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Abstract

Experimental investigation of the flexural properties of SiC/C laminates had been conducted. Effect of the interfacial thickness and compo-
sition on the mechanical properties of SiC laminates was characterized. The diffusion of elements from adjacent SiC layers in the carbon-based

interfacial layers was studied. Accordingly, the optimal thickness and composition of interfacial layers were determined experimentally.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction The individual layers of laminates with weak interface are
usually fabricated by extrusid®,6,8,21] slip casting19],
Active research and development have been conductedelectrophoretic depositiof22], non-aqueous tape casting
to seek the application of ceramics as structural com-[10,12,14,15,17,18,2Gind laminated object manufacturing
ponents; however, the lack of damage tolerance abil- [23], no paper had ever reported the using of aqueous tape
ity has been a critical problem. It was reported that casting process. As far as we know, the interface layer of
continuous-fiber-reinforced ceramic composites (CFCC) |aminates are prepared by coatiff§6,8,10,12] spraying
are the most promising candidates and have shown a[21], electrophoretic depositid@2], screeningl4] and tape
non-brittle respons¢l], but the fabrication of these ad- casting[12,15,17,18]
vanced structural materials for high temperature applica- Understanding the fracture behavior of multilayered com-
tions is time-consuming and expensive. The concept of posites requires the study of interface crack propagation
laminated composite for improved performance of brittle mechanisnj24—29] Phillipps et al[7,30], Folsom[31,32],
materials is well establishe@]. Such structure is found in  and others proposed models of the fracture behavior of ce-
many biological hard tissues, such as mollusk sfH] ramic laminates in bending test. The reliability and fric-
and teeth. Clegg and co-workefs-8] have produced lam-  tional energy dissipation in laminates were also investigated
inated SiC with graphite interface layers by rolling the [33-35]
dough like powder mixture into sheets, coating the sheets phjllipps et al. proposed that the specimen size, in-
with graphite followed by laminating and sintering. These cluding the beam length, the interfacial toughness, the
multilayer SiC composites showed stepped stress—strainjamina thickness will play important roles on the appar-
behavior with the apparent toughness and work of fracture ent toughness, work of fracture of laminated composites
as 15MPar? and 4625 Jm?, respectively. Multilayered  [g]. In the present paper, SiC/C laminated composites
ceramic materials with weak interface have been evaluatedwere prepared through aqueous tape casting and lami-
in other ceramic systems, such as SiC/$8(; SisN4/BN nation process. The properties of the thin C-SiC inter-
[10-15] or Al20s/LaP(y [16], etc. Recently, it was shown  facial layers were adjusted by varying the composition
that laminated composites without weak interfaces also of the C through the addition of SiC. Influence of the
exhibited damage-tolerant behav[ér17-20] composition and thickness of interfacial layers on the me-
chanical properties of SiC multilayers was studied. The
microstructure and fracture behavior were investigated
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Fig. 1. Schematic illustration of (8) the specimen orientations for three
points bending, (b) a notched bend bar showing the notch orientation
with respect to the layered structure.

2. Processing, mechanical testing and characterization
methods

2.1. Lamination process

Silicon carbide sheets were prepared using commercial
SiIC powders (FCP-15, Norton com.) as starting materi-
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Fig. 2. Influence of the thickness of interfacial layers on the mechanical
properties of SiC laminates.

Fig. 3. Fractured surface of the laminated SIC composites (a) interfacial layer, (b) left layer, (c) right layer.
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als and Y03 (2.85wt.%) and Al,0O3 (2.15%) as sintering
additives. Details concerning the agueous tape casting pro-
cess could be obtained from previous published papers
[36,37]. The thickness of the SiC green tapes was adjusted
to ~150 wm. To introduce wesk interface between SiC lay-
ers, thin C-SiC sheets were also prepared by tape casting
process using doctor blade equipment. The C powders (Op-
tical pure, Shanghai Carbon Element Factory) were firstly
dispersed in deionized water followed by the addition of
SiC powders with controlled composition. PVA1788 was
selected as binder and glycerol as plasticizer. The thickness
of C sheets was adjusted to ~30 pm. Much thinner layers
were also prepared by the so-called “screen printing” pro-
cess. The surface of each SiC sheets was coated by passing
the aforementioned C durries through a 200-mesh screen.
The thickness of the interfacial layers was varied in the
5-20 um range through the adjustment of solid content of
the said durry. After coating, the sheets were dried and
stacked in the repeating sequence of SiC and C-SiC layers.
Subsequently, organic additives were removed by heating to
800°C in aflowing argon atmosphere. A slow heating rate
was selected to minimize bloating and cracking during py-
rolysis, which might result in distortion of the layers. After
pyrolysis, the billets were placed in a BN-coated graphite
die. Consolidation was performed by hot pressing at 35 M Pa
under an argon atmosphere at temperature of 1850°C
for 0.5h.

2.2. Mechanical and microstructure evaluation of
laminated composites

Specimens for flexural test were cut and ground into rect-
angular bars. A schematic illustration of bending test process
for laminated SiC compositesisshownin Fig. 1. Three-point
bending strength was determined at room temperature on
five to six 3mm x 4mm x 36 mm bars with a span of
30mm and a cross head speed of 0.5mm-min—1. Apparent
toughness was measured by the single-edge-notched-beam
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Fig. 4. Influence of interfacial composition on the mechanical properties
of SiC laminates.

(SENB) method on test bars of 4mm high, 3mm wide and
36 mm long by a three-point bend using a span of 30mm
and a cross head speed of 0.05mm-min—1. A straight notch
with fine diamond saw was introduced with a depth at about
2 mm. Work of fracture was obtained by dividing theareaun-
der the load—displacement curve by twice the cross-section
area of the sample [38].

2.3. Microstructure characterization

Microstructure characterization was performed by op-
tical microscopy and SEM. Energy dispersive X-ray
(EDX) spectra were obtained across the interfacial layer
to determine the diffusion of elements from adjacent
layers. The crack pattern of fractured surface was aso
characterized.
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Fig. 5. Load—deflection curves of SIC laminates (@) SIC30-C70, (b)
SiC40-C60, (c) SiC50-C50.
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3. Results and discussion
3.1. Interfacial thickness

Effects of thickness of interfacial layers on the strength,
apparent toughness and work of fracture of SiC samples are
shown in Fig. 2.

The strength of SiC samples shows an increase trend with
the decrease of the thickness of interfacial layers; while the
apparent toughness and work of fracture exhibit a differ-
ent character (see Fig. 2). When the interfacial thickness
is ~3um, SIC laminates exhibit a catastrophic fracture be-
havior; on the other hand, when the interfacial thickness is
higher than 25 um, graceful failure occurs, the mechanical
properties of SiC laminates drop atogether. An optimal in-
terfacial thicknessis shown to be around 10 um (see Fig. 2).

The microstructure of fractured surface of SIC samples
is shown in Fig. 3. The belt between parallel lines is the
interfacial layer, see Fig. 3(a), the left side (marked as “b")
and right side (marked as “c”) are shown in Fig. 3(b) and
(c), respectively. The SiC layers (left side and right side) are
well densified. However, it is difficult to detect exactly the
interface between the interfacial layers and the adjacent SIC
layers. This may be due to the diffusion of elements from
SiC layers, which will be discussed later.

Table 1
Mechanical properties of interfacial layers

Sample SiC30-C70 SIC50-C50 SiC60-C40
Strength (MPa) 7.33 1567 19.33
Fracture toughness (MPam'/2)  0.30 - 0.34
Work of fracture (Jm~2) 10 333 354

3.2. Interfacial composition and mechanical properties

The properties of interfacia layers are adjusted by con-
trolling their composition. Effects of interfacial composition
on the properties of SiC laminates are shown in Fig. 4. The
C-SiC bulk samples with the same composition as interfa-
cia layers were aso sintered under the same condition for
comparison. The mechanical properties of these C-SiC bulk
samples are shown in Table 1.

Asshownin Table 1, the addition of SiC powdershasvery
limited effects on the mechanical properties of C-SiC bulk
samples. However, as shown in Fig. 4, the mechanical prop-
erties of SIC laminates exhibit a considerable dependence
on the composition of interfacial layers: the flexural strength
decreases constantly with the increase of C in interfacial
layers, similar to that of SigNg samples [13,14]. The frac-
ture toughness and work of fracture first show an increase

(¢) SiC50-C50

250um -

(d) SiC60-C40

Fig. 6. Optical micrographs showing the side surface of flexural specimens containing (a) 40vol.%, (b) 40vol.%, (c) 50vol.%, (d) 60vol.% SiC in the

interfacial layers (after testing).
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trend with the increase of content of C in interfacia lay-
ers, up to approximately 50vol.%, and decrease thereafter.
For the interfacial composition of 50vol.% SiIC + 50vol.%
C, the strength, work of fracture and fracture toughness
was 580 MPa, 4282Jm~2, and K|c = 10.8MPamY?, re-
spectively. This strong dependence on interfacial compo-
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sition cannot be well correlated with the results shown in
Table 1. The only possible reason is the diffusion of ele-
ments (Al, Y, Si, etc.) from adjacent SiC layers, as discussed
later.

The nominal stress on the tensile surfaceis plotted versus
cross head deflection of notched specimens with varied C

@ Y

(e) Si

Fig. 7. Diffusion of Al,Oz, and Y»Os in interfacia layers (a) schematic illustration, (b), (c), (d), (¢) EDX characterization.
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content (Fig. 5). Cracks are deflected in the interfacial layers
until the SIC content is increased to 80vol.%.

The micrographs of SIC laminates are shown in Fig. 6.
It is observed that some cracks in SiC layers initiate from
the growth of defects within the SIC lamina, while other
cracks from the growth of the delaminaton cracks propagat-
ing along the interfacial layers. The latter would eliminate
the fracture toughness and WOF athough graceful failure
may still occur. During the failure process, frictional sliding
at the debonded interface may also take effect [35], which
cannot be detected from the optical micrographs (Fig. 6).

3.3. Diffusion effect

As proposed by Cook and Gordon [2] and Clegg et al.
[5,6], the weak interfacial layers were deliberately intro-
duced as a toughening mechanism for deflecting growing
cracks. Studies on the fracture behavior of laminated com-
posites also showed that the critical ratio of strength and
apparent toughness between interfacial layers and the adja-
cent matrix layers for crack deflection were relatively low
[2,7,8,25,26,28,31,32]. So it can be proposed that the inter-
facial layers should be as thin as possible as long as these
cracks could be deflected. However, specimens with the in-
terfacial thickness as ~3 um did not show the graceful fail-
ure behavior (see Fig. 2). This might be due to the diffusion
effects. During sintering or other high temperature process,
elements in adjacent layers will diffuse to the interfacial
layers due to the composition difference. In this case, the
residual stress will not be a significant factor due to the very
limited strength and thickness of interfacial layers.

To observe clearly the diffusion phenomena, samples
with thick interfacial layers are characterized by EDX,
see Fig. 7(a)€). A schematic illustration of the diffusion
phenomena is shown in Fig. 7(a).

As shown in Fig. 7, the distribution of Al, Y, Si, etc. €l-
ements across the interfacial layers exhibits a similar trend,
suggesting some diffusion of these elements from adjacent
SiC layers. However, due to the low content of sintering
additives (Al>0O3 and Y203), the EDX curves show a high
undulation near the interface. It is difficult to characterize
exactly the diffusion distance of elements (Al, Y, Si, etc.) in
interfacial layers. Based on estimation from Fig. 7, the dif-
fusion distance should beless than 10 wm. Assuming 10 um
asthe distance for diffusion of Si, Al, and Y into theinterfa-
cia layers, then the proper interfacial layer thickness should
be about 20 um. For thicker interfacia layers (>>20 um),
such diffusion has negligible effect on the mechanical prop-
erties of interfacial layers, SIC laminates might exhibit a
pronounced interfacial delamination failure behavior though
the mechanical properties are largely reduced. In this case,
the mechanical properties of SiC laminates is irrelevant to
the thickness of the interfacial layers. On the other hand,
for very thin interfacia layers («20um), the diffusion of
elements (Al, Y, Si, etc.) will make the interfacial layers
“strong,” therefore, the failure of SiC laminates may expe-

rience a transition from graceful to catastrophic mode: de-
lamination may still occur, but the failure of the subsequent
laminawill be determined by the delamination cracks across
the interface. In this case, the mechanical properties of SiC
laminates are irrelevant to the thickness of the interfacial
layers too. Further reduction in the thickness of interfacial
layers may result in a monolithic fracture mode. Clegg [6]
related this kind of behavior to the existence of gaps in the
interfacial layers. However, this explanation is not applica-
ble to our case.

The influence of interfacial composition on the mechani-
cal properties of SiC laminates can also be well correlated to
the interfacial diffusion mechanism. The higher the content
of Cin interfacial layers, the weaker the interfacia layers
after diffusion, consequently, the lower the strength. This
explanation is also applicable to the fracture toughness and
work of fracture.

4. Conclusion

The mechanical properties of SIC laminates depend on
the thickness and composition of interfacial layers. For
the interfacial composition of 50vol.% SiC + 50vol.% C,
the strength, work of fracture and fracture toughness was
580 MPa, 4282Jm~2, and Kic = 10.8 MPamY/2, respec-
tively. Based on SEM and EDX observation, this depen-
dence is mainly due to the diffusion of elements (Al, Y, Si,
etc.) from adjacent SiC layers.
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