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Previous efforts to explore the compressive strength of ceramics as a function of confining
pressure at high strain rates have been limited by the maximum hydrostatic pressure that
could be achieved within the experimental apparatus. An alternate procedure, using an

autofrettaged confinement ring, has been designed to achieve higher confining pressures.
A 6.2 GPa stress pulse, of approximately 20 us duration, was used to load a 99.5% pure

cylindrical aluminium oxide specimen under a hydrostatic load of approximately 650 MPa.
The specimen remained intact and showed no evidence of fracture under scanning electron
microscopy (SEM). Transmission electron microscopy (TEM), however, showed extensive

evidence of plastic flow; the microcracks that were observed were associated with
dislocation arrays. Static and dynamic yield strengths as a function of strain rate are

compared. © 71998 Chapman & Hall

1. Introduction

A number of investigators have demonstrated that
confinement can have a major effect on the strength of
brittle materials; this has been shown for both rocks
and ceramics, e.g. [1,2]. In particular, compressive
failure strength generally increases significantly with
confining pressure, a dependence that can be inter-
preted to establish empirically the relevant failure
criterion (e.g. Mohr—Coulomb, Drucker—Prager) for
a given material. It is known that the effect of pressure
is manifested physically in the closure of axial micro-
craks, the coalescence of which ultimately causes com-
pressively loaded specimens to fail. Failed material in
powder form also is strengthened by confinement,
although the strength of this state at a given confining
pressure is much reduced in comparison with unfailed
ceramic bodies. In this (powder) case, increasing pres-
sure also raises the slope of the stress—strain curve,
while for solid material, the elastic modulus is essen-
tially pressure-insensitive.

Research on brittle materials in which both confin-
ing pressure and strain rate were varied in combina-
tion was, until recently, limited to rocks [1, 3—4].
However, because the superposition of confinement
and high strain rate occurs during the ballistic pen-
etration of ceramics, studies have been initiated to
examine these effects in ceramics [5, 6]. The experi-
ments described previously [5] were performed using
a split-Hopkinson pressure bar (SHPB) apparatus [7];
for tests with radial confining pressure P, a special
pressure vessel was utilized. In these experiments, the
hydrostatic pressure was first raised to the desired
level by pumping fluid into the pressure vessel while
a servo-controller matched the axial stress to the
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pressure. Then the axial load was increased under
displacement control at fixed pressure. The value of
the strain rate, ¢ was determined by measuring the
stress rate, &, and calculating ¢ using the appropriate
value for Young’s modulus for each material, ie.
¢ = &/E [8]. Solid ceramic specimens were loaded by
means of tapered alumina platens. Specimens were
sealed within thin, heat-shrinkable Teflon tubing,
overlapping the small ends of the platens in order to
prevent the silicon-based pressure fluid from infiltrat-
ing surface pores and causing premature failure.
Similarly, powdered compression specimens were pro-
duced by tamping the ball-milled fines into heat-
shrinkable tubing that had been shrunk to fit snugly
over alumina platens. These specimens, like the solid
ceramics, were 6.4 mm diameter by 12-13 mm long.
Anderson et al. [7] used numerical simulations to
explore, evaluate, and substantiate the assumptions
and interpretation of the experimental data.

In this earlier work [5], considerably different be-
haviour was observed for SiC and Pyroceram under
confinement. For SiC, Fig. 1, the ©, versus time curve
for P, = 0 is roughly symmetric, suggesting that the
specimen failed in a normal brittle fashion. However,
with increasing pressure, the curve becomes quite
asymmetric, as is especially noticeable for
Py =200 MPa. The specimen did not fracture at
320 MPa confining pressure. On the other hand, the
post-failure behaviour of Pyroceram, Fig. 2, is more
complex than that of SiC. It resembles very much, in
fact, the phenomenon observed by Heard and Cline
[8] for BeO and AIN subject to compression under
confining pressure at strain rates on the order of
5x107%s™ 1. In their work, it was hypothesized that
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Figure 1 Compressive strength versus time for SiC at various con-
fining pressures.
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Figure 2 Compressive strength versus time for Pyroceram at vari-
ous confining pressures.

the softening-to-hardening trend with rising pressure
was caused by a brittle-to-ductile transformation,
i.e. pressure above a critical level suppressed fracture
and permitted plastic flow via dislocation motion. It is
interesting to note that Heard and Cline saw no such
pressure-induced plastic flow for Al,O, subject to
confinement at pressures as high as 1.25 GPa; ie. it
failed in an apparently brittle fashion at this and lower
pressures.

However, there are several limitations to the experi-
mental methodology of the previous work [5]. First,
the maximum confining pressure was, in practice,
limited to approximately 320 MPa (427 MPa was
achieved for only a couple of tests, e.g. Fig. 2). At
higher pressures, the seals did not contain the hydrau-
lic fluid. Additionally, there were safety concerns rela-
tive to the high static prestress and the linearity of the
SHPB system (small deviations from linearity in-
creased the likelihood of buckling of either the trans-
mitter or receiver bar). To overcome these limitations,
a different procedure to provide the confining pressure
was needed. Chen and Ravichandran [9] have re-
cently shown that lateral confinement can be applied
by shrink fitting a metal sleeve on to the lateral surface
of a cylindrical ceramic specimen. Using this ap-
proach, they report that lateral confinement pressures
as high as 200 MPa were developed for aluminium
nitride, which was then subjected to moderate dy-
namic strain rates (500s~!) using a split-Hopkinson
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pressure bar. Under these conditions, samples were
observed to fail by microfracture coalescence over
a loading period of more than 300 ps.

The present effort describes a modification of this
approach to achieve higher confining pressures, higher
strain rates, and shorter loading periods (about 10 ps).
Also, whereas the approach of Chen and Ravichan-
dran leads to an indeterminate stress state within the
specimen, the present approach puts the specimen
under a well-defined state of pure hydrostatic pres-
sure. It will be shown that the sample does not fail
under the latter conditions, and that extensive plastic
flow is introduced.

2. Experimental procedure

2.1. Autofrettage concept

To achieve higher pressures, a steel confinement ring
is shrink-fitted around the ceramic specimen. To
maintain an elastic response in the confinement ring,
the ring is actually composed of two concentric rings,
with the outer ring shrink-fitted to the inner. This
autofrettaged assembly is then shrink-fitted to the
ceramic specimen, producing a compressive stress
state in the specimen. During the shrink fitting, the
ceramic is compressively loaded in order to achieve an
overall hydrostatic state of stress. The Appendix pro-
vides an analytical theory for determining the sub-
sequent pressure on the ceramic specimen.

The autofrettage device was constructed from two
concentric steel rings. Letting a be the radius of the
specimen, the concentric steel rings had outer dia-
meters of approximately b = 2a and ¢ = 5a, respec-
tively, which were arrived at by examining the analyti-
cal solution; ¢ is large enough for the outer ring to
appear to have nearly infinite extent (which leads to
higher pressures). In the actual apparatus, a high
strength steel (vield strength approximately 2.4 GPa)
was used in fabricating the autofrettage sleeve. The
design is such that the maximum confining stress is
actually limited by the temperature to which the
autofrettaged ring can be raised, because for a wide
range of temperatures the response is elastic.

Dimensions of the test specimen are tailored to
provide the appropriate fit with the sleeve. Assuming
a “perfect fit” for the specimen at a sleeve temperature
of 410°C (the actual temperature used in assembly
was, of course, higher to allow clearance), and a speci-
men diameter of 0.6332cm (the diameter of the
specimen used in the autofrettage experiment), the
hydrostatic confining pressure after completion of
the test fixture assembly is 650 MPa. Small changes
in the magnitude of interference have a pronounced
effect on the amplitude of the generated confining
pressure. A 0.000254 cm change will increase or
decrease the confining pressure by roughly 60 MPa.
Using higher temperatures for the “perfect fit” (and
increasing the specimen diameter accordingly) pro-
duces higher pressures: for example, 538°C gives
930 MPa.

To perform the confining pressurization procedure
and the subsequent high strain-rate loading of the
specimen, an experimental apparatus was designed



and fabricated [10, 11]. The purpose of the apparatus
is three-fold:

1. to support the specimen and the “confining
chamber” components, comprised of the confining
sleeve and the loading anvils, during the autofrettag-
ing procedure;

2. to provide the necessary alignment and guidance
of the components during the autofrettaging assembly
process; and

3. to act as a reaction frame for the application and
maintenance of the axial component of the hydrostatic
pressure.

During the autofrettaging procedure, the confining
sleeve is held in its proper position by a brass
support sleeve, while the lower loading anvil is
supported by the instrumented reaction bar. In
addition to its supporting function, the support sleeve
serves as a shield for the reaction bar, protecting the
bar from direct heating by the induction coil. To
provide further protection for the strain gauges,
the reaction bar is also equipped with two water-
cooled pads to mitigate the effect of the heat conduc-
ted into the bar from the lower loading anvil during
the autofrettaging procedure.

Once proper alignment is established, the autofret-
taging procedure is performed in a servo-controlled
hydraulic test system under closed-loop load control,
where the output signal from the strain gauge on the
reaction bar is used as the feedback. The confining
sleeve is inductively heated to 510-525°C as rapidly
as possible. Upon reaching this temperature, the
shield, located between the specimen and the confin-
ing ring, is removed and an appropriate axial load,
proportional to the predicted confining pressure, is
applied to the transmitter bar with the system. Ap-
plication of the load results in the insertion of the
specimen into the confining ring, and the specimen
bottoms out on the lower loading anvil. The applied
axial load is maintained throughout the cooling se-
quence. Pre-application of the axial pressure is per-
missible as long as the applied stress is less than the
compressive yield strength of the specimen.

After the confining system reaches room temper-
ature, the hydraulic actuator of the autofrettaged sys-
tem is lowered into its final axial placement and
rotated into its locking position. While maintaining
axial load control with the hydraulic test system, the
actuator of the autofrettaging apparatus is pressurized
until it takes over the axial load from the test system.
At this point, the system is switched to position con-
trol mode, and the output signal from the reaction bar
is switched to controlling the axial stress with the
actuator of the autofrettaged system. While maintain-
ing the proper axial stress, the apparatus is transferred
to a pre-aligned cradle on the SHPB system for high-
strain-rate loading of the specimen.

2.2. Testing procedures

A 0.6332cm diameter by 1.27 cm long cylindrical
specimen was prepared and inserted within the auto-
frettage device as outlined in the previous section.

The specimen was 99.5% pure Al,O; (Coors AD 995,
Golden, CO), with a density of 3.90 gcm 3.

The transition loading platens were machined from
tungsten carbide. Confined high-strain-rate experi-
ments were performed using the hybrid SHPB consist-
ing of strain-gauged, 0.154 m long incident bar and
a similarly gauged transmitter bar only 0.077 m in
length. A short (0.05 m), high-strength steel projectile
was fired at 66 ms™! to generate a 20 us stress pulse
within the bar system. Because the platens reduce the
load-carrying cross-sectional area by a factor of four,
the specimen sees approximately a 6.2 GPa stress pulse.

The apparatus was examined after the test. The
tungsten carbide platens were shattered; no damage
was visible to the confined Al,O;. It was decided to
sacrifice the autofrettage assembly to examine the
ceramic further. This is discussed below.

Previous work in our laboratory has shown [12]
that stress-rate signals derived from the transmitter
bar are compromised by dispersion phenomena for
specimen strain rates above about 2700s™ !, an effect
that was recently modelled and rationatized by
Ravichandran and Subhash [13]. Accordingly,
a series of experiments was performed involving the
placement of strain gauges at various locations along
the transmitter bar to provide an empirical relation-
ship that can be used to correct transmitter bar data
and bring it into agreement with that obtained by
specimen-mounted gauges. Because the confinement
process obviously precluded the latter, corrected
transmitter bar data were utilized to derive the
stress—time history of the sample.

Tests also were run with no confinement at strain
rates of 1.5x 10 *s ™! and 2066 s, the former using
a servo-controlled hydraulic load machine and the
latter the SHPB. In these cases, the samples were
strain-gauged to permit determination of the
stress—strain behaviour.

Following testing under confinement, the entire
autofrettage device was sectioned using a diamond saw;
half of the sample was polished and examined by scann-
ing electron microscopy (SEM). From the other half,
transmission electron microscope specimens were sec-
tioned, cored, and ion-milled. Similar transmission elec-
tron microscopy (TEM) specimens were obtained from
untested alumina. Both groups of samples were exam-
ined in a 200 keV transmission electron microscope.

3. Results
Under unconfined conditions, specimens behave sim-
ilarly regardless of loading rate, i.c. loading is linear
clastic to failure, which was marked by catastrophic
rubbling of the sample. For quasistatic loading
(E=15x10"*s"1) the compressive strength was
2472 MPa, while wunder dynamic deformation
(& = 206657 1), the strength rose to 3262 MPa.
Shown in Fig. 3 is the time history of the stress pulse
experienced by aluminium oxide confined within the
autofrettage device and tested in the SHPB. The strain
rate leading up to the peak stress (transmitter bar
signal corrected for dispersion) was 5940 s~ 1. Immedi-
ately upon reaching the maximum stress amplitude
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Figure 3 Stress—time history within a confined Al,O; sample, shar-
ing load drop followed by stable hardening.

(beyond the hydrostat) of 4.85 GPa, the stress falls
slightly and the sample immediately begins to undergo
apparent stable plastic flow with hardening. This lasts
for a period of about 3.5 ps, so that the sample experi-
enced high stresses ( >4 GPa) for approximately 8 ps.
The incident pulse length of ~20 ps was not realized
within the sample due to failure of the platens, al-
though the specimen itself survived. When the auto-
frettage device was sectioned, the sample was revealed
to be essentially intact, with the exception of a single
large crack transverse to the applied axial load. This
clearly was not a compressive failure, but rather an
incidental fracture due to a dynamic post-test tensile
release wave, or to relaxation induced by the section-
ing itself.

Under the SEM, no evidence of microfracture was
visible on polished sections taken from the confined
high-strain-rate specimen. Transmission electron micro-
scopy (TEM), however, showed extensive evidence of
plastic flow. Numerous grain-boundary dislocation
pile-ups (arrows, Figs 4-7) were observed, as well as
deformation on multiple slip systems (Fig. 6). Some of
the pile-ups induced dislocation activity in adjacent
grains (Fig. 4), while others nucleated small trans-
granular microcracks (arrows, Figs 5-7). It should be
noted that no microcracks were observed except in
association with dislocation arrays, and no large
(multi-grain) cracks were observed at all.

4. Discussion

It is well known [8, 14] that in the absence of confine-
ment, alumina (like other brittle ceramics) fails in
compression via the nucleation growth and coales-
cence of (roughly) axially oriented microcracks. This is
an apparently brittle fracture process, and usually
occurs at stress levels below those characteristic of
shock-loading conditions, where compressive “failure”
is represented by the Hugoniot elastic limit (HEL).
The latter is the axial stress at which the material,
loaded in compression under uniaxial strain con-
straint (perfect confinement), can no longer support
purely elastic strain and begins to flow through either
plastic flow or cataclastic (flow-like) fracture processes
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Figure 4 Slip-band pile-up at GB (arrow), nucleating a slip band in
an adjacent (left) grain.

Figure 5 Slip-band pile-up at GB (arrow), nucleating a transgranu-
lar microcrack in adjacent grains. Nearby are slip bands that have
causcd no microfracture.

Figure 6 Tilted view of image shown in Fig. 4, showing multiple
slip-system dislocation activity.

[15]. Contrasting with the (latter) high strain-rate
situation, in which confinement is generated by iner-
tial effects, is microhardness indentation under quasis-
tatic conditions, with confinement provided by the
indentor and elastic surround. In this case, the hard-
ness, H, is a measure of compressive yielding, always
at pressures much in excess of the unconfined com-
pressive strength, o..

Measured values of H and HEL thus include
confinement terms superimposed on the uniaxial in-
trinsic static and dynamic yield strengths, Ys and Y,



Figure 7 Dislocation slip band (arrow) nucleating a transgranular
microcrack in an adjacent grain.

Typically, the former is defined as [14]
Yo~ H/3 (1)
while [16]

62
Yp =2 HEL ©)
1

where ¢, and ¢; are the shear and longitudinal
sound speeds, respectively. For 99.5% Al,Os;,
H =145 GPa, HEL = 10.6 GPa, ¢, =624kms !,
and ¢; = 10.56kms™! [16]. Based on these para-
meters and Equations 1 and 2, Ys ~ 4.8 GPa, and
Yp = 4.3 GPa. Grady has further shown [17] experi-
mentally that over a limited dynamic strain-rate
range, Yp is strain-rate independent.

The present experiments can be placed in perspect-
ive as shown in Fig. 8. Here the compressive yield
strength of Al,O; is given for a strain-rate range of
10~4-10"%s !, with the current confined high strain-
rate experiment represented by the peak stress to
which the sample was loaded beyond the hydrostate,
i.e. 4.85 GPa. The results plotted in Fig. 8§ lie within
a tight range of stress levels, suggesting that the yield
strength is virtually strain-rate insensitive.

Also shown are the unconfined data for quasistatic
and dynamic (SHPB) compression. The curves drawn
represent previously observed experimental behav-
iour. Under relatively slow loading conditions
(¢ =15x10"%s"1), compression strength is con-
trolled by subcritical crack growth according to
o, oc&17" where n is the stress intensity—crack
growth velocity exponent; for Al,Os, n is approxim-
ately 50 [18]. At higher strain rates, strength is con-
trolled by crack inertia, according to [19] o, oc £1/3,
Intermediate confining states raise these curves [9], so
that they eventually approach the strain-rate indepen-
dent band shown in the figure.

Based on the TEM evidence and the shape of the
stress—time history, it seems clear that the effect of the
autofrettage confinement was to permit the sample to
attain a stress level equal to the essentially strain-rate
independent yield strength established by the micro-
hardness and plate-impact experiments. It is known
that extensive plastic flow is associated with Al,O5
hardness impressions [14], and Grady has recently
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Figure 8 Compressive yield strength for 99.5% Al,0O; derived from
indentation hardness, Yg, plate impact, Yy, and confined SHPB
experiments; strength is essentially strain-rate independent. Also
shown are unconfined quasistatic and SHPB compression data,
with strain-rate dependencies, based on crack kinetics, sketched in.

hypothesized [20, 21] that it seems more reasonable to
ascribe observed yielding within the shock front, i.e.
the HEL, to plastic flow rather than to brittle micro-
fracture. The present results appear virtually to assure
that that is indeed the case. In particular, damage
associated with the autofrettage experiment consisted
of extensive dislocation arrays and slip bands, plus
occasional microcracks nucleated by slip band pile-
ups.

This is consistent with earlier work by Cagnoux
and Longy [22] involving SEM and X-ray analysis
of plate-impact fragments of 99.7% Al,O;, micro-
structurally similar to the present 99.5% Al,O;.
Based on the absence of detectable microcracks, and
the interpretation of X-ray line broadening, it was
inferred that the shock (&~ 10°s™!) stress regime
from 0.9 HEL to 2.0 HEL is dominated by plastic
flow.

The present work also appears to have implica-
tions regarding the nature of “conventional”
compressive strength in ceramics. It has been noted
[14] that there exist striking correlations between
compressive strength and indentation hardness, at
least in terms of trends, i.e. o, oc H. Moreover, Lank-
ford has shown [14] that when optimal compressive
test conditions are utilized in conjunction with strong,
near-theoretically dense (minimum porosity) ceramic
bodies, there is obtained an almost 1:1 correlation
between Yg and o.. This implies that under unconfined
conditions, the highest compressive strength that can
be attained is the intrinsic yield point, at which macro-
scopic plastic flow and associated microfracture will
be inevitable, leading to rapid failure via microcrack
coalescence. Under confinement, as demonstrated by
Heard and Cline [8], this quasistatic limit can be
exceeded, i.e. o, > Y5, with monotonic hardening.
The latter supports the interpretation of the present
results (Fig. 3) that the confined sample under dy-
namic loading is experiencing stable post-yielding
hardening,
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Appendix.

Analysis model for autofrettaged device

To achieve higher pressures, a steel confinement ring
is shrink-fitted around the ceramic specimen. To
maintain an elastic response in the confinement ring,
the ring is actually composed of two concentric rings,
with the outer ring shrink-fitted to the inner. This
autofrettaged assembly is then shrink-fitted to the
ceramic specimen, producing a compressive stress
state in the specimen. During the shrink fitting, the
ceramic is compressively loaded in order to achieve
a hydrostatic state of stress.

To calculate the amount of axial loading required
and determine the subsequent pressure on the ceramic
specimen, the elastic equations with an assumed uni-
form strain in the axial direction were solved. In cylin-
drical coordinates, assuming no 6 dependence, the
strains are

Ou, u, _ Ou, . _1 %_I_au,
= 2= =T\ T

(A1)

where u; represents the various displacements. Assum-
ing that the axial displacement depends only upon
z and the radial displacement depends only upon
r yields g,, = 0. Given the strains, the stress state is
obtained from Hooke’s law

Gy = ()\« + 2”)% + }b% + }\'Szz — 3KAT (A2a)
ou, u, r
Gog = lg + A+ 2u)7 + Ag,, —3KA® (A2b)
T
AT = f a(T)dT
Troom
ou, u, T
G, = }»Er— + 7»7 + (A +2We,, — 3KA" (A2¢)

where A and p are Lamé constants, and A7 is the
thermal expansion term. For the ceramic the coeffic-
ient of thermal expansion, «, is temperature depen-
dent. '
The equilibrium equation in cylindrical coordinates
is
oo, 1

or + ;(Grr - 099) =0 (A3)

and when combined with Equations A2a—c it becomes

%(%%(ru,)) =0 (A4)
The general solution, due to Lamé, is
w=ars? (AS)
The resulting strains are
8,,=A—£;, see—A—f-rEz (A6)
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The stresses can now be written in terms of the known
strains. The pressure is

ooz —Hons (@1 4o, ) —okar
3 or r

P=—z0;
= —K[24 + &, — 347

3
(A7)

In order to estimate the confining pressure applied
to the specimen from elastic considerations, the con-
finement sleeve cannot be allowed to yield, and to
ensure that this is the case, the equivalent stress is
compared with the yield stress of the steel confinement
material. Therefore, to maintain an elastic condition,
the pressure on the specimen is limited by the yield
stress of the autofrettaged confining material. The
equivalent stress is

Geq = (3‘]2)1/2

1 1/2
= {5 [(Grr - Gzz)2 + (Gzz - 096)2 + (099 - Grr)z]}

= 2u[(4 — &) + 3B%/r*]'2 (A3)

The equivalent stress is examined to see if the yield of
the steel containment material is exceeded. The design
is such that the maximum confining stress is actually
limited by the temperature to which the autofrettaged
ring can be raised, because for a wide range of temper-
atures the response is elastic.

The geometry is comprised of three regions, the
inner ceramic specimen of radius a and the two con-
centric steel rings for containment of outer radii b and
¢. These regions will be indicated by the subscripts
I, 11, and 111, respectively. In the inner region B = 0,
because the solution must be well behaved at r = 0.
A desired property in the inner region is that the stress
state has no shear components, i.e. the load be purely
hydrostatic, (c,, = 0g = ©,,). This requires

AI =&z (A9)

We assume that regions I and 1] are made of the
same material so that, for example, A;; = Aj;. The
boundary conditions between the regions are defined
below.

BC1: matching normal stresses (c,,) at r = a

B
3K (Ar — A]) = 200y + W) Apy — 2uua—121

+ Mir(Ar + (2)0) — 3K A7 (A10)
BC2: matching displacements at r = a

BII

AIa = Aua + —a" (A]_l)

BC3: matching normal stresses at r = b
BII T
2(Ay + WA — 2”117 — 3K An
B
o — 3Kudfn

= 2(Agr + MDA — 21111?
(A12)
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Figure Al Pressure and equivalent plastic strain as a function of
temperature.

BC4: matching displacements at r = b

B B
Apb + f = Aub + —é’-’ (A13)
BCS5: zero normal stress at outer surface
BIII

2(0qr + WD A — 2}’«117 + Apr(Ar + (e22)0)

These five boundary conditions provide a linear sys-
tem of five equations in the five unknowns A4;, A;;, Byy,
Aqr, and Bygp.

The above system is first solved with no specimen to
determine the inner radius of the autofrettaged device
upon heating to a given temperature. This provides
‘a radius for the test specimen. To load the specimen,
the autofrettaged steel confinement ring is heated and
the room-temperature specimen is placed in the inner
cavity. The specimen is axially loaded in compression
while cooling occurs.

In the analytical solution, it is assumed there is no
axial slip between the ceramic specimen and the inner
steel confinement ring once the room-temperature
specimen is inserted into the heated autofrettaged
device. Thus, the axial displacement and strain, £, are
the same for all regions. When the computation with-
out the specimen is performed, an axial strain for just
the autofrettaged ring is determined. This axial strain,
(€52)0, 1s used as an initial offset in the solution for the
complete assembly. Use of this strain provides for the
condition of no pressure on the specimen when it is
initially inserted into the heated autofrettaged ring.
After insertion, and as the temperature decreases, the
axial strain is adjusted (through axial loading of the
specimen) to maintain a hydrostatic state of stress
within the sample. (Note that what is done to produce
Fig. Al is different from what is actually done in the
test. For the former, gradual loading is applied during
colling, while in the latter, the full load is applied
initially and held while the specimen cools.) This then
leads to a final pressure within the specimen at room

temperature. It also allows evaluation of the equiva-
lent stress at the inner surfaces of the steel rings, where
it is greatest. For the specific geometry discussed be-
low, Fig. Al shows the values of the pressure in the
room-temperature specimen and the maximum equiv-
alent plastic stresses in each of the steel rings versus
the temperature of the steel. It is seen, for high-
strength steel with a yield strength of 2.4 GPa, that the
stress state in the rings is well below yield.
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