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ABSTRACT

This report presents the physical properties which were meas-
ured on the graphites developed and/or evaluated under this program.
Methods of and equipment for making these measurements are described.
The physical properties are reported for 17 newly developed graphite
grades which include six high-density, recrystallized graphites desig-
nated as ZT grades; six graphites in which the fillers are shredded or
woven carbonized cloths designated as PT grades; and five pressure-
cured and/or impregnated grades designated as RVA, RVC, RVD, CF2Z,
and CFW. Similar properties of ATJ graphite are presented as a basis
for comparing the newly developed grades with a well established, pre-
mium grade of graphite.

This technical documentary report has been reviewed and is

approved.

W.G. RAMKE

Chief, Ceramics and Graphite Branch
Metals and Ceramics Division

Air Force Materials Laboratory
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i, INTRODUCTION

Twelve properties were selected for measurement to charac-
terize the graphite grades developed and/or evaluated under Contract
AF 33(616)-6915. These are:

Bulk Density

Specific Resistance (electrical resistivity) at room temperature

Young's Modulus at room and elevated temperatures

Flexural Strength at room temperature

Compressive Strength at room and elevated temperatures

Tensile Strength at room and elevated temperatures

Shear Strength at room and elevated temperatures

Thermal Expansion at room and elevated temperatures

Thermal Conductivity at room temperature

Permeability or Admittance at room temperature

Porosity (mercury porosimetry)

Ash Content (quantitative)

Eight graphite grades have been completely characterized by
being tested for all properties as outlined above, and nine grades par-
tially characterized by being tested for only part of the listed properties.
Tensile and shear strengths at room and elevated temperatures and
compressive strengths at elevated temperatures are the properties which
were not measured for the partially characterized grades. Properties

of ATJ graphite are presented in Section 3 to serve as a basis for com-
parison of the newly developed grades.

Manuscript released by the author April 1964 for publication as an RTD
Technical Documentary Report



2. EQUIPMENT AND PROCEDURES

2.1. Bulk Density

Bulk density is determined by measurement of gross volume and
weight and, therefore, incorporates both the total porosity of the materi-
al and any impregnants added to fill the available pores. Bulk density
measurements reported in Section 3 are made on the same - by £- by
5-inch or 11- by 11- by 5-inch samples used for determination of specif-
ic resistance, Young's modulus, flexural strength, and thermal expan-
sion at elevated temperatures. Width and breadth are measured at
three points along the bar (i.e., at the two ends and middle) and aver-
aged. Dimensions are measured to the nearest thousandth of a centi-
meter and weights to the nearest hundredth of a gram. Bulk density is

expressed in grams per cubic centimeter (g/cc).

2.2. Density Profile

No set procedure was followed in establishing the density pro-
file for blocks of graphite evaluated under this program. However, in
every case a cross sectional-slab cut in a longitudinal direction from
the center of the block was further cut into small pieces for density and
other property measurements. One-inch cubes were used for measure-
ment of density profile of blocks fourteen inches in diameter or less.
The cubes were later used for compressive tests. Density profiles of
some of the larger blocks were obtained from the £- by #- by 5-inch or
11- by 13- by 5-inch samples mentioned in Section 2.1. Larger sam-
ples were used in a limited number of cases.

Bulk density profiles were established for blocks larger than
fourteen inches in diameter and apparent density profiles for blocks
fourteen inches in diameter or less; i.e., when the samples had been
cut into one-inch cubes.

Apparent density is determined by weighing the sample in air
and again when it is immersed in distilked water, and using these weights
in the following formula:

A.D, = Weight of sample in air
Weight of sample in air minus weight of sample in water

where:

A.D. = apparent density in g/cc, when weights are in grams.



Water fills some of the large pores when the sample is im-
mersed, thus the volume of water displaced is slightly smaller than the
gross volume of the sample. Consequently, densities are approximate-
ly 0.02 g/cc higher than bulk densities.

2.3. Room-Temperature Specific Resistance (Electrical Resistivity)

The apparatus for measuring specific resistance at room tem-
perature is shown in Figure 1. Mounted on the left end of the table is a
device for positioning the sample. Basically, this device is a jeweller's
lathe having such special features as an adjustable positioner for the
potential contacts with a span capacity of 5 inches, and current contacts
with a span up to 12 inches. The resistance of the sample Ry between the
potential contacts is measured by a Kelvin bridge and the specific resist-
ance calculated by means of the formula:

Ry ° A
L

Resistivity in ohm-cm

where: p
Resistance of the sample in ohms

Cross sectional area of the sample in cm?

t"D>>fU

Length of the span in cm over which the resistance

1l

Rx is measured

Figure 1. Room-Temperature Specific Resistance
Apparatus
3



Sample dimensions are - by $ by 5 inches from rectangular
graphite blocks and cylindrical blocks 14 inches or less in diameter, and
11- by 1i- by 5 inches from cylindrical blocks larger than 14 inches in
diameter.

2.4. Young's Modulus of Elasticity

Young's modulus of elasticity is determined sonically by vibrat-
ing a sample in the fundamental flexural mode. It is calculated by the
equation:

CmF2
W

E =

where: E = Modulus of elasticity in lbs/in®
C = A constant depending upon sample shape, mode,
Poisson's ratio, and units
m= Weight of the sample in grams
FF = Fundamental frequency, cycles per second
W = Sample width in cm,.

At room temperature, the sample is placed upon two rubber sup-
ports 0.56 of the sample length apart, corresponding to the nodal points.
A variable {0-20, 000 cps) frequency generator supplies a signal to a mag-
netic recording head, contacting the sample at the top center of one end.
The vibration is picked up by a phonograph needle contacting the sample
at the top center of the other end. Frequency of the signal is determined
by a four-decade frequency counter. The frequency generator is con-
nected to the x-axis of a cathode ray oscilloscope and the pickup to the
y-axis, By observing the Lissajous figures thus created on the oscill0-
scope, the resonant frequency can be measured.

The frequency generator, oscilloscope, and frequency counter
are incorporated into a single unit, shown in Figure 2 which also shows
the vibrator and the pickup needles in contact with a specimen. Figure 3
is a schematic drawing of the room-temperature equipment,

The method and theory, as well as a description of the equipment
and procedures for determining Young's modulus at elevated tempera-
tures, are presented in detail in another report. )

The dimensions of samples for room-temperature measure-
ments are the same as those for specific resistance (Section 2.3}. Sam-
ples for high-temperature measurements are #- by 4 by 5 inches re-
gardless of the size of the graphite block from which they are cut.



Figure 2. Apparatus for Measuring Young's Modulus
at Room Temperature

FREQUENCY COUNTER

CATHODE RAY OSCILLOSCOPE O

FREQUENCY GENERATOR

, VIBRATOR PICKUP

SAMPLE

-RUBBER SUPPORTS -

L-177
Figure 3. Schematic Drawing of Apparatus for Measuring

Young's Modulus of Graphite
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2.5. Flexural Strength

2.5.1. Equipment and Procedure

Flexural strength {modulus of rupture or transverse strength)
is measured by the third-point loading method. 2) The procedure fol-
lowed in measuring room-temperature flexural strength is described
elsewhere. (3) Flexural strength is calculated by the rectangular beam
formula:

5 = 3W(L2-L]) (1)

2bd?

Flexural strength in pounds per square inch

where:
Maximum applied load (breaking load) in pounds

s W
1

Length of longest span in inches

L, = Length of shortest span in inches
b = Width of specimen in inches
d = Depth of specimen in inches

2.5.2, Theory

The flexural strength for a rectangular sample(“? is calculated
by the equation:
s = 6M

g (2)

where M is the bending moment or couple, and the other symbols are the
same as in Section 2,5.4. It can be shown(5) that for third-point loading
the bending moment is:

M = W (L,-L,) (3}
By substituting M in equation {3) into equation (2}:

= 3W (L,-L,)
= 1
° o )

Equation (4) is the same as equation (1) in Section 2.5.1.
Samples used to obtain the flexural strength data given in Sec-
tion 3 were £- by #- by 5 inches from rectangular blocks and cylindrical

blocks 14 inches in diameter or less, and 11- by 11- by 5 inches from cy-
lindrical blocks greater than 14 inches in diameter.

6



2.6. Compressive Strength

Equipment and procedures for measuring ultimate compressive
strength and stress-strain in compression at room and elevated tempera-
tures have been described in another report.(3

Graphite is a viscoelastic material which may be considered
brittle up to approximately 1500°C, plastic above 2500°C, and in a tran-
sition state between 1500°C and 2500°C. The stress applied to a sample
may be divided into two parts, one producing elastic deformation and one
producing creep or inelastic deformation. The ratio of the stress pro-
ducing creep to that producing elastic deformation increases rapidly at
temperatures exceeding 2000°C, and "ultimate compressive strength'
above 2000°C increases rapidly with temperature. In some cases, a sam-
ple at 2700°C will not fracture even at extremely high stress. Figure 4
shows a $-inch diameter by %-inch length sample of ATJ graphite before
testing and after testing at 2700°C. The sample did not break at 33, 200
lbs/in®, The cracks in the compressed sample are surface cracks which
appear only on the edge,

In some of the stress-strain curves in compression, and also in
tension and apparent shear, stress levels at fracture (ultimate strengths)
do not correspond to the values in the tables. This occurs whenever the
ultimate strength reported in the table and the stress-strain curve are not
obtained from the same sample. It is extremely difficult to adjust the test-
ing machine so stress and strain start recording simultaneously, conse-
quently, many of the stress-strain curves (Figure 26 for example) show an
increase in stress near the origin with little or no increase in strain, The
strain measurements are subject to question, therefore, absolute values
must be used with caution. Stress-strain curves in this report, however,
show how strain varies with temperature and from one graphite grade to
another.

BEFORE

Figure 4. Compressive Test Samples Before Testing
and After Testing at 2700°C, No Break at
33,200 1bs/in?, ATJ Graphite



2.7. Tensile Strength

Equipment, sample, and procedure used to measure ultimate
tensile strength and stress-strain in tension at roosn and elevated tem-
peratures have been described in another report. (8

The extensometer rod - differential transformer system for
measuring strain was calibrated against strain gauge measurements at
room temperature for each graphite grade, and the calibration used in
the room-temperature 2000°C range; i.e., until creep became predomi-
nate. A calibration method described elsewhere 3) was used when
strain measurements were made at 2500 and 2700°C. The strain meas-
urements are subject to question, therefore, absolute values must be
used with caution. Stress-strain curves in this report, however, show
how strain varies with temperature and from one graphite grade to
another,

2.8. Shear Strength

A clevis method for measuring shear strength and apparent
stress-strain in shear was adopted for use in this program and the rea-
sons for its adoption as well as a description of the apparatus, sample,
and procedure are presented elsewhere(®) The clevis method applies
both a bending stress and a shearing stress to the sample. At room tem-
perature a bending break occurs in the approximate center of the sample
gauge length before the sample breaks in shear at the ends of the gauge
length. Multiple bending breaks usually occur at elevated temperatures;
however, on rare occasions there have been single bending breaks or
none at all, Figure 5 shows a sample which has been broken in shear at
2700°C, with a single bending break in the center of the gauge length.
The bending breaks are disregarded and "apparent ultimate shear strength"

Figure 5. Graphite Sample Showing Typical Shearing
and Bending Breaks, 2700°C

8



is calculated(®) by the equation:

s = _L

2A

where: S
L
A

Apparent ultimate shear strength in lbs/in2
Shearing load in pounds
Cross-sectional area of the specimen in square inches.

The term '"apparent ultimate shear strength" is used because the sample
is not subjected to a pure shearing stress, but to a combination of shear-
ing and bending stresses. The apparent shear stress-strain curves pre-
sented throughout Section 3 are not intended to be used for design pur-
poses, but rather to show what happens to a sample during the clevis
test,

2.9. Coefficient of Thermal Expansion at Room Temperature

2.9.1. Equipment

Coefficient of thermal expansion (CTE) at room temperature in-
volves the determination of thermal expansion of a graphite sample rela-
tive to the known expansion of an Invar bar between 20° and 100°C. Fig-
ures 6 and 7, respectively,are a photograph and a schematic diagram of
the apparatus.

B
|

Figure 6. Room-Temperature Thermal Expansion
Apparatus
9
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Figure 7, Schematic Diagram of Room-Temperature

Thermal Expansion Apparatus

One end of the sample is fastened to a stud on the Invar bar. A
graphite rod with a plain mirror attached to one end is placed between
the sample and the Invar bar, which are kept parallel by means of a
spring and roller. The two temperature limits {20 and 100°C) are main-
tained with carefully controlled water and steam. The difference in ex-
pansion of the sample and the Invar bar causes the mirror rod to rotate.
The amount of rotation is measured by viewing the mirror irhage of a
scale located 200 inches from the mirror. The optical lever permits the
observance of very small differences between the expansions of the sam-
ple and the Invar bar. Expansion coefficient of the sample is calculated
by the formula:

_ 2.54 rs
CIE = 1tz 5a%aLat ()

where: CTE = Coefficient of thermal expansion of sample per °C

1l

I = Coefficient of thermal expansion of Invar bar
per °C

r = Radius of mirror rod in inches

d = Distance from rod to scale in inches

L = Distance between center of stud on on Invar bar
and center of mirror rod in inches

g = Difference in scale readings at 20°C and 100°C

At = Temperature increase (80°C),

10



Thermal expansion data reported in Section 3 were obtained
with 0.3- by 2- by 5-inch samples.

2.9.2., Theory

The coefficient of linear thermal expansion of a solid is defined
as the fraction of its own original length by which any body of that mate-
rial will expand when its temperature is raised one degree; that is:

T The (2)
where: ¢ = Coefficient of linear thermal expansion of sample

L = Original length of sample
AL = Increase in sample length when temperature is increased
At degrees.,

For the equipment described in Section 2.9.1:

@ = I oD% (3)
LAt
where: I = Coefficient of thermal expansion of the Invar bar

AL%*= Difference between the expansion of the Invar bar and
the sample.

As the Invar bar and sample expand, the mirror rod rotates ex-
cept when AL%* = 0. The rod rotates counterclockwise when expansion of

the Invar bar is greater than that of the sample, and the term A_Ii_‘::_

is negative. The mirror rod rotates clockwise when the expansion of the
sample is greater than that of the Invar bar, and the term %_Ifi_ is posi-

tive.

Then: AL* = 8 r radians {4)

Radius of the mirror rod
angle of rotation of mirror rod.

where: R
4]

Figure 8 is a schematic diagram of the optical lever. Before expansion,
point 0 on the scale is imaged by the mirror M, and after expansion, point
A is imaged by the mirror. If d is the distance from the mirror rod to
the scale and S is the difference in scale readings at points A and 0, then:

tan @ (5)

=5
d
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But g is very small, therefore;

6 = % approximately, (6)
Scale
0
5
Telescope A
I.-813
Figure 8. Schematic Diagram of Optical Lever,
Thermal Expansion Measurements
By substituting the value of g in equation (6) into equation (4):
AL = IS (7)
d
and a I+ __ Y8
—dLat (8)
2.54 rs
or a
T 54 dL bt (9
where: ¢ CTE of sample per °C
1 CTE of Invar bar per °C
T Radius of mirror rod in inches
d Distance from mirror rod in inches
L Distance between center of stud on Invar Bar and

center of mirror rod in inches

12



S = Difference in scale readings at 20° and 100°C in centi-
meters
At= Temperature increase (80°C)

Equation (9) is the same as equation (1) in Section 2.9.1.

2.10. Thermal Expansion at Elevated Temperatures

High-temperature thermal expansion measurements are made
with the apparatus and graphite horizontal tube furnace shown in Figure
9. For these measurements, the cross hairs in the micrometer eye-
pieces of two telescopes are focused one on each end of the sample at
room temperature and at specified elevated temperatures. Elongation of
the sample at a specific temperature is the sum of the shifts in cross
hairs of the two telescopes. Thermal expansion is expressed as ALL—‘-,

where L is the length of the sample at room temperature and AL is the
change in length between room and elevated temperature. Figure 10 is a
schematic drawing of the equipment.

All high-temperature thermal expansion data reported in Section
3 were obtained from - by £- by 5-inch samples. Two samples can be
run at the same time by placing one on top of the other.

Figure 9. High-Temperature Thermal Expansion Apparatus

13
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Figure 10. Schematic Drawing of High-Temperature
Thermal Expansion Apparatus

2.11, Thermal Conductivity at Room Temperature

2.11.1. Meers Method

2.44.1.4. Equipment

Equipment for measuring longitudinal heat flow in a cylindrical
sample by an absolute method {7) is shown in Figure 11. The apparatus
can hold as many as six $-, £-, or 1-inch diameter samples which can
range from 3 to 6 inches in length. The samples are mounted upright in
sample holders attached to a copper plate heat sink, maintained at a con-
stant temperature (within 0.1°F) by a circulating water bath system. Heat
is applied at the top ends of the samples by individual electric heaters.
Solder is used to hold the samples firmly in their holders and to attach the
heaters to the samples. The temperature gradient between two points
along a sample length is measured by a differential thermocouple. Meas-
urements are made in a vacuum to minimize heat losses. The mounted
samples, with the bell jar removed, are located at the lower right end of
Figure 44, A schematic drawing of a mounted sample is shown in Figure
12.

14



Figure 14. Room-Temperature Thermal Conductivity
Apparatus, Meers Method

Vacuum Envelope _

[______l_ J— Heater
Sariple |
WA

Differential Thermocouple

Fleat Sink |
‘\ | \]\
‘ =) e
lSO ! L;“ or J Diffusion T: DC]:.fl .
HppLY - and Roughing mphher

Pumps
L-180

Figure 12. Schematic Drawing of Mounting of Thermal
Conductivity Sample, Meers Method
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Varied power inputs are applied to the upper end of the sample
and a plot of heater power input versus the thermocouple voltage out-
put should yield a straight line. The thermal conductivity of the sample
is calculated by the equation:

AAT=
where: K = Thermal conductivity, cal-cm/sec/cm®?/°K
L = Distance between the differential thermocouple points
in em
A = Cross sectional area of the sample in cm?,
AP _

= Slope of the heater power input versus thermocouple
A voltage output plot in watts/microvolts (pv)

C = A constant (14.20) for converting watts/pv to
calories/sec/°K

Thermal conductivities as low as 0,004 cal-cm/sec/em?/ °K
were measured by the Meers method.

2,11.1.2. Theory

The fundamental differential equation for heat transfer by con-
duction is given by Fourier's law: (%)

d = -KA dT (2)
dt dx
where: dQ = Quantity of heat per unit time
dt
~dT = Temperature gradient in direction of flow of heat
dx
A = Area of sample perpendicular to direction of heat flow
K = Thermal conductivity of sample,.
For steady flow, gg—is constant and may be replaced by g, thus equation

(2) may be written in the form:(®)

_ A
1 = Ky AT (3)
L . q
or K =Z AT “

16



where: AT Temperature differential established between two pnints
in the sample
1. = Distance between the two points at which the temperature

is measured,

H

The heat introduced at the top of the sample is the power input of
the heater; therefore, g = P watts. The voltage (microvolts) output of the
differential thermocouple is proportional to the temperature differential
AT; therefore AT may be expressed in microvolts. The slope of the P
versus AT plot is AP/A(AT) or AP/AT*, where AT* = A(AT) in micro-
volts (pv).

Equation (4) may now be expressed as:
_ L

L 4
A A

P
T (5)

~
i

where: K = Thermal conductivity in watt-cm/pv/cm?®

L. = Distance between the thermocouple points in ¢m
A

A

= Cross sectional area of the sample in cm?

ALY - Slope of the heater power input versus thermocouples

P
T voltage plot in watts/microvolts (uv).

[

Equation (5) may also be expressed as:

K = C,C,L AP 6
12 A AT® (6)
or K = CL AP (7N
AAT*
where: C, = 59.4 microvolts/ °K, the thermoelectric power of the
differential thermocouple
C, = 0.239, conversion factor for converting watts to calo-

ries per second
C = C,Cp=14.19
K Thermal conductivity in cal-cm/sec/cm®/°K

1

Equation (7) is equation (1} in Section 2.11.1.1.

The Fitch method (39) was used to measure thermal conductivities
below 0.004 cal-cm/sec/cm?®/ °K. It was necessary to use the method for
only one graphite grade, PT-0110; however, it might have been possible
to use the Meers method had the PT-0110 block (4 - by é- by 6 inches)
been sufficiently thick for a 1-inch diameter by 3-inch length sample.

17



2.11. 2. Fitch Method

2.11.2,1. Equipment

Figure 13 is a schematic diagram of the Fitch apparatus, modi-
fied slightly to insure unidirectional heat flow in the sample. Heat is
applied to one side of the sample by a flat-bottom metal vessel contain-
ing boiling water. The bottom of the vessel is nickel-plated copper.
The receiver is a copper cylinder, nickel plated on the end in contact
with the sample. The heat source, sample, and receiver are held
firmly together by means of a pneumatic press. The temperature dif-
ferential between the heat source and receiver is measured by a differ-
ential thermocouple. As heat flows from the constant temperature heat
source through the sample and into the receiver, the temperature of the
latter slowly rises. The relationship between time and volta%e output
of the differential thermocouple is expressed by the equation: 10)

_ 2.303 McL
t = 4:2V2 MCH (log V ~log Vo 1
g g ) (1}

where: V Voltage output of differential thermocouple at time t
Vo= Voltage output of differential thermocouple at zero time
= Mass of receiver
= Specific heat of receiver
Cross-sectional area of sample in contact with receiver
= Thermal Conductivity of sample.

x>0 g

The graph of t plotted against log V is a straight line, therefore:

m = 2.303 McL (2)
KA

or K = 2. 303 MCL (3)
mA

where: m The slope of the t versus log V plot.

K is in calorie-centimeters per second per square centimeters
per degree absolute when M is in grams, c is in calories per gram per
degree absolute, L is in centimeters, A is in square centimeters, and m
is in seconds,

2.41.2, 2. Modification of Equipment

During preliminary trials a problem was observed in that the
measured thermal conductivity was a linear function of the sample thick-
ness. Because the heat source and sample are larger in area than the
receiver, it was assumed that the phenomenon was the result of multi-
directional heat flow within the sample. Figure 14 is a schematic diagram
showing a possible heat-flow pattern in the outer portions of the sample,
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As the thickness of the specimen is increased, an increased amount of
the heat flowing through the outer portions of the sample reaches the
receiver. A sample having the same cross-sectional area as the re-
ceiver is not a satisfactory solution to the problem because of radiation
losses at the edge of the sample.

HEAT SOURCE

RS

RECEIVER

(A}

HEAT SOURCE

AN

RECEIVER

(B) L-812

Figure 14, Schematic Diagram Showing Possible Multi-
directional Heat Flow inte Central Portion of
Sample from QOuter Portions
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The problem was partially solved by surrounding the receiver
with a graphite ring, thermally insulated from the receiver (Figure 13),
The ring acts as a heat sink and directs the heat in the outer portions of
the sample away from the receiver. The introduction of the graphite
heat sink permits the measurements of thermal conductivities up to
0.012 cal-cm/sec/cm?®/°K,

The thermal conductivity of PT-0443 graphite was measured
by both the Meers and Fitch methods to compare the two methods. Av-
erage with- and across-grain values of 0,013 and 0,007 cal-cm/sec/cm?/
°K, respectively, were obtained by the Meers method and 0.010 and
0.005, respectively, by the Fitch method.

All samples used in the Fitch method were 3 inches in diameter
with the thickness varying from % to 1} inches.

2.12, Permeability

2.12.1 Equipment

The apparatus for measuring the permeability of graphite is
shown in Figure 15. In the left side of the panel is a dial manometer con-
nected to measure the difference between the pressure of the supply gas
going into the sample holder and the pressure of the gas leaving the
holder, thus indicating the pressure drop across the sample. The mano-
meter is calibrated against a mercury column with an accuracy of one
part in one thousand of full scale.

On the right side of the panel are two flowmeters measuring the
flow in cubic centimeters per minute after the gas has passed through the
sample. The ranges of the flowmeters are 1 to 40 and 1 to 250 cubic
centimeters per minute. A third flowmeter, having a range of 10 to
1000 cubic centimeters per minute, is available if higher flow ranges are
required. Next to the flowmeters is a silica-gel moisture indicator and
a selective porosity filter which removes moisture from the gas stream.

A laboratory press mounted upon the right side of the table has
a sample holder attached to its frame. The sample holder chamber has
a circular cross section and tapered walls. The sample is placed in a
large rubber stopper from which the center has been removed, as illus-
trated in Figure 16, and the assembly is pressed firmly into the holder.
Pressure exerted on the rubber stopper by the tapered walls of the
holder provide a pressure seal on the sides of the sample and assures
linear gas flow. The bottom of the chamber is sealed by means of an end
plate and rubber gasket held firmly in place by a hydraulic jack. The
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Figure 15. Apparatus for Measuring Permeability of Graphite

Rubber Stopper Accessory for Mounting

Figure 16.
Permeability Sample
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top is sealed by a similar plate and gasket with pressure applied by a
hand operated screw.

Sample sizes used to obtain the permeability measurements pre-
sented in Section 3 are:

1} 2- by 2- by 2 inches for 9- by 20- by 24-inch rectangular
blocks and for cylindrical stock 8% inches and larger in
diameter

2} 1- by 1- by 1 inch for 5-inch diameter cylindrical stock.
3) %- by 1- by 4 inch for - by 6- by 6-inch rectangular blocks.

Permeabilities were calculated by the following formula, using
nitrogen {N;) as the gas:

Tk = 2p QvL (1)
A Ap (Apt2)
k = Permeability in Darcy's
B = Viscosity of nitrogen in centipoises
L. = Length of sample in direction of gas flow in cm
A = Area of sample perpendicular to direction of gas flow in
cm?
Flow rate of gas in cc/sec
Differential pressure in atmospheres

=0
o o<
1o

2.12.2. Theory

Gas flow through graphite can be described by Darcy's law, one
differential form (10 of which is represented by the equation:

k=_V (2)
o (grad p)

where: k = Permeability

p = Viscosity of the gas
p = Pressure of the gas
v

= Velocity of the gas.
Gas flow through a graphite sample is a polytropic expansion and
is presented by the general formula pVY = a constant or:
n

P = [ P__ (3)
Po Po
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Density of gas at pressure p
Density of gas at pressure P,
Polytropic exponent.

where: p
P

n

o]

il

Using the principle of mass continuity:
Q= pVA (4)

where Q is the mass flow of gas. When V from equation (4) and p from

equation (3) are substituted into equation (2):

1
n
L A 4 (5)
W A, \p/ [gradp
Since the gas flow through the sample is linear:
d
grad p = H:Pc'

and equation (5) becomes:

1
n
dp . p%m (P (6)
dx kAp P
ol
By integration of equation (6} over the sample length L:
1+n 1+n
n n n _ QP,L
a+T \P1 e " kAp, (7)

Assuming isothermal conditions (n= 1) for the gas flow (small velocities),
equation (7) becomes:

_ pOmPo

%(Plg - sz)—"-k—KP—O—— or

Q p L
2
R (8)
Apo P17 - Pg )
where: p, = Pressure of gas going into sample
p, = Pressure of gas leaving sample.

Since p,® - p,® = (P, - Pp) (Pt Pz} = Bpp, + pP2)

and p, + p; =py, - Po + 2P, = Ap + 2p,
24



equation {8) becomes:

k = 2P OmPolL (9}
APQ AP( Ap + ZPZ)
But Pz=Po = 1 atm
and Qm = Qv
Po

where (g = volume gas flow.

Therefore:
2, Q., L
= Vv (10)
A Ap(Ap + 2)

Equation (10} is equation (1) in Section 2.12.1.

2.13. Admittance Factor

2.13.1 Equipment

The admittance factors which are presented in Section 3 were
obtained by a pressure decay method, using a tubular sample l#-inch O. D.
by 2-inch I. D. by 4-inch length. The apparatus and sample are illus-
trated in Figure 17.

The ends of the sample are sealed by rubber gaskets attached
to two end-plates which are held firmly in place by four pull-rods. A
pressure gauge is connected to the sample through the top end plate. The
sample is filled with nitrogen gas to a pressure p, through a valve at-
tached to the bottom end-plate. The value of p, depends upon the perme-
ability of the sample. Pressures of fourteen and five pounds per square
inch were adequate for measuring the admittance of all low permeability
graphites reported in Section 3.

The time t required for the pressure inside the sample to decay
from its original value of p, to a value p is measured and the admittance
factor calculated, using the formula:

r

Q
v o P
Fo= 0¥ . fin O (1)
2m ht Pt
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Figure 17. Apparatus for Measuring Admittance
Factor of Graphite

where: V, = Static volume of the system®* in cm?®
ro = Outside radius of sample in cm
r; = Inside radius of sample in cm
h = Length of sample in cm
po = Original pressure inside sample in lbs/in®
pt = Pressure inside sample in lbs/in® at time t
F, = Admittance factor in cm?/sec.

A pressure decay of two pounds per square inch was used to
determine the admittance factors reported in Section 3.

*Note: Static volume of the system is the inside volume of the sample
plus the volume of the valve connection and the pressure gauge
and its connection,
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Figure 18 shows the grain orientation in an admittance sample
prepared with its long axis parallel to the grain (A), and perpendicular
to the grain (B). Gas diffusion through the sample is in a radial direc-
tion. It can be seen in Figure 18A that diffusion is with grain in some
sections of the sample, across grain in other sections, and intermediate
between with and across grain in still other sections. An admittance
factor obtained from a sample having the grain orientation shown in
Figure 18A is called "with-grain admittance' because the long axis of the
sample is parallel to the grain. Admittance obtained from a sample hav-
ing the grain orientation shown in Figure 18B is called "across-grain
admittance' because the long axis of the sample is perpendicular to the
grain direction. Gas diffusion, however, is parallel to the grain in all
parts of the sample cut as shown in Figure 18B.

(A)

1.-811

Figure 18. Grain Orientation in Admittance Sample,
(A} With-Grain, (B) Across-Grain
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2.13.2. Theory

Gas flow in low permeability graphites is more complex than
that defined by Darcy's law and may be represented k) by the equation:

Qpy = F% Ap (2)
where! va = Pressure-volume flow rate in cc atm. /sec.
- Area of sample perpendicular to direction of flow in cm?®
L = Length of sample in direction of flow in cm.
Ap = Pressure differential across the sample in atmosphere
F = An admittance factor in cm?®/sec.

The admittance factor F consists of two terms: (22

F = Fo+F,p

where:
F, = Admittance factor for diffusive flow
F, = Admittance factor for viscous flow
P = Average gas pressure

Since the materials tested by the pressure decay method have many small
pores and few, or no, large pores it can be assumed that ¥, = 0 and that
the gas flow is almost purely diffusive. Equation (2) then becomes:

A
Qpy = Fo T 4P (3)

The flow represented by equation (3) is applicable only to a
steady state method. Pressure decay is not a steady state method; there-
fore, equation {3) must be written:

- igit"—) = Fg % AP (4)
or

-2V - g 2o - py) (5)
where:

p' = Absolute pressure inside the specimen

Py = Pressure outside the specimen {atmospheric)
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The term on the left side of equations {4) and (5} is negative because the
pressure inside the sample decreases with time.

Since the volume of the system is constant

- d(P“") = - VO dp'
dt dt
where:
Vo = volume of the system (see foot note on page 26), and
dp' - A
Vo7 T Fo T (' - Pa)- (6)

Integrating equation (6) between the limits P'o and p'y

\é' P)
o - tay _ A
V, In - =F, =t (7)

where:

pP's = Absolute pressure inside cylinder at t = o

P't = Absolute pressure inside cylinder at time t

If p, = Gauge pressure att = o and Py = gauge pressure at time t,
then:

P'o " Pa =Pyt Py - Py =P, {8)
and

P't ~ Py =P tP, - P, =P (9)

Eguation (7) thus becomes:

v ln(P‘Q—)= r 2y (10)

or vV L
F = > _In{ 2 (11)
°o" A P,

Since the sample is a hollow cylinder an average area must be used in
the calculation of admittance factors. The average area of the walls of
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a hollow cylinder may be calculated ) by the formula:

A - A,
Alav) = —°2___* (42)
(%)
in
Ay
or
Afav) = 2rh . To ~ i (13)
1.<f_e
Ty
where: A, = Qutside area of sample
Ay = Inside area of sample
ry = Qutside radius of sample
r; = Inside radius of sample
h = Height of sample.

The length of the sample, L, in the direction of gas flow is:

L = r -1 (14)
therefore:
r
o
In —
r-
L . i
= = 15
A 2rh (15)
Substituting the relationship in equation (15) for'x in equation (11) gives
the formula
To P
V. lnF5 °
F =2 i . In{— (16)
© " 2rht Pt

Equation {16) is equation (1) in Section 2,13. 1.

2.14., Mercury Porosimetry

2.14.4. Equipment

Mercury porosimetry can be used to measure the size and dis-
tribution of pores in graphite to a minimum pore diameter of approxi-
mately 0. 02 microns. Figure 19 is an illustration of the mercury
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porosimeter used to obtain pore size and distribution data presented in

Section 3.

Figure 19. Mercury Porosimetry Equipment

A small graphite sample, approximately 0.5 cubic centimeter
in volume, is placed in a penetrometer such as that shown in Figure 20.
The penetrometer containing the sample is placed in the glass filling
device (left side Figure 19), evacuated and then filled with mercury at a
pressure of 100 microns of Hg. After the penetrometer is filled, the
excess mercury is drained out of the filling device. Air is introduced
into the filling device in predetermined increments of pressure and the
mercury level in the graduated penetrometer stem is noted at each
pressure. Smaller pores are filled with each increase in pressure. The
size of the smallest pore is determined by the formula

D = 213 (1)

p
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Figure 20. Graphite Sample and Disassembled Penetrometer,
Mercury Porosimeter

where: p = Absolute pressure
D = Diameter, in microns, of smallest pore filled at pressure p

Pore volumes are determined from successive readings of the mercury
level in the penetrometer stem after each pressure increase. Pore
diameters of ten microns and larger are measured with the penetrometer
in the filling device. The penetrometer is transferred to the pressure
chamber on the right side of the apparatus in Figure 419, for pressures
higher than atmospheric. Pressures up to 15, 000 pounds per square inch
are applied by a hand operated fluid pump.

Since the life of the packing material in the pressure system is
significantly shortened by repeated measurements at 15, 000 pounds per
square inch and since so little useful information is gained in the 5500 to
15, 000 pounds per square inch range, measurements were usually limited
to a maximum of approximately 5500 pounds per square inch which corre-
sponds to a minimum pore diameter of 0. 04 microns.

Pore diameters and distribution are reported in accumulative
pore-volume versus pore-diameter curves.
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2,14.2. Theory

When mercury under pressure is forced into the pores of a
graphite sample, the relationship between the smallest pore filled and
the pressure, assuming capillary pores, is expressed (13) by the equation:

r = - 2¢ cos §
P
4¢ cos 8
or Ds -.—>— (2)
p
where: p = Pressure on mercury
T Radius of smallest pore filled at pressure p
D Diameter of smallest pore filled at pressure p
a Contact angle between mercury and graphite (140°)
¢ = Surface tension of mercury {480 dynes/cm), or 27.41 x

107% 1bs/in?)

Pores in graphite are irregular in shape; therefore, D is a statistical
diameter,

When the above values of ¢ and € are substituted into equation (2}
and when p is the absolute pressure in pounds per square inch:

8400 x 10°¢ .
= inches
P
or D = 213 microns (3)
b

A source of error in mercury porosimetry is the large pore
accessible only through a small opening. In this case, D is the diameter
of the opening and the velume is that of the pore. When the opening is
less than 0.02 microns (1500 lbs/in® pressure), the pore cannot be filled
regardless of its size.

2.45. Ash Content

Small samples are taken from several locations in a block of
graphite and ground until the particles pass through a 4100 mesh screen.
After the graphite flour has been thoroughly blended, 10 grams are heated
overnight in a muiffle furnace at approximately 800°C. Provision must be
made for allowing air to enter the furnace so that there is sufficient oxygen
for complete combustion of the carbon, Ash content is reported as per

cent ash by weight,
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3. PHYSICAL PROPERTIES

Physical properties of newly developed graphite grades are more
meaningful when compared with the properties of a well established grade.
In this report, grade ATJ graphite has been selected as the basis of com-
parison because it is well established as a high quality fine-grain graphite
that has found use in many applications.

3.4. Grade ATJ Graphite

Most of the room temperature physical properties of ATJ graphite
are presented in The Industrial Graphite Engineering Handbook, published
by National Carbon Company. These properties and their standard devia-
tions are presented in Table 1 of this report to facilitate the comparison
of ATJ properties with those of the newly developed grades. Shear
strengths are not given in the Handbook; therefore, the apparent shear
strength of ATJ has been measured by the clevis method(®) and is in-
cluded in Table 4. The sample shapes and sizes used for measurement of
tensile and compressive strengths as reported herein differ from those
used to obtain the Handbook data. Data for both types of samples are given
in Table 1.

The high temperature properties of ATJ graphite are presented
in Table 2 and in Figures 21 through 24 and 31, 32, 39 and 40. The same
procedure will be followed in reporting high-temperature data for other
graphite grades.

Figures 25 to 30, inclusive, are with- and across-grain siress-
strain curves in tension at temperaturées ranging from room temperature
to 2700°C. The curves are serrated at temperatures of 2000°C and
above, and, in general, the serrations become farther apart as the tem-
perature increases. Stress-strain curves of similar shape were observed
under certain test conditions at Jet Propulsion Laboratory, California
Institute of Technology during the early phases of their work in the tensile
testing of graphite at high temperatures. JPL found that this serrated
shape was eliminated when the backlash in the testing machine was reduced
and when the strain rate was increased. (14) Serrated stress-strain curves
have also been cbserved for some aluminums at room temperature and
for mild steel beyond the yield point at elevated temperatures. (18)

Discontinuities in the apparent shear stress-strain curves,
(Figures 41 to 46, inclusive) are caused by bending breaks. The with-
grain curves, Figures 441, 42 and 43, show that single bending breaks
occurred at room temperature and 2000°C, two at 1000° and 2700°C,
three at 1500°C and five at 2500°C, before the samples sheared at the
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ends of the gauge length. The across-grain curves, Figures 44,45 and
46, are interpreted in the same manner. As explained in Section 2.8,
the purpose of presenting these curves is to show what has happened to
the sample during the test and they should not be used as design data.

Stress levels at fracture in the stress-strain curves may not
correspond to ultimate strengths in the tables. This can occur whenever
the ultimate strength and stress-strain curves were not obtained from the

same sample,

It is extremely difficult to adjust a strength tester to start record-
ing stress and strain simultaneously; consequently some of the stress-
strain curves (Figure 26, for example) show an increase in stress near
the origin of the curve, with little or no increase in strain. This '"pre-

loading' must be ignored.
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Figure 24. Thermal Expansion vs. Temperature,
ATJ Graphite, 9 by 20 by 24 Inches
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Figure 22. Young's Modulus vs. Temperature,
ATJ Graphite, 9 by 20 by 24 Inches
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Figure 23. With-Grain Ultimate Tensile Strength Vs. Temperature,
ATJ Graphite, 9 by 20 by 24 Inches
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Figure 24, Across-Grain Ultimate Tensile Strength Vs. Temperature,
ATJ Graphite, 9 by 20 by 24 Inches
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Figure 25. With-Grain Tensile Stress-Strain Curves, ATJ Graphite,
9 by 20 by 24 Inches. Room Temperature
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Figure 26. With-Grain Tensile Stress-Strain Curves, ATJ Graphite,
9 by 20 by 24 Inches, 1000°C, 1500°C, 2000°C
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Figure 27. With-Grain Tensile Stress-5train Curves, ATJ Graphite,
9 by 20 by 24 Inches, 2500°C, 2700°C
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Figure 28. Across-Grain Tensile Stress-Strain Curves, ATJ Graphite,
9 by 20 by 24 Inches, Room Temperature
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9 by 20 by 24 Inches, 2500°C, 2700°C
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Figure 31. With-Grain Ultimate Compressive Strength vs. Temperature,
ATJ Graphite, 9 by 20 by 24 Inches
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Figure 32. Across-Grain Ultimate Compressive Strength vs. Temperature,
ATJ Graphite, 9 by 20 by 24 Inches
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Figure 33. With-Grain Compressive Stress-Strain Curves, ATJ Graphite,
Room Temperature, 9 by 20 by 24 Inches
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Figure 34. With-Grain Compressive Stress-Strain Curves, ATJ Graphite,

9 by 20 by 24 Inches, 1000°C, 1500°C, 2000°C
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Figure 35. With-Grain Compressive 5Stress-Strain Curves, ATJ
Graphite, 9 by 20 by 24 Inches, 2500°C, 2700°C
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Figure 36. Across-Grain Compressive Stress-Strain Curves, ATJ
Graphite, Room Temperature, ¢ by 20 by 24 Inches
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Figure 37. Across-Grain Compressive Stress-Strain Curves, ATJ
Graphite, 9 by 20 by 24 Inches, 1000°C, 1500°C, 2000°C
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Figure 38, Across-Grain Compressive Stress-Strain Curves, ATJ

Graphite, 9 by 20 by 24 Inches, 2500°C, 2700°C
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Figure 39. With-Grain Apparent Ultimate Shear Strength vs. Tem-
perature, ATJ Graphite, 9 by 20 by 24 Inches
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Figure 40. Across-Grain Apparen\t‘"- Ultimate Shear Strength vs. Tem-
perature, ATJ Graphite, ¢ by 20 by 24 Inches
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Figure 44, With-Grain Apparent Shear Stress-Strain Curves, ATJ
: Graphite, 9 by 20 by 24 Inches, Room Temperature
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Figure 42. With-Grain Apparent Shear Stress-Strain Curves, ATJ Graph-
ite, 9 by 20 by 24 Inches, 1000°C, 1500°C, 2000°C
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Figure 43, With-Grain Apparent Shear Stress-Strain Curves, ATJ
Graphite, 9 by 20 by 24 Inches, 2500°C, 2700°C
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Figure 44, Across-Grain Apparent Shear Stress-Strain Curves, ATJ

Graphite, 9 by 20 by 24 Inches, Room Temperature
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Figure 45. Across-Grain Apparent Shear Stress-Strain Curves, ATJ
Graphite, 9 by 20 by 24 Inches, 1000°C, 1500°C, 2000°C
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Figure 46. Across-Grain Apparent Shear Stress-Strain Curves, ATJ

Graphite, 9 by 20 by 24 Inches, 2500°C, 2700°C
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3.2. Grade ZTA Graphite{:817)

3.2.4. Grade ZTA, 14-Inch Diameter by 10-Inch Length

Five blocks of ZTA graphite (taken from factory production} were
selected for property measurements. A summary of the properties of
these five 14-inch diameter by 10-inch length ZTA blocks is presented in
Tables 3 and 4, and the properties of the individual blocks are given in
Tables 5 to 14, inclusive. Because the blocks were not large enough for
complete individual characterization as outlined in the Introduction
({Section 1) room-and high-temperature shear strengths and high-tempera-
ture compressive strengths have been omitted.

Figures 53 and 54, respectively, are plots of the thermal expan-
sion and Young's modulus data in Table 4. All strength measurements are
made at cross head or platen rates of 0.020 inch per minute. The inter-
pretation of stress-strain curves was discussed in Section 3. 1.
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Figure 48, Density Profile, ZTA Graphite Block No, 20, 14-Inch
Diameter by 10-Inch Length
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Figure 49. Density Profile, ZTA Graphite Block No. 23, 14-Inch

Diameter by 10-Inch Length
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Figure 50.

Density Profile, ZTA Graphite Block No. 111, 14-Inch

Diameter by 10-Inch Length
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Figure 51. Density Profile, ZTA Graphite Block No. 153, 44-Inch

Diameter by 10-Inch Length

66

1.-474

1.-475



1,92

1.91]4.904.89|1.89]1.88|1.89(1.88|1.89(|1.858(1.91

1.93

1.95(4.95(4.95|1.94(1.941.93 [1.92(1.92]1.91]1.92

1.92

1.9714.98|1.98[1.98|1.97|1.97(4.96|1.95|1.93|1.91

1.92

1.98 |2.01(2.00|2.00]1.99|41.98(4.97]1.96]14.94|1.91

1.93

1.984.99(1.99(1.99|1.99|1.98|1.97|1.96|1.95|1.92

1.94

1.9711.98|4.981.98(1.97]1.96|1.95|1.95[4.95[1.94

1,96

1.95

1.95(4.95|4.95|1.94 |1.94 |1.93(1.92|1.92]1.93 |1.94

Figure 52.

Figure 53.

Density Profile, ZTA Graphite Block No. 159, 14-Inch
Diameter by 10-Inch L.ength
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Figure 54. Young's Modulus vs. Temperature, ZTA Graphite,
14 -Inch Diameter by 10-Inch Length
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Figure 55. With-Grain Ultimate Tensile Strength vs. Temperature,
ZTA Graphite, 14-Inch Diameter by 10-Inch Length
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Figure 56. Across-Grain Ultimate Tensile Strength vs. Temperature,
ZTA Graphite, 14-Inch Diameter by 10-Inch Length
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Figure 57. With-Grain Tensile Stress-Strain Curves, ZTA Graphite,
14-Inch Diameter by 10-Inch Length, Block No. 141,
Room Temperature
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Figure 58. With-Grain Tensile Stress-Strain Curves, ZTA Graphite,
44 -Inch Diameter by 10-Inch Length, Block No. 111,
1000°C, 1500°C, 2000°C
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Figure 59. With-Grain Tensile Stress-Strain Curves, ZTA Graphite,
14 -Inch Diameter by 10-Inch Length, Block No. 111,
2500°C, 2700°C
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Figure 60. Across-Grain Tensile Stress-Strain Curves, ZTA Graphite
14-Inch Diameter by 10-Inch Length, Block No. 111, Room
Temperature
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Figure 61. Across-Grain Tensile Stress-Strain Curves, ZTA Graphite,
14-Inch Diameter by 10-Inch Length, Block No, 111, 1000°C,
1500°C, 2000°C
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Figure 62. Across-Grain Tensile Stress-Strain Curves, ZTA Graphite,
14 -Inch Diameter by 10-Inch Length,Block No. 111,
2500°C, 2700°C
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Figure 63. Pore Size Distribution, Mercury Porosimetry, ZTA Graphite,
Typical of Both 14- and 8%&-Inch Diameter Blocks
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3.2.2. Grade ZTA, 8i-Inch Diameter by 11 -Inch Length

Four blocks were selected for the characterization of 8% -inch
diameter ZTA graphite. Tables 15 and 16 summarize the properties
of these four blocks and Tables 17 to 24, inclusive, give the properties
of the individual blocks. Not all properties could be extensively meas-
ured on each block because of its small size, so high4emperature
strength measurements have been limited to with-grain tensile strength
on two blocks.

Figures 66 and 67, respectively, are plots of the thermal ex-
pansion and Young's modulus data presented in Table 16.

The dots in Figure 68 represent individual tests, and the curves

are suggested maximum and minimum limits. All strength measure-
ments were made at crosshead or platen rates of 0, 020 inch per minute.
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Figure 66. Thermal Expansion vs. Temperature, ZTA Graphite,
83-Inch Diameter by 11-Inch Length
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Figure 67. Young's Modulus vs. Temperature, ZTA Graphite,
81-Inch Diameter by 44-Inch Length
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CROSSHEAD RATE, 0. 020 INCH/MINUTE

NO. OF ROOM NO. OF HIGH
TEMP.SAMPLES TEMP. SAMPLES

BLOCK NO. H-163 ] -
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Figure 68. With-Grain Ultimate Tensile Strength vs. Temperature,
ZTA Graphite, 83-Inch Diameter by 11-Inch Length
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3.3. Grade ZTB Graphite{18:17)

ZTB graphite is one of the nine grades on which tensile and
shear strength measurements at room and elevated temperatures and
compressive strength at elevated temperatures have been omitted.

Physical properties were obtained from two blocks, 8% inches
in diameter by 11 inches in length. The combined data are presented in
Tables 25 and 26, and the properties for the individual blocks are given
in Tables 27 to 30, inclusive. Figures 70 and 71, respectively, are
plots of the thermal expansion and Young's modulus data presented in
Table 26. All strength measurements were made at cross-head of
platen rates of 0.020 inch per minute,
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Figure 69. Density Profile, ZTB Graphite, 83-Inch Diameter by

Figure 70.

11-Inch Length, Blocks No. 1 and 2
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3.4. Grade ZTC Graphite (15,17

Physical properties of ZTC graphite were obtained from two
8%-inch diameter by 11-inch length blocks. Results of the property
measurements are summarized in Tables 31 and 32 and the data regard-
ing individual blocks are given in Tables 33 to 36, inclusive. Figure 73
and 74, respectively, are plots of the thermal expansion and Young's
modulus data from Table 32. All strength measurements were made at
cross-head or platen rates of 0. 020 inch per minute,

ZTGC graphite is another of the grades for which room-and high-
temperature tensile and shear strengths and high-temperature compres-
sive strength were not measured.
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Figure 73. Thermal Expansion vs. Temperature, ZTC Graphite,
8% -Inch Diameter by 1i-Inch Length
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Figure 74. Young's Modulus vs. Temperature, ZTC Graphite,

84 -Inch Diameter by 11-Inch Length .
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3.5. Grade ZTD Graphite{1¢:17)

Physical properties were measured on only one block of ZTD
graphite 14 inches in diameter by 10 inches in length. This grade was
used to evaluate the equipment for measuring ultimate shear strength,
and only tensile strength at room and elevated temperatures and com-
pressive strength at elevated temperatures wer< not included in the
characterization,

Apparent shear strength measurements were made at two platen
rates, 0.005- and 0,020 inch per minute. All other strength measure-
ments were made only at a cross-head or platen rate of 0.020 inch per
minute. The shear strength of graphite in the brittle state appears to
be independent of the strain rate (platen rate) as jllustrated in Figures
79 and 80; however, it is a function of the strain rate in the transition
and plastic states.
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Figure 76,

PER CENT ELONGATION
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Density Profile, ZTD Graphite, 14-Inch Diameter
by 40-Inch Length
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Figure 77, Thermal Expansion vs. Temperature, ZTD Graphite,
14-Inch Diameter by 10-Inch Length
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Figure 78. Young's Modulus vs. Temperature, ZTD Graphite,
14 -Inch Diameter by 10-Inch Length
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Figure 79. With-Grain Apparent Ultimate Shear Strength vs.
Temperature, ZTD Graphite, 14-Inch Diameter
by 10-Inch Length
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Figure 80. Across-Grain Apparent Ultimate Shear Strength
vs. Temperature, ZTD Graphite, 14-Inch Diameter
by 10-Inch Length
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Figure 81. Pore Size Distribution, Mercury Porosimetry,
ZTD Graphite
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3.6. Grade ZTE Graphite (185 27)

Only one 30-inch diameter by 23%4-ingh length block was used
in the characterization of ZTE graphite, but enough stock was available
to allow complete measurement of properties as outlined in Section 1.
The interpretation of stress-strain curves was discussed in Section 3.1.
All strength measurements were made with cross-head or platen rates
of 0.020 inch per minute.
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TEMPERATURE, 'C
Figure 83. Thermal Expansion vs. Temperature, ZTE Graphite,

30-Inch Diameter by 23%-Inch Length
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Figure 84. Young's Modulus vs. Temperature, ZTE Graphite,
30-Inch Diameter by 23g-Inch Length.
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Figure 85, With-Grain Ultimate Tensile Strength vs. Temperature,
ZTE Graphite, 30-Inch Diameter by 23= Inch Length
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Figure 86. Across-Grain Ultimate Tensile Strength vs. Temperature,
ZTE Graphite, 30-Inch Diameter by 23 - Inch Length
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Figure 87. With-Grain Tensile Stress ~-Strain Curves, ZTE Graphite,
30-Inch Diameter by 23— Inch Length, Room Temperature
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Figure 88. With-Grain Tensile Stress-Strain Curves, ZTE Graphite,
30-Inch Diameter by 23— Inch Length, 1000°C, 1500°C
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Figure 89, With-Grain Tensile Stress -Strain Curves, ZTE Graphite,
30-Inch Diameter by 23— Inch Length, 2000°C
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Figure 90, With-Grain Tensile Stress-Strain Curves, ZTE Graphite,
30-Inch Diameter by 23— Inch Length, 2500°C, 2700°C
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Figure 94. Across-Grain Tensile Stress-Strain Curves, ZTE Graphite,
30-Inch Diameter by 23— Inch Length, Room Temperature
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Across-Grain Tensile Stress-Strain Curves, ZTE Graphite,

30-Inch Diameter by 23 — Inch Length, 1000°C, 1500°C,
2000°C
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Figure 93. Across-Grain Tensile Stress-Strain Curves, ZTE Graphite,
30-Inch Diameter by 23— Inch Length, 2500°C, 2700°C
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Figure 94. With-Grain Ultimate Compressive St rength vs. Temperature,

ZTE Graphite, 30-Inch Diameter by 23 —Inch Length
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Figure 95. Across-Grain Ultimate Compressive Strength vs. Temperature,
ZTE Graphite, 30-Inch Diameter by 23 - Inch Length
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Figure 96. With-Grain Compressive Stress-Strain Curves, ZTE Graphite,

30-Inch Diameter by 23 —Inch Length, Room Temperature
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Figure 97. With-Grain Compressive Stress-Strain Curves, ZTE Graphite,
30-Inch Diameter by 23 —-Inch Length, 1000°C, 1500°C, 2000°C
20,0 PLATEN RATE, 0.020 INCH/MINUTE
% 2700°C
@ 16,0 [
H 3500°C
m
=]
)
Wwi2.0
:
b
3}
2]
8.0
7
4
4
g 4.0
Q
5]
'} 1 1 1 L 1 1 A
4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0
STRAIN,PER CENT 1.-549
Figure 98. With-Grain Compressive Stress-5train Curves, ZTE Graphite,

30-Inch Diameter by 23— Inch Length, 2500°C, 2700°C
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Figure 99, Across-Grain Compressive Stress-Strain Curves, ZTE Graphite,
30-Inch Diameter by 23 - Inch Length, Room Temperature
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Figure 100, Across-Grain Compressive Stress-Strain Curves, ZTE
Graphite, 30-Inch Diameter by 23 —Inch Length, 1000°C,
1500°C, 2000°C
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Figure 101. Across-Grain Compressive Stress-Strain Curves, ZTE L-552
Graphite, 30-Inch Diameter by 23— Inch Length, 2500°C,
2700°C
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Figure 102. With-Grain Apparent Ultimate Shear Strength vs.
Temperature, ZTE Graphite, 30-Inch Diameter by
23 —'Inch Length
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Figure 103. Across-Grain Apparent Ultimate Shear Strength vs. Tempera-
ture, ZTE Graphite, 30-Inch Diameter by 23- Inch Length
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Figure 104. With-Grain Apparent Shear Stress-Strain Curves, ZTE Graph-

ite, 30-Inch Diameter by 23— Inch Length, Room Temperature
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Figure 105,

With-Grain Apparent Shear Stress-Strain Curves, ZTE
Graphite, 30-Inch Diameter by 23—~ Inch Length, 1000°C,
1500°C, 2000°C
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Figure 106. With-Grain Apparent Shear Stress-Strain Curves, ZTE

Graphite, 30-Inch Diameter by 23 —Inch Length, 2500°C,
2700°C
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Figure 107. Across-Grain Apparent Shear Stress-Strain Curves, ZTE
Graphite, 30-Inch Diameter by 23— Inch Length, Room
Temperature
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Figure 108. Across-Grain Apparent Shear Stress-Strain Curves, ZTE
Graphite, 30-Inch Diameter by 23 - Inch Length, 1000°C,
1500°C, 2000°C
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Figure 109. Across-Grain Apparent Shear Stress-Strain Curves,
ZTE Graphite, 30-Inch Diameter by 23 —Inch Length,
2500°C, 2700°C
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3.7. Grade ZTF Graphite(le': 17)

One complete block of 14-inch diameter by 11-inch length ZTF
graphite, Block 137A, and a fraction of another, Block 1, were used for
physical property measurements. Block 1 was limited to room-tempera-
ture properties; Block 137A included high-temperature thermal expansion
and Young's modulus as well as room-temperature properties.

Table 41 summarizes the room-temperature properties measured
on both blocks whereas Tables 42 and 43 give the properties of blocks 1
and 137A, respectively. All strength measurements were made at cross-
head or platen rates of 0.020 inch per minute.
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Figure 111, Density Profile, ZTF Graphite, Block No. ‘137A,L ?
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Figure 112. Thermal Expansion vs. Temperature, ZTF Graphite,
14 -Inch Diameter by 14 -Inch Length
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Figure 113. Young's Modulus vs. Temperature, ZTF Graphite,
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3.8. Grade RVA Graphite(36,2?)

Physical properties were obtained from three blocks of 33-inch
diameter by 42-inch length RVA graphite. The combined data of the
three blocks are given in Tables 45 and 46, and the results of the meas-
urements on individual blocks are presented in Tables 47 to 52, in-
clusive., Figures 118 and 119, respectively, are plots of the thermal
expansion and Young's modulus data from Table 46. Again the unusual
stress-strain curves in tension (serrated) were in evidence. The
interpretation of stress-strain curves was discussed in Section 3.1,

All strength measurements are made at cross-head or platen rates of
0.020 inch per minute.
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Figure 115, Density Profile, RVA Graphite, Block No. A-19,

33 -Inch Diameter by 42-Inch Length
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Figure 116. Density Profile, RVA Graphite, Block No. A-20,
33-Inch Diameter by 42-Inch Length
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Figure 118. Thermal Expansion vs. Temperature, RVA Graphite,
33-Inch Diameter by 42-Inch Length
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Figure 119, Young's Modulus vs. Temperature, RVA Graphite,
33-Inch Diameter by 42-Inch Length
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Figure 120. With-Grain Ultimate Tensile Strength vs. Temperature,
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Figure 122, With-Grain Tensile Stress-Strain Curves, RVA Graphite,
33-Inch Diameter by 42-Inch Length, Block No. A-19, Room
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Figure 123. With-Grain Tensile Stress-Strain Curves, RVA Graphite,
33-Inch Diameter by 42-Inch Length, Block No. A-19,
4000°C, 4500°C, 2000°C
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Figure 124, With-Grain Tensile Stress-Strain Curve, RVA Graphite,
33-Inch Diameter by 42-Inch Length, Block No. A-19,
2500°C, 2700°C
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Figure 125. Across-Grain Tensile Stress-Strain Curves, RVA Graph-
ite, 33-Inch Diameter by 42-Inch Length, Block No. A-19,
Room Temperature
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Figure 126. Across-Grain Tensile Stress-Strain Curves, RVA Graphite,
33-Inch Diameter by 42-Inch Length, Block No. A-19,
1000°C, 1500°C, 2000°C

5 or 2500°C
,__j/zmaw:
% 40}
@
]
-
& 3.0}
o
g
=
n
W o2of
E CROSSHEAD RATE, 0, 020 INCH/ MINUTE
K
)
1.0 |

1.0 2.0 3.0 4.0 5.0
STRAIN, PER CENT 1.-509 .

Figure 127, Across-Grain Tensile Stress-Strain Curves, RVA Graphite
33-Inch Diameter by 42-Inch Length, Block No, A-19,
2500°C, 2700°C
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Figure 128. With-Grain Tensile Stress-Strain Curves, RVA Graphite,
33-Inch Diameter by 42-Inch Length, Block No. A-20,
Room Temperature
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Figure 129. With-Grain Tensile Stress-Strain Curves, RVA Graphite,
33-Inch Diameter by 42-Inch Length, Block No. A-20,
1000°C, 1500°C, 2000°C
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Figure 130. With-Grain Tensile Stress-Strain Curves, RVA Graphite,
33-Inch Diameter by 42-Inch Length, Block No. A-20,
2500°C, 2700°C
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Figure 131. Across-Grain Tensile Stress-Strain Curves, RVA Graphite,
33-Inch Diameter by 42-Inch Length, Block No. A-20,
Room Temperature
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Figure 132, Across-Grain Tensile Stress-Strain Curves, RVA Graphite,
33-Inch Diameter by 42-Inch Length, Block No. A-20,
1000°G, 1500°C, 2000°C
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Figure 433. Across-Grain Tensile Stress-Strain Curves, RVA Graphite,
33-Inch Diameter by 42-Inch Length, Block No. A-20,
2500°C, 2700°C
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Figure 134, With-Grain Tensile Stress-Strain Curves, RVA Graphite, .
33-Inch Diameter by 42-Inch Length, Block No. A-24,
Room Temperature
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Figure 135. With-Grain Tensile Stress-5Strain Curves, RVA Graphite,
33-Inch Diameter by 42-Inch Length, Block No. A-24,
1000°C, 4500°C, 2000°C
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Figure 138. Across-Grain Tensile Stress-Strain Curves, RV A Graphite,
33-Inch Diameter by 42-Inch Length, Block No. A-24,
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Figure 139. Across-Grain Tensile Stress-Strain Curves, RVA Graph-
ite, 33-Inch Diameter by 42-Inch Length, Block No. A-24,
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Figure 142. With-Grain Compressive Stress-Strain Curves, RVA Graphite,
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Figure 143. With-Grain Compres gsive Stress-Strain Curves, RVA Graph-
ite, Block No. A-19, 33-Inch Diameter by 42-Inch Length,
1000°C, 1500°C, 2000°C
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Figure 145. Across-Grain Compressive Stress-Strain Curves, RVA
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Figure 146, Across-Grain Compressive Stress-Strain Curves, RVA
Graphite, Block No. A-19, 33-Inch Diameter by 42-Inch
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Figure 147. Across-Grain Compressive Stress-Strain Curves, RVA
Graphite, Block No. A-19, 33-Inch Diameter by 42-Inch
Length, 2500°C, 2700°C
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Figure 150, With-Grain Compressive Stress-Strain Curves, RVA
Graphite, Block No. A-20, 33-Inch Diameter by 42-
Inch Length, 2000°C, 2500°C, 2700°C
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Figure 152. Across-Grain Compressive Stress-Strain Curves, RVA
Graphite, Block No. A-20, 33-Inch Diameter by 42-
Inch Length, 1000°C, 1500°C, 2000°C
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Figure 153. Across-Grain Compressive Stress-Strain Curves, RVA
Graphite, Block No. A-20, 33-Inch Diameter by 42-
inch Length, 2500°C, 2700°C

166

A



12. 0F PLATEN RATE, 0,020 INCH/MINUTE MAXIMUM
MINIMUM

~ 10,0 N
&
w
-]
4
- B.D
(=]
-l
173
& r
5]
B
2 oo
A 40
o
Ay
=
3]
0

2,0

'l 1 L 'l Fs [l L
1.0 2.0 3.0 4.0
STRAIN.PER CENT L.-578

Figure 154. With-Grain Compressive Stress-Strain Curves, RVA
Graphite, Block No. A-24, 33-Inch Diameter by 42-
Inch Length, Room Temperature
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Figure 155. With-Grain Compressive Stress-Strain Curves, RVA
Graphite, Block No, A-24, 33-Inch Diameter by 42-
Inch Length, 1000°C, 1500°C, 2000°C
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Figure 156. With-Grain Compressive Stress-Strain Curves, RVA
Graphite, Block No. A-24, 33-Inch Diameter by 42-
Inch Length, 2500°C, 2700°C
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Figure 157, Across-Grain Compressive Stress-Strain Curves, RVA
Graphite, Block No. A-24, 33-Inch Diameter by 42-Inch
Length, Room Temperature
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Figure 160. With-Grain Apparent Ultimate Shear Strength vs. Tem-
perature, RVA Graphite, 33-Inch Diameter by 42-Inch
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Figure 161, Across-Grain Apparent Ultimate Shear Strength vs.
Temperature, RVA Graphite, 33-Inch Diameter by
42-Inch Length

170



3.0} PLATEN RATE, 0.020 INCH/MINUTE
a
e
S MAXIMUM
o}
MINIMUM
8
gg 2.0k
™
[
é
3 1.0
'
[
<
1,0 2.0 3.0 4.0
STRAIN,PER CENT L-586

Figure 162. With-Grain Apparent Shear Stress-Strain Curves,
RV A Graphite, Block No. A-19, 33-Inch Diameter
by 42-Inch Length, Room Temperature
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Figure 163. With-Grain Apparent Shear Stress-Strain Curves,

RV A Graphite, Block No. A-19, 33-Inch Diameter
by 42-Inch Length, 1000°C, 1500°C, 2000°C
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Figure 164. With-Grain Apparent Shear Stress-Strain Curves,
RV A Graphite, Block No. A-19, 33-Inch Diameter
by 42-Inch Length, 2500°C, 2700°C

3.or PLATEN RATE, 0.020¢ INCH/MINUTE
MAXIMUM

o

&

- MINIMUM

n 2 0ofF

(-]

hal

i

-4

B

n

o

<

0]

T

w10}

-

[«

+ %

-«

1.0 2.0 1.0
STRAIN,PER CENT L-589

Figure 165. Across-Grain Apparent Shear Stress-Strain Curves, RVA
Graphite, Block No. A-19, 33-Inch Diameter by 42-Inch
Length, Room Temperature
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Figure 166, Across-Grain Apparent Shear Stress-Strain Curves, RVA
Graphite, Block No. A-19, 33-Inch Diameter by 42-Inch
Length, 1000°C, 1500°C, 2000°C
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Figure 167. Across-Grain Apparent Shear Stress-Strain Curves, RVA
Graphite, Block No. A-19, 33-Inch Diameter by 42-Inch
Length, 2500°C, 2700°C
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With-Grain Apparent Shear Stress-Strain Curves, RVA
Graphite, Block No, A-20, 33-Inch Diameter by 42-
Inch Length, 1000°C, 4500°C, 2000°C
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Figure 170. With-Grain Apparent Shear Stress-Strain Curves, RVA
Graphite, Block No. A-20, 33-Inch Diameter by 42-
Inch Length, 2500°C, 2700°C

3.0 | PLATEN RATE, 0.020 INCH/MINUTE
E
§ MINIMUM
) MAXIMUM
“zo |
a
o
&
o
<
[xk
ol
(4]
b
Z 1.0 [
&
™
o
)
L

1.0 2.0 3.0 4.0
STRAIN, PER CENT L-595
Figure 171. Across-Grain Apparent Shear Stress-Strain Curves, RVA

Graphite, Block No. A-20, 33-Inch Diameter by 42-Inch
Length, Room Temperature
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Figure 172. Across-Grain Apparent Shear Stress-Strain Curves, RVA
Graphite, Block No. A-20, 33-Inch Diameter by 42-Inch
Length, 1000°C, 1500°C, 2000°C
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Figure 173. Across-Grain Apparent Shear Stress-Strain Curves, RVA
Graphite, Block No. A-20, 33-Inch Diameter by 42-Inch
Length, 2500°C, 2700°C
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Figure 174. With-Grain Apparent Shear Stress-Strain Curves, RVA
Graphite, Block No. A-24, 33-Inch Diameter by 42-Inch
Length, Room Temperature
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Figure 175. With-Grain Apparent Shear Stress-Strain Curves, RVA
Graphite, Block No. A-24, 33-Inch Diameter by 42-Inch
Length, 1000°C, 1500°C, 2000°C
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Figure 176. With-Grain Apparent Shear Stress-Strain Curves, RVA

Graphite, Block No. A-24, 33-Inch Diameter by 42-
Inch Length, 2500°C, 2700°C
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Figure 177. Across-Grain Apparent Shear Stress-Strain Curves, RVA

Graphite, Block No. A-24, 33-Inch Diameter by 42-Inch
Length, Room Temperature '
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3.9. Grade RVC Graphite {29,217}

Two 18-inch diameter by 17-inch length blocks were used for the
characterization of RVC graphite. One, Block No. 163, was completely
characterized as outlined in Section 1. The other, Block 175, was limited
to room temperature properties, with the exception of high-temperature
thermal expansion.

Physical properties of the two blocks are summarized in Tables
53 and 54, and those for individual blocks are reported in Tables 55
through 58, inclusive. Figure 182 is a plot of the thermal expansion data
presented in Table 54, The interpretation of stress-strain curves was
discussed in Section 3.1. All strength measurements were made at cross-
head or platen rates of 0.020 inch per minute.
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Figure 182. Thermal Expansion vs. Temperature, RVC Graphite,
18-Inch Diameter by 417-Inch Length
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Figure 183. Young's Modulus vs. Temperature, RVC Graph-
ite, 18-Inch Diameter by 17-Inch Length, Block
No. 163
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Figure 184. With-Grain Ultimate Tensile Strength vs. Temperature,
RVC Graphite, Block No. 163, 18-Inch Diameter by
17-Inch Length
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Figure 185. Across-Grain Ultimate Tensile Strength vs. Temperature,
RV C Graphite, Block No. 163, 18-Inch Diameter by
17-Inch Length
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Figure 186. With-Grain Tensile Stress-Strain Curves, RVC Graphite,
18-Inch Diameter by 17-Inch Length, Block No. 163,
Room Temperature
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Figure 187. With-Grain Tensile Stress-5Strain Curves, RVC Graphite,

18-Inch Diameter by 47-Inch Length, Block No, 163,
1000°C, 1500°C, 2000°C
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Figure 188. With-Grain Tensile Stress-Strain Curves, RV C Graphite,
18-Inch Diameter by 17-Inch Length, Block No. 163,
2500°C
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Figure 189. With-Grain Tensile Stress-Strain Curves, RVC Graphite,
18-Inch Diameter by 17-Inch Length, Block No. 163,
2700°C
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Figure 190. Across-Grain Tensile Stress-Strain Curves, RVC Graphite,
18-Inch Diameter by 17-Inch Length, Block No. 163, Room
Temperature
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Figure 191. Across-Grain Tensile Stress-Strain Curves, RVC Graphite,
18-Inch Diameter by 17-Inch Length, Block No. 163,
1000°C, 1500°C, 2000°C
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Figure 192. Across-Grain Tensile Stress-Strain Curves, RVC Graphite,
18-Inch Diameter by 17-Inch Length, Block No. 163,
2500°C, 2700°C
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Figure 193. With-Grain Ultimate Compressive Strength vs. Temperature,
RV C Graphite, Block No. 163, 18-Inch Diameter by 17 -Inch

Length
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Figure 194. Across-Grain Ultimate Compressive Strength vs. Temperature,
RVC Graphite, Block No. 163, 18-Inch Diameter by 17-Inch
Liength
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Figure 195. With-Grain Compressive Stress-Strain Curves, RVC Graph-
ite, Block No. 463, 18-Inch Diameter by 17-Inch Length,
Room Temperature
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Figure 196, With-Grain Compressive Stress-Strain Curves, RVC Graph-
ite, Block No. 163, 18-Inch Diameter by 17-Inch Length,
1000°C, 4500°C, 2000°C
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Figure 197. With-Grain Compressive Stress-Strain Curves, RVC Graph-
ite, Block No. 163, 18-Inch Diameter by 47-Inch Length,
2500°C, 2700°C
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Figure 198, Across-Grain Compressive Stress-Strain Curves, RVC
Graphite, Block No. 163, 18-Inch Diameter by 17-Inch
Length, Room Temperature
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Figure 199. Across-Grain Compressive Stress-Strain Curves, RVC

Graphite, Block No. 163, 18-Inch Diameter by 17-Inch
Length, 1000°C, 1500°C, 2000°C
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Figure 200. Across-Grain Compressive Stress-Strain Curves, RVC
Graphite, Block No. 163, 18-Inch Diameter by 17-Inch
Length, 2500°C, 2700°C
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Figure 201, With-Grain Apparent Ultimate Shear Strength vs. Tempera-
ture, RVC Graphite, Block No. 163, 18-Inch Diameter by
17-Inch Length
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Figure 202. Across-Grain Apparent Shear Strength, vs. Temperature,
RVC Graphite, Block No. 163, 18-Inch Diameter by

17-Inch Length
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Figure 203. With-Grain Apparent Shear Stress-Strain Curves, RVC
Graphite, Room Temperature, Block No. 163, 18-Inch
Diameter by 47-Inch Length
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Figure 204. With-Grain Apparent Shear Stress-Strain Curves, RVC
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Length, 2500°C, 2700°C
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Figure 206. Across-Grain Apparent Shear Stress-Strain Curves, RVC
Graphite, Block No. 163, 18-Inch Diameter by 17-Inch
Length, Room Temperature
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Figure 207. Across-Grain Apparent Shear Stress-Strain Curves, RVC
Graphite, Block No. 163, 18-Inch Diameter by 17-Inch
Length, 4000°C, 1500°C, 4500°C

201



700°C

PLATEN RATE, 0.020 INCH/MINUTE
e.0r 2500°C
~N
Zs. 0
A
L]
Q4.0
%;
[
w30l
o
<
ul
z
4]
g 2.0t
&
2
o
% 1.0}
1 L 1 L L rl A
3.0 6.0 9.0 12.0 15.0 18.0 24.0
STRAIN PER GENT L-632
Figure 208. Across-Grain Apparent Shear Stress-Strain Curves, RVC
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3.40. Grade RVD Graphite{22)

Two 18-inch diameter by 17-inch length blocks were used to deter-
mine the physical properties of RVD graphite. Most of the high-tempera-
ture properties were determined on Block No. 200, with thermal expansion
being the only high-temperature property measured on both blocks.

The physical property data from both blocks are given in Tables
59 and 60, whereas Tables 61 to 64, inclusive, present the properties of
the individual blocks. Figure 211 is a plot of the thermal expansion data
from Table 60, The interpretation of stress-strain curves was discussed
in section 3.4. All strength measurements were made with a cross-head
or platen rate of 0. 020 inch per minute.
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Figure 241. Thermal Expansion vs. Temperature, RVD Graphite,
18-Inch Diameter by 17-Inch Length
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Figure 212. Young's Modulus vs. Temperature, RVD Graphite,
18-Inch Diameter by 17-Inch Length, Block No. 199
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Figure 243. With-Grain Ultimate Tensile Strength vs. Temperature,

RVD Graphite, Block No. 199, 48 -Inch Diameter by
17-Inch Length
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Figure 214. Across-Grain Ultimate Tensile Strength vs. Temperature,
RVD Graphite, Block No. 199, 18-Inch Diameter by
17-Inch Length
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Figure 217, With-Grain Tensile Stress~Strain Curves, RVD Graphite,
48 -Inch Diameter by 17-Inch Length, Block No. 199,
2500°C, 2700°C
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Figure 218, Across-Grain Tensile Stress-Strain Curves, RVD Graphite,
18-Inch Diameter by 17-Inch Length, Block No. 199, Room
Temperature
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Figure 219. Across-Grain Tensile Stress Strain Curves, RVD Graphite,

18-Inch Diameter by 17-Inch Length, Block No. 199, 1000°C,
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Figure 220, Across-Grain Tensile Stress-Strain Curves, RVD Graphite,

18-Inch Diameter by 17-Inch Length, Block No. 199,
2500°C, 2700°C
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Figure 221. With-Grain Ultimate Compressive Strength vs. Temperature,
RVD Graphite, Block No. 199, 18 -Inch Diameter by 17-Inch
Length
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Figure 222. Across-Grain Ultimate Compressive Strength vs. Tempera-
ture, RVD Graphite, Block No. 199, 18-Inch Diameter by
17-Inch Length
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With-Grain Compressive Stress-Strain Curves, RVD
Graphite, Block No. 199, 18-Inch Diameter by 17-Inch
Length, Room Temperature
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Figure 224. With-Grain Compressive Stress-Strain Curves, RVD

Graphite, Block No. 199, 18-Inch Diameter by 17-Inch
Length, 1000°C, 1500°C, 2000°C
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Figure 225. With-Grain Compressive Stress-Strain Curve, RVD

Graphite, Block No. 199, 18-Inch Diameter by 17-Inch
Length, 2500°C
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Figure 226. Across-Grain Compressive Stress-Strain Curves, RVD
Graphite, Block No, 199, 18-Inch Diameter by 17-Inch
Length, Room Temperature
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Across-Grain Compressive Stress-Strain Curve, RVD
Graphite, Block No. 199, 18-Inch Diameter by 17-Inch
Length, 2500°C
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Figure 229. With-Grain Apparent Ultimate Shear Strength vs. Tempera-
ture, RVD Graphite, Block No. 4199, 418-Inch Diameter by
17-Inch Length
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Figure 230. Across-Grain Apparent Ultimate Shear Strength vs. Tempera-
ture, RVD Graphite, Block No. 199, 418-Inch Diameter by
17-Inch Length
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231. With-Grain Apparent Shear Stress-Strain Curves, RVD
Graphite, Block No. 199, 18-Inch Diameter by 17-Inch
Length, Room Temperature
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232. With-Grain Apparent Shear Stress-Strain Curves, RVD
Graphite, Block No. 199, 18-Inch Diameter by 17-Inch
Length, 1000°C, 1500°C, 2000°C
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Figure 233. With-Grain Apparent Shear Stress-Strain Curves, RVD
Graphite, Block No. 199, 18-Inch Diameter by 17-Inch
Length, 2500°C, 2700°C
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Figure 234. Across-Grain Apparent Shear Stress-Strain Curves,
RVD Graphite, Block No. 199, 18-Inch Diameter by
17-Inch Length, Room Temperature
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Figure 235. Across-Grain Apparent Shear Stress-Strain Curves,
RVD Graphite, Block No. 199, 18-Inch Diameter by
17-Inch Length, 1000°C, 1500°C, 2000°C
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Figure 236. Across-Grain Apparent Shear Stress-Strain Curves,
RVD Graphite, Block No. 199, 18-Inch Diameter by
47-Inch Length, 2500°C, 2700°C
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3.141. Grade CFW Graphite(23)

Physical properties were measured on one block of CFW graph-
ite, 40-inch O.D. by 15-inch I. D. by 20-inch length. The room and high-
temperature properties are given in Tables 65 and 66, respectively. The
interpretation of stress-strain curves was discussed in Section 3.1, All
strength measurements were made with cross-head or platen rates of
0.020 inch per minute.
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Figure 238. Thermal Expansion vs. Temperature, CFW Graphite,
40-Inch O, D. by 15-Inch I. D. by 20-Inch Length
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Figure 239. With-Grain Young's Modulus vs. Temperature, CFW
Graphite, 40-Inch O. D. by 15-Inch 1. D. by 20-Inch
Length
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Figure 242, Across-Grain Ultimate Tensile Strength vs. Temperature,
CFW Graphite, 40-Inch O.D, by 15-Inch I, D, by 20-Inch
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Figure 243, With-Grain Tensile Stress-Strain Curves, CFW Graphite,
40-Inch O. D. by 45-Inch I. D. by 20-Inch Length, Room
Temperature
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Figure 244, With-Grain Tensile Stress-Strain Curves, CFW Graphite,
40-Inch O, D. by 15-Inch L. D. by 20-Inch Length, 1000°C,
1500°C, 2000°C
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Figure 245. With-Grain Tensile Stress-Strain Curves, CFW Graphite,
40-Inch O. D. by 45-Inch L. D. by 20-Inch: Liength, 2500°C,
2700°C
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Figure 246. Across-Grain Tensile Stress-Strain Curves, CFW
Graphite, 40-Inch O.D. by 45-Inch I.D. by 20-Inch
Length, Room Temperature
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Figure 247. Across-Grain Stress-Strain Curves, CFW Graphite,
40-Inch O. D. by 15-Inch L. D. by 20-Inch Length,
1000°C, 1500°C, 2000°C
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Figure 248. Across-Grain Tensile Stress-Strain Curves, CFW
Graphite, 40-Inch O. D. by 15-Inch I. D. by 20-Inch
Length, 2500°C, 2700°C
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Figure 249. With-Grain Ultimate Compressive Strength vs. Tem-
perature, CFW Graphite, 40-Inch O. D, by 15-Inch L. D.
by 20-Inch Length
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Figure 250, Across-Grain Ultimate Compressive Strength vs. Tem-
perature, CFW Graphite, 40-Inch O.D. by 15-Inch L. D.
by 20-Inch Liength
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Figure 251, With-Grain Compressive Stress-Strain Curves, CFW
Graphite, 40-Inch O. D. by 15-Inch 1. D. by 20-Inch
Length, Room Temperature
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252. With-Grain Compressive Stress-Strain Curves, CFW
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253. With-Grain Compressive Stress-Strain Curves, CFW
Graphite, 40-Inch O. D, by 15-Inch 1. D. by 20-Inch
Length, 2500°C, 2700°C
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Figure 254. Across-Grain Compressive Stress~Strain Curves, CFW
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Figure 255. Across-Grain Compressive Stress-Strain Curves, CFW

Graphite, 40-Inch O. D. by 15-Inch L. D. by 20-Inch
Length, 1000°C, 1500°C, 2000°C
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Figure 256. Across-Grain Compressive Stress-Strain Curves, CFW
Graphite, 40-Inch O. D, by 15-Inch L. D. by 20-Inch
Length, 2500°C
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Figure 257, With-Grain Apparent Ultimate Shear Strength vs,
Temperature, CFW Graphite, 40-Inch Q. D, by 15-
Inch 1. D, by 20-Inch Length
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Figure 258, Across-Grain Apparent Shear Strength vs. Temperature,
CFW Graphite, 40-Inch O.D. by 16-Inch I, D. by 20-Inch
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Figure 259. With-Grain Apparent Shear Stress-Strain Curves, CFW
Graphite, 40-Inch O.D. by 15-Inch 1. D. by 20-Inch
Length, Room Temperature
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Length, 2500°C, 2700°C
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Figure 264. Across-Grain Apparent Shear Stress-Strain Curves,
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Figure 265. Pore Size Distribution, Mercury Porosimetry, CFW

Graphite
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3.42 Grade CFZ Graphite (23)

One block of CFZ graphite, 14 inches in diameter by 132 inches
in length, was measured for the complete list of physical properties as
outlined in Section 1. Results of these measurements are presented in
Tables 67 and 68, The with-grain ultimate tensile strength versus tem-
perature curve in Figure 269 is unusual in that there is not a rapid in-
crease in tensile strength in the transition state (1500-2500°C). Fur-
ther testing in the transition state is needed, particularly in view of the
more normal acrogs-grain ultimate tensile strength curve in Figure
270,

The interpretation of stress-strain curves has been discussed

in Section 3,1, All strength tests were made with cross-head or platen
rates of 0,020 inch per minute.
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Figure 267. Thermal Expansion vs, Temperature, CFZ Graphite,
14 -Inch Diameter by 133-Inch Length
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Figure 268. Young's Modulus vs. Temperature, CFZ Graphite,
14-Inch Diameter by 134-Inch Length
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Figure 269. With-Grain Ultimate Tensile Strength vs. Temperature,
CFZ Graphite, 14-Inch Diameter by 13%-Inch Length
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Figure 270. Across-Grain Ultimate Tensile Strength vg. Temperature,
CFZ Graphite, 14-Inch Diameter by 13%4-Inch Length
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Figure 271, With-Grain Tensile Stress-Strain Curves, CFZ Graph-
ite, 14-Inch Diameter by 13#-Inch Length, Room Tem-
perature
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Figure 272, With-Grain Tensile Stress-Strain Curves, CFZ Graph-
ite, 14-Inch Diameter by 134-Inch Length, 1000°C,
1500°C
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Figure 273. With-Grain Tensile Stress-Strain Curve, CFZ Graph-
ite, 14-Inch Diameter by 134-Inch Length, 2000°C
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Figure 274. With-Grain, Tensile Stress-Strain Curves, CFZ Graph-
ite, 14-Inch Diameter by 134-Inch Length, 2500°C,

2700°C
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Figure 275. Across-Grain Tensile Stress-Strain Curves, CFZ Graphite,
14-Inch Diameter by 13%-Inch Length, Room Temperature
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Figure 276. Across-Grain Tensile Stress-Strain Curves, CFZ Graphite,
44-Inch Diameter by 434-Inch Length, 1000°C, 1500°C,
2000°C
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Figure 277. Across-Grain Tensile Stress-Strain Curves, CFZ Graphite,
14 -Inch Diameter by 13%4-Inch Length, 2500°C, 2700°C
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Figure 278. With-Grain Ultimate Compressive Strength vs. Tempera-
ture, CFZ Graphite, 14-Inch Diameter by 133-Inch Length
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Figure 279. Across-Grain Ultimate Compressive Strength vs. Tempera-
ture, CFZ Graphite, 14-Inch Diameter by 134-Inch Length
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Figure 280. With-Grain Compressive Stress-5train Curves, CFZ Graph-
ite, 14-Inch Diameter by 13%-Inch Length, Room Tempera-

ture
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Figure 281. With-Grain Compressive Stress-Strain Curves, CF2Z
Graphite, 14-Inch Diameter by 134-Inch Length,
1000°C, 4500°C, 2000°C
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Figure 282, With-Grain Compressive Stress-Strain Curve, CFZ
Graphite, 14-Inch Diameter by 134-Inch Length,
2500°C
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Figure 283. Across-Grain Compressive Stress-5Strain Curves, CFZ
Graphite, 14-Inch Diameter by 134-Inch Length, Room
Temperature
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Figure 284. Across-Grain Compressive Stress-Strain Curves, CFZ
Graphite, 14-Inch Diameter by 43%-Inch Length, 1000°C,
1500°C, 2000°C
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Figure 285. Across-Grain Compressive Stress-Strain Curve, CFZ
Graphite, 14-Inch Diameter by 134-Inch Length, 2500°C
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Figure 286. With-Grain Apparent Ultimate Shear Strength vs. Tem-
perature, CFZ Graphite, 414-Inch Diameter by 13%-

Inch Length
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Figure 289. With-Grain Apparent Shear Stress-Strain Curves, CFZ
Graphite, 14-Inch Diameter by 133-Inch Length, 1000°C,
1500°C, 2000°C
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Figure 290, With-Grain Apparent Shear Stress-Strain Curves, CFZ

Graphite, 14-Inch Diameter by 133 Inch Length, 2500°C,
2700°C
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Figure 291. Across-Grain Apparent Shear Stress-Strain Curves, CFZ

LBS/IN®

APPARENT SHEAR STRESS, 102

Graphite, 14-Inch Diameter by 134-Inch Length, Room
Temperature

2000°C
1500°C

1000°*C

.ok PLATEN RATE, 0,020 INCH/MINUTE

'l ] [l 'l d i 1 1
2,0 4.0 6.0 B.O 10. 0 12,0 14. 0 16.0
STRAIN, PER CENT

L-717

Figure 292. Across-Grain Apparent Shear Stress-Strain Curves, CFZ

Graphite, 14-Inch Diameter by 13i-Inch Length, 1000°C,
1500°C, 2000°C
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Figure 293. Across-Grain Apparent Shear Stress-Strain Curves, CFZ
Graphite, 14-Inch Diameter by 134-Inch Length, 2500°C,

2700°C
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3.43. Grade PT-0143 Graphite-Cloth Composite{?*)

PT-0113 is one of the grades containing a shredded or macerated
graphite cloth filler. The final process temperature of the composite is
800°C, and as a result its properties are more like those of carbon than
graphite, The properties of carbon are conspicuously altered at graphi-
tizing temperatures; consequently, the temperature for measurement of
high temperature properties does not exceed 1200°C.

The low temperature thermal conductivity of PT-0113 provided
an excellent opportunity to compare the Fitch method with the Meers meth-
od of measuring that property. It can be seen in Table 69 that, based upon
a limited amount of data, average values obtained by the two methods do
not differ by more than 0. 003 cal-cm/sec/cm?/°K. The Fitch method
may, therefore, be used when thermal conductivities are not higher than
0.012 cal-cm/sec/cm?®/ °K.

Because of the low across-grain flexural strength of grade PT-
0143, it was not possible to prepare samples to be used for across-grain
CTE measurements.

All strength measurements were made with cross-head or platen
rates of 0,020 inch per minute.
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Figure 295. With-Grain Thermal Expansion vs. Temperature,
PT-0113 Carbon, 5-Inch Diameter by 5-Inch Length

0.50 |

PER CENT ELONGATION
L]
N
w
1

0 500 1000
1.-723
TEMPERATURE, *C

Figure 296. Across-Grain Thermal Expansion vs. Temperature,
PT-0113 Carbon, 5-Inch Diameter by 5-Inch Length
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Figure 297. Young's Modulus ve. Temperature, PT-0443 Carbon,
5-Inch Diameter by 5-Inch Length
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3.14. Grade PT-0114 Graphite-Cloth Composite (3

Grade PT-0114 contains a macerated graphite cloth filler and
the composite has been baked to graphitizing temperature. The grade
was completely characterized as outlined in Section 1, except for across-
grain room temperature CTE. Difficulty was encountered in preparing
across~grain CTE samples due to breakage as a result of the low across -
grain flexural strength.

The with-grain ultimate tensile strength, Figure 304, appears
to be lower at 4000°C than at room temperature. There is insufficient
data to determine whether or not the decrease in strength in the room
temperature to 1000°C range is real.

Interpretation of stress-strain curves has been discussed in
Section 3.1, In addition to the discontinuities, portions of some of the
apparent shear stress-strain curves for this grade are serrated. The
serrations may be caused by the displacement or fracture of fibers
comprising the filler. Another distinctive feature is that some of the
specimens appear to have a residual strength after maximum stress has
been applied. In these cases the maximum stress is the ultimate apparent
shear strength and the stress at maximum strain is the breaking
strength{®8), The ultimate and breaking strengths are identical for all
graphite grades for which stress-strain data have been presented in
Sections 3.1. - 3,18., with the exception of grade PT-0114 in shear.
These features may be characteristics of all PT carbons and graphites,

All strength measurements were made with cross-head or platen
rates of 0.020 inch per minute. The across-grain ultimate tensile strength
was so low that it was not possible to obtain meaningful stress-strain
curves.
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Figure 299. Thermal Expansion vs. Temperature, PT-0114 Graphite,
5-Inch Diameter by 5-Inch Length
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Figure 300. Young's Modulus vs. Temperature, PT-0144 Graphite,
5-Inch Diameter by 5-Inch Length
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Figure 303. With-Grain Tensile Stress-Strain Curves, PT-0114
Graphite, 5-Inch Diameter by 5-Inch Length
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Figure 304. With-Grain Tensile Stress-Strain Curves, PT-0114
Graphite, 5-Inch Diameter by 5-Inch Length
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3.15. Grade PT-0154 Graphite-Cloth Composite (3)

Grade PT-0154 is a graphite which contains a shredded graphite
cloth filler. In processing this grade, the composite is fully graphitized
after which it is impregnated and rebaked. Tensile and shear strengths
at room and elevated temperatures and compressive strength at elevated
temperatures were not measured. Figures 325 and 326, respectively,
are plots of the thermal expansion and Young's modulus data in Table 74.
All strength measurements were made with cross-head or platen rates of
0.020 inch per minute,
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Figure 325. Thermal Expansion vs. Temperature, PT-0154 Graph-
ite, 5-Inch Diameter by 5-Inch Length
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Figure 326. Young's Modulus vs. Temperature, PT-0154 Graphite,
5-Inch Diameter by 5-Inch Length
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3.16. Grade PT-0110 Graphite-Cloth Laminate (24)

Grade PT-0410 consists of layers of graphite cloth bonded to-
gether by a suitable carbonaceous binder and baked to 800°C. Carbon
shrinks during graphitization; consequently, high-temperature property
measurements do not exceed 4200°C, Thermal expansion and Young's
modulus are the only high-temperature properties measured.

The thickness of PT-0440 blocks in an across-grain direction
were limited to one-half inch, because of processing difficulties; therefore,
only a few across-grain properties could be measured. With-grain ther-
mal conductivity could not be measured and compressive strength and
permeability samples were reduced in size from 1- by 1- by 1-inch to
$- by - by $-inch and %- by 1- by 1-inch, respectively, because of block-
size limitations.

In the measurement of room temperature CTE, the upper tem-
perature limit {(100°C) is obtained by steam. However, in the case of
grade PT-0110, steam caused the layers of graphite to delaminate making
it impossible to measure room-temperature CTE. All strength measure-
ments were made with cross-head or platen rates of 0,020 inch per
minute.

286



9 g 08Y°0 #ZV°0C ¥8Y°0 ysy jus) 194

4 S 6%¥0°'0 $20°0 990°0 T ¥ 8L1°0 ¥91°'0 €02°0 srduwres your-§
Aq -1 £q -§ 8, foxeqg ‘ArTIqRewIIag
ardures M. g0 298
13 1 €00°0 --- --- *8 s 207 yBnous o3 jou exdo1g (YIILd) Wo-1e0 fAjpATIdonpue) TRULIIYL
- e --- --- pajeutinereq satdutes D /s-0% ‘D.00%-,0Z ‘LD
#jo0ld U ‘@AY CUTN  CXeW 8Mo0Ig U @AY Uy ‘RN
3o "ON Jo "ON
uresr) 8s0I0Y uteIn YITM
L 089 0978 9 8 obe 0602 srdwes your-§ £q -§ 4q -§
LUt /8q7 ‘qiSuaalg sarsssaduro)
-- --- -- 9 8 008 0%s? UT/8q1 ‘yiBusilg TRINXaT
-- --- --- 9 €2 50°'0 % gUI/64] g03 ‘enmpoN 8,5unox
.- --- --- 9 €7 9 9% ¥ wo-wyo , 0F ‘@our)sTsay dyroadg
-- --- --- 9 €2 10°0 1420 23 /B *AgrsueQ NG
syoolg u© D aBexsay sxo01g u D s8eviaay sanzadoxdg
J0 ON jo ‘oN
ureasr) ss0Idy urean YT

sydo1g YouI-9 £q your-9 £q yaur-§

‘uoqien o0130-Id ‘seriradoag sinjeiaduta I-wooy ‘gL S(qeEL

287



T € Z20°% 86 °0 0V 0021
¥ € 66°0 660 20V 009
2UT/SqT 501
1 € L6°0 ¥6°0 00V Iy ‘snmpopy §,8unox
¥ ¢ L6T 0 €LY 0 8€7 "0 0007
14 € 8271 '0 122 240! 8GT ‘0 008
T € 820°0 1L0°0 $80 °0 009
1
3 £ L%0 "0 LEO 0 $50 '0 00% 00F X 'y
‘uorpeduolyg Jusn isdg
T € £20°0 8100 Z2€0°0 002 ‘uorsuedxy fewrIayy,
sYoo1g u "IAY Uty *XeN N sanyandoag
Jo 'ON ‘dwag,
UTRID-UITM

syd01g Youl-9 Aq your-9 Aq your-§
‘uoqae)d O310-1Ld ‘senrsdosg sanjeaadwal-yStH 9L 9Iqel

288



PER CENT ELONGA TION

500 1000
TEMPERATURE, °C

L-753
Figure 328, With-Grain Thermal Expansion vs. Temperature, PT-0110
Carbon, #-Inch by 6-Inch by 6-Inch Blocks.
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Figure 329. With-Grain Young's Modulus vs. Temperature, PT-0110

Carbon, #-Inch by 6-Inch by 6-Inch Blocks
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Figure 330. Pore Size Distribution, Mercury Porosimetry, Grade
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3.47. Grade PT-0111 Graphite-Cloth Laminate(24}

Grade PT-0111 is a laminated graphite cloth bonded together by
a suitable carbonaceous binder and graphitized. The reasons for limited
across-grain data, for no room-temperature CTE data, and for reduction
in compressive strength and permeability sample dimensions are dis-
cussed in Section 3. 16.

The thermal conductivity of PT-0111 was too great to be meas-
ured by the Fitch method, and block-size limitations made it impossible
to prepare samples for the Meers method; consequently, room-tempera-
ture data are not available. High-temperature data were limited to
thermal expansion and Young's modulus. All strength measurements were
made with cross-head or platen rates of 0. 020 inch per minute.
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Figure 331. With-Grain Thermal Expansion vs. Temperature, PT-0111
Graphite, #-Inch by 6-Inch by 6-Inch Blocks
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Figure 332. With-Grain Young's Modulus vs. Temperature, PT-0411
Graphite, 4-Inch by 6-Inch by 6-Inch Blocks
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Figure 333. Pore Size Distribution, Mercury Porosimetry, Grade
PT-0411
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3.18. Grade PT-0156 Graphite-Cloth Laminate(3¢)

Grade PT-04156 is another of the graphite cloth laminates
bonded by a carbonaceous binder and graphitized. The reasons for
limited across-grain data, for no room-temperature CTE data, and for
reduction in compressive strength and permeability sample dimensions
are discussed in Section 3.16. The reasons for no thermal conductivity
data were explained in Section 3,17, High-temperature properties are
limited to thermal expansion and Young's modulus. All strength meas-
urements are made with cross-head or platen rates of 0. 020 inch per
minute,
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Figure 334, With-Grain Thermal Expansion vs. Temperature, PT-0156
Graphite, $-Inch by 6-Inch by 6-Inch Blocks
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Figure 335. With-Grain Young's Modulus vs. Temperature, PT-0156
Graphite, 2-Inch by 6-Inch by 6-Inch Blocks
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APPENDIX 1
STRAIN CONTOUR PLOTS

A series of curves showing stress-strain for a number of graph-
ite grades measured at room temperature, 1000, 1500, 2000, 2500 and
2700°C have been presented in previous sections of this report. The wide
range in strain has made it necessary to present these curves in three or
more figures for each grade, and on different scales; consequently, it is
difficult to compare stress-strain data at different temperatures. These
data may be easily compared in a single figure by plotting a series of
stress-temperature curves, each at a constant strain, to form a strain
contour plot. In this appendix, Figures 337 to 357 and 358 to 377, inclu-
sive, are tensile and compressive-strain contour plots, respectively,
for the graphite grades on which high-temperature tensile and compres-
sive measurements have been made. The strain associated with each
curve is indicated in the figures. For example, the bottom curve in Fig-
ure 337 shows the stress required to produce a with-grain strain of 0,10
per cent in ATJ graphite over the room temperature to 2700°C tempera-
ture range. The ultimate stress or strength curve, shown in each figure,
is an average or curve of best fit; hence the stress at fracture taken
from a specific stress-strain curve may not fall on the "ultimate'" curve
but may be above or below it.

It is possible to construct an approximate stress-strain curve at
any temperature between room temperature and 2700°C from the data
presented in a strain contour plot. Suppose an across-grain tensile stress-
strain curve is required for RVC graphite at 1800°C. Turn to Figure 350
and read the stress at 1800°C off each strain curve and the "ultimate"
curve. These data may then be plotted to form the approximate stress-
strain curve,

The relationship between stress, strain and temperature is not
a simple one. An examination of the strain contour plots shows that in
general the curves have one or more maxima and minima. In Figure 337,
for example, the with-grain tensile strain curves have a minimum at
1500°C and a maximum at 2000°C. Figure 353, with-grain CFW strain
contour plot, is an example of curves which have two maxima.

The presence of maxima in the stress-temperature curves verify
some apparent anomalies in the stress-strain relationship. For example,
Figure 29, Section 3.1, shows that at 1500°C the strain at fracture is
not only less than that at 2000°C but also less than that at 1000°C. The
presence of the maximum at 1500°C in Figure 338 would have led to the
prediction that strain at fracture is less at 1500°C than at 1000°C or
2000°C even if all tests were terminated before failure.

The maxima indicate that there are temperature ranges in which

the brittieness of graphite appears to increase with temperature. The
mechanism responsible for the phenomenon is not understood. It may be
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associated with a realignment of particles or a reduction in pore volume,
as suggested by an increase in the relative height of the maximum as the
strain increases.

A number of contour plots, Figures 338 and 351 for example,
show a minimum between 2500 and 2700°C; i. e., in the plastic range.
Wide sample-to-sample variation in the stress-strain relationship in the
plastic state is common. This variation Plus the limitation of strain
measurements to one sample per grain direction per graphite block cre-
ates doubt of the existence of a minimum between 2500 and 2700°C, If
the minimum is real, it may have a tendency to shift to higher tempera-
tures as the strain increases, and disappear altogether as the strain
approaches the ultimate, as illustrated in Figure 351. More extensive
testing on a single block of graphite is needed to establish the shape of
the curves between 2500 and 2700°C.
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Figure 337. With-Grain Tensile Strain Contour Plot, Stress vs.
Temperature, ATJ Graphite
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Figure 338, Across-Grain Tensile Strain Contour Plot, Stress vs,
Temperature, ATJ Graphite
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Figure 339, With-Grain Tensile Strain Contour Plot, Stress vs.

Temperature, ZTA Graphite, Block No, 111
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Figure 340. Across-Grain Tensile Strain Contour Plot, Stress vs. L-767
Temperature, ZTA Graphite, Block No. 111
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Figure 341, With-Grain Tensile Strain Contour Plot, Stress vs.
Temperature, ZTE Graphite
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Figure 342. Across-Grain Tensile Strain Contour Plot, Stress vs,
Temperature, ZTE Graphite
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Figure 343. With-Grain Tensile Strain Contour Plot, Stress vs.,
Temperature, RVA Graphite, Block No. 19
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Figure 344, Across-Grain Tensile Strain Contour Plot, Stress vs.
Temperature, RVA Graphite, Block No., 19
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Figure 345. With-Grain Tensile Strain Contour Plot, Stress vs.
Temperature, RVA Graphite, Block No. 20
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Figure 346. Across-Grain Tensile Strain Contour Plot, Stress vs.
Temperature, RVA Graphite, Block No. 20
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Figure 347. With-Grain Tensile Strain Contour Plot, Stress vs,
Temperature, RVA Graphite, Block No. 24
6.0‘»
5.0
&
P
]
.
2
4
u
o
™
w
=]
g
Z
2]
[ 2]
.02
l 1 i d 1 1 1 Fi 1
oo 600 200 1200 1500 {800 ii00 2400 2700
TEMPERATURE, °*C
L-776

Figure 348. Across-Grain Tensile Strain Contour Plot, Stress vs.
Temperature, RVA Graphite, Block No. 24
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Figure 349, With-Grain Tensile Strain Contour Plot, Stress vs.

Temperature, RV C Graphite

5.0
"
Z 4.0
P
m
~
3
-
. 3.0
:
|
wy
w
d 2.0F
g
73
B
0.08
1.0 0.06
—
— 0.04
0,02 —
'l Il L L 'l i 'l ' i
300 600 300 1200 1500 1800 2100 2400 2700
TEMPERATURE, *C 1.-778

Figure 350, Across-Grain Tensile Strain Contour Plot, Stress vs.
Temperature, RVC Graphite
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Figure 351. With-Grain Tensile Strain Contour Plot, Stress vs.
Temperature, RVD Graphite
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Figure 352, Across-Grain Tensile Strain Contour Plot, Stress vs,
Temperature, RVD Graphite
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Figure 353. With-Grain Tensile Strain Contour Plot, Stress vs.
Temperature, CFW Graphite
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Figure 354. Across-Grain Tensile Strain Contour Plot, Stress vs.
Temperature, CFW Graphite
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Figure 355, With-Grain Tensile Strain Contour Plot, Stress vs.
Temperature, CFZ Graphite
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Figure 356. Across-Grain Tensile Strain Contour Plot, Stress vs.
Temperature, CFZ Graphite
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Figure 357. With-Grain Tensile Strain Contour Plot, Stress

vs. Temperature, PT-0114 Graphite
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Figure 358, With-Grain Compressive Strain Contour Plot, Stress

vs. Temperature, ATJ Graphite
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Figure 359, Across-Grain Compressive Strain Contour Plot,
Stress vs. Temperature, ATJ Graphite
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Figure 360. With-Grain Compressive Strain Contour Plot, L

Stress vs. Temperature, ZTE Graphite
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Figure 361. Across-Grain Compressive Strain Contour Plot,

Stress vs. Temperature, ZTE Graphite
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Figure 363. Across-Grain Compressive Strain, Contour Plot, Stress
vs, Temperature, RVA Graphite, Block No, A-19
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Figure 365. Across-Grain Compressive Strain Contour Plot, Stress
vs., Temperature, RVA Graphite, Block No. A-20
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Figure 374, With-Grain Compressive Strain Contour Plot, Stress
vs. Temperature, CFZ Graphite
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Figure 375. Across-Grain Compressive Strain Contour Plot, Stress
vs. Temperature, CFZ Graphite
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Figure 376. With-Grain Compressive Strain Contour Plot, Stress
vs. Temperature, PT-0114
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APPENDIX II

A GRAPHIC METHOD OF ESTIMATING THERMAL-
SHOCK RESISTANCE OF GRAPHITE

The maximum temperature differential, AT_., that can be with-
stood without fracture by a specific grade of graphité can be estimated
graphically. As an example, consider RVA graphite in a with-grain
direction, The thermal strain, AL (strain per unit length), versus tem-

perature curve in Figure 378 is constructed from the thermal expansion
data in Table 46, Section 3.8. The tensile strain-at-fracture versus
temperature curve in Figure 379 is constructed from data taken from the
stress-strain curves in Figures 122, 123, 128, 129, 134 and 435 in Sec-
tion 3.8, If RVA graphite fractures in tension as a result of thermal
stresses parallel to the grain direction it will occur when the thermal
strain is equal to the tensile strain-at-failure. Assume that an infinite
flat plate of RVA graphite at 1500°C is suddenly cooled. When Figure
378 is superimposed upon Figure 379 so that the thermal strain at 1500°C
coincides with the tensile strain-at-failure at 1500°C, the thermal strain
curve intersects the abscissa of the tensile strain-at-failure versus tem-
perature plot at 940°C as illustrated in Figure 380. Under the assumed
conditions the maximum temperature differential, A Tﬂ, that can be with-
stood without fracture, is the difference between 41500°C and 940°C; i. e.,
A Tf = 560°C,

When the thermal stresses are across-grain, ‘AT_ is determined
in a similar manner by superimposing Figure 381 upon Figure 382 as
illustrated in Figure 383, In this case, AT, = 455°C. The thermal-
shock resistance of RV A graphite is, theretfore, greater in the with-grain
than in the across-grain direction.

Thermal-shock resistance depends upon the shape as well as
thermal and mechanical properties of the material, Shape must there-
fore be taken into account when designing a graphite item which is to
undergo large and rapid temperature changes.
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APPENDIX II1
FREQUENCY POLYGONS AND NORMAL DISTRIBUTION CURVES

When a property has been measured on a large number of sam-
ples of the same graphite grade, it is not only desirable to know the
average and standard deviation but also to have some knowledge of the
distribution of the data and how it deviates from a normal (G?ussian)
distribution. The equation of a normal distribution curve is

f{(X})= =n exp [ - (Xi - X)%/ 202 ] (1)

o m
where Xi = value of property measured on the i th sample
X = average value of property
o = standard deviation
n = total number of samples

Once the average and standard deviation has been computed for
a set of data it is possible to calculate a normal frequency distribution
curve for that data by substltutlng the actual values of X X, n, ando
into Equation 1. By superimposing the normal dlstrlbl‘ltlon curve upon
the actual frequency distribution (frequency polygon) it is possible to tell
at a glance where and how the data deviates from a normal distribution.
It is not feasible to plot frequency polygons and calculate and plot nor-
mal distribution curves for several sets of data unless it is done by a high-
speed electronic computer,

The statistics, frequency polygons, and normal distribution
curves presented in this appendix have been calculated and printed by an
1. B.M. 7094 computer, the charts photographically reduced 30 per cent
in size and figure numbers and captions added. The actual frequency
polygons are formed by stars (*) and the normal distribution curves by
zeros,

The computer prints four digit numbers along the abscissa. The
decimal point, which is always printed between the first and second digits,
counting from left to right, is not always in the correct location. The
computer, therefore, prints a statement directly below the numbers which
gives the correct location of the decimal point. For example, in Figure
384 the statement in ', ... X is the cell midpoint times ten to the plus 0",
indicating that the decimal is correctly located as printed; in Figure 414
it reads ".... X is the cell midpoint times ten to the plus 3', indicating
that the decimal point should be moved three places to the right of the lo-
cation shown in the figure,.
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A series of letters, S S X S S, is printed at the top of
each figure by the computer. The location of X is such that a line through
X perpendlcular to the abscissa will intersect the abscissa at the average
value; i. e, at 1. 940 in Figure 384. The average bulk density of ZTA
graphite is 1,940 g/cc (Table 3, Section 3.2.1.). Similarly, lines through
the second and third S perpendlcula.r to the abscissa intersect the ab-
scissa at minus 1o and plus 10, respectively. Lines through the first
and fourth S perpendicular to the abscissa intersect the abscissa at minus
20 and plus 20, respectively.

In the upper left hand corner of each figure the computer has
printed the number of samples, the average value, the maximum and
minimum values, the standard deviation, the skewness and the kurtosis,
Skewness is the departure of a frequency distribution from symmetry
and is /lzneasured by the third mean moment pj3 of the distribution divided
by pz /%, where p, is the second mean moment. (28} Kurtosis is a property
intended to express the relative peakedness of a distribution, and is the
ratio pg/p,%, where pgyis the fourth moment of the distribution. (22} Al-
though kurtosis is a statistic of questionable significance it has been in-
cluded as a point of minor interest,

The deviation of a number from the average value is re§resented
by X - X. The arithmetic means of the various powers of X - X are
calléd the moments of the distribution. (*} Thus

1st moment = p, = Z(Xi - X)
2nd moment = p; = n(X, -XP =47
n
3rd moment = pz = T (X, - X)2
n
4th moment = p, = ):'(Xi - X)4
n
therefore
skewness = (X, - X)e (2)
no
kurtosis = (X, - X)4 (3)
nes
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The skewness and kurtosis printed on each of the figures were
computed by means of Equation 2 and 3, respectively.,

Frequency polygons and normal distribution curves are pre-
sented for only those graphite grades for which three or more blocks have
been sampled. This limits the curves to 14-inch and 8%-inch diameter

ZTA and 33-inch diameter RVA graphite. Distribution data for the fol-
lowing room-temperature properties are presented in this appendix.

Bulk Density

Specific Resistance

Young's Modulus of Elasticity

Flexural Strength

Compressive Strength

Apparent Shear Strength (RVA graphite only)

In addition to frequency polygons and normal distribution curves
for the combined data from three or more blocks, polygons and curves
are presented for individual blocks whenever the number of samples is
twenty or greater. When the number of samples is small the deviation of

the frequency polygon from the normal distribution curve can be large.
This should be kept in mind when examining the figures in this appendix.
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