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AN INVESTIGATION OF THE STRENGTH OF H440 GRAPHITE
WHEN SUBJECTED TO COMBINEL PRIMARY AND $ECONDARY STRESS

by

Charles A. Anderson, Gerald W. Fly, Lynn B. Lundberg, and Joe A. Romero

ABSTRACT

An experimental and analytical investigation of the |

strength of a fine-grained graphite, H440, under combined
imechanical and thermal stress is described. Small sample i

laboratory tests were carried out to establish a mechanical
property data base from which statistical parameters could
be determined and then used in finite element codes for
predicting failure probabilities of large graphite struc-
ural components under load. The theory was applied to
graphite rings under an imposed thermal stress from a heat
flux applied to the inner surface of the rings and under
mechanical stress caused by diametrically opposed concen-
trated loads applied to the outer surface of the rings.
Rings of H440 graphite were fabricated in two sizes and
tested to the combined thermal and mechanical loadings.
From the results of theory and the experiments, a design
rule for combining mechanical and thermal stress in
graphite structural components is proposed.

I. INTRODUCTION

Because of its unique combination of neutronic, chemical, thermal and
mechanical properties, graphite has been used for the design of support
structures for the core of the Fort St. Vrain reactor and other proposed
high-temperature gas-cooled reactors (HTGR). Graphite performance requirements
include the ability to withstand a variety of thermostructural loadings and to
do this with a high degree of reliability, to resist corrosion and erosion by
the reactor coolant, and to maintain dimensional stability over a fairly wide
range of temperatures, including accident and normal operating temperatures.
The ability of graphite to meet these very requirements has made it the prime
material candidate for reentry vehicle nose-tip applications.

1
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|

The mechanical behavior of reactor-grade graphites for HTGR applications

is characterized by anisotropy, brittleness, and variability--particularly
variability of fracture behavior. In order to meet the structural reliability

requirements, it is therefore necessary to develop a failure theory that
incorporates failure statistics. Implementation of that statistically based
failure prediction theory in finite element thermostructural analysis codes is
also needed in order to assess the structural reliability of HTGR structural
components. This computational effort and its experimental verification have
been one of the major goals of the program described in this report.

In 1981 a thermoelastic stress analysis of a graphite core support block,
a complex three-dimensional structure in the Fort St. Vrain HTGR, was complet-
ed by personnel of the Los Alamos National Laboratory. The support block
was subjected to thermal stresses caused by a loss of forced circulation (LOFC)
accident of the reactor system. Two- and three-dimensional finite element
analyses of the core support block, modeled as an isotropic material, revealed

1. primary (direct) stresses in the core support block are much less
than the secondary (thermal) stresses arising from the thermal
gradients caused by the LOFC accident;

2. thermal stresses induced in the core support block were enhanced by
stress concentration factors and approached the minimum ultim7te

tensile strength of the graphite. The factor of safety was 1.27 for
the case considered; and

3. the effects of primary and secondary stress in the failure of graph-
ite were unknown at that time, and there was no generally accepted
method of combining these two types of stress--particularly in cases
where there were high thermal gradients and localized peaks. It was

recommended in Reference 2 that an experimental study be initiated

that would provide a consistent method for combining prinary and
secondary stress in large graphite structural components and for
determining the proper factor of safety for the component. This
recommendation was a major impetus for the work described in this

report.

As mentioned previously, the problem of designing reliable structures
from graphite for reactor and aerospace applications was realized early in the
past decade, and there are numerous 1970s reports on f ailure criteria,
material property measurements, and statistical studies of graphite

2
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strength, it is not our purpose to review that literature, but rather to

describe how the basic graphite property data can be used in the design or
analysis of the strength of engineered structures. Initial attempts in this

;

direction were provided by the proposed Section 111, Division 2, American
Society of Mechanical Engineers (ASME) code dealing with design requirements J

for graphite core supports and by an Nuclear Regulatory Commission (NRC)
sponsored study by the Franklin Research Institute on t.he evaluation of the
structural integrity of HTGR core and sup, port elements.

The overall objective of this investigation is to carry out analyses and
i

experiments that explain how primary and secondary stress combine to produce.

fracture failure in large graphite structural components representative of
those used in high-temperature gas-cooled reactors. The apprcach to acMeve
the desired goal is the generation of statistically significant mechanical
property data from small graphite samples, analysis of graphite rings suls-
jected to both primary and secondary stress using both closed form solutions
(for linear isotropic elastic material behavior) and finite element techniques
(for anisotropic inelastic behavior), and testing of large graphite rings with
an imposed, resolvable primary and secondary stress field. Another approach
to this problem is described in Ref. 7; however, in the experiments. described
there, only a thermal load was applied to the graphite test specimen, and it

r

was applied as a high-temperature transient. The experiments described in
4 this report are carried out on larger graphite test specimens at relatively

low temperature, at steady state, and with the presence of both a primary and
secondary stress field.

A statistically significant mechanical property data base was developed
' for H440 graphite. Dynamic elastic moduli were determined at Los Alamos,

while stress-strain and strength measurements were performed in special

facilities at the Southern Research Institute (SORI). The stress-strain !
and strength data were obtained from untaxial tension and compression tests f
and torsional shear tests performed at room temperature under both mor.oton- :

ically increasing load and load-unload-reload conditions. A description of
these tests is given in Section 111 of this report.

All specimens used in this study were taken from a single molded and
pressed block of a fine-grained graphite designated H440 and produced by Great4

Lakes Carbon Company. The rectangular graphite block possessed two with-grain
(W/G) directions normal to the block length and one across-grain ( A/G)

3
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direction parallel to the block length. H440 graphite is closely comparable

to ATJ graphite in all aspects, and it was chosen primarily because it was
available in block sizes sufficiently large to allow botn the large rings and
all of the data base specimens to be taken from a single block in reasonable
numbers for developing good statistics. The data from the small sample tests

are summarized in Section III.
In Section IV we discuss the analytical and numerical models for graphite

behavior that we used in this investigation. Basically, in our simplified

analyses we use an isotropic linear elastic model to represent the fracture
behavior of H440 graphite. For this simplified situation, analytical thermo-

elastic solutions for a thick-walled ring under specified internal and exter-

nal traction and heat flux can be developed. The solution for a constant
internal heat flux and a specified external temperature is reproduced from
Ref. 9, and the solution for a thick-walled ring under diametrically opposed
localized pressure loadings is numerically evaluated from Ref. 10. The solu-
tions are then combined, and the maximum tensile stress regions in the ring

are used to determine the fracture load. For different temperature gradients

in the ring and for different localized pressure loadings, we tave constructed
brittle failure regimes.

Graphite cannot be adequately modeled as an isotropic, elastic material
with well-characterized fracture properties. As mentioned previously, the

mechanical behavior of graphite involves anisotropy, some inelasticity due to
cracking on the micro-scale, and considerable statistical variation in its

fracture behavior. In the more complex modeling described in Section IV, we
use the finite element method to account for the anisotropy and inelasticity

in graphite behavior. In addition, we used the Weibull statistical model to

represent the statistical variation in strength properties of the H440 graph-
ite given in Section III.

Section V describes the experimental hardware and the procedures used to

validate failure predictions for large graphite components subjected to both
primary and secondary stress. The configuration selected for testing was a
thick-walled ring. Solid rings loaded by diametrically opposed localized
pressure loadings have long been used for laboratory testing and the deter-
mination of the tensile strength of rocks. The test is frequently referred to

as the Brazilian test and provides an easy method of inducing complicated
stress fields in rock specimens and for studying anisotropy in rocks. The

4
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test is described in Ref. 11. By using hollow rings we could accommodate a
heater that supplied a steady-state temperature gradient (and induced thermal
stress) in the graphite and yet could maintain the basic attributes of the

Brazilian test. In order to examine the usual effects of scale found in
brittle materials, two sizes of graphite rings--one approximately twice the

size of the other--were included in the test program.

Section V discusses the design parameters for the graphite ring experi-

ments. Because of the high thermal conductivity of graphite, heat fluxes

applied to the inner surface of the graphite ring are very large and the

design of a heater for this purpose was extremely difficult. Iwo different

heater designs that were fabricated and tested are discussed in Section V.

The second heater design based on a liquid-metal coupling to the graphite

proved successful and was used for all tests conducted on this program. In

Section V we also describe the mechanical loading apparatus, the strain gage
and thermocouple instrumentation, the test procedures, and the experimental
measurement of the thermal expansion coefficient. Once the heater problems

were solved, the remaining experimental hardware was fabricated and opera-
tional procedures were carried out with relatively few problems encountered.

in Section VI of this report, we present the results of the small and

large graphite ring experiments and how the results compare with the analyt-
ical and numerical predictions of Section IV. First, the thermal expansion |
coefficient of H440 graphite was determined, and that procedure is described
in this section. The room temperature load tests of the smaller graphite

rings were carried out, and strain as a function of load as well as the ulti-

mate strain and load were determined. Several small graphite rings were so
tested in order to develop a sense of the variation in the behavior of the

rings because of differences in strength properties of the H440 graphite. How

the ultimate load statistics compare with the predictions of the Weibull model,

described in Section IV is described.;

|
Load tests of the small graphite rings were then carried out with succes-

sively larger steady-state thermcelastic stress fields imposed by heating the
inner surface of the ring. Again strain versus load and ultimate strain and

} load were determined as well as failure statistics, and comparisons were made

j with the predictions of Section IV.

| The final sequence of tests on this program involved the testing of the
l

large H440 graphite rings to the same levels of direct stress and at room
!

5

s. . . . . ..

.__ ___ -



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _

.

temperature and with imposed thermoelastic stress fields. the results of the
tests on the large rings are compared with theory and with the results on the
smaller graphite rings.

11. CONCLUSIONS AND RECOMMENDATIONS

From the results of the numerous laboratory and eraineering scale experi-
ments that were carried out in this program, together with the supporting
analysis, we have arrived at the tollowing conclusions and reccmmendations
concerning the thermomechanical behavior of H440 graphite structural compo-
nents subjected to combined thermal and direct stresses.

1. Even for modest thermal stresses (compared with the direct stresses) the
fracture characteristics of a fine-grained graphite are affected. Our

experiments show that, even though H440 graphite exhibits some plasticity
through microcracking, it should be treated for strength analysis pur-

poses as a 100% brittle material. Furthermore, for strength analysis,

the thermal and direct stresses should be added and compared with the

ultimate tensile stress of the material in the most affected material
direction.

2. The statistical nature of the H440 graphite strength properties must be

taken into account in the analysis of large graphite structural compo-

nents subjected to direct or combined stresses in those situations where

a large factor of safety does not exist. With a suitable statistical

data base on tlie strength of small graphite specimens and finite element

calculational techniques, one can generate the probability of failure

curve for graphite structural components. The accuracy of the generated

curve depends on deriving from the small sample data the correct volume

dependence of the strength of the graphite.

3. No substantial size effect was observed in testing the small and large
graphite rings to direct and thermal stress.

4. Similar experiments should be carried out on a large-grained graphite

characteristic of large-grained graphites (e.g., PGX) used for HfGR

structural components. Since we experienced difficulty in measuring

thermally induced strains in the H440 experiments, the experiments on a
large-grained graphite ring should not be extensively instrumented with

strain gages. Extensive analysis and the technique used in Section V1.B

6 ,
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'

can be used to verify the proper stress combination rules for large-

grained graphite structural components.4

5. Although the graphite rings tested in this program were characterized4

with non-uniform stress fields in the ring the variation of stress with

: position was not as strong as it would be near a stress concentration.
.

Since stress risers are present in HIGR graphite strustural components,
f

we recommend subjecting a graphite ring with a notch to combined thermal

; and direct stress to verify that thermal and direct stress contributed

equally to fracture &t the notch. fhe question here is whether the small
,

plasticity ef fects observed in the behavior of the smoother graphite ;

; rings will be greatly enhanced at a stress riser.

6. Finally, our difficulties with heater fabrication seem to preclude test-
ing graphite rings to large steady-state thernal stresses (compared to

'

the direct stresses) and investigating the fracture behavior of mainly

thermally stressed graphite structural components.

III. H440 GRAPHITE DATA BASE

'

A. Introduction
A statistically Significant me:hanical property data base was developed ,

for H440 graphite. Dynamic elastic moduli were determined at Los Alamos while i

stress-strain and strength measurements were performed in special facilities
- at the Southern Research Institute. Ihese data were obtained from uniaxial

tension and compression tests and torsional shear tests.

All specimens used in this study were taken from a single molded and
pressed block of a fine-grained graphite designated H440 and produced by Great
takes Carbon Company. Origir. ally, the rectangular graphite block measured
58 in. long by 'l7 in, wide by 8 in. thick, and it possessed two W/G directions
normal to the block length and one A/G direction parallel to the block length.
The graphite is isotropic in behavior in planes normal to the block length.
H440 graphite is closely comparable to ATJ graphite in all aspects, and it was ,

' chosen primarily because it was available in block sizes sufficiently large to
allow for both thermomechanical ring and data base specimens to be taken from
a single block in reasonable numbers for developin3 good statistics.

Samples were removed from various locations in the large graphite block
to define block variability and obtain data from sections of the block close

7
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A

to the thermomechanical ring specimens. the three regions from which the ten-

sion, compression, and torsion test specimens were removed from the graphite
block are indicated in Iig. 3.1. Specimens were cut so that about half were

aligned in the A/G direction and the other half aligned in the W/G direction.
The mechanical properties data base was collected from tests performed at

room temperature. lhis was considered to be quite appropriate because of the

fact that graphite mechanical properties do not change significantly at temper-
atures below about 1000 K. The mechanical tests included the determination of
stress-strain behavior to tailure of this graphite material in tension, com-

pression, and torsional shear. Because of a concern for cyclic loading

, ,

! -:.}.:.:* ~! -}- -
. W/G(c):: ::.

-
. . :.''5::'. 5. ::. ![ :: 5 4

{ _p::: -. ,{ . .fg e,.::'w::i:. :::: . I' "':' : =:

A/G ;

THERt10 MECHANICAL STRENGTH 0ATA EL ASTIC CONST ANTS (b)
sat 1PLES BASE sat 1PLES DATA DASE SAMPLES

[:e e:1

- '. k? El %jjjhj$5

W/G (a)yg:. ,- , .:7gg,

, - !!? -

:::| {{{{{{kk{[-
"

.

.
(9:

- 0~.[[[[[[[fj k:: :1. . . . . -

A/G ;

(b) -

41n.
I I

Fig. 3.1. Cutting plan for H440 graphite block.
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effects, aticut one-half uf the specimens were taken through one loading-
unloading cycle before being taken to failure. the mechanical tests that were'

perforrhed are listed in Table 3.1. 'the details of the mechanical tests, which;
'

were conducted at SoR1, can be found in Ref. 8.

The five independent elastic constants were also measured at Los Alamos *

,

using ultrasonic methods, and static values of the two Young's and shear
moduli plus the two Poisson's ratios were obtained from the stress-strain data

obtained at SORI.

TABLE 3.1

MECHANICAL lE515 PERFORMED ON H440 GRAPHill

[veluation Orientation Replications Test Details

Tension W/G S-Strain gaged specimens for Poisson's ratio
3 multiload
2 monotonic

W/G 29 12 monotonic
17 multiload

A/G 5-strain geged specimens for Poisson's ratio
3 multiload
2 monotcnic

A/G 19 9 monotonic
10 multiload

Compression W/G b-strain gaged specimens for Poisson's ratio
3 multiload
3 monotonic

W/G 29 13 monotonic
16 multiload

A/G 5 specimens for Poisson's ratio

3 multiload
2 monotonic

A/G 19 9 monotonic
10 multiload

Torsion W/G 18 8 monotonic
10 multiload

A/G 15 8 monotonic
7 multiload

9
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B. Tension Tests
Tensile stress-strain data were obtained from 24 A/G and 34 W/G specimens.

From these data were obtained the ultimate strength and load-deformation

properties.

The data were obtained using a mechanical drive tensile test machine
equipped with special gas bearings that automatically provided precise align-
ment of the specimens during loading. The load was measured with a 15,000-lb-

capacity, SR-4 Baldwin load cell, and the longitudinal strain was measured with
an optical extensometer. A few specimens were fitted with strain gages to mea-
sure both longitudinal and transverse strain during loading for determination
of Poisson's ratio.

The specimens tested were machined from the blanks into the configuration

shown in Fig. 3.2. The specimens had an overall length of 3 inches and a

'

#--- 0. 4 5 0* 0 Dia Typ--+
,

If- 0.242 Die TypC

---en-- y

| 1

1 I

0.700 R Typ

- N'I1 R Typ # '

,

j
' \ 0.648T

t> t>

0.2205 ,

Dia ' * 0.2190

fDia0.500 1.296
,,

_

1.000
'

3.000
" '

O.220%
Dia

ip

<r

1.500

I I

0.125 Typ | |
.

0.225 Typ

: =, 0.5000*'U$Diarm,

Fig. 3.2. Graphite tensile specimen.
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major diameter of 0.500 in., and they had a gage section 1.00 in. long and
0.202 in in diameter. In keeping with accepted practice, the gage section
was tapered slightly to proraote fracture away f rom the gage section to grip
section transition region.

lhe simple tensile tests were performed by monotonically loading the
specimens to failure. The cyclic tests were performed by first loading the
specimens monotonically to a significant fraction (about one-third) of the

ultimate strength followed by unloading monotonically to near zero stress, and
finally the specimens were loaded to failure monotonically. A typical cyclic

stress-strain curve is presented schematically in Fig. 3.3. 1hese curves

..

fh os

i i.
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E i' /p
/* / c'

/ '# '.f~

Y Failure
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.* s'" "
2 oo
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i_ ,,, / x /'
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e/
.. f

D% (unloading and reloadang)
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/

, , , , . i

,
un.nk.' ' ' ' '

.

Fig. 3.3~. Typical uniaxial tensile stress-strain curve for H440
graphite illustrating the three tabulated modulus values
and unload-reload behavior,
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.
indicate a permanent deformation due to the initial loading, but upon reload-
ing, the curve was essentially retraced and picked up where initial loading
terminated. In this sense the material behaves as an elastic-plastic solid.

The procedures used for calculating the various moduli listed in Table 3.2 are
also indicated graphically in Fig. 3.3. Average values for these moduli plus

the ultimate tensile strengths, o , and strains-to-failure, cu, are listed inu

Table 3.2. Averages w re determined separately for both W/G and A/G loading
directions under both monotonic and cyclic loading conditions. Comparison of

the property data in this table reveals that E1/3 (the secant modulus at 1/3 a )*u

a and c are not significantly affected by the loading schedule, so the
overall averages were calculated and listed in Table 3.2.

TABLE 3.2

UNIAXIAL TENSILE BEHAVIOR OF H440 GRAPHITE AT ROOM TEMPERATURE

(s+ standard deviation of mean, max + maximum value,
min + minimum value, med+ median value)

Loading E 1st E 2nd E #
1/3 sec sec u 'u

Direction (10 p33) g)g osi) (10 psi) _(psi) (x10-3)6 6 6

W/G Mono 1.33 3615 3.7
s+ 0.07 217 0.2

W/G Cyclic 1.32 1.22 1.42 3600 3.7
s4 0.59 0.06 0.08 235 0.4

W/G Avg 1.22 3606 3.7
s+ 0.06 225 0.3

max + 1.44 4020 4.3
min + 1.22 3190 3.2
med+ 1.34 3560 3.7

A/G Mono 1.08 2950 3.7
s+ 0.06 162 0.4

A/G Cyclic 1.12 0.99 1.55 3050 3.8
s4 0.08 0.07 0.07 213 0.4

A/G Avg 1.10 3000 3.7
s+ 0.07 195 0.4

nex+ 1.27 3430 4.5
min + 0.96 2660 3.1
ned4 1.10 2980 3.7

12
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The distributions of the o and c values for all samples regardless of
u u

loading schedule are presented graphically in Figs. 3.4 and 3.5, and histograms
for E values are presented in Fig. 3.6. The standard deviations of the1/3
means of these properties are listed in Table 3.2 along with their maximum,
minimum, and median values.

Bilinear fits were obtained from composite stress-strain curves from the
monotonically loaded specimens for both orientations. The slopes and intercept
of the two linear portions of the bilinear curves were obtained through minimi-,

1
' zation of the area between these curves and the average stress-strain curves.

6The initial slope of the W/G curve was determined to be 1.27 x 10 psi, and
5the second slope was determined to be 7.85 x 10 si. The " yield stress"

and " yield strain" were determined to be 2190 psi and 0.0017, respectively.
6The initial slope of the A/G curve was determined to be 1.02 x 10 psi, and
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Fig. 3.4. Frequency plot for the Fig. 3.5. Frequency plot for the
ultimate tensile strength ultimate tensile strain

for H440 graphite for H440 graphiteo cu u
specimens. specimens.
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Fig. 3.6. Frequency plot for the secant modulus El/3
for H440 grahite specimens.

5the second slope was determined to be 5.96 x 10 psi. The " yield stress"
and " yield strain" were determined to be 1970 psi and 0.0019, respectively.

C. Compression Tests

Compression tests were performed on 24 A/G and 35 W/G dog-bone type

specimens. Cyclic tests in which the specimens were initially loaded to about
50% of their ultimate load, unloaded, and innediately reloaded to failure were
performed on 13 of the A/G specimens and 19 of the W/G specimens.

The compressive properties--failure strain and strength, secant elastic
moduli at various stresses, and full stress-strain curves--were obtained with
a 50-ton screw-jack loading train fitted with gas bearings to insure precise
alignment of the specimens during loading.8 The load was measured with a.

20,000-pound-force, SR-4 Baldwin load cell mounted in the load train, and the

14
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strain was measured over an 0.875-inch-long gage length using an electro-
optical extensometer. The specimens were loaded to failure at a constant
loading rate of 10,000 psi / min.

J A typical cyclic stress-strain curve is presented in Fig. 3.7, and the
:

} averaged data f rom the curves derived f rom all the specimens are summarized in

f Table 3.3. E s the initial modulus determined by measuring the slope of
int

each stress-strain curve from 0 to 500 psi, and the E values were obtained

I for the stress range 1250 to 3750 psi. The 1st E values were obtained from
sec

the initial loading curves, while the 2nd E , values were obtained from the3

reload curves. As there was little difference between the terminal behavior
of either the cyclic or monotonically loaded specimens, all of the values of

ultimate strength, ultimate strain, and initial modulus were averaged together

and tabulated in Table 3.3.

$'
to

6
v>

/ /

STRAIN

Fig. 3.7. Typical uniaxial compressive stress-strain curve
for H440 graphite showing load-reload behavior.
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TABLE 3.3

UNIAX1AL COMPRESSIVE BEHAVIOR OF H440 GRAPHITE Al ROOM TEMPERATURE

(s+ standard deviation of mean, max + maximum value,
min + minimum value, med+ median value)

Loading E 1st E 2nd E , o e

.x10-3),6 6 6
(Direction (10 psi) (10 psi) (10 psi), (ksi),

_

W/G Mono 1.36 9.770 27.0
s+ 0.10 0.338 0.2

W/G Cyclic 1 .31 0.93 1.09 9.782 26.0
s+ 0.08 0.05 0.07 0.356 0.3

W/G Avg 1.33 9.776 26.4
s+ 0.09 0.343 2.4

max + 1.60 10.600 31.0
min + 1.20 9.075 21.0
med+ 1.30 9.775 26.0

A/G Mono 1.09 9.990 36.0
s+ 0.08 0.240 0.7

A/G Cyclic 1.06 0.73 0.67 9.988 34.0
$+ 0.11 0.07 0.09 0.400 0.5

A/G Avg 1.07 9.989 35.1
s+ 0.09 0.330 6.3

max + 1.30 10.150 48.0
min + 0.91 9.300 26.0
med+ 1.10 9.975 35.5

Distributions of the values for the ultimate strength, ultimate strain,
and initial modulus are represented graphically in the histograms found in
Figs. 3.8, 3,9, and 3.10, respectively. Some variability in properties was
also observed as a function of location from which the sample was taken out of

the original graphite block. Even though there was an indication of varia-
bility due to sample location, property values varied only about 15% around
their grand means, which is not considered significant.

Each specimen failed catastrophically, breaking into several pieces.
lhis is a typical compressive failure mode for quasi-brittle materials such as
graphite,

16
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Stratr. gages were attached to measure toth the lateral and lor.gitudinal
strain of four A/G specimens and one W/G specimen in order to ' measure Poisson's

ratio. The A/G specifrens yielded an average value of 0.10, while Poisson's
ratio for the W/G specimen was . measured to be 0.12, about the same values as

measured in the tensile tests.

D Torsion Testsa

Tests were performed on tubular specimens to detenmine thre room tempera-
ture torsional shear behavior of H440 graphite using a gas-bearing torsion test
apparatus. Specimen strain was measured with a device like that shown sche-
matica11y in Fig. 3,11. Two graphite rings we:re attached conc,entrically at
opposite ends of the 1-inch gage length, and graphite yarn was wound around
each ring in a V-groove cut into its circumference. The free end of each piece
of yarn was attached to the core of a linear variable differential transformer
(LVDT) to measure relattve rotational displacement of the ends of the specimen
gage section.

m
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Fig. 3.11. Schematic of system for measuring the angular
rotation of the tubular graphite test specimen.
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Stress-strain data were obtained to failure from 18 W/G specimens and IS

A/G specimens. Specimen orientations represent the grain orientation parallel

to the axis of the tubular specimen. Ten of the W/G specimens and seven of the

A/G specimens were first loaded to 1500 psi, unloaded, and immediately reloaded
to failure. The remaining specimens of both types were loaded monotonically
to failure at a rate of 10 ksi/ min. A typical cyclic stress-strain curve is

presented in Fig. 3.12. This curve is typical for both sample orientations,

and the envelope curve is typical of the monotonically loaded specimens.

$
e
$

STRAIN

Fig. 3.12. Typical shear stress-strain curve for H440
graphite showing unload-reload behavior.
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Data derived from these curves are summarized below in Table 3.4. The

G values are actually 0-500 psi secant shear moduli, while both of the G
3 ec

values are 500-1500 psi secant shear moduli. These indicate that failure
stresses, r , and the failure strains, y , do not vary significantly due to the

loading procedure.
The distributions of ultimate strength, ultimate strain, and G values

are presented graphically in histogram form for the W/G samples in Fig. 3.13
and for the A/G samples in Fig. 3.14.

1ABLE 3.4

10R$10NAL SHEAR BEHAVIOR OF H440 GRAPHITE AT ROOM lEMPERATURE

(s4 standard deviation of mean, max 4 maximum value,
min 4 minimum value, med+ median value)

Loading G 1st G 2nd G, t y

Direction (10 si) (10 si) (10 si) (ksi) ( x10-3)6 6 6

W/G Mono 0.71 3.272 7.4
s+ 0.14 0.156 0.6

W/G Cyclic 0.71 0.54 0.61 3.386 7.6
s4 0.07 0.04 0.01 0.252 0.8

W/G Avg 0.71 3.335 7.5
s+ 0.10 0.217 0.7

max + 0.87 3.645
8.6

min + 0.53 2.945 6.1
med-* 1.30 9.775 26.0

A/G Mono 0.68 3.206
5+ 0.11 0.189

A/G Cyclic 0.62 0.51 0.58 3.217 7.6
s4 0.05 0.02 0.02 0.097 0.2

A/G Avg 0.65 3.211 7.6
s+ 0.09 0.148 0.3

max + 0.82 3.415 8.1
min 4 0.51 2.915 6.8
med+ 0.62 3.250 7.6

20
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E. Elastic Constants from Sonic Testina
Elastic constants were also determined for H440 graphite from ultrasonic

measurements made at Los Alamos. Because they are valid at only very low
strain levels, these constants were not used in the calculations described

later in this report. Consequently, we list the values here for reference
purposes only.
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lABLE 3.5

H440 ELASitC CONSlANTS FROM SONIC MEASUREMENIS

Sample
Block No. Cjj * C33 C13 C l2 C44

2A 1.7310.30 1.5010.03 0.30t0.06 0.3810.20 0.6610.03

3A 1.8510.12 1.6210.04 0.2510.18 0.3610.07 0.6610.04

* Values given in 10 psi. Constants refer to Eq. (3) of Section IV.B.

IV. NUMERICAL AND ANALYllCAL RESULTS

The lack of a complete constitutive law for graphite, which includes the
effects of anisotropy and a failure surface valid for all combinations of
stress, as well as the statistical nature of its material properties, makes
the analysis of the behavior of large graphite structural components a formid-
able task. Consequently, to support the experimental work of this program, we
have used several approaches to the stress analysis of graphite and the pre-
diction of f ailure under combined mechanical and thermal loadings. First, we

have used some analytical solutions for the linearly elastic behavior of thick-
walle.d discs and tubes subjected to diametrically opposed pressure loadings
and axially symmetric steady-state thermal loadings to predict the failure of
the graphite rings tested in this program. Here we focus only on the region
of maximum principal tensile stress in the ring, and we postulate that failure
occurs whenever that stress, regardless of its origin, reaches the value of
the ultimate tensile strength in the direction associated with the principal
tensile stress direction. Results, in terms of a fracture surface (for ulti-
mate tensile stress or strain) for the graphite rings subjected to the combined
loadings, are presented in Section IV.A below. In Section IV.B, we treat the

same problem numerically with the finite element method where we allow for
anisotropic material behavior and use a bilinear stress-strain law to model
the observed non-linearity in the H440 graphite stress-strain curve described

in Section 111.B. The numerical calculations also allow for the finite ring

22

. _ _ _ _ _ _ _ _



thickness. Finally, in Section Ill.C, we couple the Weibull statistical model

for graphite fracture behavior with the finite element stress analysis method
to generate probability of failure curves for the graphite rings subjected to

combined mechanical and thermal stress.

A. Thermoelastic Behavior of Thick-Walled Rings

Figure 4.1 illustrates a thick-walled ring of inner radius a and outer

radius b subjected to an inner uniform heat flux q and to diametrically

opposed pressure loads p, each applied along an arc of the outer surface of
length 2pb. The material of the ring is presumed to be isotropic in all

respects and perfectly elastic with a coefficient of linear thermal expan-

sion a.
A solution for the elastic stresses in the ring caused by the normal pres-

sure loading on the outer surface is given as a Fourier series in sine (2ne) and

cosine (2ne), n = 1,2 ... =, in Reference 10. That series has been numerically

evaluated * for the circumferential stress e/p in the ring for the ratios a/b
(0.375 and 0.352) and half-angles p (13.5 and 6.1 ) corresponding to the values
of the small and large H440 graphite rings tested in the experimental program.
The variation of n /p through the thickness at e - o and e = 90 is shown

e
in Fig. 4.2 for the small graphite ring; in Fig. 4.3 is shown the corresponding

variation of o /p for the large graphite ring. As can be clearly seen, theg
maximum tensile stress in the graphite is at the inner surface of the ring and

directly on the load axis. These curves for distribution of the circumferential
stress were duplicated within 1% with numerical calculations for the finite
element mesh described in Section IV.B using the ABAQUS code and its linear,
isotropic elastic model.

In the experiments described in Section V, a steady heat flux is applied
at the inner surface of the ring, which will induce a thermoelastic stress
field in the ring. We can estsaate the stress field induced in the ring by a

given temperature drop across the ring (or flux applied to the inner surface)
by evaluating the thermoelastic solution for a thick ring with a heat source-

*About 100 terms were used to evaluate the series.

23

_ _ _ _ _



___- _ _ - - _-_

along its inner circumference, again treating the graphite as isotropic in the

plane of the ring and using average graphite umchanical properties. Ihe thermo-
elastic solution for axisynenetric steady heat flow is given in limoshenko' and,
in polar coordinates (r,0) with principal stresses o , o , and o is

e
,

- log b/r -#r 2(I v og b/a 2 2
- I9"

3)

2 2h [b= EAT a b,

1 - log b/r - I*

2)I9 (a)_(1)
#e 2(>l-v)1og b/a 2 2

*

,
(b -a ) r

J

aEAT 1 - 2 log b/r - 2a jng [b \2
=

#z 2(1-v) log b/a *
g _,2)2 a

where al is the temperature drop across the ring, and E,v, and a are Young's
modulus, Poisson's ratio, and the temperature coefficient of linear expansion,

respectively. Figure 4.4 shows the variation of o and a through the ring
r s

thickness for a/b = 0.375, corresponding to the small graphite ring, and for E'

-6
= 1.2 x 10 psi, v = 0.12, and a = 4.0 x 10 /K. The maximum compressive

stress is the circumferential stress on the inner surface, while the maximum

tensile stress is that stress component on the outer surface.

g (r = a) -1.3077 =E&To =
and,

2(1-v)
(2),

| g (r = b) +0.6922 = EATo = .

2(1-v)

The effect of the compressive hoop or circumferential stress on the inner
surface of the ring induced by the outward steady heat flow will be to ini-
tially increase the capability of the ring to sustain diametrically cpposed

pressure leadings, since it is at the inner surface under the applied loading
; where the direct tensile stress is a maximum. As the thermally induced stress

| 1s increased by increasing the heat flux, at some point the failure will shift

j to the outer surface of the ring, at 90 from the load axis, where both the

i
'
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primary and secondary stress are tensile. Using the ring geometry, loading

angle, and mechanical properties of graphite mentioned previously, and assum-
ino that failure occurs whenever the sum of the direct and thermal stress
achieves a maximum eaual to the ultimate tensile strength of the graphite, we

can generate a failure curve for the graphite ring. the failure curve is

illustrated in Fig. 4.5 for an ultimate tensile strength of the graphite of

3600 psi.

B. Finite Element Calculations
The previously described analytical solutions for the stress and strain

distribution in a graphite ring under combined direct and thermal stress
neglected important aspects of graphite behavior--its inelasticity caused by
cracking on the microscale (as exhibited by Fig. 3.3 in Section 111) and by
its anisotropy. In addition, the analytical solutions assume certain distri-

butions of axial stress on the planar surfaces of the ring to maintain a plane
strain condition; i.e., the solutions require a distribution of oz on

h
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Fig. 4.5. Fracture surface for a thick-wa'lled graphite ring
subjected to uniform internal heat flux and
diametrically opposed pressure loadings, a/b = 0.315.
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the face although the net axial force from that distribution is zero. These

limitations can be overcome by using modern stress analysis calculational
techniques such as the finite element method.

Figure 4.6 illustrates a typical finite element mesh that has been used to

model thermal and direct stress ef fects in finite thickness graphite rings and
that takes into account the inelasticity and anisotropy of graphite stress-

strain behavior. Four 8-node bricks are used through the thickness, ten along
a radius and twenty circumferentially. Because of symmetry, only one quadrant

of the ring needs to be modeled; synsnetric boundary conditions of no transverse

| shear stress and no normal displacement are set on the edges e = 0 and 0 = 90 .
The calculations are carried out using the ABAQUS code, which has the capabil-

ity to handle general anisotropic elastic material behavior,

lhe graphite rings were cut (see Fig. 3.1) so that the x)-x2 P18"'S f

Fig. 4.6 are planes of isotropy and the x direction (the against-grain direc-
3

tion) possesses different properties. The material of the rings is thus trans-

versely isotropic with x)-x2 planes being the planes of isotropy. The elastic
constitutive law for a transversely isotropic body involves five material
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Fig. 4.6. Finite element mesh for thick-walled graphite ring.
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constants that relate the stresses (ojj, o22' #33' #13' 23' 12) and the
strains (eg,c22' 'n' *13' '23' '12), and the matrix of elastic coefficients

13is

11 12 13

12 11 13

13 13 33

44

44

1/2 (C)j-C12)
f

We used the stress-strain data for tension (Section Ill.8) and torsion
(Section Ill.D) to determine the elastic constants for H440 graphite from the
secant modulus at 500 psi. These data are

W/G Modulus 1.27 x 10 psi

A/G Modulus 1.02 x 10 pst

In-plane Poisson's Ratio 0.12

W/G Shear Modulus 0.71 x 10 psi

Out-of-plane Poisson's Ratio 0.12.

After some lengthy algebra, the constants C)), C12, C13' 33, and C44 in
the representation (3) were obtained and used in the ABAQUS code as the ortho-
tropic elastic parameters.

In order to deal with inelasticity in the graphite material behavior, we

used a bilinear fit to the average tensile stress-strain curve for both the

with-grain and against-grain directions as described in Section Ill.B. 1he

hardening parameters were then used as input to the elastic-plastic model for -

ABAQUS. ,

To verify the ability of the numerical model described here to predict the
stresses in loaded graphite rings, we calculated perfectly elastic behavior of
the small graphite ring treated as an isotropic material. We used the mesh
shown in Fig. 4.6. The stresses at selected points in the mesh agreed to

within a line-width of the analytical solution as shown in Fig. 4.2.
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1hese material models and associated finite element meshes were used with
the ABAQUS code to analyze the results of the thermomechanical experiments
described in Sections V and VI of this report.

C. Modeling the Fracture Behavior of H440 Graphite Rings

lhe f racture behavior of the graphite rings is modeled using a modified
version of the finite element code ADINA. Since fracture of the graphite

rings is a statistical phenomenon and the behavior of the rings is nonlinear
at loads approaching ultimate load due to microcracking of graphite, we car-
ried out a calculation of failure probability at each of successively incre-
mented load steps. The probability of failure calculation is based on a

Weibull statistical model that has been incorporated in the ADINA code, which
is described below.

The statistical model initially chosen for coupling with the stress analy-
sis codes is a slight modification of the Weibull model described in Refs. 15

and 16. In the isotropic version of this model, the probability of failure,
P , of a structure modeled by n elements is given by

g

Pg=| - P (V)) . P (V ) ... P (V } I*)3 3 2 3 n '

where P,(V ) is the probability of survival of the ith element of volume,g

V , and i spans the range of all elements. fhe probability of survival ofg

the ith element is computed as

P (V ) - exp - (f!)" h (S (V ) + S Iv ) * 5 i)) Ib)3 g j y 2 i 3 *

where (1/m!)" is the material consistency factor (a function only of the
Weibull modulus m) U is a unit volume conversion factor, and s (V ) is

g

the stress volume integral in the jth direction for the ith element. The

stress volume integral is given by

#
(j) m

Yi ~ "u dV (6)
W fS IY ) ,

V ( gy H(o))

*
j i

o

% )
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Where o) are the principal stresses, j = 1,3; H(a)) is defined as

H(a)) 1, a) > 0=

H(a))
-A, a >0 ;=

and where A is the ratio of compressive to tensile strength of the material.

The quantity a is the unit volume strength of the material corres- ;y

ponding to the direction of the principal stress. For an anisotropic mate- |
j rial with known strengths in the direction of the naterial axis, the unit vol-
; |

i use strengths are assumed to lie upon a triaxial ellipsoid in stress space

with values

E (*1 E ("2 and E (*3, ,fy gy gy

;

ec ns eMning e sem bmajor axes. A point i.in the m,, m , and m3 fv2
on the ellipsoid having direction cosines 1,, 1 ' "3 w 11 e g ven by

2

I

\,{ \+{I1 1'
_ 3 2 3 ,

.

I"1)/ B I"2I 5 (*3)
' *

E fy fyfy

,

lhe tensile and compressive ultimate strengths obtained on small samples

as described in Sections 111.8 and Ill.C were used as a data base from which
the Weibull parameters m and U were calculated as well as best-fit cumulative !

probability distribution functions. Unly monotonically loaded specimen
>

,

strength data were used. 1he calculations were carried out with the statis-

tical program package called STATS. Figure 4.'l illustrates the fit to the

monotonically loaded W/G and A/G tensile strength data and the Weibull
parameters.

A unit volume conversion factor U was then calculated from the laboratory

sample tensile data of Section 111.B. A finite element calculation of the

probability of failure of the small graphite ring was then carried out using
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Fig. 4.7. Cumulative probability distribution functions for across-
grain (A/G) and with-grain (W/G) tensile strength data for
H440 graphite. The Weibull parameters are: u = 3027,o

m = 19.3 for A/G data and ou - 3710, m - 14.8 for W/G data.

the Weibull statistical method described above and an isotropic thermoeleastic-
plastic model in the ADINA code. The rings were oriented so that the strong
axis was normal to load, as in the calculations of the previous sections. Our

previous calculations had shown that, although the strain fields in H440 graph-
ite rings are somewhat affected by anistropic elastic properties, such is not
the case for the stress fields. For the room temperature situaticn, the re-

suits are shown in Fig. 4.8 as Curve 1. Also shown are experimentally measured
loads that caused f racture of the ring specimens. Their mean is at the 35%
failure probability point, and, although there are only four tests to base our
results on, we adjusted the unit volume conversion factor to give a mean fail-
ure probability of 50% at the mean of the four experimentally determined fail-
ure loads, 9020 lbs. This is Curve 11 in Fig. 4.8.

In Fig. 4.9 is illustrated the results of the probability of failure cal-.

culation for cross-axis loading when a 225 C drop in temperature simultan-
eously occurs across the graphite ring caused by a steady heat flux at the
inner surface of the ring. Here the calculation presumes that thermal and

direct stress effects are additive and that there is no stress redistribution
caused by more cracking of the graphite. The calculation uses the revised
volume conversion factor that produced Curve II in Fig. 4.8.
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V. EXPERIMENTAL HARDWARE AND TEST PROCEDURES

A. Overall Concept

In an operating reactor system, the thermal loads and mechanical loads act-
ing on graphite structural components are coupled. In order to separate the

ettects on graphite of the two types of loading and to determine their interac-

tion, it was necessary to design an experiment in which both the thermal load
and the mechanical load can be varied independently. This required that the

thermal loads be imposed by stationary boundary conditions or be internally

| generated. In the experiment described here, the thermal loads are internally

generated by imposing a radial temperature gradient upon a cylindrical ring
specimen. A mechanical load is imposed by a two-point radial loading on the
outside diameter of the ring. Aluminum pads are used to load the ring. The

I high thermal conductivity of the aluminum minimizes the distortion of the ther-

mal gradient during loading. A schematic diagram of this system is shown in
Fig. 5.1. FORCE

b5
/

g- GR APHITE LOAD
*N ' SPREADER
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4

%
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\
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'

o

Nx>
V
h

FORCE

Fig. 5.1. Large graphite thermomechanical ring specimen.
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Two sizes of rings were chosen for these tests in order to apply a more
extended range of thermal stress and to be able to discern any scaling effects.
The smaller rings are 8.00 in. in diameter with an inner diameter of 3.00 in.
They are 2.00 in, thick. The larger rings have an cuttr diameter of 17.00 in,
and an inner diameter of 6.00 in, and a thickness of 1.80 in. Both small and
large rings were fabricated from a single block of fine-grained H440 graphite.
Orientation of the rings in the block is shown in Fig. 3.1.

B. Heater..Desian

Graphite has a high thermal conductivity and a low thermal expansion coef-
ficient that, along with its high temperature strength, make it an ideal mate-
rial for use as structural components in high temperature gas-cooled rtactors.
However, this fact works against us in conducting these experiments because,
in order to produce significant thermal strains, very high thermal gradients
must be imposed upon the test specimen. The thermal strains and stresses
developed in the ring are directly proportional to the temperature drop across
the ring. For the small ring to produce a temperature drop of 250 C requires
a heat flow of 12 kW and a corresponding thermal flux of 100 watts per square
centimeter. A heat flow of 16 kW and a corresponding heat flux of 75 watts
per square centimeter are required to develop a temperature drop of 400 C in
the large rings.

We used Equations (1) and (2) to estimate the stresses inouced on a graph-
ite ring by a given temperature difference across the ring provided by a heat
flux on the inner surface of the ring. Using an average Young's modulus of

-6'

1.2 x 10 psi, an expansion coefficient of 4 x 10 /K and a Poisson's ratio
of 0.12, we calculated the maximum and minimum thermoelastic stresses in the
small and large rings shown in Table 5.1.

lABLE 5.1

MAXIMUM AND MINIMUM THERM 0 ELASTIC S1RESSES

Small Rinq large Rino

Temperature drop OC 250 400
Compressive stress 890 psi 1520 ps)
Tensile stress 470 psi 780 psi
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lhese maximum and minimum stresses, though approximate in that they are
calculated for an isotropic nuterial with constant properties, were the design

stress levels used to investigate the intluence of thermal stress on the fail-

ure of H440 graphite.

The high heat fluxes required for these tests impose significant restric-

tions on the heater design. The heater must not generate any significant) mechanical loads on the ring, nor can it alter the breaking strength of the

graphite, lwo heater designs were considered--the first, a radiation-coupled

design ar.d the second, a liquid-metal-coupled design. The radiation-coupled

approach was attemoted first because it imposed the least load on the specimen.

Although this heater did not work, it is istportant to discuss the design and

the reasons for its failure so that the same problems may be avoided in future

work.

The radiation-coupled heater design is shown ire Fig. 5.2. This design

uses 0.051-cm platinum wire as a heater element. The surface of the platinum

was roughened to enhance its emissivity. The wire was wound on machined
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Fig. 5.2. Raalation-coupled heater schematic.
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aluminum oxide stats that were supported in grooves machined into the end
plates. Platinum screws served as electrical feedthroughs. The heater wire
Was laser-welded to these feedthroughs. Nickel clamps were used to connect to
the platinum feedthroughs. A small hollow platinum screw was placed in the
center of the bottom plate, and a small helium purge flow was introduced into

the heater space. This helium flow had a three-fold purpose: first, to improve

the conduction heat flow; second, to reduce the convective heat transfer so

that the heat flow will be more uniform across the face of the inner surface )

of the graphite; and third, to minimize oxidation,of the graphite surface.
The heater was designed to operate at about 1600 C at a total heat flux or

power of about 10 kW and a corresponding temperature drop across the graphite
of about 150 degrees. For higher power operat'on, platinum-rhodium alloy wire

'

was to have been substituted for the platinum wire. The 70% platinum-30%

rhodium wire could be operated at temperatures of 1800 C, and thus power

levels of 15 kW could be achieved. This would yield temperature drops of
250 C across the small rings.

During the testing of the heaters, the full 10 kW performance was demon-
strated using the pure platinum wire. 1he heater was installed, and testing

was begun on a small ring. After about two hours of testing, the heater wire

arced and the fuses blew. The heater was rewound using particular care to see

that all of the wires were equally spaced so that arcing would not occur again.

But once again after about an hour of testing, the heater arced across two

coils and the wire melted. After two more attempts with new methods of wind-

ing the coils even more precisely, a storage oscilloscope was placed on the
input power line and the voltage and amperage were monitored during the test
with a high trigger threshold. During the next failure, a high voltage pulse

of nearly 400 volts on a 208 volt line was detected. The pulse lasted for

over half a second, and, since the thermal mass of the heater wire was so

small, the pulse was sufficient to melt the wire, causing it to sag and short

out. Subsequent monitoring showed that these pulses occurred several times a ;

day, and efforts to filter them out were unsuccessful, it became apparent

that extremely large isolation transformers would be required to solve this

problem and that a large investment in both time and funds would be required.
At this point the radiation-coupled heater design was abandoned in favor of a

design with a high thermal mass.
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A liquid-coupled heater was designed to replace the radiation-coupled
design. The only liqulds that would both stand the temperature and provide
adequate thermal conductance were liquid metals. Although both mercury and a

cadmium hearing alloy called Cerrobend were considered, they were abandoned
due to their toxicity. A lead-tin based alloy called Cerrotru was chosen as

the interface material because of its low melting point, low cost, and lack of

toxicity. It was tested in a copper vial with the graphite to a temperature

of 450 C, and no apparent reaction was detected under an optical microscope,
although no chemical analysis was done on any of the materials.

The design of the small liquid-metal-coupled heater is shown in Fig. 5.3.
This drawing is a section of the heater installed in a graphite ring. A small
annulus separates the heater block from the graphite. Proper spacing is pro-

vided by spacer wires placed 45 to each side of the loading axis. Three 0

rings seal the heater block and cap to each other and to the graphite ring,

11

(COPPER CAP0-RING SEALS q y7
?W/E//fW/lVEA .h

,:

-

gN V7 |
\ - -- COPPER BLOCKLIQUID-METAL :

INTERFACE b~ / . m /

T : .

N :
-

$

j $ $ { |[ GRAPHITE RING
o O :

,

2.ey < - <'
~

. ; g Qm
,

:

h O-RING SEAL4

l$kN Yl
LIQUID-METAL
FEEDTHROUGH
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d

forming an airtight annulus. The annulus is evacuated using a standard labor-
atory vacuum pump. There is some small leakage through the graphite, but by
pumping through a 6-mm vacuum line, the annulus can still be pumped down to

10' torr. Since the purpose of evacuating the annulus is simply to allow

space for the liquid metal, this amount of residual air is not a problem.

After evacuating the annulus and fill line, the fill pot is heated to melt the,

Cerrotru, which then flows into the fill line and chills, forming a liquid-

metal seal. After all of the metal in the fill pot is liquid, the heater
!

block is heated to above the melting point of the metal. Helium overpressure

is applied to the fill pot and the fill line is heated. When the Cerrotru

seal in the fill line melts, the liquid metal is forced into the evacuated

annulus. The liquid metal also goes into the vacuum line but quickly chills

in the unheated vacuum line, forming an airtight seal. Heat is maintained on
the fill pot and on the fill line to allow for the volume changes in the annu->

lus caused by differential thermal expansion and due to the compression during
'

mechanical loading.
1he heater block consists of a solid copper block in which are drilled

twelve 9.4 mm-diameter holes. A WATLOW Firerod cartridge heater is pressed
into each of the holes with approximately 0.001 in, press fit. Each cartridge
heater is rated at 250 W at 125 V, but by press fitting them into the heater

and overdriving the voltage to 250 V, we have been able to achieve approxi-
mately 1000 W each for a total heater capacity of 12 kW. ihe maximum temper-'

ature capability of the cartridge heaters at this flux level is about 550 C.
,

Figure 5.4 shows a plot of an estimated temperature profile through the heater,
liquid-metal annulus, graphite, and chill ring.

In this small ring design, both the temperature limitations on the heat-

ers and on the 0-ring seals limit the peak temperature drops through the
,

smaller graphite ring to about 250 C. Even at these limited temperature

drops, the seal rings are operating at about 350 C, which destroys the seal
rings in the duration of the test. The heaters are operating at about 95% of

their ultimate temperature capability, so that higher thermal strain loading

on the small rings will require alternate heater schemes.
,

Two additional heater designs were considered af ter the problems with the
platinum radiation heater were encountered. Rather than increasing the ther-

mal mass of the heater, the ultimate temperature capability of the heater ele-

j ment could be increased. For this purpose, both tungsten and graphite heater
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Fig. 5.4. Estimated temperature profile through the thermal load
system, the graphite specimen, and the chill ring.

elements were considered. Both suffer from the same major problem: oxidation
at high temperatures. In order for this type of a heater to operate success-

fully, the heater elements must be covered in an inert gas, meaning that the
inner diameter of the graphite ring must be sealed against the heater or the
heater must be sealed with a transparent shield, such as quartz. The latter
technique is probably more acceptable because the problem of sealing against
the graphite at high temperatures without imposing significant stresses on the

i ring is formidable. Though some leakage of a cover gas could be tolerated,
this would destroy the heat balance on the inner and outer diameters of the

ring and, depending on the flow path taken by the escaping gas, could signifi-
cantly alter the temperature profile in the ring and thus alter the strain
field and the fracture load.

A sealed heater, such as described above, could be used to develop high
temperature drops across the rings, but :ignificant problems remain to be
solved, lhese include lead wire attachments, power supply requirements, feed-
ihrough seals, and element fabrication. In addition, the heaters would be
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both expensive and fragile and could not be rebuilt. lo develop the capabil-

ity of going to higher thermal strains will require a large investment in both

time and money.

For the large rings, the heat flux required to generate a given tempera-

ture drop (and a given stress) is approximately half of that required for the

small rings, and a heater desiga capable of operating at higher temperatures
but lower heat fluxes would thus extend the useful thermal stress range. The

major modification to the design of the small liquid-coupled heater shown in

Fig. 5.3 was the seal to the graphite. Above a 320 C inner surface tempera-

ture on the graphite, elastomer seals are simply not feasible, so a new method
of sealing was required, and a design was developed which uses the graphite
itself as the sealing medium. The seal design is shown in Fig. 5.5. The con-

cept of the heater still uses cartridge heaters in a heater block with liquid-

metal coupling to the graphite. The seal is made by spring loading a seal
plate directly against the graphite. The spring tension is adjusted to give

about 200 psi seal pressure. Since the helium overpressure on the liquid

BELLOWS f
SPRING j

#--
. -.

SEAL BLOC ( HEATER BLOCK
- ASSEMBLY

wkvGRAPHITE

k
wM

Fig. 5.5. Sealing mechanism for large graphite rings.
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metal is only about 5 psi, a stainless-steel bellows is brought between the
heater cap and the seal plate that provides adequate sealing pressure and pro-
vides sufficient motion in the assembly. Rather than sealing at the very edge

,

of the graphite, the seal is moved back about 0.5 in. from the inner edge of
the ring to minimize the effect of the seal pressure on the stress field at
the inner surface. Some other changes were also made in the large heater.
Rather than making the heater block out of copper, it was made from yellow
brass and then coated with 0.1 mm of electroless nickel. While the oxidation
rates were acceptable with the small heater, the increased temperature of this
heater would have caused increased oxidation and additional problems. The

nickel plating has adequate oxidation resistance for the required service tem-
perature. Also, the cartridge heaters were changed. In the large heater, fif-

teen 5/8-in.-diameter cartridge heaters were used. Each one has a power output

of 1370 watts, giving a total heater output of 20,550 watts. Operation at 80%
of maximum yields the required 16 kW for a temperature drop through the ring

of 400 C.
Power for all of the heaters is supplied through three 250 V, 30 Amp,

single-phase Variacs yielding a total input power of 22 kilowatts. Each Variac

is wired to a symmetric set of four cartridge heaters in the small heater and
to a symmetric set of five cartridge heaters in the large heater. The three
Variacs are on a common shaft, which is motor driven. Power is supplied to the

Variac through a remote contractor unit that acts as a shutdown switch. Output
current and voltage are monitored at each Variac.

The graphite ring and the heater block were both insulated with 2 in of
zircon aluminum oxide fiber insulation. The heat loss through the insulation
was calculated to be less than 500 watts for the large rings and 300 watts for
the small rings. The input power was calculated from the voltage and current
going to the heaters, and the output heat was calculated from measurements of
the water flow and the temperature rise in the chill ring. These members were

always within 5% of each other, which indicates the efficiency of the insula-
tion on top and bottom surfaces.

In order to remove 12 to 16 kilowatts of thermal energy from the graphite

rings, the outer surface must be chilled. Figure 5.6 shows the chill ring
design for the small rings. The chill ring is simply a water channel around
the outside of the graphite ring. The chill ring seals against the graphite
with standard neoprene 0 rings. Load pads penetrate the chill ring on opposite
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sides and are also sealed with 0 rings. Two water inlets are located on oppo-
site sides along the unloaded axis, while four discharge ports are located at
the load pad penetrations. In order to mairctain a uniform outside temperature

on the rings, the temperature increase in the water must be small and the flow

field must be uniform. To keep from applying nonuniform loading to the ring, -

the pressure drop must be kept small. The design shown in Fig. 5.6 keeps the
pressure drop in the ring to less than 3 psi with a flow rate of 0.120 kg/s.

At this flow rate, the temperature rise is approximately 2 C/kW, giving a ;

maximum temperature rise of 32 C in the water. At the highest heat fluxes

employed in these experiments, the temperature drop at the graphite-water
interface is about 100 C or three times the maximum rise in the water. At
this heat flux, the drop across the graphite is approximately 400 C or 13

times the maximum rise. Less than a 7'/ change in radial heat is required to

compensate for the temperature rise in the worst case.

A uniform flow field is ensured by using small distribution manifolds to

redirect the flow .it the water inlets. The discharge ports are le ated both
above and below each load pad. The water uust separate to flow argued the .

pad, and the back pressure on th.e two discharge ports (.an be varied with -

valves to give a uniform separation and thus a uniform axial te@erature
profile. A photograph of the chill ring and plumbing is shown in flg. 5.7.
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C. Mechanical Loading Design

The rings are radially loaded through two aluminum load pads that penetrate
the chill ring. One load pad is held fixed on a backing plate while the other
is mounted on a hydraulic ram. Both the hydraulic cylinder and the backing
plate are mounted on a heavy steel table, and a top plate attaches to the cyl-
inder and to the top of the backing plate to minimize distortion during the
loading process. A separate hydraulic power supply provides hydraulic pres-
sure to the cylinder, and a remote control system controls the load via feed-
back from a ram mounted load cell. The load frame and hydraulics are shown in
Fig. 5.8.

The load frame consists of a steel table and a carrier frame for the
hydraulic cylinder and the backing plate. The table has a 2-in.-thick steel
top that has been milled flat to within 0.001 in. A 0.75-in.-thick by 8-in.-

wide carrier plate is bolted directly to the table. A center keyway was
milled down the length of the carrier plate for centering the cylinder support
plate and the backing plate. One transverse keyway was cut in the carrier
plate at its head and one in the base of the cylinder support plate for longi-
tudinal location of the cylinder support plate. The backing plate also has

one longitudinal and one transverse keyway in its base for centering and longi-
tudinal location. Both the cylinder support plate and the backing plate also
have a transverse keyway at the top to locate the top plate. The carrier plate
and top plate have a single transverse keyway at the cylinder end and have a
series of equally spaced keyways at the backing plate end. The backing plate

can be adjusted in 2.00-in, increments to allow testing of different size spe-
cimens. The keyways in both the carrier plate and top plate are located within
0.0005 in, to assure that the squareness tolerance is maintained at all post-
tions. To precisely position the end of the ram, an adjustable carrier bearing
is located near the center of the load frame. The carrier bearing holder can
be shimmed to locate the ram end and minimize dislocatioa during loading.

The carrier plate is heavier than the top plate and tied down more
securely so that some distortion is present during loading. This distortion
was measured at a load of 20,000 lbs. The difference in top and bottom posi-
tion was less than 0.0008 in, and thus, for the distance across the specimen,
would be less than 0.0002 in. While this distortion effect is detectable in
the strain measurements on the outside diameter of the ring, it is not detect-
able on the inner diameter.
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L ine hydraulic cylinder and hydraulic power supply are both supplied by MTS

p Corporatton. The cylinder ha's a stroke of six inches and a load capacity of

.

22,000 pounds and is servavalve controlled with full-load capacity in both
directions. An MIS load cell is attached to the end of the ram for both load
measurement and load control feedback. The ram has an integral linear LVDT for

pos1& ton measurement and for f eedback for the stroke and strain control modes.
Contr01 is provided by an M15 controller. The controller utilizes the<

j feedirack signals of'the load cell and the LVDT and generates the servovalve
corttrol signals. lhree types of control are available: displacement, strain,

I and load. Fo'r these tests only lead control is used. The input load signal

{' is generated externally using a power supply and precision potentiometer. To
' softra the input signal, an overdamped low-pass filter is added to the output
'

sf the potentipr.mr, giving the output a time constant of about 5 seconds.

This prevents 4hy jerkiness on the pull of the operator from causing a prema-
: tare fatture and prevents transients in the input power from being transmitted

; into'the control $1gnal.

Lead control per se can present problems because there are no limitations
on itroke'after.a decrease in load carrying capacity of the structure being

;

tested. This control ' system however, has error limit controls so that sudden
i changes in load generate an error signal which shuts down the entire system.

Additional shutdown switches are provided for shutting down auxiliary equip-
;.

I knent. Both the water flow and the heater power are controlled by these shut-
' down switches so .that af ter ir.acture of the ring, all power to the test is

f ' shut'down. These error limits are set very tight to prevent damage to the
heater 19bsequent to f racturing the graphite ring.

'D. Instrunggiation

| M e primary pieces of data.obtained from each test are load, strain, and

} temperature. The toad reeasurement is-taken directly from the calibrated load

f
' cell on the.end of the ram, while the strain and temperature fields are deter-
mir,ed from straln gages and thermocouples bonded directly to each side of the
graphite ring. Rather than trying to store continuous strain and temperature
: data as the load is increased, a settes of load steps is taken. This keeps

the volume of data down to a reasonable level. The ring is allowed to stabi-

lize at a new load increment for 5 to 10 minutes prior to storing the data.

Certain key strain gages and thermocouples are monitored continuously, however,
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|

and new data are acquired but not stored every ten seconds, so that when the
fracture occurs, the most recent data are available for storage.

Both the strain and temperature fields have large gradients, and thus

positioning of the thermocouples and strain gages on the test specimen is very
important. Interpretation of the strain gage information is dependent upon

the measured temperature field, so the positioning of the thermocouples and

strain gages is doubly important.

All of the thermocouples are type K with fiber glass insulation. The ther-

mocouples are bonded directly to the graphite rings using 3M brand fiber glass
,

tape. Silicone rubber pads are placed over the tape, and aluminum plates are
|

| clamped over the pads. A pressure of approximately 0.68 Mpa (100 psi) is
applied through the clamps. The assembly is fired at 150 C for two hours
with care taken to let the temperature rise and fall slowly. The adhesive on

the tape hardens, forming a secure bond to the graphite. A second piece of
fiber glass tape is bonded in the same manner to the leads of each thermocuple
to provide strain relief. This method of bonding has proved very successful

-

throughout the testing program for temperatures up to 400 C.
Thermocouple layouts for the small and large graphite rings are shown in

Figs. 5.9 and 5.10. Five thermocouples, on a radius of 45 to the load

axis, were used to measure the temperature profile in the ring for all tests.

In addition, certain tests were more heavily instrumented with thermocouples
(i.e., along other radii and on top and bottom surfaces of the ring) in order

to verify that the temperature profile was axially symmetric. For plotting

purposes, the temperature profile along the radius was determined by calculat-
ing a least-squares fit to the logarithmic profile using the five temperature '

measurements along that radius.
The strain gages for these tests must be capable of withstanding high

temperatures and must be very small because of the high strain gradients.

Micro-Measurements type WK03 350 r gages with a gage length of 1.6 mm were

used for all the high temperature applications. Bonding of the gages is a

complicated process due to the temperature requirements and the differences
between the gage backing material and the backing material used in the
soldering tabs. The soldering tabs can only be subjected to about 200 C,
while the strain gages must be postcured at a temperature at least 50 C

above the testing temperature. For the higher temperature test, this meant

!
'
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Fig. 5.9. Thermocouple and strain gage layout on the small graphite ring.
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Fig. 5.10. Thermocouple and strain gage layout on the large graphite ring.
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0postcuring temperatures of up to 375 C, which is close to the maximum tempera-
ture capability of the adhesion.

Much time and effort were invested in developing an acceptable procedure

for applying the strain gages to graphite. First, the graphite is cleaned

with acetone and ethanol for degreasing and removal of loose graphite. The

gages are then mounted using Micro-Measurements M610 epoxy. The gages are

covered with silicone rubber, and aluminum plates are clamped to each side of

the ring to apply pressure to the gages. The gages are cured at a temperature

of 175 C for two hours. After a slow cooldown, the clamps and silicone rubber
..

pads are removed and the gages are postcured at a temperature of 50 C above the

test temperature (250 C for the low temperature test, 375 C for the high temper-

ature test). Since only one side can be bonded at a time, the process is re-

peated for the second side. After the gages are postcured, the soldering tabs
,

can be mounted. The soldering tabs are teflon-backed copper pads. If the tabs

are heated above 200 C, the copper pads come off during soldering. The tabs
are mounted using the M610 epoxy. They are clamped and cured in the same manner
as the strain gages, though no postcuring cycle is required. After curing, the

strain gage leads and the bridge wires can be soldered onto the tabs. Because

of the high-temperature requirements, high melting point solders must be used,
and since the graphite conducts heat away quickly, high wattages must be sup-
plied to the soldering iron. However, if the tip of the iron is to be hot ini-

tially, the tab will peel off. The most acceptable solution here was a high
wattage soldering iron with a temperature controlled tip. After soldering, the

bridge connection wires are taped down with fiberglass tape and bonded in the

same manner as the thermocouple leads. This provides strain relief for the

leads and prevents the soldering tabs from being pulled off during handling.

After the strain gages and soldering tabs are in place and the leads mounted,

the thermocouples can be mounted as described above.

Figures S.9 and 5.10 show a typical strain gage location diagram for a

fully instrumented test of the small and large graphite rings. The gages are

located as close to the inner and outer diameters as possible and directly on
the load axis and the axis perpendicular to the load axis because these are the
highest accessible strain points. Some consideration was given to the possi-

; bility of placing strain gages on the inner and outer surfaces of the ring, but

the penalty associated with distortion of the temperature gradient and influ-

encing the graphite fracture behavior weighed against doing this. For the
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unheated tests of the large graphite rings, the strain gages were placed 1/8 in,
from the inner surface of the ring.

There were two levels of instrumentation employed in the test program--the
full instrumentation of thermocouples and strain gages as shown in Figs. S.9
and 5.10 and a partial instrumentation of a ring that includes a reduced number
of strain gages located only at the outside of the ring and that could be
mounted with low ten.perature adhesive, which considerably reduced the time

required to instrument the ring. The fully instrumented rings were used to
develop baseline strain data, while the partially instrumented rings were used
on repeat tests.

Data acquisition is performed with a Hewlett Packard 3097A data acquisi-

tion unit. Thermocouple inputs are handled on special type K thermocouple

input cards that automatically generate a zeroing signal. Strain gaqe inputs
are gathered on standard analog to digital (A-0) cards. Each strain gage has

its own three-lead-wire external bridge to minimize false signal due to lead

wire resistance. Power is supplied through a B&H power and balance unit. A

control program was written which allows for software zeroing and calibration
of the strain gages. Additional inputs are also gathered on the standard A-D
cards.

A special data acquisition program was written for these tests to obtain
some special features not available in Hewlett Packard standard software. The
program allows up to 50 data inputs that can be split between thermocouples,
strain gages, and special inputs. Special functions are provided for display-
ing segments of the data, plotting the temperature profiles, and storing the
data at required intervals. The program cycles through all of the inputs every
30 seconds. Storage and plotting functions are interrupt driven so they do not
disturb the normal collection of data. The two most recent sets of data are
kept in the memory at all times. When a store function is requested, the most
recent data is stored, but when a shutdown occurs due to fracture of the graph-
ite, both the last and the next-to-the-last data sets are stored. lhis assures

getting the most recent complete set of data.

E. Test Procedure
A series of tests was laid out to first establish a baseline room tempera-

ture load versus strain curve and then to determine the effect of thermal
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strains on the load-strain curve and on the f.acture load. The basic proce-

dure for testing the nonisothermal specimens was to first heat the specimen
internally until the proper temperature difference across the specimen was

|

attained; then the specimen was mechanically loaded in a series of small load
steps until fracture occurred. At each load step, the load was allowed to
come to equilibrium, and a set of strain, load, and temperature data was taken

i

and stored in the data acquisition system.

To obtain a minimum of statistical information, at least two tests were

run in the isothermal case and at each of the prescribed radial temperature

drops. This allowed calculation of an approximate mean and standard devia-
tion, although a significantly larger number of tests would be required to
obtain an accurate mean and standard deviation. Since instrumentation of the
test specimens and execution of the tests were very time consuming, it was not
possible in the scope of this work to run the ten or so tests that would be
required to determine these more accurate values.

As mentioned previously, the test specimens are thick-walled cylindrical
rings. There are two sizes of rings, a smaller 8-in.-diameter ring and a
larger 17-in.-diameter ring. This size variation was used to see if there is
any influence of scale on the test results. The other distingut'shing feature
of the two different size graphite specimens is the orientation of the mate-
rial axes (i.e., the grain) with respect to the plane of the test rings. The
large rings have the grain of the material oriented with the longitudinal axis
of the cylinder so that the material is isotropic in the plane of the ring and
the location of the loading axis is not critical. For the small rings, how-

ever, the grain of the material is located along a diameter of the ring so
that the rings can be loaded either along the with-grain direction or along
the across-grain direction.

F. Free Thermal Expansion of H440 Graphite and the Correction Curve

As described above, during a test sequence the strain gage readings and
corresponding temperatures were recorded at the desired loads. These strain

gage readings were then reduced to stress-induced-strain by correcting the
reading with the apparent strain for the gage type used when mounted on an
unrestrained graphite sample at the same orientation (i.e., with or across
grain) and temperature.
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The compensation curve (apparent strain vs temperature) was determined
with a free expansion test having the gages bonded to a graphite coupon with
the same technique used in mounting the gages to the graphite rings to be

loaded. Two gages along each of the three orthogonal material axes of each
coupon were used. The free expansion test was conducted by slowly heating this
coupon to a selected temperature, allowing a state of uniform temperature to be
reached (indicated by all readings becoming stable), recording the strain gage
readings and temperature, and then repeating the process for a series of temp-
eratures up to 225 C. The raw data and the resulting correction curves for

the two material axes of the H440 graphite are shown in Figs. 5.11 and 5.12.

~lhe coef ficient of thermal expansion for the H440 graphite used in the

test program was found by subtracting from the above correction curve the
strain from the gage itself caused by its elevated temperature. That strain

versus temperature curve was taken from the manufacturer's data sheets. The

results are shown in Fig. 5.13. The slope of the best linear fit to the data

points gives the thermal expansion coefficient for the temperature range of
interest. These values are

-6
With-grain axis: 4.0 x 10 / C, and

-6
Across-grain axis: 5.0 x 10 / C.
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Fig. 5.11. Apparent strain versus temperature curve for
the with-grain axis of H440 graphite.
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VI. EXPERIMENTAL RESULTS AND COMPARISONS WITH THEORY

Sixteen successful tests of H440 graphite rings subjected to combinations

of direct loads and thermal loads were carried out using the liquid-metal-

coupled heater described in Section V.8. The tests varied in the size of the

graphite ring, the orientation of the load axis with respect to the material
axes of the ring, the temperature drop across the ring, and the degree of
instrumentation on the test. All graphite specimens except for one were loaded

to failure, and, in almost all cases, a duplicate test was conducted in order

to get an estimate of the variation caused by material property differences,
test procedural differences, and other non-quantifiable effects. A listing of

the tests, in chronological order, and the salient features of each test are

given in Table 6.1.

TABLE 6.1

SUMMARY DATA FOR GRAPHITE RING TESTS

Test Ring Ultimate Nominal Measured Loading Date
No. Diam in. Load in lbs AT in DC AT in OC Axis of Test

1 8 9 264 0 0 b*
2 8 5 980 0 0 c
3 8 9 140 0 0 b

4 8 9 240 110 110 b

5 8 8 864 110 115 b 2/10/85
6 8 9 461 175 184 b 2/25/85
7 8 9 869 225 224 b 4/18/85
8 8 11 114 225 240 b 5/14/85
9** 8 9 120 0 0 b 6/13/85

10 8 11 425 225 220 b 6/6/85
11 8 8 573 0 0 b 6/12/85
12 8 9 610 175 172 b 6/18/85
13 17 17 363 0 0 b 7/8/85
14 17 19 245 225 235 b 9/4/85
15 17 19 385 225 199 b 10/1/85
16 17 15 255 0 0 b 10/8/85

* b axis is perpendicular to the with-grain material axis; a and c axes are
parallel to the with-grain material axis.

** Test 9 used the graphite ring from Test 8, which was undamaged during a
heat test to 11 114 lbs applied load.
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A. Results from Unheated Tests (Mechanical Load Only) ,

!Four tests of unheated small ring specimens and two tests of the large
| graphite rings were conducted at room temperature. Three of the small rings

'

were loaded in the across-grain direction, which puts the maximum tensile stress
in the with-grain or strong direction. At the fracture load, these rings broke

| in both the with- and across-grain directions (i.e., along and perpendicular to (|M

the load axis) because the tensile stresses on the inner surface under the load
and at the outer surface at 90 from the load are more nearly equal to the

fracture stress in the circumferential directions at the two locations. Figure

6.1 shows typical fracture patterns for these specimens. One of the tests,

Test No. 2, was loaded along the with-grain direction, which put the maximum

tensile stress in the ring along the weaker material direction (at the inner

surface along the load axis). Thus, the fracture load was significantly

lower, and the fracture occurred only along the with-grain axis.

Two large rings were tested at room temperature. The rings were both

loaded along an across-grain axis, and because of the fact that the with-grain

directions are aligned the same as in the case of the smaller rings (see Fig.

3.1), the fracture characteristics of the large rings are similar to those of

the small rings loaded along the across-grain axis. Of course, because the

rings are larger, the fracture loads were much higher than for the smaller

diameter rings.

Figures 6.2-6.5 illustrate the circumferential strains developed near the

inner and outer surfaces of the large graphite ring at points on the load axis

and at 90 from the load axis as calculated by the ABAQUS code. The calcu-
lation used the orthotropic, elastic-plastic model and the finite element mesh

described in Section IV.B of this report; the calculation was continued to

ultimate load defined as the load where the tensile circumferential strain at
the inner ring surface on the load axis achieved the fracture strain in the

with-grain direction, 3.7 x 10-3 Also plotted on these figures are the.

strain values measured f rom Test 13 (see Table 6.1) at gage locations nearest
the calculational points. Since there are several measurements of strains for
each calculational point (e.g., on both top and bottom surf aces of the ring

and reflected points about the load axis), there are many experimental mea-

surements for each calculated strain. As can be seen from the four figures,

there is a good correlation between the experimentally measured strains and
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Fig. 6.2. Circumferential strain under the applied load versus
load for Test 13 showing experimental values and values

| calculated by the ABAQUS code using the orthotropic
elastic-plastic model and the mesh of Fig. 4.6.

57

.. _ _ _ _ _ _ _ _ _ _ _ _ _



._

|

TEb7 NO.13

o GAGE 2
a000- a GAGE 5

GAGE 12+

'

5500-

6000-,

4500-
O2 5

4000-

3 3500- O:1,

E a
*

g 3000-
2 2
m .

Q 2500- a
+

2000-
e
+

1500-

1000-

500-

D a , , , . . . . .

o 2000 4000 soon sooo 10000 tacco 14000 teooo
IDAD IN LBS

Fig. 6.3 Circumferential strain on the load axis near r - a versus
load for Test 13 showing experimental values and values
calculated by the ABAQUS code using the orthotropic
elastic-plastic model and the mesh of Fig. 4.6.
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0 from the load axis near| Fig. 6.4. Circumferential strain at 90

r = a versus load for Test 13 showing experimental values
and values calculated by the ABAQUS code using the
orthotropic elastic-plastic model and the mesh of Fig. 4.6.
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r b versus load for Test 13 showing experimental values
and values calculated by the ABAQUS code using the
orthotropic elastic-plastic model and the mesh of Fig. 4.6.
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|

those calculated by the ABAQUS code--even though the fracture loads themselves

were significantly different for the two room temperature tests of the large

graphite ring.

Table 6.2 below illustrates the statistics of the fracture loads for the
room temperature tests of H440 graphite rings. The x-2o and x + 2a represent
95% confidence intervals on the fracture loads.

|
| TABLE 6.2

STATISTICAL DATA ON ROOM TEMPERATURE TESTS

Ring No. Load Av. Fracture Standard
Diameter Tests Axis load x Deviation (x-2c. x+2o)

8 in. 1 c 5 980 lb -- -- --

8 in. 4 b 9 024 lb 308 8 409 9 639
17 in. 2 b 16 309 lb 1 054 14 201 18 417

The ratio of the average fracture load of the large graphite rings to that of

the smaller rings is 1.81. Based on the analytical elasticity solutions devel-

oped in Section IV.B and the values of p (the loading angle), the ring diam-
eters, and the ring thicknesses, we calculated a ratio of the fracture loads

of 1.95. Thus there appears to be a small size effect in the ultimate strength

behavior of the unheated H440 graphite rings although the scatter in the ulti-j

mate load values precludes us from making a confident statement of the observed
size effect.

Finally, the prediction of the probability of failure curve for the small

unheated graphite rings (see Fig. 4.8) using the technique of Section IV.0

and the Weibull parameters from the small sample tensile strength data of

Section III.B appears to be an acceptable procedure if the unit volume strength
is adjusted slightly.

B. Results from Heated Tests with Mechanical Load

.

Seven tests of heated small graphite rings and two tests of the large
1

| graphite rings were carried out with temperature drops over the ring as
!
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specified in Table 6.1. The small graphite rings fractured in the same pat-
tern as was observed for the unheated small rings loaded in the across-grain
direction. The large rings also fractured in the pattern observed when the
large rings were tested at room temperature.

Symetry of the imposed temperature field was measured by thermocouples
located at several angular positions at the same radius (see Fig. 5.9). Fig-

ure 6.6 illustrates measured temperatures at various radial positions at the
different angular positions for Test No. 8 of Table 6.1. (This was a graphite

ring that was heavily instrumented with thermocouples as shown in Fig. 5.9).
As can be seen from Fig. 6.5, the maximum temperature difference on the top or
bottom surface of the ring at a given radial position is less than 5 C--

although there is about a 10 drop through the thickness of the ring. Over

300 g , g ,

~
~
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Fig. 6.6. Temperatures measured at various radial positions and angles
on the graphite ring as well as the log r fit to the data.
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-the life of the tcst, usually about six hours, the temperature at a given

position on the graphite ring varied less than five degrees out of 225 C.

Notice that the measured points lie close to the analytical curve for a heated

ring shown as the solid curve in Fig. 6.6.

Measurements of the circumferential strain developed by the mechanical
loads in the presence of the thermal gradient were in many cases unsatisfac-
tory. Whether it was caused by inadequate bonding of the strain gages to the
graphite or whether it was caused by inaccurate compensation for the free
thermal expansion of the graphite, the strain caused by the imposed stress

often' exhibited erratic behavior as a function of load.
Figures 6.7, 6.8, and 6.9 illustrate the circumferential strains measured

near the inner surface at 0" and 90" from the load axis and near the outer
surface at 90 from the load axis as a function of the applied load for Test

No. 14 of Table 6.1. This test produced the best set of strain records. Also

shown in the three figures are the strains calculated by the ABAQUS code for
the large graphite ring model with the orthotropic, elastic-plastic material

law and subjected to a flux on the inner surface of the ring that produced the
requisite temperature drop through the ring. Because of the presence of the
heater, the inner strain gages had to be located about 3/4 in. from the inner

surface of the ring, which precluded obtaining good estimates of the fracture
strain (or its decomposition into thermal and mechanical components) at the
inner surface on the load axis. Thus, from strain measurements alone we have

only been able to verify-that the analytical predictions based on an elastic-
plastic model and additivity of the thermal and mechanical stress components
appear to be correct.

Since the measurement of strain in the heated tests was not adequate to

indicate how thermal and mechanical stresses combined to produce fracture in

large graphite structural components, we proceeded to analyze how the fracture
load was affected by the imposed temperatue drop through the ring and to see
if it varied with temperature drop as was assumed in Section IV.S. Table 6.3

below illustrates the statistics of the fracture loads for the heated and
i unheated tests of the small H440 graphite rings.
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Fig. 6.7. Circumferential strain on the load axis near r - a
versus load for Test 14 showing experimental values
and values calculated by the ABAQUS code using the
orthotropic elastic-plastic model and the mesh of
Fig. 4.6.
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TABLE 6.3

STATISTICAL DATA ON SMALL GRAPHITE RING TESTS

Ring No. Load Nominal Av. Fracture = Standard
Diameter Tests Axis, AT in DC Load Pg Deviation

8 in. 4 b 0 9 024 lb 308
8 in. 2 b 110 9 050 lb 265
8 in. 2 b 175 9 540 lb 105
8 in. 3 b 225 10 800 lb 823

|

In Fig. 6.10 we illustrate the average f racture load P plotted versus the|

f

temperature drop AT across the small graphite ring. To the four points we have
fit, by least squares, a straight line as shown. The slope of that line is

dP /d(AT) and is 7.0 lb/ C. Referring to Fig. 4.5, we see that for small ATs,
f

the slope of the initial segment of the f racture surface is 1/aE dp /d( AT)
f

and is equal to 0.42. Now using

fpf = ,

2pbh

where h is the ring thickness (2 in.), b the outer radius (4 in.), and p the

half angle over which the pressure is applied (13.5 ), and using c_ = 4.0 x
-6 6

10 / C and E = 1.2 x 10 psi, we obtain the result that dP /d( AT) = 7.6 lb/ C,
f

in excellent agreement with the experimentally derived value.
We conclude that for fracture analysis of H440 graphite structural compo-

n9nt, subjected to combined loadings that the thermal and mechanical stresses
be treated as generically the same and be added together (algebraically) with
no reduction factors and compared with the ultimate tensile stress of the
graphite.
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element codes for predicting failure probab' ities of large . phite structural
components under load. The theory was appl ed to graphite rin under an imposed
thermal stress from a heat flux applied to he inner surface of he rings and under
mechanical stress caused by diametrically pposed concentrated 1 ds applied to the
outer surface of the rings. Rings of H44 graphite were fabricat . in two sizes and
tested to the combined thermal and mechan cal loadings. From the ults of theory
and the experiments, a design rule for c bining mechanical and the 1 stress in
graphite structural components is propos d.
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