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Introduction

Silicon carbide (SiC) ceramics are, of course, hard and

brittle. Hardness and brittleness are typically inter-related

in ionically or covalently bonded ceramics. In applications

where resistance to contact-induced cracking is desirable, it

may be desirable to compromise hardness to lessen brit-

tleness. A coarser-grained, dense SiC may enable de-

creased hardness with increased grain size (as represented

by a Hall-Petch relation) and greater energy absorption

through a more ductile-like (or ‘‘quasi-plastic’’) deforma-

tion mechanism. Such a ductile-like mechanism is orders of

magnitude more effective in absorbing energy than fracture

processes are [1]. Grain growth in SiC has been demon-

strated [2–5]; however, those efforts involved conventional

sintering methods (without pressure assistance) and some

residual porosity was always present, and porosity unde-

sirably facilitates cracking, crushing, and fracture pro-

cesses in ceramics.

Interest existed in the present study to examine if the

grain growth of hot-pressed (i.e., fully dense) SiCs could be

promoted without significant density loss or introduction of

porosity, and, if so, then what effect would that grain size

increase have on hardness.

Procedure

Two commercially available hot-pressed SiCs were

examined (Cercom, Vista, CA).1 One grade is designated

SiC-SC-1R and has a relatively fine nominal grain size

(1.2 lm mean) and the other is SiC-N and has a coarser

nominal grain size (~4.1 lm mean). The uncensored

characteristic strength (ASTM C1161B-2002 [6]) and

Weibull modulus were 763 MPa and 12 for the SiC-SC-

1R, and 624 MPa and 15 for the SiC-N (15 specimens

tested with each SiC grade). A myriad of mechanical

properties for both SiC grades exists in the literature (e.g.,

[7–12]).

The SiCs were exposed to temperatures in excess of

their hot-pressing temperature. One tile (100 · 100 ·
4 mm) of each SiC grade was heated in a graphite resis-

tance heated furnace under 1 atm of argon. The furnace

was ramped up at 10 �C/min to a soak temperature of

2,250 �C or 2,500 �C and held there for 5 h. The furnace

was then ramped down at 5 �C/min. A type C thermo-

couple was used to measure the temperature to 1,400 �C.

Above 1400 �C a pyrometer was used to measure the

temperature. A third high temperature trial was attempted;

however, temperature control and measurement were lost

when the pyrometer site tube became clogged by the

growth of graphite whiskers, so the actual temperature

and time at temperature were unknown, although the
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temperature was believed to have exceeded 2,550 �C.

Material characterization from this trial was included al-

though the actual exposure conditions were unknown.

Specimens were prepared for scanning electron

microscopy (SEM) and hardness testing. Small slices were

sectioned from each of the six exposed tiles as well as from

as-received tiles of each SiC grade. The cut surfaces were

cast in metallographer’s epoxy, polished to a quarter

micron finish, and then chemically etched. Other slices

were manually fractured to enable the examination of the

microstructure on the fractured surfaces. Polished and

fractured surfaces were examined with SEM, while energy

dispersive spectroscopy (EDS) and X-ray diffraction

(XRD) were also performed on the former.

Knoop microhardness testing was performed on all eight

sets. A Knoop indenter was chosen over the Vickers in-

denter because it has been shown that better quality indents

would result in SiC with this indenter geometry [9, 11] and,

therefore, the hardness (H) results would have more legit-

imacy. To validate the calibration of the microhardness

tester (Tukon 2100, Instron, Canton, MA), five 2000-gram

(19.6 N) Knoop indents were generated in NIST standard

reference material SRM 2830 [13]; their average H was

found to be 13.8 GPa ( < 1% difference from the certified

average value of 13.92 GPa). Knoop hardness of the SiC

test samples was measured at 500 (4.9 N), 1,000 (9.8 N),

2,000 (19.6 N), and 5,000 grams (49.1 N), 7 indents per

load, using the practices in ASTM C1326 [14].

Results and discussion

Massive grain growth resulted in both SiC grades as a

consequence of exposure to all three temperatures. The

initial equiaxed grain structure in both grades changed to

an acicular structure (shown in Figs. 1 and 2, respectively)

and grain-size changes are summarized in Table 1. The

nominal 1.2 lm mean grain size of the fine-grained equi-

axed SiC (SiC-SC-1R) increased by ~5· along the a-axis

and by over an order of magnitude or more along the

c-axis, while the grain size of the coarser, equiaxed-grained

SiC (SiC-N) increased by ~2· along the a-axis and by

about an order of magnitude along the c-axis. Density

decreased only by ~0.2-0.4% in the 2250 and 2,500 �C

exposed SiC-N but by 6.5% for temperature >2550 �C, and

~1.0–1.6% and 10.1% for respective exposure tempera-

tures for the SiC-SC-1R. SiC-N exposure at 2,250 �C and

2500 �C showed that high density (i.e., minimum porosity)

could be sustained. The large decrease in density (or

increase in porosity) for both SiCs when exposed to

>2550 �C indicates the temperature was above the peri-

tectic temperature for the Si-C binary phase diagram [15]

and SiC having a relatively low vapor pressure above

2490 �C [16]. A substantial fraction of intergranular frac-

ture occurred during fracture of both SiCs exposed to

2,250 �C and 2,500 �C; however, transgranular fracture

totally dominated during fracture after they were exposed

to >2550 �C (see Fig. 2).

The minor amount of oxygen (as identified by EDS in

the multigrain junctions) in both as-received SiCs was gone

after 2,250 �C and 2,500 �C exposures and a silicide hav-

ing iron or aluminum or both remained in the multigrain

junctions. X-ray diffraction showed that both SiCs were

Fig. 1 Polished and chemically etched surfaces of SiC-N and SiC-

SC-1R in the as-received state (a)–(b), after 2,250 �C for 5 h (c)–(d),

after 2,500 �C for 5 h (e)–(f), and after >2,550 �C for 5 h (g)–(h).

Massive grain growth occurred during exposure at all three

temperatures. Porosity increases dramatically during the >2,550 �C

exposure
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comprised of 6H and 15R polymorphs in their as-received

state, and that the 4H, 6H, and 15R polymorphs were

present after all high temperature exposures with 4H being

the most dominant. The presence of those polymorphs is

consistent with the observations of Sacks et al. [3] and

Tanaka et al. [5]. The silicides that were present in the

exposed SiCs had a low concentration that rendered them

undetectable by the XRD.

The Knoop hardness of the test samples decreased as a

consequence of the high temperature exposures (and asso-

ciated increases in grain size and changes in microstruc-

ture), and these H changes are plotted in Fig. 3. Hardness

decreased by ~25 and ~15% in the SiC-SC-1R and SiC-N,

respectively, after they had been subjected to 2,250 �C or

2500 �C exposure. Those decreases are attributed to the

large increases in grain size and greater ductile-like re-

sponse in the SiCs as illustrated in the comparison of the as-

received and 2500 �C SiC Knoop indents shown in Fig. 4

and the easier activation of shear-induced cleavage within

the indented coarsened grains. Porosity increases may have

been influential too in the H decreases but its role was likely

minor as described below. Rice, Wu, and Borchelt [17]

argued that H exhibits a minimum with increase in grain

size because local cracking around the indent reaches a

maximum effect when the indent and grain size are similar;

in our case, the greater ease of local cracking is believed to

be linked to the greater ease of initiating shear-induced

cleavage with the larger SiC grains.

Hardness decreased by ~50 and 40%, respectively, after

they had been subjected to a temperature in excess of

2,550 �C. These large decreases are attributed to the com-

bination of the high volume fraction of introduced porosity

and large grains that exists in the SiC grades as a conse-

quence of the highest exposure temperature. Although the

Knoop hardness decreased with increasing grain size in

both SiC grades, the magnitude of the ISE was essentially

consistent irrespective of the exposure temperature.

Porosity increases may have contributed to the measured

decreases in H but probably not significantly in reference to

the literature. Rice [18] provided a comprehensive over-

view of H dependence on porosity (P) for a variety of

ceramics in which H ~ e)bP with the constant b ranging

between ~2 and 7. If the values in Table 1 are used with

this expression, then an observed ~15% decrease in H for

the SiC-N and a 25% decrease in H for the SiC-SC-1R

treated at 2,250 �C and 2,500 �C would result in b ~ 40

and b ~ 20–30, respectively (i.e., b-values that are 3–6x

larger than reported for any other ceramic). If porosity

increase is instead considered in this expression, then the

Fig. 2 Microstructures on fracture surfaces of SiC-N and SiC-SC-1R

in the as-received state (a)–(b), after 2,250 �C for 5 h (c)–(d), after

2,500 �C for 5 h (e)–(f), and after >2,550 �C for 5 h (g)–(h). Porosity

is evident in the >2,550 �C surfaces of both SiC grades

Table 1 Grain size (a-axis) and density changes

SiC Grade Condition Density (g/cm3) Grain

size (lm)

SiC-SC-1R As-received 3.190 (100%) – 0.005 1.2 – 0.6

2,250 �C Treatment 3.157 (99.0%) – 0.014 4.7 – 1.6

2,500 �C Treatment 3.140 (98.4%) – 0.017 6.5 – 1.6

>2,500�C Treatment 2.867 (89.9%) 6.9 – 4.1

SiC-N As-received 3.195 (100%) – 0.010 4.1 – 1.6

2,250 �C Treatment 3.182 (99.6%) – 0.022 9.3 – 3.6

2,500 �C Treatment 3.189 (99.8%) – 0.017 10.1 – 3.1

>2,500 �C Treatment 2.988 (93.5%) 8.5 – 2.8

– Values are standard deviations. Percentages are densities relative to

the as-received density
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measured increases for b ~ 7 would predict H decreases of

~2–3% for the SiC-N and 7–11% for the SiC-SC-1R (i.e.,

predicted H decreases much less than what was measured).

Summary

Two hot-pressed SiCs (~1 or ~4 lm nominal grain size in

each) were heat treated in argon at 2,250 �C, 2,500 �C, and

>2550 �C. Massive grain growth and an equiaxed-to-

acicular grain structure change resulted in both SiCs at all

three temperatures. The c-axis grain size of the fine-grained

SiC increased by more than an order of magnitude while

that for the coarser-grained SiC increased by about one

order of magnitude. A substantial fraction of intergranular

fracture occurred during fracture of both SiCs exposed to

2,250 �C and 2,500 �C; however, transgranular fracture

totally dominated during fracture after they were exposed

to >2,550 �C. The minor amount of oxygen in both as-

received SiCs was gone after 2,250 �C and 2,500 �C

exposures and a silicide having iron or aluminum or both

remained. The coarser-grained SiC lost little density to

2,500 �C, whereas porosity started to form in the fine-

grained SiC at 2,250 �C. Knoop hardness decreased by ~25

and ~15% in the fine- and coarse-grained SiC, respectively,

after they had been subjected to 2,250 �C or 2,500 �C

exposure, while it decreased by ~50% and 40%, respec-
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Fig. 3 Average Knoop hardness as a function of indentation load and

exposure condition for (a) SiC-N and (b) SiC-SC-1R. Compared to

the as-received state, the average hardness of SiC–N decreased by

~15% when exposed to 2,250 �C and 2500 �C whereas the decrease

was ~25% for SiC-SC-1R at for those exposure temperatures.

Average hardness decreased by ~40 and ~50% when SiC–N and

SiC-SC-1R, respectively, were subjected to >2,550 �C. Indentation

size effect is evident in all conditions. Shown bars represent standard

deviations

Fig. 4 1000 gram (9.8 N) Knoop indents in (a) as-received SiC-N

and (b) SiC-N exposed to 2,500 �C. Greater amounts of fracture

processes occurred with the indentation of the (finer grained) as-

received stage than what occurred with the indentation of the exposed

(coarser grained) SiC. Shear-induced cleavage (c) was prevalent in

the indents in the coarsened SiCs
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tively, after they had been subjected to a temperature in

excess of 2,550 �C.
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