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1. INTROLUCTION

In a previous paper o hoop stress apparatus was
described and equations were inwoduced for the high
temperature testing of ring specimens of chemically
vapor deposited (C.V.D.) lungsten tubes or relractory
cevamics. Siandard tensile specimens are very difficall
to prepare from such tubes, and many problems are
associaled with lensile testing of refractory ceramies and
metals at high temperatures. Holman and co-workers®
have developed an apparatus for room temperature hoop
tests of C.V.D. rings, but the mechanical properties
of tubular C. V. D. materials at elevated temperture had
not been evaluated heretofore, This new apparatus has
the additienal advantage of being adaptable io measure

the friction coefficient values of materials at high tem-

perature. The primary objective of the current work
was to determine the effeciive [iiclion coefficient values
of graphite in the lemperalure range of 140°C to

1800°C.

2. APPARATUS

Figure 1 shows a schematic diagram of the high
temperature hoop stress apparatus. A downward force
is applied 1o & tapered graphite cone which irapsmits
force lo eight equal segments thal press out uniformly
on the inner surface of the ring specimen puiting Lhe
ring into tension. These components are shown in more
detail in Figure 2. Figure 3 shows a schematic diagram
of the high temperature tensile test apparalus. The
transformation from hoop tesling to lensile testing re-

quires only replacing the support block and graphile
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cone by pull rods and specimen grips.

For descriptive purposes the apparatuts is divided
into the following parts: furnace chamber and heating
system, load train, and temperature measurement.

The furnace chamber is basically a 10 inch diameter
stainless steel pipe, 13inch high with 3/8 inch thick
stainless steel flanges. A stainless sleel plate is sealed
with an O-ring to the top flange of the chamber.
Moticn of the upper pull (or compression} rod is achie-
The pull rod is

a 15/16 inch diameter stainless steel vod, seven inches

ved (hrough a stainless steel bhellows.
long. The bottom flange of the chamber is O-ring
sealed to a large stainless steel plate. A 2 inch
long, 15/16 inch diameler stainless steel pull rod is
welded to the bottom plate as shown in Figure 1. Two
flanged openings are provided on opposite sides of the
heating chamber. A pyrex window facilitates ohserva-
tion {for iemperature measurcment with an optical
pyrometer) as well as vacuum and/or gas atmospheie
intioduction. The ather flanged opening admils the in-
duction eoil. Water cooled copper lubing 1s wound
around the outside and on the top of the {umace
chamber.

A tantalum susceptor, Geated by induction, radiates

heat 1o the specimen. The power supply is a 20 Kilo-
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Fig. 1. High-temperature hoop teosting apparatus.
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Fig. 3. High thmperaturc lensile testing apparatus.

watt Lepel Induction generator with a {requency of
approximately 360,000 cycles per second. A A-lurn
copper tubing coil with an inner diameter of 3 inches
and a length of 1 inch was used for tensile speci-
mens. The seamless tantalum suszeptor had a 1/8 inch
sighting hole to permit temperaturc measurement by an,
optical pyrometer.

The entire hoop stress load train assembly is shown
in Figure 1. The top of the stainless steel compression
A Zr0;

tod is threaded to the main compression rod.
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post, 2 inches in diameter and 1 inch high, is placed
between the end of the compression rod and the top of
the graphite cone to provide thermal insulation. Eight
equal split ring graphite segments of a split Zx0s ring
are placed between the graphite segments and the C.V.D
ring specimen in order to préevent any possible
carhurization reaction between the graphite and the
C.V.D» tungsten. A ZrOp tube served as a support for the
two split rings, the specimen and the cone.

The entire tensile test load train assemhbly is illustra-
1ed in Figure 3. The top and bottom stainless steel pull
rods are threaded into molybdenum alloy couplings.
The latter are linked to malybdenum alloy pin grips.

€. V.D tungzten fubes of 1.5 inches inside diameter
and (. 050 inch wall thickness and flat 0. 044 inch thick
strips of CVD tumgsten were purchased from the San
TFernando Laborataries of Fansteel Metallurgical Compa-
ny.

Ring spocimens, 1/4 inch high were cut using a lathe
tool post grinder with a 0. 020 inch thick silicon carhide
cutofl wheel operating al approximately 7000 RPM.
The C.V.D. tungsten tube as held in a soft collet.
Gage length and pin holes lor flat tensile specimens
were spark cut. Any slight damage to the specimen
caused by spark cutting {and tool post cutling) was
removed by clectro-polishing (20 gr NoOH--080cc dis-
tilled water). The eleclopolishing produced a reduction
of thickness of approximately 0.002 inches.

With the load train and specimen installed, the fur-
nace chamber was exacuated, helium gas was admitted
to the chamber, the specimen was slowly heated to
and then held at the test temperature for a period of
{ive minures io establish thermal squilibriom. The fric-
tion coeflficient of measurement and graphitehoop stress
were performed with an Instron Tensile Machine at a

«ross-head spead of 0. 01 in. /min

3. DERIVATION OF THE HOOP STRESS
EQUATION

If a downward force F is appled to the graphite

«cone, see Figure 2, the condilions for eguilibrium
require:
F=A4N; (sina+ mcosa) Eq. (1)

where A; is the avea of the tapered surface in contact

«with ihe split graphitc ring, N, is the normal pressure

H8% @48 (1978)

{11}

on the tapered graphite surface of the cone, o is the

_angle of graphite taper and 4 is the frietion cosffici-

cient botween the graphite cone and the graphite split
ring.
Considering the graphite split ring; the conditions
for equilibrium require:
AgNa=A Ny (sine + ycosa) Eq. (2}
where A, is the total area of the hotiom of the split
graphite ring and Ny is the normal pressurs on that
graphite avea, Similarly, equilibrium rvequires that for
the split graphite ring, in the radial direction
AP+ AN, = A Nycose — A Nygsing Eq. (3)
where A, is the inner area of the ring specimen, P is
the pressure on the inside of the ring, and gy is the
friction coeficient between the splil graphite ring and
the support block.
Dividing Equation (3) by Equation (2), using the
fact that from Equations (1) and (2) F=A,N, and

assuming thal 74 equals Y, then P Is expressad hy:

P= F r(l——;a~)coscf—2ysma] Ea. (4)

A, L sing -} peosa
If Equation (1) is substituted into the hoop satress
cquation:

P. ;
C}m(lp:Tr EQ‘ (b)

where 7 is the circumfevential sivess, 7 is the Internal
radius of the ring specimen, and t is the ring thickness,
then the hoop stress is expressed by:

. — F[{1—p®cose—2usina)]
Thaop 2xht (sine + poosa)

Eq. (6)

where b is the height of the ring. Equation {(6) thus has

two unknowns, The and g, lhe {nction coefficient
of graphite. The friction coeflicient of graphite can he
obtained [vom following relation, assuming the tensile
vield sitress is cqual to the value of the hoop stress at
yielding.

— {g/koosee 4 2sing) + [ (2sina+o/lecosa)?
—deosa (o /ksing —cosa) 1172
Zeose

‘U:

Eq. (D
where k s /2ht and o is the yield stress, separately
chtained from a tensile test.

It may be helpful to poinl owt that there is =n upper
bound on the thickness which appears in Egquation 5.
Timoshenko® showed an equation {or the circumferen-
tial slress, & in an open ended cylinder of inmer ra-

dius 2 and outer radius b, subjecied to intornal pressure
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P
_ a*p, b2
o= (1= ) Eq. (8)
This stress is a4 maximum on the inner surface; howe-

VeI, if b=1.18, Fsua>Fsmn by 0111}’ 10.5%. Thus,
there is a small error if we assume o to be uniformly

distributed over the thickness and given by

P.:
e T —da

which is the same as our hoop stress equation {3). In

Lq. ()

the rings we have becn lesting o is approximately 0.
75! and t is approximately 0. 050"; therelore, b/a=1.
07 which is less than that Timoshneko's recommended
upper baund of 1.1 for the safe assumption of a uni-
form stress distrihution.

Tt might be argued that friction between ihe sogments
and the inside of the test ring should preduce a [rictio-
nal stress whose effect would Dbe io lower the yield
otress of 1he ring. We know Lrstly, that such friciion
of graphite must be static if in fact H exists, lecouse no
relative motion is {ound between the graphile segmenis
and the graphie rng. Secondly, a consideration af the
sign of such a friclional siress in the ring shows thal it
would be compressive and maximum on the inner sur-
face of the ring Recall that Timeshenko's™ oy was,
in the general easc, a maximum on the mmer swface
and tensile in nature. Thus, even if such a friclion of
graphite exists at this locatiom, its effect would be Lo
make oy even more uniform than envisioned by Time-
shenko for the case of [rictiemless inteinal pressure on

the interior of a thin walled cylinder,

4 EXPERIMENTAL RESULTS AND
DISCUSSION

The relation hetwecn friction cefficient and hoap stress
was first studied at room temperature for the metals,
aluminmm, copper, ond brass. The tensile and hoop
stress specimens were produced [rom the same plate {or
each metal. The apparatus components 1n this preliminary
yoom lempreature prototype were of stainless steel.

The results of tensile tests [or these metals were self-

#Py far. the major relaiive motions occur belween the graphite
cone and the spht grophite ting., This assumphon will be
unnecessary in fulure wolk where the support bleck will also
be maphite and the ZrQy split 1ing will not be 1n contacl

wilh the latter,
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consistant and reproducible. The average value of 0.2
9 oflsot yicld stress [or brass was 48, 000 psi, for al-
wminum 28, 000 psi, and for copper 17, 000 psi. These
values wera substituted into Equationgs to obtain the
friction coofficients [lor hoap stress measumements at
room temperature, The results of the effiective
friction coeflicient were as follows: for copepr it varied
frem 0.17 to 0.19, for aluminum [vrom 0.12 lo
0.14, and for brass from (.11 to 0.12. Thus.
metal produced a very comsislent and reproducible

We do not think

each

effective [riction cocfficient value.
that this implies that the [riction al room lempervaluve
is affected by the paticular materipls involved n the
segment-metal ring pair, but rather that the effeclive
friction coefficient of the apparatus is forcc sensitive.
At any temperalure the major sliding is beween the
cone ond segments, for the piototype this would be
stainless steel versus itself. the [riction coefficient, g,
can be sometimes a Tunction of nermal {orce, contrary
{o our usual concept of this cocfficient, For exarnple,
it has heen shown® that the [riction coelficient of dia-
mond decreases as the load increases, approximately
following a lew p=EW-Y% where W is the load. In
the currenl case. g diopped [rom the range of 0.06—
0.19 Lo thal of 0.104—10.12 as the yield stress(indica-
tive of normal {orce on cone) increased [rom thal of
copper (17—18 kpsi) to that of brass (46—50 kpsi).
Il ene uses the upper values {rom each range of g and
sach range ol yield stress and calculnies the constant
in the previous rclation, one finds a difference 1 IS
values ol only 12.7%, which suggests that the stainless
steel behavior is similar 1o diamond in the foree sensi-
tivity of ils fiiction ccefficient.

Since these results indicaled the feasibility of frction
cosfficlent measurement at room temperature, the tech-
nique was extended to temperature up to 1800°C.

Figure 4 shows the temperaturs dependence al the
0.2% offset yield stress of flat specimens, The yield
sirass date in the temperature range of 1400°C to 180¢
°C are in good agreement with Taylor's® results for
powder metallurgical (P.M.) tungsten. Tayler and co-
workers had investigated ihe mechanical propeities of
P. M. lungsten in the iemperature range of 1400°C or
above. Aleo, the yicld stress of 9, 600 psi at 800°C and
8, 500°C psi at 1,000°C are in good agresment with
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Shim’s® yesults for C. V. D. {ungsien.

These wvalues of +vicld swress were substiluted into
equationgy; 1o oblain the [riction coefficients of graphite
at high temperatures. The results of the eflective
friction coefficient of graphite were as shown in Table
1. I¥ we plotted the values of graphite friction coeffi-
clent as function of temperaturcs, it can be seen that

friction coefficient of graphile has temperature depen-

dence and as shown in Fig. 5. Fig. 5 shows the fem-
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peralure dependence of the {riction cocfficient of gra-
phite and o decreases linearly with incroasing tempera-
tuze. The graphite produce a very consistanc and repro-
ducible effective friction coefficient velues al high tem-
peratares. It is believed that very consistant and repro-
ducible value of friction coefficient value at high lem-
peratire Is dug to the graphite mechanical properties
such as high strength by compression force ai high
temperattives. The experimental results are similar to

Kenyon's? results for outgased graphite.

201 I T I | |-
‘ Table 1. Friction Coefficient of Graphite
{ Temp, el Temp. @
! 230°C 0. 45 1200°C 0.19
18— - .
a S00°C 0.36 14o0°C 0.14
wl
g 300°C 0.28 1800°C 0.12
! 1000°C 0, 24 1800°C 0.08
a _ — .
-
10— — i
CONCLUSIONS
5 i
s
[5 SN [ 1. The cxperience gained dwring the development of
2 \0"\\6\ this apparetus strongly indicates thal the apparatus
d s~ D’! iy extremely well suited to the mechanical properties
i determinations on all chemieally vapor deposized ar
‘ refractory ceramic malerials,
| 2. This apparatus may be well saited to futme appli-
I ‘ [ ! L . A .
%955 G0 ) T200 ) Hoo cation in the determination of [viclion cozfficients
TEMPERATURE (%} of high temperature materials.
¥ig, 4, Temperaiure dependence of 0. 2% yield 3. The yield siress can be readily caleulated trom
strength of flal specmens. hoop stress lests.
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Fig. 5. Temperature depandence of the {riction cozllicient of graphite.
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