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Mechanical properties of silicified graphite at high deformation velocity
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The paper presents the results of experimental studies on a split Hopkinson rod to determine the mechanical
properties of SG-P 0.5P grade silicified graphite used in friction units under shock loading. It is established that
dynamic indicators of strength and fracture are more than two to four times higher than similar characteristics

obtained under quasi-static loading.
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Introduction

Carbon-silicon carbide materials are currently used in nu-
clear and marine engineering for certain heavy loaded parts
(e.g., friction pairs in axial radial bearings and end seals,
hydrocyclone nozzles, etc.). This is attributable to their
unique physical, chemical, and mechanical properties, which
include high oxidation resistance, the capacity to operate
in aggressive environments, and high strength. Silicified
graphite (SG), which is a composite material consisting
of graphite, silicon carbide of exceptionally high hardness,
and residual silicon (Si+SiO3), is a typical material of this
kind. The high-temperature strength and heat resistance of
SG come from silicon carbide, and graphite lends it high
thermal-cycling stability [1,2]. SG is produced by reactive
impregnation of a special porous carbon base with molten
silicon (or its vapors) at a temperature of 1600°C [3].
Silicon carbide forms in the process of interaction of carbon
and silicon as liquid silicon spreads over the surface of the
carbon base, converting 20-70% of graphite into SiC [4].

Certain parts made of SG may be subject to shock
loads, which necessitates meticulous calculation studies and
experimental testing. The mechanical characteristics of SG
within the range of deformation rates typical of operational
shock loads are needed in this case; however, such data are
lacking completely in current literature. The present study
is the first attempt at obtaining experimental data on the
dynamic strength of SG at deformation rates & < 10%s71.

1. Material and research techniques

SG-P 0.5 P silicified graphite produced in accordance
with TU100—84—0001 TU 27 was chosen for tests. The

composition and the physical and mechanical characteristics
of SG-P 0.5 P are presented in Table 1.

An indirect (splitting) method for the determination
of tensile strength (the so-called ,Brazilian test® with
tensile stresses established in the center of a specimen)
was used to plot the loading diagrams for SG-P. This
method is applied to non-metallic brittle materials (specif-
ically, carbon masses and graphitized products [5]). It
has been proposed for static tests in 1947 by Brazil-
ian engineer F. Carneiro (and has also been developed
independently in Japan) [6]. The method has later
been modified to accommodate dynamic loading with a
split-Hopkinson pressure bar (SHPB) [7,8]. Experiments
were performed using an SHPB-20 setup (Fig. 1) [§]

Table 1. Composition and physical and mechanical characteristics
of SG-P 0.5 P

Value
C: 32.6; SiC: (52.2); Si: (15.2)

No. | Parameter

1 | Composition, % mass.

2 | Density, g/cm’ 26
3 | Total porosity, % 39
4 |Ultimate strength, MPa
compressive 235—-430
tensile 39.2
Young’s modulus, GPa 95-160
6 |Impact toughness, kJ/m? 2.35-4.4
7 |Hardness, HRB 114—125

Note. The data in rows 1—3 correspond to the tested specimens, while the
data in rows 4—7 were taken from TU100—84—0001 TU 27.
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Figure 1. Schematic diagram of the experimental setup for dynamic testing.

Figure 2. Stress diagram in splitting of a specimen.

with a split-Hopkinson pressure bar. The stress diagram
in splitting of a specimen is shown in Fig. 2. The
specimen was a disk 20mm in diameter and 10mm in
thickness.

Incident and transmission bars, which were made of high-
strength steel with a yield strength of ~ 2000 MPa, had one
and the same length of 1.5m, and the striker length was
300 mm.

The algorithm allowing one to determine compressive o¢
and tensile oy elastic stresses based on pulse &' (t) trans-
mitted through the specimen into the transmission bar is as
follows. The expressions for compressive and tensile stresses
obtained by solving the Hertz contact problem in the elastic
formulation have the following form [6]:

o 2P

' ZHD’

2P D2
O-C:—'77

aHD r(D —r)

where H is the thickness of the disk, D is its diameter, and
r is the current coordinate along the specimen radius.
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Contact force P is given by
P=ESe (1),

where Ej is the Young’s modulus of the bar material and
S is the cross-section area of the measurement bar.

The velocity of impact with the incident bar was varied
from ~ 9.5 to ~ 20m/s. The tests were performed at room
temperature (20°C).

The process of specimen destruction was recorded with
a video camera at a rate of 140000 frames per second.

In addition to the Brazilian splitting test, dynamic
compression tests were carried out for SG P 0.5P specimens.
These specimens had the shape of disks (pellets) with a
diameter of 12 mm and height of 6 mm.

2. Experimental results and discussion

2.1. Experiments on splitting of specimens

Example time dependences of tensile stresses in the
specimen loading plane are shown in Fig. 3. The results
of experiments are presented in Table 2 and Fig. 4. The
frames in Figs. 5 and 6 illustrate (left to right, top to bottom)
the process of specimen destruction recorded by the high-
speed video camera. Since a large number of frames were
captured, only select ones are presented in these figures.

A comparison of the test results (Table 2) with the
data from Table 1 reveals that the static ultimate tensile
strength is more than 3-4 times lower than the dynamic
ultimate strength (the maximum tensile stress withstood by
a specimen under shock loading).
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Figure 3. Specimen loading diagrams.
Table 2. Results of dynamic splitting tests 90 ' ' '
Test Striker Maxn’gum
de velocity, m/s tensile
co ’ stresses (MTSs), MPa
r718-01 9.37 71.0 80 F i
171805 9.45 76.0 &
1718-06 9.57 69.9 =
Average values | 9.46 +0.1 72.3 £3.25 ol
r718-02 15.76 714
r718-07 1598 75.1
r718-08 15.62 782 |
Average values | 15.79 = 0.18 74.9 £ 3.56 70F
r718-03 20.69 715
r718-09 20.19 74.8 65 | | |
r718-10 20.12 86.3 10 15 20
Average values | 20.33 £+ 0.31 77.5+£7.26 V. m/s

Note. Average values and standard deviations are presented.

The dependence of the maximum tensile stress on the
impact velocity is virtually linear within the examined
velocity range (Fig. 4).

The presented frames show that a single central crack
forms in the specimen at an impact velocity of 9.37 m/s. The
process of crack branching is initiated almost immediately
at one of its ends (Fig. 5). Although there is no known
unambiguous explanation for this process, the majority
of researchers believe that branching starts when the
crack velocity reaches a certain (sufficiently high) critical
value [9-11]. For example, the experimental results reported
in [12] suggest that the deviation from rectilinear crack
propagation occurs at a crack velocity of V¢ & 0.4Cr (Cr is
the Rayleigh wave velocity). Therefore, an estimate of the
crack velocity in the present case will be obtained below.

Figure 4. Dependence of MTSs on the impact velocity.

Since a similar isolated crack emerges at an impact
velocity of ~ 16 m/s, the sequence of frames corresponding
to this velocity is not shown. In contrast, a system of two
large cracks forms in the specimen at an impact velocity of
20.69 m/s; in addition, the regions of severe deformation
(dark areas denoted by arrows) at the impacted surface
are significantly larger than those observed at a velocity of
9.37m/s.

Video recording of the process of specimen destruction
provides an opportunity to estimate the SG crack velocity
under dynamic loading conditions. A crack along the
diameter of the specimen is seen in Fig. 5, b; i.e,, its length is
approximately equal to 20 mm (this is likely to be a slightly
underestimated value). Since the time interval between two

Technical Physics, 2024, Vol. 69, No. 10
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Figure 5. Process of specimen destruction at an impact velocity of 9.37 m/s (arrows indicate the regions of severe deformation (dark

areas)).

frames is ~ 7 us, its velocity determined based on the crack
half-length is ~ 1500 m/s.

Thus, the SG crack velocity under shock loads falls within
the (0.2—0.25)c range (c; is the speed of sound in the bar,
which is ¢; = 6045—7845 m/s in the present case); i.e., it is
approximately two times lower than the maximum (accord-
ing to certain authors) crack velocity of 0.38¢; [13]. If we
set the Poisson’s ratio for SG—P 0.5P to v = 0.25, the trans-
verse speed of sound and the Rayleigh wave velocity are
Ct = 3825—4960m/s and cgr = 0.919¢; = 3515—4560 m/s,
respectively. It follows that the crack velocity determined in
the present study falls within the range of 0.33—0.43cg.
Thus, the resulting crack velocity value (at which crack
branching occurs) agrees closely with the data reported
in [12].

The obtained results also provide an opportunity to
estimate roughly the fracture toughness (critical stress
intensity factor KIC) of silicified graphite SG—P 0.5P under
shock loading. Ratio Kic = ooVl (000 1s the maximum
splitting stress and | is the crack half-length) [14] yields the
following estimates: Kic ~ 17—18 MPa-m'/? at an impact
velocity of 9.5m/s and ~ 18—20MPa-m'/? at ~ 15.5m/s.

Technical Physics, 2024, Vol. 69, No. 10

Note that more accurate formulae for determining K¢ under
shock loading may be found in [15]. Unlike the above
formula, they contain normalized stress intensity factor
Fi(cqt/l), which depends on the geometry of a specimen
and is presented in graphical form. Unfortunately, we failed
to find a suitable formula for our specimen, but it may be
noted that the difference between the above K¢ values and
the ones calculated by a more accurate formula are unlikely
to exceed 20—30%.

It is also worth noting that although the values of K¢
obtained under shock loading of SG—P 0.5P are rough
estimates in nature, they are more than 3.5 times higher
than the static values of K;c for thermally expanded
graphite [16] and 3 times higher than K¢ for aluminum
oxide ceramics [17].

2.2. Results of experiments on compression of
specimens

The results of experiments are presented in Table 3 and
Fig. 7. The loading diagrams are shown in Fig. 8.
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Figure 6. Process of specimen destruction at an impact velocity of 20.69 m/s (arrows denote the regions of severe deformation (dark

areas); points indicate the availability of frames shot before and after the given one).

The obtained results demonstrate that the dynamic ul-
timate compressive strength is 2—4 times higher than the
corresponding static strength. As with splitting in the
tested range of deformation rates, the dependence of the
dynamic ultimate compressive strength on the specified rate
is virtually linear (Fig. 7).

2.3. Analysis of loading diagrams under tension
and compression

The following aspect stands out when one examines the
loading diagrams under splitting (tension). The slopes of the
loading curve are equal (ap) at all impact velocities within
the elastic segment; therefore, Young’s moduli E are also
equal, since E is a linear function of tgay [18].

The compression diagrams reveal the following. At defor-
mation rate & ~ 700s, ~!tga matches the corresponding
tangents for tension, but the tangents at deformation rates of
1800 and 2600s~! are equal to each other and differ from
the tangent at 700s~!.

Table 3. Results of dynamic compression tests

Test code Deformatilon Ultimate
rate, s~ strength, MPa
c718-01 841 333
c718-02 677 350
c718-03 667 348
Average values 728 + 98 344+9
c718-04 1816 366
c718-05 1776 395
c718-06 1776 416
Average values 1789 £+ 19 392 £ 25
c718-08 2654 447
c718-09 2722 458
c718-10 2552 444
Average values 2643 £ 85 450 +£7

A comparison of Figs. 5 and 6 with the time interval
between frames taken into account suggests that the

deformation rate in this case is ~ 400—600s~!; in other
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Figure 7. Dependence of the dynamic ultimate compressive
strength on the deformation rate.

words, it is close to (virtually the same as) rate & ~ 700s~!.
Thus, it may be assumed that the Young’s moduli under
tension/compression and elevated loading rates match if the
deformation rates are equal and do not exceed 103s~!. At
deformation rate ¢ > 103s~!, the Young’s modulus under
compression increases, but further experimental studies are
needed to verify its equality to the Young’s modulus under
tension.

It is surprising that the Young’s modulus varies (in-
creases) with increasing deformation rate. It is known that
the Young’s modulus, which is a physical constant of a

nanosecond laser or electron pulses) when the accompa-
nying processes become substantially non-equilibrium, non-
stationary, and non-local (see [19] and references therein; all
the reported data correspond to aluminum). The conditions
in the present case are different, but one possible cause
may still be suggested: it is the porosity and compositional
heterogeneity of SG—P 0.5P (Table 1). If the material were
homogeneous, the dependence of Young’s modulus E on
porosity v would take the form [20]

E=E(0-n)" (5)
where E; is the Young’s modulus of a porous body matrix
and m=2—4 is an index that depends on the porosity
structure; i.e., nothing indicates a dependence of E on the
deformation rate. Whatever the case may be, additional
research is needed to interpret the obtained result (Young’s
modulus variation).

Conclusion

Experimental studies of the mechanical properties of SG
within the range of deformation rates (k - 10>—n-103)s~!
both under tension and compression revealed the following;

(1) the dynamic ultimate strength is 2—4 times higher
than the static one;

(2) the critical stress intensity factor under dynamic
loading is 3 times higher than the corresponding factor for
aluminum oxide ceramics under static loading;

(3) the crack propagation velocity under shock loading
of SG is close to the limiting value at which the transition
from rectilinear propagation of a crack to its branching is

material, may change under ultrahigh rates of loading (by observed.
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Figure 8. Loading diagrams
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for specimens under compression.
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