diameter, ~10 um. But most of all, uncoated fibres were
more homogeneously infiltrated by the slurry compared to coated fibres (Fig. 5a,d). As for the

matrix/fibre interface, it is clear that the absence of coating favoured a stronger adhesion with the
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matrix (Fig. 5c), as previously reported [28], resulting in a decrease of fibre pull-out extent (Fig. 5d)
compared to the samples with coated fibres (Fig. 2f). At the interface, the formation of SiC (Fig. 5¢)

and ZrC (not shown) was observed, as for the previous specimens.

Fig. 5. Microstructural details of sample U_HP, a) polished cross section showing

homogeneously distributed fibres in the matrix (dark contrasting are not infiltrated area), b) detail of
a fibre cross section surrounded by the matrix (residual porosity highlighted by arrows), c) detail of
fibre/matrix interface showing partial fibre detachment and partial matrix anchorage with residual
SiC phase at the interface, d) fracture surface where fibre pull-out is visible, dark contrasting are

fibres and white contrasting is matrix.

U_SPS: The composite was sintered at 1850 °C, 2 min, as for C_SPS. The final porosity
was ~5% (Table 1), in agreement with microstructure analysis (Fig. 6a-b). As for U_HP, fibres are
well distributed in the UHTC matrix and the interface was strong but quite smooth (Fig. 6c¢), just
displaying small SiC particles. The extent of fibre pull-out was lower than the reference hot pressed

sample, consisting with higher matrix density achieved, and occurred via intra-fibre sliding, Fig.

10
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6d,e. Fig. 6e shows the external fibre graphite layer adherent to ZrB, matrix but detached from the

rest of the fibre. The matrix mean grain size of U_HP and U_SPS are comparable, see Table 1.

& W

matrix

Fig. 6. Microstructural details of sample U_SPS, a) polished cross section showing well
distributed fibres in the matrix, b) detail of the matrix, dark contrasting area are pores, the light
contrasting phase is ZrB, matrix, the grey contrasting is SiC. c) single fibre polished section; d)
fracture surface with short fibre pull-out, ) detail of fibre/matrix interface where graphite layers

remained adherent to the matrix after intra-fibre sliding are visible.

In summary, experiments and microstructural analyses confirmed that it is possible to
replicate the microstructure of a UHTCMC densified by hot pressing, using the SPS technique. The
temperature must be lowered by some 50 °C and the holding time is reduced from half an hour to
few minutes. This finding holds true for small and thin samples as those here considered but it is
likely that experimental parameters must be re-adjusted in case of samples with different mass and

dimensions. Parallel cycles at 1900 °C confirmed that SPS was much faster than hot pressing to

11
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achieve nearly full density in the matrix, but the fibre/matrix interface reactivity was too high,
which jeopardized the capability for damage tolerance of the composite. From the microstructural
features and densification curves it was concluded that similar densification mechanisms occurred
during the two thermal treatments, mostly based on conventional heating effects. For SPS, the Joule
effect had the consequence of a faster heating compared to hot pressing and this accelerated the
diffusion processes via liquid phase sintering. The presence of a coating allowed the use of PAN-
derived fibres, previously found unsuitable for this process, by preventing the reaction at the
interface between the fibre and the matrix. However, coated fibres were more delicate and the
coating was prone to detachment during the sintering treatment very likely due to the application of
a mechanical load. Pitch-based carbon fibres were suitable even without expensive coatings due to
their higher chemical stability (graphitic structure), but the lack of a coating always resulted in a

stronger fibre/matrix interface that limited fibre pull-out.

3.2 Mechanical behaviour

Flexural strength and fracture toughness load-displacement curves are reported in Fig. 7 and
Fig. 8 respectively, highlighting the direct comparison between SPS and HP treatment on the same
composition. For the sake of clarity, it must be mentioned that these tests were useful just for
comparison purposes; it is well known that flexural strength values are affected by interlaminar
fracture, thus it is unlikely that the values reported in Table 1 always represent the ultimate
materials strength. The same holds true for fracture toughness, in which the reported value could be

a mixture of opening mode (mode 1) and shearing mode (mode I1).

12
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Max stress outer fibers (MPa)
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Fig. 7. C_SPS vs C_HP: a) Comparison of stress-displacement curves of the flexural test

and b) load-displacement curves of chevron notched beams (CNB) specimens.
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Fig. 8. U_SPS vs U_HP: Comparison of stress-displacement curves of the flexural test and

b) load-displacement curves of chevron notched beams (CNB) specimens for samples.

C_SPS vs C_HP. The results obtained in terms of mechanical strength and toughness can

be easily interpreted on the basis of the microstructural observations. Comparing samples C_SPS

and C_HP, coated fibres and different techniques, Fig. 7, a lower strength was found when SPS was

the sintering technique, Fig. 7a, while the toughness was improved up to a corresponding Work-of-

Fracture (WoF) of 7 KJ/m?, Fig. 7b. Stresses induced by a rapid densification, fast heating and

cooling led to creation of new defects, such as coating detachment, lower adhesion between layers

compared to HP, because powder particles inside and around impregnated bundles had less time for

rearrangement. This probably resulted in a higher chance of interlaminar fracture and crack growth

13
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in mode 1. On the other hand, the rapid heat treatment limited the fibre/matrix interface reactions,
leading to higher fracture toughness.

U_SPS vs U_HP. For this group of composites, the difference recorded in mechanical
properties between the two techniques is much less evident and the WOF is attested to about 0.5
KJ/m?, Fig. 8a, b. The slightly lower values of toughness found for U_SPS can be attributed to the
stronger fibre/matrix bond. The load-displacement curves of CNBs, Fig. 8b, showed a similar trend
and could be affected by a lower contribution of crack growth in mode I1. Also the lower data
scattering of both mechanical tests suggests that a more homogeneous microstructure was obtained
with uncoated pitch-based carbon fibres.

As a general observation ultra-high modulus pitch-based carbon fibres show a lower
degree of reaction during sintering with oxide impurities, SiC and ZrB; grains compared to
intermediate modulus PAN-derived fibres. The reason lies in the different microstructure of the
carbon, which is highly crystalline with a graphitic structure for the former, and amorphous with a
turbostractic structure for the latter. Such difference in structure is responsible for the intra-fibre-
sliding in pitch-based Cs and, at the same time, the unsuitability of uncoated PAN-based C; [25].
About the lower delamination and the higher microstructure homogeneity of the material reinforced
with uncoated pitch-based fibres, a possible explanation, could be the faster rearrangement during
sintering under uniaxial pressure, of isolated Cs rather than joined grouped Cs.

Flexural strength and toughness were higher in composites with coated PAN-based fibres.
This could be associated to both the higher FVC and the intrinsically higher strength of the PAN-
derived fibres which was retained even after sintering. Compared to pitch-based carbon fibres [26],
coated PyC/PAN-based carbon fibres allowed for an extensive fibre pull-out from the UHTC matrix
upon fracture. The coating was well anchored to the matrix, but the fibre/coating interface remained
weak and fibres were able to slide out of the coating. Moreover, the lower stiffness of the PAN-

derived fibres prevented premature fibre failure during sliding.

14
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As far as the fracture toughness of hot pressed specimens is concerned, the individual
values of K, did not highlight any significant difference between coated and uncoated fibres. The
apparently higher mean values, obtained with the coated Cs, should be addressed to the higher
tendency to delaminate, which on the one side attests the higher damage tolerance behaviour. On
the other side, owing the higher contribution of shearing mode, the calculated K, values are not

reliable as absolute values.

4. Conclusions

In this paper, for the first time, the feasibility of SPS for the consolidation of continuous
fibre reinforced ZrB,-SiC composites was demonstrated. Specimens reinforced with both coated
PAN-based fibres or pitch-derived carbon fibres were successfully sintered by SPS and it was
shown that microstructure and mechanical properties were comparable to materials produced by hot
pressing.

Consolidation by SPS was much faster, but required a fine tuning of the sintering
parameters to limit excessive reaction at fibre/matrix interface. Comparison of shrinkage curves and
microstructures indicated that Ci/ZrB,-SiC sintered by HP and SPS underwent similar densification
mechanisms, e.g. liquid phase sintering, and similar chemical interactions between the involved
species. Spark plasma sintered composites reinforced with 55 vol% of coated fibres reached a

strength of 300 MPa and a fracture toughness of 15 MPavm.
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