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FOREWORD

The work described herein was conducted at the Parma Technical

Center, Carbon Products Division of Union Carbide Corporation, under

NASA Contract NAS3-13211. Mr. Lawrence P. Ludwig, Fluid System

Components Division, NASA Lewis Research Center, was the Project

Manager. Mr. John E. Dilley, NASA-Lewis Res.ea.rch Center, was the

Contracting Officer.
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SECTION I

SUMMARY

The purpose of this Contract is to develop a carbon-graphite seal ring

material which will have significantly greater life than conventional carbon-

graphite seal materials at ambient air temperatures up to 1300°F (704°C).

The carbon-graphite material is being developed for use as a self-acting seal

in advanced gas turbine engines. Although high oxidation resistance is the

primary requirement of the materials being developed, high strength and good

wear resistance are also needed. Good wear resistance is necessary since

self-acting seals experience relatively high speed sliding contact during limited

periods of operation. High thermal conductivity also is a very desirable prop-

erty for the carbon-graphite seal material, since it will provide rapid dissi-

pation of the frictional heat generated during periods of sliding contact.

This Topical Report covers Tasks III and IV of the Contract and is the

follow-up to Topical Report NASA CR-72799 which covers Tasks I and II.

Task I included the screen testing of 12 material systems that had been de-

veloped and optimized through a literature search and bench-scale tes'ting.

The results of Task I were used to select four approaches to the manufacture

of carbon-graphite seal ring bodies under Task II. Carbon-graphite seal ring

bodies were manufactured from the selected formulations during Task III,

and certain properties of the manufactured materials were determined during

Task IV. Samples of the four materials were delivered to the NASA Lewis

Research Center for evaluation.

Seven carbon-graphite seal ring materials were actually manufactured

during Task III. The seven materials included the four formulations selected

during Task II" and resin impregnated versions of three of these formulations.

Formulation No. 1 filler system consisted of 80 pbw (parts by weight)

Union Carbide Corporation Grade CHP artificial graphite and 20 pbw

Commercial Solvents Corporation Ther max furnace black. The material was

bonded with Barrett No. 30 medium coal tar pitch by using a binder level of

60 pph (parts by weight of binder per one hundred parts by weight of filler).



Formulation No. 2 had the same composition as that of formulation No. 1

except for the addition of 5 pbw Lockheed Company LMSC glassy carbon.

Formulations Nos. 3 and 4 both included CHP graphite as the major filler

component (80 pbw) with Thermax (20 pbw) and fibers prepared from

Union Carbide Corporation Grade WCA graphite cloth (20 pbw) as the minor

filler constituents, respectively. Both materials were bonded with Bakelite

BRP-5095 phenolic resin (58 pph for formulation No. 3 and 67. 5 pph for

formulation No. 4). For all four formulations, a final baking temperature

of 2800° C was used to yield carbon-graphite materials which had a high de-

gree of crystallinity. Although an increase in the degree of crystallinity of

carbon-graphite material results in an increase in oxidation resistance, it

tends to degrade the mechanical and wear properties of the material. The

resin impregnated versions of formulations Nos. 1, 2, and 4 were prepared

in an attempt to reduce the porosities and improve the mechanical and wear

properties of these relatively highly-crystalline materials. Improvements

in oxidation resistance were anticipated from the porosity reductions. These

seal ring bodies were prepared by impregnating the 1000°C baked compacts

of formulations Nos. l , 2, and 4 with a BRP-5095 resin and acetone solution

prior to heat treatment at 2800°C. All the resin impregnated materials

were identified by the formulation number followed by the letter "X" (e. g. ,

formulation No. IX. ) Processing problems precluded the production of a

resin impregnated version of formulation No. 3.

The scalemp in both the quantity of materials processed and the size

of the compacts manufactured during Task III resulted in a few processing

problems which had not been encountered during Task I. Formulation No. 3

proved to be the most difficult to process. The acetone used to dissolve the

resin binder during mixing was very difficult to remove. Baking the large

8. 6 inch (21 .8 cm) diameter green ring blanks of formulation No. 3 also

proved to be a problem, since the large shrinkage of the material caused

the ring blanks to crack and/or laminate during baking to 1000°C. A change

in baking rate reduced this problem to a tolerable level.



The specified properties of four of the seven materials manufactured

during Task III were measured during Task IV. Selection of the four mate-

rials was based on preliminary mechanical property measurements which

indicated that the resin impregnation resulted in increased flexural strength,

hardness, and elastic modulus. The four materials chosen were manufactured

from formulations Nos. IX, 2X, 3, and 4X. After these materials were im-

pregnated with the No. 121 oxidation inhibiting treatment, their relative

oxidation resistances were between 2. 5 and 5. 0 times greater than that of

commercial seal ring Grade CDJ which had been subjected to the same

treatment. The relative oxidation resistance of the carbon-graphite materials

is.defined as the length of time required for the materials to experience a

5 percent weight loss when exposed to 1300°F (704"C) air. The 5 pbw addi-

tion of glassy carbon in formulation No. 2X was found to significantly degrade

the oxidation resistance of the material. As expected, the mechanical prop-

erties ; of .'the- materials manufactured during Task III were inferior to those

of commercial seal ring Grade CDJ. The average flexural strengths of the

four materials ranged between 3500 psi (2400 N/cm 2) and 4800 psi

(3300 N/cm2) as compared with 8800 psi (6060 N/cm2) for Grade CDJ. All

four of the materials characterized during Task IV had significantly higher

thermal conductivities and lower coefficients of thermal expansion than :those

of Grade CDJ. High thermal conductivity and low thermal expansion are

desirable seal ring properties from a thermal.deformation: standpoint.

Seal ring materials impregnated with the No. 121 oxidation inhibiting

treatment were wear tested under nominal test conditions. Frictional heat

maintained the ambient air temperature at approximately 200°F (93°C) during

this operation. The average wear rates of the four materials ranged between

0. 60 and 1. 00 mils (. 0015 and . 0025 cm)per hour as compared with 0. 28 mils

(. 00071 cm) per hour for the No. 121 treated Grade CDJ. The addition of

5 pbw glassy carbon in formulation No. 2X did not improve wear resistance.



Analyses of the materials showed that formulations Nos. IX-121,

3-121 and 4X-121 each had the following properties that are desirable for

primary rings for self-acting seals:

a. Oxidation resistance better than a typical commercial grade

that was selected for comparison because of its wide use.

b. Significantly greater thermal conductivity and lower thermal

expansion than the typical commercial grade.

The flexural strengths of materials prepared f rom formulations

Nos. IX, 3 and 4X were about one half that of the commercial grade selected

for comparison; but this was judged to be sufficient strength since self-acting

carbon rings are retained by a metal band. The hardness of these materials

were generally lower (because of the highly graphitic state) than that of the

commercial grade selected for comparison. Thus, erosion resistance may

not be adequate. The seal life of the three materials should surpass that of

the commercial grade under high ambient air temperature conditions where

oxidation is the limiting performance factor. The addition of 5 pbw of

glassy carbon in formulation No. 2X-121 either had no effect or had damaging

effects on the material properties.



SECTION II

INTRODUCTION

Introduction of the gas turbine engine has produced sealing problems

so severe that carbon-graphite is one of the few engineering materials which

can meet the requirements of this application. Operating conditions will be-

come more severe as gas temperatures and seal sliding speeds increase.

Increased temperatures result f rom the higher flight speeds or higher gas

temperatures used to improve engine efficiency; increased seal sliding speeds

are the result of larger engines. Contact type seals with carbon-graphite

seal rings are used in many current gas turbine engines; however, the limited

pressure, speed, and temperature capability of the contact seal restricts

this use to operation below 125 psi (86 N/cm2) sealed pressure differential,

350-f t /sec. (107 meter /sec . ) sliding speed, and 800°F (427°C) sealed gas
(.)*

temperature. — For more severe operating conditions, labyrinth seals are

used. The labyrinth seal systems have higher gas leakage than contact seals

and, therefore, contribute to easier passage of debris and to greater losses

in engine efficiency.

Recent studies have produced'aface seal with self-acting lift augmen-

tation. Since this seal operates without rubbing contact (except at start and

stop), it has higher pressure, speed, and temperature capability than a con-

ventional face contact seal. For this new generation of seals, pads are

machined on the seal face which, during engine operation, act as a thrust

bearing and cause the seal to lift off the seal seat and ride on a thin gas f i lm.—

The seal with self-acting lift augmentation ideally will experience mechanical

wear only during start-up and shut-down of the engine. However, momentary

periods of high speed sliding contact can occur because of the close dimen-

sional tolerances associated with the thin gas films. ^Therefore , the

importance of wear resistance cannot be neglected when a carbon-graphite

formulation is developed for use as a self-acting seal ring material.

* Denotes Reference Number



High hardness, strength, and modulus, together with the proper selection of

impregnants and mating materials, are necessary for producing wear resist-

ant carbon-graphite seal ring materials. — Increased oxidation resistance

will become a major requirement of carbon-graphite seal rings as engine
o

gas temperatures rise to 1200°F (649°C)and above. Development of improved

carbon-graphite seal ring materials which can operate in ambient air tem-

peratures up to 1300°F (704°C) will make feasible seal designs: which will

contribute to improvements in engine performance.

Conventional carbon-graphite seal ring materials are prepared by

mixing selected sizes and types of carbon and graphite fillers with a binder

such as coal tar pitch. The mixtures are formed into compacts and baked

to temperatures which are-adjusted to produce the desired physical properties

of the finished material. Usually, the finished carbon-graphite seal ring con-

tains additives or impregnants which help the seal to meet particular perform-

ance requirements (e. g. , oxidation resistance). Specific raw materials or

processing techniques are employed to obtain desired properties of the

finished carbon-graphite material. Detailed descriptions of the raw materials

and. processes employed specifically for the preparation of carbon-graphite

seal rings are not available in the literature.

Topical Report NASA CR-72799- covered the work done during

Tasks I and II of this Contract. Task I included a literature search for infor-

mation relevant to carbon-graphite materials for high-temperature seal ring

applications. Task I also provided for selection of four particulate and four

binder raw materials for experimental studies and for the selection, prepara-

tion, and screen testing of 12 materials systems. Forty-seven material/

process subsystems were produced and evaluated to optimize the selected 12

material systems. Small compacts 2. 5 inch x 1. 25 inch x 1. 0 inch

(6. 35 cm x 3. 18 cm x 2. 54 cm), were prepared from the 12 optimized mate-

rial systems and used for all the screen studies conducted during Task I.

The screen testing of the compacts of the 12 optimized material systems con-

sisted of measuring their bulk densities, flexural strengths, hardnesses,

and oxidation rates in air at 1300°F (704°C).



The experience gained during Task I was used to select four approaches

to the manufacture of seal ring carbon-graphite bodies during Task II. The

oxidation tests indicated the compacts prepared during the screen testing were

significantly more oxidation resistant than commercial seal ring Grade CDJ.

Since seal ring materials must be made as strong and wear resistant as pos-

sible, the four formulations that would produce materials with the best com-

bination of strength, hardness, and oxidation resistance were selected.

This Topical Report covers Tasks III and IV of the Contract. The scope

of work for Task III consists of the manufacture of carbon-graphite seal ring

bodies f rom the selected four formulations. The number, size, and shape of

these bodies were determined by the delivery requirements of Task III and the

testing requirements of Task IV. Seven materials were ultimately produced

during Task III: the selected four formulations and a second version for three

of those formulations in which the 1000°C baked compacts were impregnated

with a phenolic resin prior to heat treatment at 2800°C. During Task IV, four

of the seven materials manufactured under Task III were selected and their

material properties determined. The selection was based on the preliminary

mechanical property measurements made on all seven materials.



SECTION III

CONCLUSIONS

1. The oxidation resistances and thermal properties of the four

materials manufactured from formulations Nos. 1X-121, 2X-121, 3-121,

and 4X-121 are significantly better than those of commercial seal ring Grade

CDJ. Grade CDJ is widely used as a seal ring material in turbine engines

used to power commercial aircraft. The mechanical and wear properties of

the four materials are not so good as those of CDJ but should be satisfactory

for self-acting seals.

2. The density, strength, elastic modulus, and hardness of three of

the carbon-graphite materials were improved by impregnating the 1000"C

baked compacts with Bakelite BRP-5095 resin prior to heat treatment at;2800°C.

3. The addition of 5 pbw of glassy carbon to one of the carbon-graphite

seal ring materials degraded the oxidation resistance and resulted in no im-

provement in mechanical, thermal, or.wear properties. (The use of glassy

carbon was investigated as an additive for increasing seal life. )

4. Substitution of fibers prepared f rom Grade WCA graphite cloth

for Thermax as a minor filler'compon'erit results in carbon-graphite material

with improved processibility, because the material containing the graphite

fibers experiences considerably less shrinkage during baking. The structural

uniformity of the material prepared with the graphite fiber was poorer than

that of the similar material which contained Thermax.

5. The material containing 80 pbw Grade CHP artificial graphite and

20 pbw Thermax as fillers is more difficult to process when Bakelite BRP-

5095 phenolic resin is substituted for No. 30 medium pitch as the binder. The

resin-bonded material is more difficult to process because ittindergoes sig-

nificantly greater shrinkage during baking than the pitch-bonded material. The

resin-bonded material also requires the extra processing step of removing the

acetone used to dissolve the resin during mixing. Removal of the entrapped

acetone from this material was very difficult.



SECTION IV

MANUFACTURING OF CARBON-GRAPHITE MATERIALS
(TASK III)

A. Identification of the Material Formulations

The four process approaches developed during Task I— and selected

during Task II— were employed to manufacture carbon-graphite seal ring

bodies during Task III. The four basic formulations and their impregnated

versions are displayed in Table I. Resin impregnation was directed to im-

proving the strength and hardness of the base materials and reducing their

total porosities. An increase in hardness obtained by this impregnation should

improve the wear resistance of a carbon-graphite body, since its load carry-

ing capacity would be increased. Reducing porosity should help to improve

the oxidation resistance of a carbon-graphite body, since the permeability

of the material to the oxidizing gas would be reduced. To produce the resin-

impregnated versions, the 1000° C baked compacts of the base materials

were impregnated with Bakelite BRP-5095 phenolic resin and then rebaked

to 1000°C prior to final heat treatment at 2800°C.

Of the seven materials manufactured during Task III f rom formulations

Nos. 1, 2, 3, 4, IX, 2X, and 4X, four were selected for the material pro-

perty characterization prescribed in Task IV. The selection was based on

the processing experience and on a preliminary mechanical property evaluation.

The number, size, and shape of the carbon-graphite bodies manufactured

were determined by testing requirements described in a following section.

Finished sizes of the specimens which were to be tested for wear or oxidation

performance were impregnated with the No. 121 oxidation-inhibiting treatment.

The specimens impregnated with this oxidation-inhibiting treatment were

identified by the formulation number followed by a dash and the Number 121

(e.g . Formulation No. 1X-121).
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The carbon-graphite seal ring bodies produced during Task III were

manufactured f rom particulate and binder raw materials which were charac-

terized during Task I. — The remainder of this section presents the results

for the characterization tests of the raw materials. All the test procedures

used to characterize the raw materials are described in Appendix I.

1. CHP Artificial Graphite

Helium Density = 2.22 g/cc

Surface Area = 6.7 m2 /g

Chemical Analysis

% Ash = 0.066
% .Moisture = 0.039

Emission Spectrographic
Analysis

(Semi-Quantitative)

Screen Analysis

On 35 mesh
On 65 mesh
On 100 mesh
On 150 mesh
On 200 mesh
On Pan

0%
0%
0%

0.08%
30%= 3

= 96.62%

Al = 7 ppm
Ti = 37 ppm
V = 23 ppm
Fe = 44 ppm
Ni < 5 ppm
Cr < 5 ppm
Si = 60 ppm
Ca = 162 ppm
Mg < 5 ppm
Pb <
Sn <
Ag <

Na <
Cu <

5 ppm
5 ppm
5 ppm
6 ppm
5 ppm
5 ppm
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2. Thermax Furnace Black

Helium Density = 1.84 g/cc

Surface Area = 8.1 m2/g

Screen Analysis*

On 35 mesh = 3 .97%
On 65 mesh = 36.91%
On 100 mesh = 15.74%
On 150 mesh = 13.44%
On 200 mesh = 10.84%
On Pan = 19.10%

Chemical Analysis

I Ash = 0 .022
% Moisture = 0.027

Emission Spectrographic
Analysis

(Semi-Quantitative)

Al <
Ti <
V <
Fe <
Ni <
Cr <
Si =
Ca =
Mg =
Pb =
Sn <
Ag <
B =
Na =
Cu <

5 ppm
5 ppm
5 ppm
5 ppm
5 ppm
5 ppm
33 ppm
11 ppm
5 ppm
5 ppm
5 ppm
5 ppm
5 ppm

23 ppm
5 ppm

The presence of aggregates appears to have a significant effect
on the results of the screen analysis.
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3. Ground Glassy Carbon

Helium Density = 1.91 g/cc* Chemical Analysis

Surface Area = 5.6 m2 /g

Screen Analysis

On 35 mesh = 0%
On 65 mesh = 0%
On 100 mesh = 0.41%
On 150 mesh = 18.42%
On 200 mesh = 21.98%
On Pan = 59.19%

% Ash = 0.92
% Moisture =0.85

Emission Spectrographic

+ Major- + Minor-

«-Fe Mn
Cr Sn->-
Ni si

Al
Ca
Cu

+ Tr

Mg
Ag

* Sample drifted considerably and, therefore, the results are
questionable.

** No standards available to run semi-quantitative analysis.
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4. WCA Graphite Fibers

Helium Density = 1.43 g/cc*

Surface Area = 1.3 m2/g

Chemical Analysis

% Ash =0.04
% Moisture = 0.03

Emission Spectrographic Analysis
Semi-Quantitative

Al <
Ti =
V <
Fe <
Ni <
Cr <
Si =
Ca <
Mg <
Pb <
Sn <
Ag <
B <
Na =
Cu <

5 ppm
5 ppm
5 ppm
5 ppm
5 ppm
5 ppm
7 ppm
5 ppm
5 ppm
5 ppm
5 ppm
5 ppm
5 ppm
13 ppm
5 ppm,

Sample drifted considerably; therefore, results are
questionable.
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5. Barrett No. 30 Medium Coal Tar Pitch

Helium Density = 1.33 g/cc

Coking Value = 57.4%

Benzene Insoluble = 32.1%

Quinoline Insoluble = 13.1%

Softening Point = 100.3°C

Elemental Chemical Analysis

C = 93 .62%
H = 4 . 2 9 %
O = 1.56%
N = 0 . 9 2 %
S = 0 . 4 4 %

Emission Spectroqraphic Analysis
(Qualitative)*

+ Major- + Minor- + Trace-

Fe
Pb-»-
Si
Al

Mg
Mn

Cu->-

Differential Thermal Analysis

Endotherm at 55°C.
Endotherm at 440°C.
Exothermic jump at 535°C.
which is coincidental with
3% weight loss.

Exothermic rise maximum at
645°C.

Thermal Gravimetric Analysis

Essentially constant weight
to 200°C.

Gradual loss between 200°C
and 260°C.

-1% at 260°C.
Increasing rate of loss
between 260°C and 335°C

Steady rate of loss from
335°C to 460°C and 605°C
to 800°C with a slightly
lower rate of loss between
460°C and 605°C.

-10% at 370°C.
Overall loss of 83% at cut
off of 800°C

Volume Change After Baking**

1000°C Baked Volume
Green Volume

2800°C Heat Treated
Volume

Green Volume

= 0.871

= 0.843

No standards available to run semi-quantitative analysis.

Measured for compacts containing 80 pbw CHP graphite, 20 pbw
Thermax, and 60 pph No. 30 Med. Pitch.
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6. Bakelite BRP-5095 Phenol-formaldehyde Resin

Helium Density = 1.28 g/cc

Coking Value = 65.4%

Elemental Chemical Analysis

C = 75.86%
H = 6.13%
O = 16.80%
N = 2.44%
S = None

Emission Spectrographic Analysis
(Qualitative)-* _

+ Major- +Minor-

«-Ca
Si+
Mg

+Trace-

«-Fe Cu
Al
Cr->-

Differential Thermal
Analysis

Small exotherm at 165°C
which is just at the
beginning of 5% weight
loss.

Very broad exothermic rise
beginning at 540°C.

Thermal Gravimetric Analysis

Essentially constant
weight to 160°C.

Gradual loss between 160°C
and 265°C.

Plateau between 265°C and
370°C at approximately
5% loss.

-10% at 445°C.
Steady loss between 370°C

and 540°C...
Increasing rate of less
to 600°C.

Steady loss rate to cut
off at 750°C.

Overall loss of 88% at
cut off of 750°C.

Volume Change After Baking**

1000°C Baked Volume
Green Volume

2800°C Heat Treated
Volume
Green Volume

= 0.704

= 0.649

: No standards available to run semi-quantitative analysis.

<# Measured for compacts containing 80 pbw CHP graphite, 20 pbw
Thermax, and 58 pph Bakelite BRP 5095 resin.
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B. Processing of the Material Formulations

The same basic processing techniques used to develop the four material

formulations during Task I— were applied to the manufacture of the materials

produced during Task III. The scale-up in both the quantity of material and the

size of the compacts manufactured during Task III produced a few problems

which had not been encountered during the previous work under Task I— ; these

problems, corrected by adjusting the processing procedures, are discussed

along with detailed descriptions of the processing techniques used to manu-

facture the carbon-graphite seal ring bodies. The procedure usedto impregnate

the compacts with Bakelite BRP-5095 resin was developed during Task III by

using bench-scale testing.

Two different types of compacts were prepared for each of the seven

material formulations: .5-inch (12 .7 cm) diameter x 1.4-inch (3 .6 cm) thick

solid plugs, and 8. 6-inch ( 2 1 . 8 c m ) o.d. x5. 8-inch (14. 7 cm) i. d.x 1. 3 -inch

(3. 3 cm) thick ring blanks. The dimensions listed are for the green compacts.

The material property samples and the rectangular and rod specimens sub-

mitted to the NASA Project Manager were machined from the solid plugs.

A series of test bakes were conducted to determine the best molding

conditions for each of the materials manufactured during Task III. Small

compacts of each material were molded at 5000 psi (3450 N/cm2) increments

between 10, 000 psi (6890 N/cm2) and 35, 000 psi (24, 100 N/cm 2 ) . After the

compacts were baked to 1000° C, their densities were measured and their

internal structures were examined for laminations. The green density that

resulted in a 1000°C baked compact having the highest baked density and a

sound internal structure was selected as the molding condition for each material.

The processing techniques employed to manufacture compacts f rom the seven

materials produced in Task III are as follows:
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1. .Formulation No. 1 - CHP Artificial Graphite (80 pbw) -
Thermax (20 pbw) - No. 30 Medium Pitch (60 pph):

a) Blend filler raw materials for one hour.

b) Preheat filler and mixer to 150°C, add pitch, and mix

filler and binder in sigma blade mixer for one hour. .

c) Crush cooled mix by using a hammer pulverizer.

d) Micromill crushed mix.

e) Blend milled material for one hour.

f) Mold the milled'material at room temperature by using a

hydraulic press.

g) Pack green compacts with coke in a sagger, place a layer

of charcoal on the top of the pack, and bake green compacts between room

temperature and 1000°C at a rate of 5°C per hour, followed by a 4-hour hold

at 1000°C.

h) Using graphite particles as the packing medium, fire the

1000° C baked compacts to 2800° C in an induction furnace, using the follow-

ing schedule: room temperature to 900°C at 400°C per hour, 900°C to 1600°C

at 200°C per hour, 1600°C to 2800°C at 300°C per hour, and hold 1 hour at

2800°C.

A problem was encountered when the green compacts of formulations

Nos. 1 and 2 were baked f rom room temperature to 1000°C, Fifteen 5-inch

(12. 7 cm) diameter solid plugs and three ring blanks of each of the formu-

lations Nos. 1 and 2 were packed in a large, square sagger with coke as the

packing medium. The compacts were packed in six layers with their dia-

meters parallel with the bottom of the sagger. Each of the top three layers

consisted of two ring blanks and two 5-inch (12. 7 cm) diameter plugs; the

bottom three layers each contained eight 5-inch (12. 7 cm) diameter plugs.

An X-ray analysis of the 1000°C baked compacts showed that several of the

solid plugs packed in the bottom three layers had cracked during baking.

Apparently, the compacts shifted in the pack as they shrunk during baking,

and the weight of the pack nonuniformily stressed the lower compacts, causing

the cracking to occur. The problem was remedied by reducing the size of the

subsequent packs to three parallel layers of compacts. The smaller packs re-

duced the amount of weight applied on the compacts located at the bottom of

the pack. .-,
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2. Formulation No. 1X-CHP Artificial Graphite (80 pbw) -
Thermax (20 pbw) - No. 30 Medium Pitch (60 pph) - 1000°C
Baked Compacts Impregnated with Bakelite BRP-5095 Resin:

a) Through baking of the green compacts to 1000°C, use the

same", processing as that used for formulation No. 1.

b) Impregnate 1000°C baked compacts with a Bakelite

BRP-5095 resin and acetone solution by using the following procedure:

1. Place compacts in autoclave and evacuate for

1 hour at 27-29-inch (9. 1-9. 8 N/cm2) Hg vacuum.

2. Impregnate compacts with solution consisting of

50 pbw Bakelite BRP-5095 resin and 50 pbw acetone.

3. Pressurize autoclave containing compacts with

80 to 85 psig (55 to 59 N/cm 2 ) air for 1 hour.

4. Remove compacts f rom solution.

5. Place compacts in an autoclave, pressurize with

100 psig (69 N/cm2) air, heat to 150°C, and hold temperature for 2 hours.

Remove compacts f rom autoclave and place them in a 150°C circulating air

oven for 2 hours to complete resin cure.

c) Pack resin impregnated compacts with coke in a sagger

and bake impregnated compacts according to the following schedule: rush to

150°C, 150°C to 1000°C at 10°C per hour, and hold 4 hours at 1000°C.

d) Using graphite particles as the packing medium, fire the

1000°C rebaked compacts to 2800°C in an induction furnace according to the

firing schedule used for the formulation No. 1 compacts.

A six-layer pack discussed previously, was used to rebake (1000°C,

Step C) the resin impregnated compacts of formulation No. IX. The larger

pack could be used without cracking the compacts, since they had been pre-

viously baked to 1000°C. The compacts were thus strong enough to support

the weight of the expanded pack without cracking. Six-layer packs also were

used when the resin impregnated compacts of formulations Nos. 2X and 4X

were rebaked to 1000°C.
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3. Formulation No. 2-CHP Artificial Graphite (80 pbw) -
Thermax (20 pbw) - Glassy Carbon (5 pbw) - No. 30
Medium Pitch (60 pph):

a) Blend filler raw materials in small batches for one hour.

Primary blending should be carried out in small batches to obtain good

dispersion of the glassy carbon.

b) Blend together all the smaller preblended filler batches

for one hour.

c) The other processing steps are the same as those listed

for formulation No. 1, starting at mixing (Step b).

4. Formulation No. 2X-CHP Artificial Graphite (80 pbw) -
Thermax (20 pbw) - Glassy Carbon (5 pbw) - No. 30 . '. ,
Medium Pitch (60 pph) - 1000°C Baked Compacts Im-
pregnated with Bakelite BRP-5095 Resin:

a) Through the baking of the green compacts to 1000°C, the

processing is the same as that used for formulation No. 2

b) The other processing steps are the same as those listed

for formulation No. IX, starting at the impregnation of the 1000°C baked

compacts (Step b).

5. Formulation No. 3-CHP Artificial Graphite (80 pbw) -
Thermax (20 pbw) Bakelite BRP-5095 Resin (58 pph):

a) Blend filler raw materials for one hour.

b) Dissolve BRP-5095 binder in equal volume of acetone

and mix with filler in a sigma blade mixer for one hour at room temperature.

c) Dry mixed material at 75°C for 16 hours.

d) Crush material by using a hammer pulverizer. The ma-

terial may still be rather soft and pliable after Step c, due to entrapped

acetone, in which case the mix must be chilled at -20°C to harden it before

crushing.

e) Place crushed mix in an autoclave and vacuum-evacuate

for 16 hours while maintaining the temperature at 50°C. This step will

remove the residual acetone.
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f. Crush material again by using a hammer pulverizer.

This step can be omitted if the mix does not agglomerate during Step e.

g. Micromill crushed material.

h. Blend milled material for 1 hour.

i. Mold the milled material at room temperature by using

a hydraulic press.

j. Pack green compacts with coke in a sagger, place a layer

of charcoal on the top of the pack, and bake green compacts according to the

following schedule: rush to 150°C, 150°C to 1000°C at 10°C per hour, and

hold 4 hours at 1000°C. For very large compacts such as the 8. 6-inch

(21. 8 cm) o. d. x 5. 8-inch (14. 7 cm) i. d. x 1. 3-inch (3. 3 cm) thick ring

blanks, slow the baking schedule to 5°C per hour between 150°C and 1000°C

to reduce laminating and cracking.

k. Using graphite particles as the packing medium, fire the

1000°C baked compacts to 2800°C in an induction furnace according to the

firing schedule used for the formulation No. 1 compacts.

Of the seven materials manufactured during Task III, formulation

No. 3 was the most difficult to process. One problem, which was not encoun-

terd during Task I— , was the difficulty of removing all of the acetone f rom

the mixed material. This problem was not encountered during Task I —since,

only a small quantity (10 Ibs) of material was processed, the volume of ace-

tone to be removed was relatively small. Approximately 160 Ibs (73 Kg. ) of

mix was prepared during Task III, which required the removal of a large

volume of acetone. Heating the 160 Ibs (73 Kg. ) of mixed material, which was

actually a liquid with the particulate material dispersed in it, for 16 hours at

75°C evolved most of the acetone, leaving a soft, pliable mass. However, some

residual acetone was trapped in the mix when a relatively impervious crust

formed on top of the material during heating. The residual acetone caused the

material to be soft.and pliable at room temperature. Removal of the crust

followed by an additional 24-hour exposure to the 75°C temperature did not

remove all the entrapped acetone, since the crust reformed. To evolve all the

residual acetone by the continuous process of removing the crust followed by heat-

ing would be very time consuming and could cause partial polymerization of the resin.
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Partial polymerization of the resin could degrade the physical properties of the

2800°C baked compacts as was noted during Task I. — The Contractor had to

crush the material to expose more surface area and vacuum evacuate it for 16

hours while maintaining a temperature of 50°C to remove all the acetone with-

out partially polymerizing the resin. The material had to be hardened by

chilling at -20°C before it could be crushed. Since all the acetone must be

removed f rom the mix before molding to prevent lamination of the compacts

during baking, the Contractor included Step e as part of the required proc-

essing for formulation No. 3.

The fact that formulation No. 3 is such a high shrinkage material pro-

duced a problem when the large green ring blanks were baked at 10"C per

hour between 150°C and 1000°C. Resin-bonded formulation No. 3 has a

volume ratio (1000°C baked volume/green volume) of: 0. 704 as compared

with the 0. 871 value measured for the pitch bonded formulation No. 1. The

large shrinkage caused the formulation No. 3 ring blanks to crack and/or

laminate when baked at the 10°C per hour rate. The problem was minimized

by reducing the baking rate to 5°C per hour between 150°C and 1000°C to

reduce the rate at which the ring blanks shrink.

6. Formulation No. 4 - CHP Artificial Graphite (80 pbw) -
WCA Fibers (20 pbw) - Bakelite BRP-5095 Resin
(67 .5 PPh):

a. Blend shredded WCA graphite cloth with CHP graphite for

one hour.

b. Micromill the blended filler material.

c. Blend milled filler material for one hour.

d. The other processing steps are the same as those listed

for formulation No. 3, starting at mixing (Step b). All the green compacts

for formulation No. 4 processed during Task III were baked at 10°C per hour

between 150°C and 1000°C.
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7. Formulation No. 4X-CHP Artificial Graphite (80 pbw) -
WCA Fibers (20 pbw) - Bakelite BRP-5095 Resin (67. 5 pph) -
1000°C Baked Compacts Impregnated with Bakelite
BRP-5095 Resin:

a. Through the baking of the green compacts to 1000°C, the

processing is the same as that used for formulation No. 4.

b. The other processing steps are the same as those listed

for formulation No. IX, starting at the impregnation of the 1000° C baked

compacts (Step b).
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SECTION V

MATERIAL PROPERTIES
(TASK IV)

A. Property Requirements of Seal Ring Carbon-Graphite Materials

The goal of this contract is the development of a carbon-graphite

material for use as a self-acting seal in advanced gas turbine engines. High

oxidation resistance is a primary requirement of the material if it is to with-

stand the high operating air temperatures. Since self-acting seals experience

relatively high speed sliding contact during limited periods of operation, good

wear resistance is also a requirement. High hardness, strength, and modulus,

together with the proper selection of impregnants and mating materials, are

necessary for producing wear-resistant carbon-graphite seal ring materials.

A carbon-graphite material used as a self-acting seal must also have a high

thermal conductivity to provide rapid transfer of deleterious frictional heat

which can develop during periods of sliding contact. Dimensional stability

is a desirable property of a seal ring material, although thermal expansion

is not critical for this application, since the carbon will be controlled by an

outer shrink ring during operation.

Aside from the material properties that are essential for good per-

formance, a seal ring material should also be readily machinable, since seal

dam widths as small as 0. 020 inches (. 05 cm) often are present in seal design.

The compacts manufactured from the seven formulations during Task III were

all found to be very machinable as compared with commercial seal ring

Grade CDJ. The good machinability of the carbon-graphite articles manu-

factured during Task III resulted from the use of a large proportion of partic-

ulate graphite in the filler systems and a final heat-treatment temperature

of 2800°C.

Under the scope of Task IV, the Contractor determined the following

material properties for the carbon-graphite seal ring bodies manufactured

during Task III.
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1. Mechanical Properties

a. Density before and after impregnation with oxidation inhibiting

treatment.

b. Flexural strength.

c. Elastic modulus.

2. Thermal Properties

a. Thermal conductivity.

b. Coefficient of thermal expansion.

3. Oxidation Resistance and Related Porosity

a. Oxidation resistance relative to a carbon-graphite seal ma-

terial typical of current practice.

b. Total porosity, pore size and size distribution, uniformity

of impregnation, and structural uniformity.

4. Wear Properties Relative to a Reference Material at Nominal
Environment conditions

This section of the report is divided into subsections. The niext sub-

section discusses the mechanical properties determined for the compacts of

all seven of the material formulations manufactured during Task III. The

remaining subsections cover the thermal and wear properties, the porosities,

and the oxidation rates determined for the compacts of the selected four

formulations.

B. Mechanical Properties

The literature search conducted during Task I— indicated that high

hardness, strength, and modulus are necessary requirements for producing

wear-resistant carbon-graphite seal ring materials. Hardness greatly affects

performance, since the load-carrying capacity of a carbon-graphite seal ring

material is directly related to its hardness. Although no goal was established

for the strength of the material to be developed under the scope of this Contract,

the operating pressures, dimensional stability requirements, and the configu-

ration of the seal ring (7-12 inches (18-30 cm) in diameter, 1/2 inch (1. (3 cm):ircf

thickness, anxTO. 020 inch (. 0'5 cm) iri dam width) require a material with maxi-

mum strength consistent with high oxidation resistance.
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Under the scope of this Contract, the Contractor was required to fully

characterize the material properties of the carbon-graphite seal ring bodies

manufactured from the four formulations selected during Task II—and described

in Table I. A total of seven materials (formulations Nos. 1, 2, 3, 4, IX, 2X,

and 4X) were manufactured during Task III. This total excludes the materials

impregnated with the No. 121 oxidation inhibiting treatment. The Contractor

thus had to select the four formulations which had produced seal ring bodies

warranting full material characterization: Nos. IX, 2X, 3, and 4X were

chosen. The decision as to which four materials warranted full characteri-

zation was based on the results of mechanical property measurements made

on the compacts of all seven formulations. Since only one version of formu-

lation No. 3 was manufactured during Task III, the selection of the remaining

three materials to be fully characterized was restricted to choosing between

the resin-impr egnated and nonresin-impregnated versions of formulations

Nos. 1, 2, and 4.

Tables II through VIII display the green, 1000°C baked, and 2800°C

baked bulk densities; the flexural strengths; the elastic moduli; and the hard-

nesses determined for the carbon-graphite seal ring bodies manufactured

from the seven material formulations. Except for the hardness measurement,

these mechanical properties were the ones which the Contractor was required

to determine. The hardness measurement was included, since it is one of

the physical properties commonly specified for commercially available

carbon-graphite seal ring materials. Appendix II at the end of this report

describes the procedures used to determine the material properties. The

ASTM methods were used where applicable.

Formulation No. IX material was selected for detailed property exam-

ination rather than formulation No. 1 material, since impregnation with the

Bakelite BRP-5095 resin produced a relatively large improvement in mechan-

ical properties. The resin impregnation resulted in an average improvement

of 1. 5% in density, 18% in flexural strength,, 12.% in elastic,modulus, and 6. 3% in

hardness. Similarly, formulation No. 2X was chosen rather than formulation

No. 2, since the resin impregnation produced an average increase of 1. 9% in

density, 22% in flexural strength, 14% in elastic modulus, and 10% in hardness.
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The relatively large improvement in mechanical properties measured for the

compacts after impregnation with the Bakelite resin resulted f rom rather

small resin pickups. The measured resin pickups were the same for the

compacts of formulations Nos. IX and 2X; 9% (by weight) after impregnation,

4% after curing, and 1.6% after rebaking the compacts to 1000°C. Driving

off the acetone used to dissolve the Bakelite resin accounts for the cured resin

pickup being lower than that measured after impregnation. Carbonization of

the resin accounts for the resin pickup being still lower after rebaking the

compacts to 1000°C. The internal instructures of the compacts manufactured

from formulations Nos. 1 and 2 are apparently very uniform, since little vari-

ation was noted in the measured resin pickups.

Formulation No. 3 was selected as the third material warranting

complete material property evaluation. The difficulties encountered during

manufacturing of the compacts of formulation No. 3 (discussed in the pre-

vious section) delayed the processing of the material. The delay in process-

ing prohibited the manufacturing of a Bakelite BRP-5095 resin-impregnated

version of the material.

Formulation No. 4X was selected as the fourth material warranting

full property evaluation because, once again, the resin impregnation pro-

duced an improvement in the mechanical properties as compared with those

of the formulation No. 4 compacts. Unlike the two versions of formulations

Nos. 1 and 2, there was some overlap in theimaximum and minimum density

and flexural strength values determined for the compacts of formulations

Nos. 4 and 4X. However, the Contractor believed that the average increases

in mechanical properties were sufficient to warrant the selection of formu-

lation No. 4X. The resin impregnation produced an average increase of

1. 1% in density, 15% in flexural strength, 25% in elastic modulus, and 127%

in hardness; there is some question as to the significance of the large in-

crease in hardness.
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A rather large range of resin pickups was measured for the compacts

of formulation No. 4X which indicates a relatively large compact-to-compact

variation in the internal structure of the formulation No. 4 material. The

measured resin pickups for the compacts of formulation No. 4X ranged be-

tween 6. 7% and 18. 9% after impregnation, 5. 2% and 13. 4% after curing, and

2. 3% and 5. 7% after rebaking the compacts to 1000°C. A nonuniform internal

structure accounts for the overlapping in the mechanical properties measured

for the compacts of formulations Nos. 4 and 4X.

The mechanical properties determined for the carbon-graphite seal

ring bodies manufactured f rom the seven formulations were all lower than

the corresponding values specified for commercial seal ring Grade CDJ-83.

Grade CDJ-83 has a nominal bulk density of 1. 76 g/cc, a flexural strength of

8800 psi (6100 N/cm2) , an elastic modulus of 3. 2 x 106 psi (2. 2 x 106 N/cm 2 ) ,

and a Rockwell "E" hardness of 105. As discussed in Topical Report NASA

CR-72799. some sacrifice in strength and hardness was found to be necessary

when developing the oxidation resistant, carbon-graphite materials. The de-

crease in mechanical properties resulted from the baking to 2800°C of the

compacts containing a high purity graphite as a major filler constitutent.

The mechanical properties determined for the seven materials manufactured

during Task III are, however, adequate for their use as seal ring materials.

Formulations Nos. IX, 2X, and 4X resulted in carbon-graphite articles having

flexural strengths and elastic moduli similar to those of commercial seal ring

Grade AUT. Grade AUT, which is manufactured by the Union Carbide

Corporation, has a flexural strength of 4900 psi (3400 N/cm 2 ) and an elastic

modulus of 1. 3 x 106psi (9. 0 x 105 N/cm 2 ) .
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C. Thermal Properties

As a part of the material characterization program, the Contractor

was required to determine the thermal conductivities and the coefficients of

thermal expansion of the selected four materials manufactured during Task III.

Both of the thermal properties affect the performance of a carbon-graphite

seal ring material. Since self-acting seals experience limited periods of slid-

ing contact, they require a carbon-graphite material having a high thermal

conductivity so that the frictional heat generated during sliding contact will be

rapidly dissipated. Low thermal deformation also can be important with this

type of seal since the proper interfacial geometry must be maintained to pre-

vent high speed rubbing contact. — A low coefficient of thermal expansion is

thus very desirable, even though the expansion of some self-acting seals will

be controlled by an outer metal shrink ring.

Table IX lists the thermal conductivities measured for the carbon -

graphite seal ring bodies of formulations Nos. IX, 2X, 3 and 4X. The

determination of the thermal conductivities was carried out at room tempera-

ture by using the laser flash method (Appendix II). All the values measured

are considerably higher than the typical value of 4.4 BTU-ft / f t 2-hr-°F

(0.0 18 cal/cm-sec°C) for commercial seal ring Grade CDJ-83. The thermal

conductivity of a carbon-graphite material is directly related to its degree

of crystallinity. Since Grade CDJ is not baked'to a final temperature of 2800°C,

it is not so crystalline as the four materials manufactured during Task III. The

results presented in Table IX also show that the compacts of formulations

Nos. IX and 2X have higher thermal conductivities than those determined for

the carbon-graphite materials of formulations Nos. 3 and 4X, a. result which

is probably due to a difference in the porosity of the compacts or the degree

of crystallinity of the binder materials. Information gained during the litera-

ture search portion of Task I— indicated that the phenolic resin may not be so

crystalline as coal tar pitch after baking to 2800°C. The fact the compacts of

formulations Nos. IX and 2X had practically the same thermal conductivities

shows that the addition of 5 pbw of glassy carbon in the formulation No. 2X

material had little effect on thermal conductivity.
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TABLE IX

Thermal Conductivities-Formulations Nos. IX, 2X, 3 and 4X Material

Formulation*

No.

No.

No.

No.

No.

No.

No.

No.

IX

IX

2X

ZX

3

3

4X

4X

w.

a.

w.

a.

w.

a.

w.

a.

g.

g-

g.

g.

g.

g-

g-

g.

Thermal

Cal/cm-sec-°C

0.

0.

0.

0.

0.

0.

0.

0.

181

149

177

146

143

122

145

082

Conductivity

BTU-ft / f t 2 -hr-°F

43.

36.

42.

35.

34.

29.

35.

19.

80

06

83

33

61

52

09

84

Joule /meter- sec- °K

75.

62.

74.

61.

59.

50.

60.

34.

8

3

2

2

7

9

7

3

Formulation Anisotropy Ratio**

No. IX 1.21

No. 2X 1.21

No. 3 1.17

No. 4X 1.77

*
w. g. - with grain
a. g. - across grain

**
Anisotropy Ratio = Thermal Conductivity (w. g. )/Thermal Conductivity (a. g.)
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The sample configuration, 0. 5 inch (1. 3 cm) diameter x 0. 080 inch

(„ 20 cm) thick, for the thermal conductivity measurement was small enough

to permit machining of samples in both grain directions f rom the plugs pro-

duced during Task III. Except for density, all the previously reported

mechanical properties were determined on samples machined in the with-grain

direction. As expected,, all four of the materials manufactured during Task III

displayed higher thermal conductivities in the with-grain direction. The anisot-

ropy ratios presented in Table IX were calculated by using the measured with-

grain and across-grain thermal conductivities. The carbon-graphite seal ring

bodies of formulations Nos. 1X3 2X, and 3 are isotropic, whereas>the com-

pacts of formulation No. 4 are slightly more anisotropic. All four of the

materials showed considerably greater isotropy than those of the hot-molded

anisotropic graphites produced by Group CMF-13 of the Los Alamos Scientific

Laboratory (LASL) — . The LASL materials, in which ;pyrolytic and natural

graphites were used as the primary particulate fillers, had thermal conduc-

tivity anisotropy ratios ranging between 3. 0 and "7. 2. The use of artificial

graphite as the primary particulate filler accounts for the greater isotropy

of the compacts of formulations Nos. IX, 2X, 3, and 4X as compared with

the LASL materials.

Figures 1 through 4 are plots of the coefficients of thermal expansion

determined for the compacts of formulations Nos. IX, 2X, 3 and 4X. Each

plot represents the average of two tests conducted on samples machined in

the with-grain direction. Figure 5 is a plot of the coefficient of thermal ex-

pansion of seal ring Grade CDJ-83, which has been included for purposes of

comparison. All five materials showed an increasing coefficient of thermal

expansion with increasing temperature. The coefficient of'thermal ^expansion

of Grade CDJ-83 is considerably higher than those of the other four materials

tested. A comparison of Figures 1 and 2 shows that the addition of 5 pbw of

glassy carbon to the formulation No. IX composition had a negligible effect

on the coefficient of thermal expansion. Of the four materials manufactured

during Task III, the seal ring bodies of formulation No. 4X had the lowest

overall coefficient of thermal expansion, especially at the higher temperatures.

Similarly, the formulation No. 3 compacts displayed the highest overall coef-

ficient of thermal expansion, especially at the lower temperatures.
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The thermal properties determined for the compacts of formulations

Nos. IX, 2X, 3, and 4X indicate that all four are potentially good carbon-

graphite seal ring materials. A low coefficient of thermal expansion is bene-

ficial from a thermal deformation standpoint. Although a metallic":shrink

ring controls the thermal deformation of the carbon .'ring in some cases, if

no shrink ring is used (as on small turbine engine seals) then thermal de-

formation is mitigated by using high thermal conductivity and low thermal

expansion carbon-graphite materials.

D. Porosities

Carbon-graphite seal ring bodies must be low porosity materials so

that they will be impervious to the fluids which they seal. As demonstrated

during the experimental portion of Task I, — the mechanical properties and

oxidation resistance of a carbon-graphite compact are greatly affected by

the choice of raw materials, composition, and final baking temperature used

for its manufacture. Although the degree of crystallinity of a carbon-graphite

body greatly affects its material properties, the porosity of the compact also

has some effect. Reducing the porosity of a formed article should result in

an improvement in its mechanical and chemical properties. The carboni-

zation of a resin impregnant has been found to be a good way to reduce the

porosity of a carbon-graphite compact. Resin impregnation has been found

to be better than the conventional pitch-type impregnation, since the resins

with their lower viscosities and increased wetting tend to block the pores,

as weir as the larger open volumes. — Decreasing the porosity of a compact

reduces the number of interconnected voids, and the remaining isolated voids

are less damaging to the mechanical properties. Reducing the porosity of a

carbon-graphite compact also should increase its oxidation resistance.

Table X presents the percent total porosities calculated for the com-

pacts of formulation Nos. IX, 2X, 3, and 4X, and for commercial seal ring

Grade CDJ. These values were calculated by using the following equation:

Helium Density - Bulk Density
Percent Total Porosity = 100X

Helium Density

The value obtained by using this equation is the ratio of the total pore volume

to the volume occupied by the pores and the carbonaceous material in the com-

pact being analyzed.
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TABLE X

Percent Total Porosities of Formulations
Nos. IX, 2X, 3, and 4X Material

Formulation

No.

No.

No.

No.

Grade

IX

2X

3

4X

CDJ

Helium Density
(g/cc)

' l .

1.

1.

1.

1.

940

890

900

765

841

Bulk Density
(g/cc)

1.

1.

1.

1.

1.

730

700

650

466

756

Percent Total
Porosity

10.

10.

13.

16.

4.

8

1

2

9

6

Impregnation with the Bakelite BRP-5095 resin reduced the total

porosity from 16. 6% for the formulation No. 1 compacts to 10. 8% for the

formulation No. IX compacts. Similarly, the resin impregnation of the seal

ring bodies of formulations Nos. 2X and 4X reduced their total porosities

from 16. 0% (formulation No. 2} and 22. 1% (formulation No. 4) to 10. 1% and

16. 9%, respectively. As previously reported, mechanical properties were

improved by the resin impregnation. The fact that the total porosity of

Grade CDJ is approximately one-half that determined for the compacts of

formulations Nos. IX and 2X contributes to Grade CDJ-83 having a signifi-

cantly higher flexural strength and elastic modulus.

The total porosity also may influence the thermal conductivities of

the seal ring bodies of formulations Nos. IX, 2X, 3, and 4X. As mentioned

in Section V-C, the thermal conductivities of the formulations Nos. IX and

2X compacts were higher than those of the compacts of formulations Nos. 3

and 4X. The difference in thermal conductivities may have resulted f rom the

lower total porosities of the compacts of formulations Nos. IX and 2X, or it

may have been caused by a difference in the degree of crystallinity of the

filler and the binder materials after carbonization. The No. 30 medium

pitch used to bond formulations Nos. IX and 2X may have been more crystal-

line after it was baked to 2800°C than the Bakelite BRP-5095 resin used to

bond formulations Nos. 3 and 4X. The "graphite" fibers used in formulation

4X also probably have a lower degree of crystallinity than the TherrrraxocaTbon

black used in the other formulations.
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The lower porosity seal ring bodies of formulations Nos. IX, 2X, and

4X should have better oxidation resistance than the compacts of formulations

Nos. 1, 2, and 4. The mechanism controlling the oxidation rate of a carbon-

graphite seal ring operating at temperatures up to 1300°F (704°C) consists of

the chemisorption of the oxidizing gas at an active site, rearrangement of the

chemisorbed gas on the surface to a desorbable product, and desorption of the

products from the surface. Reducing the porosity of a carbon-graphite com-

pact may retard oxidation rate, by decreasing its permeability to the oxidizing

gas. The possibility exists, however, that the resin-impregnated compacts

of formulations Nos. IX, 2X, and 4X may experience higher oxidation rates

than their nonresin-impregnated counterparts. After the carbonized resin

impregnant has been baked to 2800*0, it may not be so crystalline as the

carbon-graphite base material. Since the degree of crystallinity greatly

affects the rate at which a carbon-graphite material oxidizes, the carbonized

resin impregnant could oxidize at a faster rate than that of the more crystal-

line base material.

Tables XI to XIV present the results of the pore volume and pore size

distribution measurements made on compacts of formulations Nos. IX, 2X,

3, and 4X by using mercury intrusion. Figures 6 to 13 are the corresponding

plots of the pore volume and cumulative pore volume versus pore diameter

for the four materials. The mercury intrusion method is used to determine

the distribution of the pores ranging between 0. 02 and 100. 0 microns ((J.) in

diameter. For the range of pores measured, the seal ring bodies of formu-

lations Nos. IX, and 2X were found to have smaller pores and less total pore

volume than the compacts of formulations Nos. 3 and 4X. The formulation

No. 2X compact had the smallest average pore diameter ( 3 . 9 M - ) . The average

pore diameters of the other three materials were 4. 4fi for formulation No. IX,

8. 7|JL for formulation No. 3, and 5. 6|j. for formulation No. 4X. The intruded

pore volumes of the compacts of formulations Nos. IX and 2X were the same

(0. 076 cc/g). Formulation No. 4X produced a seal ring body having the largest

intruded pore volume, 1. 8 times that measured for the compacts of formulations

Nos. IX and 2X. The intruded pore volume of the formulation No. 3 compact

was approximately 1. 3 times that of the formulations Nos. IX and 2X compacts.
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For purposes of comparison, Table XV displays the pore volume and pore

size distribution determined by mercury intrusion for Grade CDJ. Figures 14

and 15 are the corresponding plots of pore volume and cumulative pore

volume versus pore diameter. The sample of Grade CDJhad an average pore

diameter of 1. 2(j. and an intruded pore volume of 0. 025 cc/g, both of which

are significantly smaller than the corresponding values for the seal ringbodies

of formulations Nos. IX, 2X, 3, and 4X.

Tables XVI and XIX display the results of nitrogen pore volume meas-

urements made on compacts of the four material formulations. Figures 16

through 19 are the corresponding plots of percent pore volume and cumulative

percent pore volume versus pore diameter. The nitrogen desorption method

is used to measure the size distribution of pores with diameters in the range

of 20-600A. For the range of pore sizes measured by nitrogen desorption

(too small in diameter to be accurately measured by mercury intrusion), the

compacts of formulations Nos. IX and 2X were found to have larger pores

and greater pore volume than the seal ring bodies of formulations Nos. 3

and 4X. The compact of formulation No. 2X had the largest pores occupying

the greatest volume (average pore diameter = 450A, total pore volume =

0. 0084 cc/g). Formulation No. IX was found to produce a carbon-graphite

article having an average pore diameter of 240A and a total pore volume of

0. 0014 cc/g. The total pore volumes determined for the compacts of for -

mulations Nos. 3 and 4X were 0. 00064 cc/g and 0. 00099 cc/g, respectively.

The average pore diameters of the compacts of formulations Nos. 3 and 4X

were significantly smaller than those of the seal ring bodies manufactured

from formulations Nos. IX and 2X: 110A for the formulation No. 3 compact

and 50A for the formulation No. 4X compact. The fact that phenolic resins

result in chars having some closed microporosity may explain why the resin

bonded formulations Nos. 3 and 4X produce compacts of smaller average

pore diameters and volumes in the nitrogen desorption range than those of

the two pitch bonded materials. Table XX presents the results of the nitro-

gen pore volume measurement made on a sample of Grade CDJ. Figure 20

is the corresponding plot of percent pore volume and cumulative percent

pore volume versus pore diameter. The sample of Grade CDJ was found to

have an average pore diameter of 240A and a total pore volume of 0. 0013 cc/g.

The microporosity determined for Grade CDJ.is almost identical to that of the

formulation No. IX compact.
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TABLE XV

Pore Volume and Distribution by Mercury Intrusion -
Grade CDJ

SAMPLE WEIGHT - 7.7bB(, GRAMS.
SAMPLE VOLUMF = «.069b cc.
SURFACE AREA = 0.2f,| SOUAHH METEHS PEK GUAM.
T O T A L VOLUME INTHUDEO = o.ip?2 cc.
AVERAGE PORE RADIUS = 0.617 MICRONS. -

FUJLK DENSITY AT 100 MICRONS = 1 . 7JSH G/CC.

ftULK DENSITY AT 0.02 MICRONS = I.H139 G/CC.

HELIUM DENSITY = l.e/uo G/CC. ' —
APPARENT DENSITY = 1.7560 G/CC.

VOLUME OF
VOID FRAC

STARS
PORE OIA

MICRO

\ oo.ooo-
50.000-

jsisac-
20.000-
15.000-

12.000-

1 1 .000-

10.000-
9.000-

0.000-

7.500-

7.000-

6.500-

6.000-

S.SOO-

5.000-

4.500-

4.000-

3.500-

3.000-

2.500-

2.000-

1.500-

1 .000-

0.800-

0.600-

0.500-^

0.400-

0.350-

0.300-

0.280-

0.260-

0.240-

0.220-

0.200-

O.IBO-
0.160-

0. 140-

0. 120-

0.100-

O.OBO-

0.060-

0.050-

O.04O-

0.030-

^UKES BETWEEN 100 MICRONS AND O.O20 MICRONS = 0.0247 CC/G.

PORES UNOER 0.020 MICRONS = O.O08I CC/G.

TION = 0.043 ,

E

METER
NS

50.00O

25.0OO

15.000

1 2.000

1 1 .000

10.000

9.00O

a. ooo

7.500

7.000

6.500

6.000

5.500

5.000

4.500

4.000

3.500

3.000

2.500

2. OOO

1 .500

1 .000

0.8OO

0.6.00

0.500

0.400

0.350

0.300

O.2BO

0.260

0.240

0.22O

0.200

0.180

0. 160

0. 140

0. 120

0. 100

0.08O

O.06O

0.050

0.040

0.030

0.020

AVERAGE

PORE DIAMETER

MICRONS

75.000O

37.5000

Ja.Sboo
17.5000

13.5000

1 1 .5000

10.5000

9.5000

8.5000

7.750O

7.250O

6.7500

6.2500

5.7500

5.2500

4.7500

4.25OO

3.7500

3.2500

2.7500

' 2.2500

1.7500

1.2500

0.9000

0.7000

0.5500

0.4500

0.3750

0.3250

0.2900

0.2700

0.2500

0.23OO

0.2100

0.1900

0. 1700

0.1500

0. 1300

0. 1 10O

0.0900

0.0700

0.0550

0.0450

0.0350

O.02SO

MOKE CUMULATIVE PI

VOLUME PORE VOLUME

CC/CC CC/CC

0 • OOO1 0 0 .OOO 1 0

O.OOO2B O.OOU3Q

O.OOOO7

O.OOOO5

0.00039
O.OOOOU

o.ooooo
0.00000

o.ooooo
o.ooooo
0.00003
0.00004

0.00006

o.ooooo
0.00000

0.00000

0.00008

O. 00024

0.00000

O.OO002

0 • OOO08

0.00012

0.00046

0.001 93

0.01 193

0.01360

0.00837

0.001 67

0.00069

0.00029
0.00022 -

0.00017

0.00015

0.00013

0.00018

0.00013

0.00017

0.0001B

0.00016

O.OOO25

0.00019

o.ooooa
O. 00021
0.00015
O.OOO3S

0.00046

O. 00052

0.00091

O. OO 1 01

O.OO10I

O.OO1O1

O.OOI01

0.00101

0.00105

o.ooi 10
0.00117

0.001 17

O.OOI 17

0.001 17

0.00125

0.00149

0.00149

0.00152

0.00161

0.00173

0.00219

0.00412

0.01606

0.02966
0.03804

0.03972

0.04041

0.04071

~~0. 04093

0.041 11

0.04127

0.04141

0.04159

0.04172

0.04190

O. 04208

0.04225

0.04251

0.04271

0.04279

0.043OO

0.04316

O. 04352

ER CENT CUMULATIVE PURE PMHfc

PORE VOLUME VOLUME VOLUME
CC/CC CC/CC/MICHON CC/GHAM

0.23 O.OOOOO ~ " 0.0000

0.90 0.00001 0.0001
1 .07

1. 19

2. 1 1

2.33

2.33

2.33

2.33

2.33

2.42

2.53

2.68

2.68

2. 60

2.70

2.88

3.44

3.44

3.50

3.70

3.98

S.05

9.48

36.91

68. 16

87.41

91 .26

92.87

93.54

94.05

94.46

94.83

95.15

95.57

95.87

96.27

96.71

97.09

97.68

98. 13

98.33

98.82

99.18

99.99

O.UOOOl

0.00001

0.00013

0.00009

0. 00000

o.ooooo
o.ooooo
0 .OOOOO

0.00007

0 • 00009

O. 00012

0.00000
O. OOOOO

0.00001

0.00016

O.O0048

0. OOOOO

0.00005

0.00017

0.00024

O.OO093

0.00965

0.05969

0. 13600

0.08374

0.03359

0.01393

0.01461

0.01122

O.O0893

O.O0793

0.00691

O.U0910

0.00656

0.008B3

0.00942

0.00833

0.01297

0.00974

O.O0869

0.09101

0.01586

0.03547

0.0000

0.0000

0.0002

0.0000

0.0000

o.oooo
0.0000

0.0000

o.oooo
0.0000

0.0000

0.0000

o.nooo
0.0000

0.0000

0.0001

o.oooo
o.oooo
o.oooo
0.0000

0.0002

0.0010

0.0067

O.O077

0.0047

0.0009

0.0003

0.0001

0.0001

0.0001

o.oooo
0.0000

0.0001

0.0000

O.0001

o.oooi
0.0000
o.oooi
O.OOOI
o.oooo
0.0001
o.oooo
0.0002

—

CUMULAT IVE

PORE VOLUME

CC/GHAM

0.0247

0.0247

0.024b

0.0245

0.0244

0.0242

0.0242 ~"

0.0242

0.0242

0.0242

0.0242
0.0241

0.0241

0.0241

0.0241

0.0241

~~0.024l"

0.024O

0.0239

0.0239

0.0239

0.0238

' 0.0237

0.0235

0.0224

0.0156

O.O078

0.0031

0.0021

0.0017 '

0.0016

0.0014

O.OOI3

0.0012

•"0.0012

"bToo'io ~
0.0010

0.0009

o.oooa
0.0007

o.ooos
0.0004
0.0004
0.0002
0.0002

60



61



0)
-i->
0)

fi
ri

~ O

CO (U
JH T)
(U n]

fi '
I §
> 'OT

s S
£•*
•S3
nl h

O

IT)

aeo

62



nJ

1-
<
_l
J
-)

0
1-
2.
ill
U

Ul
a

UJ
.~>
5
_l U
Q N
~*» ( \•^ \J

U
'M
Y.
O
a

N o in si PI CM st ;j ^ '0 •..) 111 o* if; cv cf to rvi p> o in —i >o m N <M N t> •£ >n N >o o
<f 0 >T) N >M U' O O '0 (*- 0 Is- -J tf si f] '0 •> N N -J 0 -< 10 vQ il M -^ -< N 10 10 O
u i'j N .T N ui HI 10 --J >n N in a> j o if) io j m > c\i N 10 -< CM m CM PI <* CM M o o

J* p*- ro .'J' ro i/) N t> — • 10 if> '0 c> — i ro >J *0 0 v7> o tM 10 in f^ 'T- *^ 4 «0 'J1 <M si ."0 O
~* IM i*> >o <t <i ^ <i in 'n in 'f> *n >o '0 *o '0 fi »o N N N N N N c/i rO o fj) c> ^ J^ o

>-<

o
0
o

o
o
f*

Q

o
o

o
o
•-4

(t)

s
x

ti
o

'II

t- "> <
Z _l N
'U L) UJ
LJ > N

IU .t
tv o

0

si '0
ll 0

•j> in

0 O

<> N
•0 .0
CM O

O O

*\i ro m o-
Q> (Ji ^\ ^

0 O O O

o in CM
•n >n o
0* O *-'

o o o

S ro >.0
Oi N O
10 P) d

o o o

N .0 >0
O* <l r̂ »-
Lf) T: r-

D O O

CM '.n (̂

0 .3 0

O -i C7>
10 N.'O

m cj o

0 0 0

'Jl 1-0 O 0
N iM PI 0>
'0 l\l If) 10
I sr sr ui

O O O O

^ in <J N
JD O CM -i

o o o o

N N O O
Oi CM O O
r^- Is- k— o

o o o o

n)

1— 1

X
w
PQ
<j
H

0
hi
rt
0
+j
^
o
(U
p

0)

n

^-4^

£

^»

rQ

ao
• r-l
4->

(̂;|_i
JH

4->

CO
•rH

Q
T)
a
n)
cp
S
^l-H
0

.̂

0)
» j

o
HH

•
co

<^
a:

o
(M
N
N
CO

PI
CM

II

^-
I
O
t-H

111

^2

Ul
_j
a
<
to

•

a:
o
a:
!ii
a
t/i •a •,-
in <
i- a
IU O

n:
UJ UJ
or a<^
D _l
o u

o
O sf

-> o
0
•

o

II
II

UJ
< z
IU D
a j
< 0

>
UJ
U 111
< a
u. o
a a
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The internal structures of the carbon-graphite seal ring bodies manu-

factured f rom formulations Nos. IX, 2X, 3, and 4X appeared by visual exam-

ination to be very homogeneous and fine-grained. No large pores or voids

were noted in the compacts examined. A measure of the uniformity of the

structures is obtained by examining the percent increases in weight of the

compacts after impregnation with the No. 121 oxidation-inhibiting treatment.

The uniformity of impregnation reflects the uniformity of the internal structure

of the impregnated material. Table XXI lists the treat pickups measured for

1/2-inch (1. 3 cm) cubes of formulations Nos. IX, 2X, 3, and 4X after im-

pregnation with the No. 121 oxidation-inhibiting treatment. The impregnated

1/2-inch (1.3 cm) cubes were used later for measuring the oxidation resistance

of the four materials. The oxidation-inhibiting treat pickups for the samples

of formulations Nos. IX, 2X, and 3 indicate that all three of the materials

have uniform internal structures. The greater coefficient of variation in treat

pickup ("V" in Table XXI) determined for the impregnated samples for formu-

lation No. 4X shows that the compacts of formulation No. 4Xare-not so inter-

nally uniform as those of formulations Nos. IX, 2X, and 3.

Comparison of the pore volume data determined by mercury intrusion

(Table XXI) with that of the No. 121 oxidation-inhibiting treat pickups shows

the expected trend of increasing treat pickup with increasing pore volume.

Normalization of the data presented in Table XXI with respect to the formu-

lation No. 2X material shows that the formulation No. 4X compacts experi-

enced a disproportionately high treat pickup as compared with that of the other

three materials. The treat pickups for the compacts of formulations Nos. IX,

2X, and 3 were directly proportional to pore volumes determined by mercury

intrusion (e. g. , the formulation No. 3 material had a normalized intruded pore

volume of 1. 28 and a normalized treat pickup of 1. 24). The formulation No. 4X

material, however, had a normalized intruded pore volume of 1. 83 and a dis-

proportionately high normalized treat pickup of 2. 73. This phenomenon had

been observed previously during Task I of this Contract. —
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Correlation of the No. 121 oxidation-inhibiting treat pickup to the pore

structure of a carbon-graphite seal ring body is difficult, since the size range

of pores penetrated by and filled with the treatment after impregnation is not

known. Some pores will be too small for the treatment to penetrate them and

some will be too large to retain the treat after impregnation, in which case

they will not be completely filled with the No. 121 treatment. Two possible

explanations may account for the disproportionate treat pickup measured for

the seal ring bodies of formulation No. 4X. The compacts of formulation

No. 4X may have a greater proportion of their pore volume concentrated in

the range of pore sizes which are penetrated by and filled with the No. "121

treatment. For example, suppose the No. 121 treatment penetrates and fills

only pores ranging between 5(Jt and 15fi in diameter. In that range of pore

diameters, the compacts of formulation No. 2X have a measured pore volume

of 0. 019 cc/g as compared with a value of 0. 051 cc/g for the formulation No. 4X

material. The resulting treat pickup of the formulation No. 4X compacts, thus,

would be 2. 68 times that of the seal ring bodies of formulation No. 2X. The

value of 2. 68 is similar to that for the normalized No. 121 treat pickup pre-

sented for the formulation No. 4X material in Table XXI. A second possible

explanation for the disproportionate pickup may be that the formulation No. 4X

material, which contains 20 pbw WCA graphite fibers, is wetted to a greater

extent by the No. 121 treatment than are the other three materials, which

contain 20 pbw of Thermax furnace black. If the formulation No. 4X material

is more wettable,, its disproportionately high pickup would result f rom its

greater ability to accept and retain the No. 121 treatment in its pore structure.

During Tasks III and IV, the materials impregnated with the No. 121

oxidation-inhibiting treatment were identified (Table I) by the formulation

number followed by the number 121 (e. g. , formulation No. IX-121) . The data

listed in Table XXII show that the impregnation of the samples with the No. 121

treatment did increase the final densities of the four formulations. However,

the impregnation with the No. 121 treatment probably had little effect on in-

creasing the strengths and hardnesses of the materials, since the pickups were

relatively low and since no additional carbonaceous material was added to the

compacts as was the case when the seal ring bodies of formulations Nos. 1, 2,

and 4 were impregnated with the Bakelite BRP-5095 resin prior to final baking

to 2800°C.
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The pore structures determined for the seal ring bodies of formu-

lations Nos. IX, 2X, 3, and 4X indicate that all four are potentially good

carbon-graphite seal ring materials. All four of the formulations resulted

in fine-grain materials with relatively low porosity.

E. Oxidation Tests

High oxidation resistance is a primary requirement for a carbon-

graphite seal ring material which is exposed to ambient air temperatures up

to 1300°F (704°C) . A material with a high degree of crystallinity is needed,

since the crystallinity of a carbon-graphite material greatly affects the rate

at which it oxidizes. Formulations Nos. IX, 2X, 3, and 4X were designed

to yield carbon-graphite seal ring bodies with high degrees of crystallinity.

Further increases in oxidation resistance are obtained by impregnating the

seal ring bodies with oxidation-inhibiting treatments, such as the No. 121

treatment. As a requirement for Task IV, oxidation tests were conducted at

1300°F (704°C) with 1/2-inch (i: 3 cm) cubes prepared f rom the seal ring

bodies of formulations Nos. IX, 2X, 3, and 4X. Commercial seal ring Grade

CDJ was used as a standard for the oxidation testing. The 1/2-inch (1. 3 cm)

cubes were impregnated with the No. 121 treatment before being exposed to

the oxidizing conditions; the No. 121 treat pickups were presented in

Table XXI.

The oxidation test procedure and equipment employed during Task IV

were the same as those used during the Task I oxidation studies. — The

samples were placed in one-inch i. d. quartz tubes, which subsequently were

supported in a small electrically heated furnace. The quartz tubes were

used to keep the samples from contacting the metal support (which might have

acted as an oxidation catalyst) and to allow the removal of the oxidation samples

from the furnace without damaging them. Figure 21 is a schematic of the oxi-

dation testing apparatus. The furnace has a split door which was propped open

during oxidation testing so that a 3/8-inch gap was maintained across the entire

face of the furnace between the upper and lower halves of "the door. The quartz

tubes containing the samples were supported so that the samples were in line

with the gap between the two sections of the door. Air passing through the gap

in the door also flowed around the samples, as shown in Figure 21.
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At the beginning of the test, the samples were weighed and placed into the

quartz tubes, after which the tubes containing the samples were weighed and

placed inside the 1300°F (704°C) furnace chamber. After 1/2 hour exposure

to the oxidizing conditions, the quartz tubes containing the samples were re-

moved f rom the furnace, cooled to room temperature, weighed, and placed

back inside the furnace for another 1/2-hour period. The procedure was

continued until the samples had been exposed to the oxidizing conditions for

a total of three hours. A preliminary test had shown that the weight of the

empty quartz tubes remained constant when exposed to the 1300°F (704°C)

temperature.

Three oxidation tests were conducted during Task IV using the No. 121

treated samples. During each test, one sample of each of the formulations

Nos. 1X-121, 2X-121, 3-121, and 4X-121 and one sample of Grade CDJ-121

were exposed to the 1300°F (704°Q temperature for a three-hour period. The

relative positions of the five materials in the furnace we're .changed for each

test to avoid any possible position-to-position variation in oxidizing conditions.

One of the tests was extended to include a weight measurement after four and

one-half hours 'exposure, and a second test was extended to include a six-hour

reading. During the time interval between the Task I and Task IV oxidation

studies, the furnace used for these tests was damaged. The controller mal-

functioned, causing the furnace temperature to rise above the designed tem-

perature limit. All the heating elements and the inside ceramic walls had to

be replaced. A new controller was installed on the furnace for the Task IV

oxidation studies. The required rebuilding of the furnace and the installation

of a new controller may have produced a slight change in the temperature

distribution and air flow present in the furnace. At elevated temperatures

(e. g. , 1300°F (704°C) , small changes in the temperature distribution and/or

air flow can have a rather large effect on the oxidation results. Therefore,

direct comparison between the Task I — and Task IV oxidation results should

not be made. The oxidation tests were designed to give a relative measure of

the oxidation rates of materials tested at the same time. The oxidation data

for all the individual materials tested during Task IV can be directly compared.
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Figures 22 to 25 are semi-logarithmic plots of the average percent

weight loss versus exposure time at 1300°F (704°C) for the samples of formu-

lations Nos. 1X-121, 2X-121, 3-121, and 4X-121. Each figure includes the

control Grade CDJ-121 oxidation curve. The oxidation rates for all four of

the No. 121 treated samples manufactured during Task III werre significantly

lower than that of Grade CDJ-121. A common method of characterizing the

oxidation resistance of a carbon-graphite material is to specify the exposure

time at temperature required to produce a 5-percent loss in the weight of the

material. Grade CDJ-121 experienced a 5-percent weight loss after being

exposed to the 1300°F (704°C) ambient air for 1. 3 hours. A 5-percent loss

in weight at 1300°F (704°C) was recorded after 4. 7 hours for the samples

from formulations Nos. 1X-121 and 4X-121, 3. 3 hours for the formulation

No. 2X-121 samples, and 5. 9 hours for the formulation No. 3-121 samples.

The differences between the oxidation rates of the four materials

manufactured f rom formulations Nos. 1X-121, 2X-121, 3-121 and 4X-121

were relatively small. A statistical analysis of these oxidation data was

conducted to determine whether the observed differences were significant.

Table XXIII lists the differences in percent weight loss measured after

1/2 hour and three hours 'exposure to the oxidizing conditions. This pro-

cedure for specifying oxidation losses was adopted during Task I when the

evaporation of absorbed moisture was found to distort the incremental

weight losses measured after the f i rs t 1/2-hour exposure period. —

Table XXIII also displays the results of the Student's t distribution^ ^1

used to compare the weight losses (A Percent Weight Loss 1/2-3 hours)

determined for the four materials.

The statistical analysis showed that no significant differences existed

in the oxidation rates determined for the samples of formulations Nos. lX-121,

3-121, and 4X-121. However, the oxidation rate of the formulation No.2X-121

samples was found to be significantly greater than those of the other three

materials.
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These oxidation studies showed that the addition of 5 pbw of glassy

carbon in the formulation No. 2X material results in a decrease in oxidation

resistance. Material formulation No. ZX is identical to formulation No. IX

except for the addition of glassy carbon. Both materials gained about the

same percentage in weight after impregnation with the No. 1Z1 oxidation -

inhibiting treatment. The significant difference between the oxidation rates

of the two materials probably resulted from a difference in their degree of

crystallinity and/or microporosity. Formulation No. 2X contains a larger

proportion of less-crystalline filler materials. Since the oxidation rate of

a carbon-graphite material is greatly affected by its crystallinity, the fo r -

mulation No. 2X compacts would oxidize faster than the compacts of formu-

lation No. IX. The difference in oxidation rates also may have resulted

from the difference in the microporosity of the two materials. In the range

of pore sizes measured by nitrogen desorption (600A to 20A in diameter),

the formulation No. 2X material had an average pore diameter of 450A and

a pore volume of 0. 0084 cc/g. The formulation No. IX material had an

average pore diameter of 240A and a pore volume of 0. 0014 cc/g. The

pores ranging between 600A to 20A in diameter are probably too small to be

penetrated by the No. 121 oxidation-inhibiting treatment, but not too small

to be penetrated by oxygen. The formulation No. 2X-121 material, thus,

would oxidize at a faster rate, since it is more permeable to the oxidizing

gas.

No significant differences were noted in the oxidation rates for the

samples of formulations Nos. 1X-121, 3-121, and 4X-121, since the effects

on oxidation rates of differences in the porosities of the three materials

were counteracted by the differences in the amount of the No. 121 oxidation-

inhibiting treatment gained after impregnation. For example, the formulation

No. 4X material would be expected to oxidize considerably faster than the

formulation No. IX material, since the compacts of formulation No. 4X have

a greater total porosity. However, no significant differences were noted in

the oxidation rates of the No. 121 treated samples of the two materials, since

the No. 121 treat pickup deter mined for the formulation No. 4X samples was

approximately 2. 5 times that measured for the samples of formulation No. IX.
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The fact that the samples of formulation No. 4X-121 contained a greater

amount of the oxidation-inhibiting treatment apparently reduced the negative

effects on oxidation resistance resulting f rom the materials greater total

porosity.

The oxidation rates for samples of- the materials manufactured from

formulations Nos. 1X-121, 2X-1Z1, 3-121, and 4X -121 indicate that all four

are potentially good carbon-graphite seal ring materials. The formulation

No. 2X-121 material, however, would not be so good a seal ring material

as the other three at ambient air temperatures as high as 1300°F (704°C) .

F. Wear Tests

A seal with self-acting lift augmentation experiences mechanical

wear during start-up and shut-down of the engine and during momentary

periods of high-speed sliding contact. The momentary periods of high-speed

sliding contact result from the close dimensional tolerance associated with

the thin gas films. The importance of wear resistance, therefore, cannot be

neglected when a carbon-graphite material is developed for use as a self-

acting seal ring material. Task IV included the determination of the wear

properties of the selected four materials manufactured during Task III.

Wear testing was to be carried out under oil lubricated conditions. The

results of these tests were to be compared with those of a reference ma-

terial, such as commercial seal ring Grade CDJ-121.

Seal rings were machined from the compacts of formulations Nos.

IX, 2X, 3, and 4X, impregnated with the No. 121 oxidation-inhibiting treat-

ment, and wear tested. Figure 26 is a drawing of the seal ring configuration

used by the Contractor for measuring wear properties. A drawing of the test

chamber used for wear testing is presented in Figure 27. Two rings are

tested at one time. Compressed air is used to load the rings against the out-

side housing and against the mating faces which are locked on the rotating

arbor by two spacers. The notch in each ring fits over a key in the outside

housing so that the rings are held stationary relative to the housing.
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The test chamber is coupled to the motor drive in such a way that a moment

arm attached to the test chamber and connected to a spring scale may be

used to measure the frictional torque during operation. The compressed

air is conditioned by removing oil vapor, water vapor, and solid contami-

nants from the air flow. The air then passes through a series of pressure

regulators, and through an oil mist lubricator into the test chamber. Most,

if not all, of the air escaping from the test chamber passes between the

notches in the carbon-graphite rings and the key in the housing (see Figures

26 and 27) .

All the wear tests conducted during Task IV were run for 7 hours at

a speed of 8400 rpm and at a face pressure of 40 psig (27. 6 N/cm2). The

test chamber was not heated externally, but frictional heat generated during

operation maintained the air inside the test chamber at approximately

200°F (93°C). The air flow was maintained at 8 SCFM (0. 23 m3/min. ),

and 4 drops per minute of No. 1 type 11 oil (ESSO 2380) were induced into

the air flow through the oil mist lubricator located in the air line. The

thickness of the untested rings was measured at four locations before and

after each test. Dividing the average measured change in thickness by the

test duration yielded a wear rate in mils per hour.

The wear rate data determined for the seal rings of formulations

Nos. 1X-121, 2X-121, 3-121, and 4X-121 are displayed in Table XXIV.

The results for Grade CDJ-121 are included in the table for purposes of

comparison. Table XXV presents the results of a statistical analysis of

the measured wear rates. All four formulations resulted in carbon-graphite

materials which had significantly greater wear rates than that of Grade

CDJ-121, a result which would be expected at the 200°F (93°C) test tem-

perature used, since all four of the materials are considerably softer and

weaker than Grade CDJ-121. The seal life of the four materials manufac-

tured from formulations Nos. 1X-121, 2X-121, 3-121, and 4X-121 should

surpass that of Grade CDJ-121 under high ambient air temperature con-

ditions where oxidation is the limiting performance factor. Except for the

difference between the wear rates of the seal rings of formulations Nos.

1X-121 and 3-121, no statistically significant differences were noted

between the wear rates of the materials manufactured during Task III.
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A correlation can be drawn between the wear rates and mechanical properties

of the materials manufactured from the four formulations. The stronger,

harder materials generally had the lower wear rates. However,the pre-sence

of 5 pbw glassy carbon in formulation No. 2X-121 did not increase the seal

life of this material as had been initially anticipated.

Table XXIV also lists the coefficients of friction calculated from the

frictional torques measured during wear testing. The frictional torques used

for the calculations were measured during the tests when the rings of the

same formulations occupied both seal positions in the test chamber. The

coefficients of friction determined for the four materials manufactured f rom

formulations Nos, 1X-121, 2X-121, 3-121, and 4X-121 were all greater

than that recorded for Grade CDJ-121. All wear testing was done with oil

induced into the system. If the rings had not been run in the presence of

oil, the coefficients of friction for all five materials would probably be

different f rom those presented in Table XXIV.

All four of the carbon-graphite materials manufactured from formu-

lations Nos. 1X-121, 2X-121, 3-121, and4X-121 appear to have sufficient

wear resistance for use as self-acting seals.
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SECTION VI

DISCUSSION OF THE RESULTS

An overall comparison of the material properties measured for the seal

ring bodies of formulations Nos. IX, 2X, 3, and 4X is needed to determine

which materials are best suited for use as self-acting seals which will be ex-

posed to ambient air temperatures up to 1300°F (704°C). The results of Task IV

have shown that the materials manufactured from formulations Nos. IX- 121,

2X-121, 3-121, and 4X,-121 are potentially better seal ring materials for high

temperature use than commercial Grade CDJ. Although the four materials are

not so strong and hard as Grade CDJ, they have much better thermal properties.

The high thermal conductivities of the seal ring bodies of formulations Nos. IX,

2X, 3, and 4X will provide rapid transfer of the deleterious frictional heat which

can develop during periods of sliding contact. After they have been impregnated

with the No. 121 oxidation inhibiting treatment, the four materials all have; sig-

nificantly better oxidation resistance than that of Grade CDJ-121. The seal life

of the four materials, therefore, should surpass that of Grade CDJ-121 under

high ambient air temperature conditions where oxidation is the limiting per-

formance factor. All four bfcthe materials have the further advantage of being

much more machinable than Grade CDJ. Good machinability is very desirable

for a seal ring material, since seal dam widths as small as 0. 02 inches (. 05 cm)

often are necessary in seal design.

The material properties determined for the seal ring bodies of formu-

lation No. IX indicate that it is the best formulation of those manufactured

during Task III for meeting the goal of this Contract. Formulation No. IX re-

sulted in one of the strongest and hardest materials manufactured during

Task III. The material had the highest thermal conductivity recorded during

Task IV, and its oxidation rate after impregnation with the No. 121 oxidation-

inhibiting treatment was one of the lowest measured. The narrow spread in the

No. 121 treat pickup-jmea-sured for the compacts of formulation No. IX indi-

cates that the material has a very uniform internal structure. Wear testing

at nominal environmental conditions showed the No. 121 treated seal rings

of formulation No. IX to have the longest seal life of the four formulations tested.
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The fact that the seal ring bodies of formulation No. IX had the highest thermal

conductivity and were among the strongest and hardest compacts manufactured

during Task III probably accounts for the material's lower wear rate.

Aside from its good material properties, formulation No. IX was found

to be one of the easiest materials to process during Task III. No major prob-

lems were encountered during the manufacture of the seal ring bodies f rom

formulation No. IX. A minor problem arose when the green compacts of

formulation No. 1 were baked f rom room temperature to 1000°C. Apparently,

too many compacts were packed in the same container the f i r s t time this ma-

terial was baked. The weight of the pack that was concentrated on the seal ring

bodies located at the bottom caused several of them to crack during baking.

The cracking problem was remedied by reducing the number of compacts packed

in the container. The Bakelite BRP-5095 resin impregnation improved the

strength and hardness of the formulation No. 1 compacts.

Characterization of the properties of the formulation No. 2X material

showed that the use of 5 pbw of glassy carbon significantly degraded the oxi-

dation resistance without an improvement in any of the other material prop-

erties measured. Glassy carbon was included in formulation No. 2X as a

possible means of increasing the wear resistance of the seal. Wear tests

conducted during Task IV showed that the glassy carbon addition actually

caused the seal rings of formulation No. 2X-121 to wear slightly faster than

those of its nonadditive counterpart (formulation No. IX-121) . As with the

formulation No. IX material, impregnation of the compacts with the Bakelite

resin prior to heat treatment at 2800CC resulted in the formulation No. 2X

compacts being considerably harder and stronger than those of formulation No. 2.

Although the formulation No. 3-121 material experienced a slightly

lower oxidation rate than those measured for the samples of formulations No.

1X-121 and 4X-121, its mechanical, thermal, and wear properties are not so

good as those of the other three materials. Formulation No. 3 resulted in seal

ring bodies which were considerably weaker than those manufactured f rom

formulations Nos. IX, 2X, and 4X. Thermal conductivity measurements also

were found to be considerably lower than those of the materials f rom formu-

lations Nos. IX and 2X. The fact that the formulation No. 3 material had
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poorer mechanical and thermal properties probably accounts for the higher

wear rate determined for the seal rings of formulation No. 3-121. A sta-

tistical analysis has shown that there is a significant difference between the

wear rates of the seal rings of formulations Nos. IX-121 and 3-121. It is

actually somewhat unfair to compare the material properties of the formu-

lation No. 3 material with those of the compacts of formulations Nos. IX,

2X, and 4X, since formulation No. 3 did not include the Bakelite BRP-5095

resin impregnation as a processing step. Had a resin impregnated version

of formulation No. 3 been produced, the resultant material probably would

have had better mechanical, thermal, and wear properties than its nonresin-

impregnated counterpart.

Of all the materials manufactured during Task III, formulation No. 3

proved to be the most difficult to process. A major problem was encountered

when removing the acetone from the "mix". Due to the formation of an im-

pervious crust, some of the acetone was trapped in the "mix" after it had been

heated at 75°C for 16 hours. All the acetone must be removed from the "mix"

before molding, or the rapid evolution of the acetone during baking will re-

sult in the cracking of the compacts. The residual acetone was finally

removed after the material was frozen solid, crushed, and vacuum evacuated

for 16 hours in an autoclave while the temperature was maintained at 50°C.

Another problem was encountered when the large green ring blanks of formu-

lation No.-. 3 were baked between room temperature and 1000°C. Localized

stresses produced by the high shrinkage of the material caused all the ring

blanks to crack and/or laminate while they were baked between 150°C and

I Q Q O ' C at ICrC per hour. The temperature is rushed to 150°C to avoid sagging

of the compacts during the period when the first stage of the Bakelite resin is

soft. Reducing the baking rate to 5°C per hour between 150°C and 1000°C re-

duced the rate of shrinkage and reduce the cracking of the compacts. Although

formulation No. 3 was difficult to process, the No. 121 oxidation-inhibiting

treat pickup:: for the oxidation samples indicate that this material has a very

uniform internal structure.
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Formulation No. 4X is the most unconventional material manufactured

during Task III, since it incorporates graphite fibers instead of Thermax f u r -

nace black in the filler system and a phenolic resin rather than pitch as the

carbon binder raw material. Substitution of the graphite fibers for the furnace

black resulted in a material with a higher strength-per-unit weight ratio than

those of the other materials manufactured during Task III. Although the com-

pacts of formulation No. 4X were considerably softer than those of formulation

No. IX, the strengths of the two materials were very similar. The Bakelite

resin impregnation resulted in the compacts of formulation No. 4X being con-

siderably stronger and harder than those of formulation No. 4. The thermal

conductivity of the formulation No. 4X material is considerably lower than

that of the sample of formulation No. IX. The anisotropy ratios calculated

from the measured with-grain and across-grain thermal conductivities show

that the formulation No. 4X material is more anisotropic than the materials

manufactured f rom formulations Nos. IX, 2X, and 3. The greater aniso-

tropy probably results f rom the use of the graphite fibers. The oxidation

resistance of the formulation No. 4X-12 Imaterial is about the same as that

of the samples of formulation No. IX-121. Both materials,experienced a

5 percent loss in weight after 4. 7 hours exposure to the, HOOT (704°C)

ambient air. Material formulation No. 4X is apparently not as internally
>

uniform as thejmaterials manufactured from the other three formulations,

since the spread in the No. 121 treat pickups of the samples of formulation

No. 4X was considerably greater than that of the other three materials. The

fact that the mechanical and thermal properties of the formulation No. 4X

compacts were not so good as those of the seal ring bodies of formulation

No. IX probably accounts for the higher wear rate experienced by the seal

rings of formulation No. 4X-121. Similarly, the wear rate of the formu-

lation No. 4X-121 material was lower than that of the formulation No. 3-121

material, since the mechanical properties of the formulation No. 4X

material were better than those of the formulation No. 3 material.
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Only one significant problem was encountered during the manufacture

of the formulation No. 4X material. The Contractor found it necessary to

mill the filler system of formulation No. 4X through a larger screen than

that used during Task I.^-'The larger screen size was needed to increase the

rate at which the filler system could be milled. No apparent change in the

size of the milled graphite fibers resulted from the use of the larger screen size.

After the material properties determined for the seal ring bodies of

formulations N os. 1X-121, 2X-121, 3-121, and 4X-121 have been examined,

the materials may be ranked as to their suitability for fulfilling the goal of

the Contract. Formulation No. 2X-121 has not been included in the ranking,

since the Task IV results indicate that glassy carbon is not a good additive

for carbon-graphite seal ring materials. The remaining three materials

can be ranked in the following order of decreasing suitability.

1. Formulation No. 1X-121

2. Formulation No. 4X-121

3. Formulation No. 3-121

Since no significant differences were noted in the oxidation rates of the three

materials, the ranking is based on the results of the other material property

measurements. The formulation No. IX-121 material is ranked first, since

it possesses the best mechanical, thermal, and wear properties of the three

materials listed. Formulation No. 4X-121 is ranked second, since it is a

stronger and slightly more wear-resistant material than that of formulation'

No. 3-121. The with-grain thermal conductivities of the latter two materials

are very similar.

Impregnation of the formulation No. 3 compacts with the Bakelite

BRP-5095 resin will very likely result in an improvement in the mechanical

and wear properties of the material. A screening study of various resins

might yield a more suitable resin impregnant than the Bakelite BRP-5095

resin and acetone solution used to impregnate the compacts of formulations

Nos. IX and 4X. Adjustment of the proportions of the filler materials used

in formulation No. 4X also might help to improve the properties and uniformity

of the material. The binder level of formulation No. 4X probably can be in-

creased, since no lamination point was determined when the material was

developed during Task I. — Increasing the binder level would help to improve

the-material properties of formulation No. 4X.
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APPENDIX I

PROCEDURES USED TO CHARACTERIZE RAW MATERIALS

Helium Density-

Surface Area-

Screen Analysis-

Chemical Analysis -

Emission Spectrographic
Analysis -

Coking Value -

Benzene Insoluble -

Quinoline Insoluble-

Softening Point -

Elemental Chemical
Analysis -

Differential Thermal
Analysis -

Thermal Gravimetric
Analysis -

Measured with Beckman pycnometer

B . E . T . method

Tyler standard screen sieve analysis

Ash measured per ASTM C561 except
680°C overnight

Moisture measured by drying at 105°C
overnight

Modification of ASTM C56Z

Conducted using Je'rrell Ash emission
spectrograph

Modified Conradson technique (ASTM
D-189-52). Modification is furnace
instead of gas burner for heat

Method based on ASTM D2317

Method based on ASTM D2318

Method based on ASTM D2319

(C) Combustion techniques using gravi-
metric analysis

(H) Combustion techniques using gravi-
metric analysis

(O) LECO oxygen analyzer

(N) Kjeldahl method

(S) X-ray fluorescence

Mettler thermal analyzer

Mettler thermal analyzer
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APPENDIX II

PROCEDURES USED TO MEASURE MATERIAL PROPERTIES

Bulk Density-

Helium Density -

Flexural Strength-

Elastic Modulus -

Hardness -

Thermal Conductivity-

Coefficient of Thermal
Expansion-

Determined by direct physical measurement
of mass and volume.

Measured with Beckman pycnometer.

ASTM C651-70 through use', of a 4. 5-inch
x 1 .0- inchx0.5- inch (11.4 c m x 2 . 5 cm
x 1. 3 cm) ground sample.

Determined by a sonic resonance method by
utilizing a variable frequency oscillator,
amplifier, frequency counter, oscilloscope,
filter, and transmitting and receiving trans-
ducers. Measured at room temperature by
using a 4. 5-inch x 1. 0-inch x 0. 5-inch
(11. 4 cm x 2. 5 cm x 1. 3 cm) ground sample.

Measured with a Rockwell Hardness Tester
by using a 0. 5-inch (1. 3 cm) diameter ball,
a 100 Kg major load, and the R scale.

Calculated f rom a measured thermal dif-
fusivity by using a sample of known density
and specific heat. Thermal diffusivity is
measured by a laser flash method by using
a pulsed ruby laser with associated mirrors,
filters, thermocouples, oscilloscopes, and
camera. Measured at room temperature by
using a 0. 5-inch (1. 3 cm) diameter x
0. 080-inch (. 20 cm) thick sample.

Measured by an elongation method by using
a tube furnace, twin telescopes, thermo-
couples and optical pyrometers. This
measurement was carried out from room
temperature to 1000°C in an argon atmos-
phere by using a 0. 5-inch x 0. 5-inchx2. 5-inch
(1 .3 cm x 1. 3 cm x 6. 4 cm) ground sample.
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APPENDIX II (Cont 'd)

Pore Volume and Distribution
by Mercury Intrusion-

Pore Volume of Nitrogen
Desorption-

The sample is placed in a chamber and
evacuated. Mercury f rom an external re-
servoir is induced into the sealed chamber
as the system is allowed to come back up
to atmospheric pressure. When equilib-
rium is reached, increasing amounts of
pressure are applied to the mercury in the
reservoir and the corresponding changes in
the volume of the mercury in the reservoir
are recorded as the mercury is intruded into
the sample. Knowing the corresponding re-
servoir volume and pressure changes allows
one to calculate the pore volume and distri-
bution of the sample, since the size of the
pores filled by mercury is inversely propor-
tional to the applied pressure. Mercury does
not wet carbon-graphite material.

The volume of pores smaller than 600A in
diameter was determined from the nitrogen
desorption isotherm by using the exact form
of the equation attributed to Barrett, Joyner,
and Halenda —' — with no simplifying
assumptions.
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APPENDIX III

DEFINITION OF STATISTICAL TERMS

F Distribution *&

A
'X

calculated A 2

°V

n.

A:

~\ 2

n - 1

Where <r2 and or z are unbiased estimates ofx y

the two sample variances. <r2 will always
.X

denote the larger of the two estimates.

Where x =

samples.

x
S x

; ri_, is the size of the random
X-

x

Similarly:

n

n - 1
y

After calculating the value of F, it is compared to the 2. 5% critical

value of F obtained f rom a statistical F distribution table. To deter

mine the 2. 5% critical value of F from the table, the two degrees of

freedom are necessary. The two degrees of freedom are calculated

as follows:

v i - nx - 1,

vz =ny - 1.

The 2. 5% critical value of F is for a double tail analysis at a 95%

confidence level. If the calculated value of F is less than the 2. 5%

critical value of F obtained from the statistical table, then the

Student's t distribution can be used to compare the means of the two

samples as follows.

102



APPENDIX III (Cont 'd)

Student's t Distribution (u» 12)

The Student's t distribution is used to determine whether the mean

of one sample is significantly different from the mean of a second

sample, or whether the two sample means can be regarded as

drawn from one population.
nx n
£ X:

x =

a2 =

x y sample means.

y
a (Yi2) -

n \ / n
Y \

S (v;) I n
• t l 1 x

1=1 1 + * fx z)

x
S (x.)
i=l X

2

n ~, (xi ' ni^l y 1-1 x

(n + n -2)
x y

calculated

After calculating the value of t, it is compared to the value of t

obtained from a statistical t distribution table. To obtain the value

of t from the table, the degrees of freedom must be calculated using

the following equation:

Degrees of freedom =n + n -2.to x y

After calculating the degrees of freedom, the corresponding value of

t can be found in the table using a value of P (probability) equal to

0. 05 for a single tail analysis at a 95% confidence level. The differ-

ence between the means of the two sample populations is significant

only if the calculated value of t is greater than the value of t f rom

the table. That is:

t i i ,. j > t .- ui = significantcalculated table to

t , , , , < t . , , = n o t significant,calculated table 6
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