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ABSTRACT

This report contains the results obtained in the first twelve months of
research under NASA Langley Contract NAS1-143L6 for the origination of graphite-
fiber reinforced glass matrix composites. Included in the report is a summary
of the research by other investigators in this area. The method selected to form
the composites consisted of pulling the graphite fiber through & slurry con-
taining powdered glass, winding up the graphite fiber and the glass it picks up
on a drum, drying, cutting into segments, loading the tape segment into a
graphite die, and hot -pressing. During the course of the work, composites were
made with a variety of graphite fibers in a C.G.W. TTL0 (Pyrex) glass matrix.
The graphite fibers used included Hercules HMS, Hercules HTS, Thornel 300S, and
Celanese DG~102 and, of these, the Hercules HMS and Celanese DG-102 graphite
fibers in C.G.W. TT4O gave the most interesting but widely different results.

Hercules HMS fiber in C.G.W. TTL0 glass (Pyrex) showed an average four—
point flexural strength of 848 MPa or 127,300 psi. As the test temperature
was raised from room temperature to 560°C in argon or vacuum, the strength was
higher by 50%. However, in air similar tests at 560°C gave a severe loss in
strength. These composites also have good thermal cycle properties in argon
or vacuum, greatly increased toughness compared to glass, and no loss in strength
in a 100 cycle fatigue test.

Celanese DG-102 fiber in C.G.W. TTh0 glass (Pyrex) had a much lower flex~
ural strength but did not suffer any loss in this strength when samples were
heated to 560°C in air for Y4 hrs.
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I. SUMMARY

Fiber reinforced composites are widely accepted as structural materials be-
cause of their desirable attributes of high strength, high modulus and low den-
sity. However, even the best of the organic matrix composites reinforced by
carbon, boron or glass fiber is limited in use to temperatures below 300°C,.
Substitution of a metallic matrix for the organic matrix, such as composites of
boron or graphite fiber reinforced aluminum, extends the use temperature range
only slightly. By contrast, the graphite fiber reinforced borosilicate glass
matrix composite which is the subject of this report has exhibited excellent
mechanical properties up to 650°C.

O0f the two types of graphite fiber reinforced borosilicate-glass composites
whose characteristics are given in detajl in this report, the Hercules HMS graph-
ite reinforced composite provides the highest level of structural performance.
This system has exhibited a flexural strength of up to 977 MPa (142,000 psi) at
room temperature. This high level of strength is maintained up to moderate
temperatures becoming greater than 1292 MPa at 600°C, a value equal to the strength
of HMS graphite fiber reinforced epoxy specimens tested at room temperature.
Above 650°C, bend specimens of the HMS graphite fiber reinforced borosilicate
glass do not fracture, but instead deform extensively. Specimens of this compos-
ite, when tested for fracture toughness, gave results which compare favorably
with aluminum alloys and graphite fiber reinforced epoxy composites., The HMS
fiber-reinforced glass composite also displays excellent strength retention
after exposure to 100 fatigue or thermal cycles, but it suffers degradation of
strength when heated to 560°C in air for 4 hrs. Overcoming this strength deg-
radation will be a major task of the second year's research on these types of
composites.

The second type of graphite fiber-borosilicate glass composite discussed in
detail is reinforced with Celanese DG-102 graphite fiber. This composite has a
flexural strength of 340 MPa (L9,600 psi) at room temperature and again it in-
creases in strength by almost L40% as the test temperature is increased to 650°C.
The relatively low value of strength for this composite is maintained even after
LY hrs exposure to air at 560°C,

The contract monitor for this program is Dennis Dicus and his helpful
comments are greatly appreciated.



II. BACKGROUND

At the inception of this program the sales of high performance fiber rein-
forced composite materials exceeded a million pounds yearly. In general, most
of these composites were organic polymer (epoxy resins, polyimides, poly-
carbonates, and similar materials) matrices reinforced with a great variety of
fibers including Kevlar¥, carbon, graphite, fused silica, glass, and boron.

In general, almost all of these composites were limited to use temperatures not
exceeding 300°C,

At the start of this contract, there were no reinforced glass matrix com-
posites commercially available except the age-0ld wire reinforced glass used for
improving the burglar resistance of homes and stores and the AVCO developed
tungsten mesh reinforced fused silica intercontinental ballistic missile nose
cones. Yet if one conceives of glass as just a high-temperature thermoplastic,
the substitution of a glassy matrix for the low temperature polymers in composite
materials seems a natural way to proceed. This concept, however, had attracted
sparse attention in the past.

A, Review of the Literature

Siefert (Ref. 1) has patented two glass compositions particularly suitable
for producing fiber (stainless steel, boron, graphite) reinforced glass compos-
ites by pulling the fibers through a molten glass bath and then through a con-
stricting orifice. He states that the resulting composites exhibit high stiff-
ness, a flexural strength higher than aluminum, high impact resistance (being
much more impact resistant than monolithic glass), and a capability to withstand
temperatures of 538°C for 100 hrs without loss of properties.

Siefert (Ref. 2) extended his work to boron, tungsten and molybdenum rein-
forced glass composite formed by fusing the glass coated metal fibers together by
drawing the fiber through a glass tube and softening a narrow band of the glass
tube around the fiber. His boron fiber glass reinforced matrix had flexural
properties of 1103 MPa (160,000 psi), a compressive strength of 2069 MPa (300,000
psi), a modulus of 158 GPa (23 x 10% psi) and retained its properties when loaded
to 50% ultimate tensile strength and kept in water for 5.7 days as well as after
being held at 1000°F for 100 hrs. Finally, samples of his composites when notched
and subjected to an impact test were found to have high impact strength and to
show no decrease in strength over unnotched samples.

¥Registered trademark, DuPont Corp., Wilmington, Delaware
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Sambell, et al (Ref. 3) fabricated carbon fiber composites using chopped
fibers and magnesia, alumina, soda-lime glass, borosilicate glass, and a lithia
aluminosilicate glass-ceramic as matrices. He found that thermal stresses re-
sulting from a mismatch in thermal expansion coefficients ruled out any success
with the magnesia, alumina, and soda-lime glass matrices but not with the Pyrex or
low expansion .glass ceramics. For these he found that the addition of carbon
fibers produced substantial increases in the work of fracture and that all com-
posites had lower strengths than the matrix materials if randomly oriented
fibers were used (but that the borosilicate glass matrix with partially aligned
fibers was stronger and had improved thermal shock characteristics).

Sambell, et al (Ref. 4) continued their investigations using continuous
graphite fibers in the same matrix materials, i.e., alumina, magnesia, soda-
lime glass, borosilicate glass and a lithia-aluminosilicate glass ceramic. They
found that the reinforced glass had a strength sevenfold greater than the un-
reinforced glass and showed a tenfold increase in work of fracture.

Phillips (Ref. 5) investigated in detail the tenfold increase in work of
fracture shown by the L0 vol % carbon fiber reinforced Pyrex glass and attempted
to explain the results in terms of the initial rate of release of sirain energy
during fiver fracture and the interfacial strengths of the fivers during pulil
out, In Ref. 6, Phillips, et al discussed in detail the mechanical properties
of the carbon fiber reinforced Pyrex glass in terms of volume fraction of fiber,
the orientation of the fibers, fiber damage during fabrication, matrix porosity,
matrix critical strain, interface properties and the mode of failure in bend
tests, They found from preliminary stress cycling experiments, at stresses
gbove that at which the matrix cracks are formed, that crack propagation is
inhibited by the fibers. They also found that to a first approximation, Young's
modulus for the composite is that predicted by the rule of mixtures.

Levitt (Ref. T) developed graphite fiber reinforced composites where the
matrix composition was Liy0+Al,03°nSi0; with n = 3, 4 and 8. He used a drum
winding apparatus to produce graphite fiber/ceramic matrix tapes which were
then hot pressed to their final dimensions. He obtained fivefold increases in
modulus of rupture with no fall off after repeated thermal cycling to 1200°C
for all three compositions reinforced by continuous graphite tows. His compos-
ites were generally characterized by low porosity, intimate fiber-matrix contact
and an uncracked matrix, which was the result of a suitable thermal expansion
match between fiber and matrix and the occurrence of a strong fiber-matrix bond.
Izod impact energies of 4,2 to 6.3 kJ/m? (20 to 30 ft/1b/in.2) for the notched
specimens and 15.75 kJ/m?> (75 ft-1bs/in.2) for the unnotched specimens were ob-
tained at room temperature.
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Phillips (Ref. 8) has investigated the interfacial bonding and the tough-
ness' of four different carbon fiber reinforced glass and glass-~ceramic compos-
ites and finds that he can explain his results on the basis of the difference
in thermal shrinkage between the glass-ceramic and Pyrex matrices resulting in
differences in fiber-matrix interfacial shear bond strength and consequent dif-
ferences in pull out.

Lange (Ref. 9) found that a significant increase in fracture energy was Ob-
served (up to 5 times the fracture energy of the glass without second-phase
dispersion) when 40 vol % of L4 micron average size alumina particles were dis-
persed uniformly in a sodium borosilicate glass and that the flexural strength
was almost doubled for the same dispersion.

Hasselman and Fulrath (Ref. 10) developed a fracture theory for a composite
system based on a dispersion of alumina particles in a continuous glass matrix
and then proceeded to verify it experimentally. They found that for L7.5 vol %
of 15 micron (average size) alumina particles, the strength (as determined by
four-point bend tests) of the sodium borosilicate glass was increased from 101
MPa (14,700 psi + 12.7%) to 162 MPa (23,600 psi + 3.7%) in accordance with the
predictions of their theory.

B.  Background Research on Glass Matrix Composites

Because of the many favorable conclusions stated in the references just
cited, UTRC, in the late fall of 1975, turned its attention to research on new
high temperature fiber reinforced glass composites. This research was intended
to supplant the widely used epoxy resin-glass, boron, or carbon fiber compos-
ites which are, as mentioned, limited in service to a few hundred degrees Fahrenheit,
by the much higher temperature composites consisting of glass matrices reinforced
by graphite, alumina, silicon carbide, or boron nitride fibers. These glass
matrix composites should be suitable for use at intermediate to elevated tem-
peratures (700-1100°C) where aluminum composites would fail by melting and
nickel matrix composites by lack of thermochemical stability.

This initial research at UTRC was largely in the area of graphite fiber
reinforced glass matrices. However, it also included experiments with alumina
fiber, silicon carbide fiber, boron fiber, and Borsic (silicon carbide coated
boron) fibers. . As shown in Table I, even these early expériments gave promising
results.

The first five samples in the table were hot pressed at 13.8 MPa (2000
psi) and 15 min dwell time. The best of these data indicated that the addition
of carbon fiber even at this early date was capable of giving an approximate
tenfold increase in strength compared to the unreinforced glass. In addition,
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TTL0
TT40
TTh0
TTL40
7740
TTh0
1723
TTL0
TTh0
TTLh0
7740
TT7hO
TTh0
T7h0
7740
TThO
7740
7913
7913
1913

Table I

Early UTRC Experiments

Mechanical Properties of Hot Pressed Samples
(measured at room temperature except as noted)

Material
Glass Thornel 300
Glass Thornel 300
Glass Thornel 300
Glass Thornel 300
Glass Thornel 300
Glass FP Al,03
Glass FP Al,04
Glass - HM (u)
Glass 5.6B
Glass 5.6B
Glass 5.6B
Glass 5.6B
Glass - 5.6B
Glass 5,6B
Glass Borsic:
Glass - 8.0B
Glass 5.6 sic
Glass Thornel 300
Glass Thornel 300
Glass Thornel 300

Temp. of Hot
Pressing (°C)

1050
1100
1100
1150
1225
1100
1100
880
700
700
700
T00
700
700
700"
T00
TO0
1550
1600
1650

3-Point Flexural

% Fiver Strength
in Sample MPa (psi)

34,k 300 43,500
40.5 - 376 54,500
36L 52,750
Lo.5 400 58,050
40.5 305 44,300
138 20,000
2T 232 33,600
278 40,250
19 383 . 55,500
30 5712 83,000
50 603 87,400
34 532 77,100
34 590 85,600
3L 584 84,700
30 353 51,150
36 587 85,100
36 531 77,000
37 186 27,000
37 145 21,000
37 108 15,700

@ 300°C
@ 600°C



as the data for the boron fibers in Pyrex glass indicate, these composites can
be expected to maintain their structurel integrity as well as at least their
original flexural strength up to the softening point of the particular glass
used as the matrix, in this case, 600°C.
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ITI. MATERIALS USED DURING FIRST YEAR'S EFFORT

A, Graphite Fiber

The types of fibers readily available in this country for a research pro-
gram on the generation of new types of graphite fiber reinforced glass matrix
composites are shown in Table II. It will be noted that they vary widely in
several important characteristics such as the number of fibers in each, the
strength and modulus of the fiber, the precursor used to make the fiber, and
the price. It is perhaps not so obvious that the use of each fiber presents a
distinct surface chemistry problem, but if one considers the finish on the fiber
surface and the chemical elements found on the fiber surface as shown in Table
II the problem is evident, This is particularly true if one examines the dis-
tinctive shape of each carbon fiber as shown in -Fig. 1. It is apparent, there-
fore, that any given glass matrix reinforced with a given graphite fiber will
show its own characteristic behavior.

To broaden the investigation as much as practicable, UTRC purchased some
of each carbon fiber shown in Table III. In examining this table, it is obvious
that the so-called low price fibers derived from a pitch base are far from low-
priced at this time and possess only a mediocre strength. What i1s not obvious,
however, is that one of the fibers highly considered for this program, namely
Thornel 75 WYL 30 1/2, is no longer available. The Celanese DG-102 fiber has
proven to be a suitable substitute in modulus although not in strength and the
Hercules HMS fiber is a suitable substitute in strength but not in modulus.

B. Glasses

The types of glasses which were considered for use on the UTRC/NASA-Langley
‘program are shown in Table IV. Just as the graphite fibers show individual
characteristics, the glasses also vary widely in their nature possessing different
coefficients of linear expansion, different chemical compositions, varied en-
vironmental stability, and, of course, different temperature working ranges.
Although all the glasses in the table have relatively low thermal expansion.co-
efficients, only the titanium silicate glass has an expansion coefficient as low
as that of the graphite fibers.

Just how different the working characteristics of these glasses are is shown
in Fig. 2. It is apparent, therefore, that any resultant graphite fiber-glass
matrix composites will have their own fabrication conditions. The glasses as
they actually arrive at UTRC are shown in the scanning electron micrograph of
Fig. 3. Although each glass is purchased solely on the basis that ninety per-
cent must pass through a 36.0 mesh screen; actually all glasses contain numerous
fine particles under one micron in size, and it is believed that these fine
particles contribute greatly to the fabrication process to be described in the
next section,
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Table III

Carbon Fiber Obtained for this Study

Hercules HTS

Hercules HTS Special
Hercules HM (u) - PVA
Hercules HMS - 10 K
Hercules HMS - 3 K

Thornel
Thornel
Thornel
Thornel

Thornel
Thornel
Thornel

Thornel
Thornel

50 WYG 130 1/2
75 WYL 160 1/2
300 WYP 30 1/2
300 WYP 90 1/0

Pitch VS 0022-1
Pitch VS 0022-2
Pitch VS 0022-3

Pitch VS 0032-1
Pitch VS 0032-2

Celanese DG 102

Number of Tensile Young's Present
Fibers Strength Modulus Cost
in Tow MPa  (ksi) GPa (1P psi) ($/1v)
10,000 2979 k432 234 3k 75

1,000 2875 Lt 23k 3k 300
1,000 2k27 352 385 55.9 300
10,000 2344 340  296-331  L3-L8 90
3,000 2330 338 370 53T 175
1,540 2172 315 393 57 320
1,540 2620 380 538 78 385
3,000 2L82 360 23k 3L Lo
1,000 2655 385 227 33 32
2,160 1145 166 L69 68 55
2,160 9ks 137 345 50 55
2,160 993 1Lk L1k 60 55

720 1282 186 386 56 270

720 1083 157 400 58 270

38L 1724 250 531 T7 250
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IV. PROCESSING

A, Description of Fabrication Process

As discussed earlier, several methods exist for coating the fiber as re-
gquired in the construction of a fiber reinforced glass matrix composite and,
indeed, in our earlier evaluation UTRC considered as many as six different
processes. However, much the simplest and lowest cost method, if it can be
made to work, consists of pulling the graphite fiber tow through a slurry con-
taining the finely ground glass particles.

In the slurry process for coating the graphite fiber with glass, the graph-
ite fiber is unwound from the spool and pulled through an agitated organic
solution containing a suspension of fine glass particles. The process is shown
schematically in Fig. 4. In greater detail, the continuous graphite tow is
unwound from the drum on which it is received at a moderate rate of speed, pulled
through a slip comprised of powdered glass, solvent and plasticizer to impreg-
nate the tow, and rewound onto a large rotating drum covered with mylar tape to
prevent sticking of the impregnated graphite fiber. The slip may be composed of
L0 grams of powdered glass and 3 grams of polyvinyl alcohol dissolved in 100
grams of water to which 2 grams of ethylene glycol is added as a plasticizer.
Alternately, the slip may comprise 85 grams of glass in 225 ml of toluene to
which 5 grams of polystyrene and 5 drops of tergitol have been added. The large
drum is run at one revolution per minute or a linear speed of 5 ft/min. Excess
glass and solvent are removed by pressing a squeegee against the drum as it
winds. The ground glass used is sized, currently, so that 90% passes through a
325 mesh sieve.

After the tape is dry (sometimes heating with a radiant heat source is
necessary to remove excess solvent) it is cut and removed from the drum and then
cut into strips or squares which are layed up to give unidirectional or cross-
plied fiber alignment and then hot pressed. The hot pressing may be carried
out in vacuum using metal dies coated with colloidal boron nitride at pressures
of 13.8 to 20.7 MPa (2000 to 3000 psi) and temperatures of 1050 to 1200°C for
the common borosilicate glass. Alternately, the hot pressing may be done in
argon using graphite dies sprayed with boron nitride powder, pressures of 13.8
to 27.6 MPa (2000 to L4000 psi), and a temperature of 1L00°C for the Corning
ultra-low expansion glasses. In addition, as each layer of tape is placed in
the die, a packet of glass weighing 0.05 to 0.15 grams (the heavier the tape
layer, the smaller the glass packet) is inserted between layers in an attempt
to achieve a 60 to T0% volume loading of graphite fiber in the composite. The
mold is then vibrated to ensure uniform distribution of the glass over the tape
surface.

1k
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FIG. 4
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The process just described seems very straightforward. Nevertheless, as is
shown in the following section, variables such as hot pressing temperature, hot
pressing pressure, hot pressing atmosphere, dwell time in the hot press, amount
of glass in the slurry, and emount of glass introduced between layers must all
be standardized before an optimum composite can be produced. This learning
process can be illustrated by examining Figs. 5, 6 and 7. Figure 5 shows the
types of microstructures obtained at a very early stage in the UTRC graphite
fiber reinforced glass matrix program as does Fig. 6 but with a second type of
graphite fiber. Figure T, on the other hand, is taken from the third monthly
report and shows both the much greater fiber density and uniformity of fiber
distribution obtained after 90 days of progress on the program. The fiber den-
sity and uniformity of fiber distribution continued to improve, as will be
shown by micrographs of the most recent samples in the latter sections of this
report.

In Table V data are given for all the graphite reinforced glass matrix com-
posites fabricated to date. In this tabulation the temperature and pressure of
hot pressing, the type of graphite fiber and the type of glass are the principal
variables tabulated against the flexural strengths and densities achieved where
these have been measured. The hot pressed sample size is typically 6.35 em x 2.22
cm x 0.635 em. From this sample nine flexural samples can be cut and these are
typically 5.08 em x 0.508 em x 0.127 cm.

Ba Effect of Processing Variables and Material Constituents

The procedure for assembling a graphite fiber reinforced glass matrix com-
posite consists of a number of processes each with its own variables. In making
the glass coated graphite fiber tape the speed with which the fiber moves through
the slurry, the amount of glass in the slurry, the organic constituents in the
slurry and their proportions can all be varied., In cutting the tape and stack-
ing it into the die the amount of additional glass introduced between each layer
and the number of layers must be determined experimentally. In the actual hot
pressing operation the number of temperatures at which we stop to outgas, the
hot pressing temperature, pressure, atmosphere and dwell time, the temperature
to which the die is cooled before release of pressure, the mechanical fit of
the die, and, indeed, even the particular hot press to be used must all be de-
cided. Of course, the types of graphite fiber and of glass used in forming the
glass matrix are of great importance. This section will examine the effect five
of these variables have on flexural strength.

16
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MICROGRAPHS OF TYPICAL UTRC CARBON FIBER REINFORCED GLASS MATRIX COMPOSITES

17

FIG,

0



FIG. 6

—912545-15

R77

(1sd 00L’ZS) edN 6S€ HLONIHLS IVHNXI 14 LNIOd €

JIOV4HNS 3HNLIOVHL JHL HVAN TVIHILVIN 40 SHAVHOOHIIN ANV
311SOdWOI XIHLVIN SSYT19— 5/ 1INHOHL 40 HLONIHLS 3HNLIOVHS

18

76—04—-333-3



FIG.7

R77-912545-15

(191 0°95) BdW 9B€ 080881
& Ve ®
A“‘.“r"n“-‘ﬁﬂv—v“"."' £
% o
O%vﬂi 9 8,20,
‘L“ ..'.Jru.ﬂ“v

(1% 9'Z6) BdIN 8€9 'HO—0887

, °
00 00% 20
> 098 ¢ 89,0
ae o ® 0%08

( X005 ) STTdINVS 1VIIdAL 33HHL 40 IHNLIVHL 4314V SHAVHDOHIIN

76-06—18-4

19



R7T7-912545-15

Table V

Graphite Fiber Reinforced Glass Matrix Composites Prepared and Evaluated

Highest
Density
Hot Pressing Three-Point Achieved
Conditions Flexural Similar
Pressure Temp Strength Density Composite
Sample Glass Fiber lbfin.2 op MPa psi gms/cm3 gms /cm
Gl 10 7913 Thornel 75 2000 1550 165 24,000 1.585 2.138
LB 11 7913 13.8 MPa 1600 198 28,700 1.695
LB 12 7913 1650 193 28,000 1.605
LB 13 7913 1550 165 24,000 1.585
LB 53 T913+7TkO 1600 319 46,330 2.138
LB 53B 7913 A 1600 199 28,900 1.732 2
LB 90 740 Celanese DG 102 2000 1120 250 36,300 2.011 2.060
LB 91 13.8 MPa 1120 227 32,800 2.0L6
LB 92 1115 187 27,100 2.060
LB 93 1110 330  kLT7,800 2.0L43
LB 9k 1025 356 57,700 1.936
LB 95 1050 230  33,k00 1.997
LB 96 » | ! 1075 289 42,000  1.911 L
LB 97 7740 Celanese DG 102 2000 1100 3k2 49,600 1.969 2.060
LB 97B 13.8 MPa 1100 1.980
LB 97C 1100 1.969
LB 97D 1200 2,025
LB 9TE 1200  *309 *LL,800 2.049
LB 97TF 1200 Cracked
LB 97G 1200 Cracked
LB 9TH 1200 Cracked
LB 971 | | v 1200 Cracked
LB 98 TT4O Celanese DG 102 2000 1120 310 45,000 1.969 2.060
LB 112 8913 13.8 MPa 1850 1.375
LB 107 7913 1600
LB 108 7913 1650
LB 131 7740 1100 227 32,900 1.952 2.060
LB 132 7740 v , 1100 2k3 35,200 2.000 2.060
LB 135 T7k0 Hercules HMS 2000 1100 699 100,000 1.960 1.976
LB 135B 13.8 MPa 1120
LB 135C 1100 1.972
LB 135D 1100 526 76,300
LB 135E 1100  *57L 83,300 1.976
LB 135F 1200 977 1k2,000 1.920
LB 135G 1200  *BL8 *127,300 1.939
LB 135H 1200  *#577 #83,700 1.957
LB 135I 1200  *483 #70,100 1.955
LB 135J 1200 1.949
LB 135K 1200 1.943
1B 135L 1200 1.937
LB 135M 1200 1.955
LB 135N 1200 1.951
LB 1350 i X ! 1200 1.958 L

*4-Point Flexural Test
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Sample

Glass

LB
LB
LB
LB
LB
LB
LB
LB
LB
LB
LB
LB

LB
LB
LB

LB
LB
LB
LB
LB
LB

LB
LB

136
137
138
139
1ko
157
158
159
171
172
173
17L

147
148
148B
148¢c
148D
1L48E
148F
1L9
150
151
152

C2639-2,3
C265B-1,2

Gl
Gl
Gl
Gl
Gl
Gl
LB
LB
LB
LB
LB
LB
LB
LB
LB
LB
LB
LB

LB
LB
LB
LB

LB

1-1,2
2a,b
3a,b
La,b
S5a,b
6a,b
5
78
79
80
81
82
133
160
161
151B
161C
161D
161E
161F
162
163
13k

TT4O
TTLO
7740
T7L40
TTk0
1740
T7L0
T7L0
1723
1723
1723
1723

7740

¥

1740

Fiber

Hercules HMS

v

Hercules HTS

Thornel 300

L

Thornel 300S
Thornel 300
Thornel 300
Thornel 300
Thornel 300
Thornel 300S

Table V

Hot Pressing
Conditions
Pressure Temp
1b/in.? °g

2000
13.8 MPa

1100
1100
1100
1100
1100
1100
1100
1100
1120
1120
1120
A 1120

2000
13.8, MPa

1100
1100
1100
1100
1100
1200
1200
1100
1100
1100
1100

2000
13.8 MPa

1100
1100
1225
1600
1650
1550
1150
1050
1050
v 1050

L4000 1050
27.6 MPa 1100
1100
4 1100

2000 1100
13.8 MPa 1120
1120
1120
1120
1120
1200
1200
1120
1120
1100

21

(Cont'd)

Three-Point
Flexural
Strength

648 94,000

648 94,000

661 96,000

353 51,300

370 53,700

324 47,000

36k 52,750

376 54,450

304 Lk4,000

147 21,300

109 15,800

187 27,100

359 52,000

259 37,500

273 39,700

312 k45,200

376 54,600

479 69,400

210 30,500

342 49,600

498 72,200

k99 72,500

488 70,800

Density
gos/cnd

Highest
Density
Achieved
Similar
Composite
gms /cm3

1.960
1.957
1.952

1.977
1.9637

1.9L489

1.902
1.597
1.858
1.886
1.865
1.800

1.931
1.603
1.955
2.013

1.757
1.829

1.780

1.566

1.700
1.674
1.640
1.675
1.673
1.823
1.829

1.976

1.902

2,013
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1. Effect of Amount of Glass in Slurry

In Table VI the effect of the amount of glass in the slurry used to coat
the graphite is shown. As can be seen, doubling the glass added to the slurry
results in a decrease of strength. Similar tests run with 45 grams of glass in
the slurry and 135 grams of glass in the slurry confirm that the best choice
seems to be about 85 grams of glass in 200 grams of isopropyl alcohol, 10 grams
of polyvinyl alcohol and 5 drops of a wetting agent such as Tergitol's H.D. 527.

2. Effect of Hot Pressing Pressure

The effect of hot pressing pressure on the achieved flexural strength of a
Thornel 300 TTLO glass composite is shown in Table VII. Doubling the pressure
applied to the hot press from 13.8 to 27.6 MPa (2000 to L4000 psi) increases the
flexural strength approximately 10%. More importantly, however, it also appears
to decrease the scatter shown by the three-point flexural strength data. How-
ever, since it has been found that a slight increase in hot pressing temperature
achieves much the same result, this is a preferred operational procedure, for at
27.6 MPa (4000 psi) on the unsupported (not filament wound) graphite dies custo-
marily used at UTRC, operation at the higher pressure greatly shortens die life.

3. Effect of Temperature

The effect of temperature on achieved flexural strength of the graphite
fiber-glass matrix composite is much greater than the effect of pressure or of
the amount of glass present in the slurry. Optical and scanning electron micro-
scopic examination shows exactly what happens as the temperature is increased,
and fully explains the data shown in Table VIII. When only the optical micro-
graphs of selected areas of these samples are examined as in Fig. 8, one is
unable to sense any significant difference in the samples. However, if one
studies the optical tape maps of entire cross sections of the samples (taken at
50X) shown in Figs. 9, 10, 11 and 12, the complete story of what has happened
to the samples as the hot pressing temperature is increased from 1025°C to
1100°C is apparent. At 1025°C, Fig. 9, the individual tows are distinct and
surrounded by glass rich areas, i.e. they have maintained their individual
identity. On the other hand, at 1100°C, Fig. 12, the memories of the individual
tows are almost entirely eliminated. Figures 10 and 11, specimens prepared at
1050°C and 1075°C respectively, show intermediate steps in the progression from
memories of individual tows to almost complete obliteration of tow identity.
This is due to a factor of four change in viscosity of the TT40 glass as
the temperature is increased from 1025°C to 1100°C. As shown in Table IX,
these results cannot be explained by a variation in the fiber content of the

composites.
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Table VIII

Effect of Temperature on Achieved Flexural Strength of Graphite Fiber-Glass Composite

Glass
Hot Pressing Added Glass
Conditions Strength on 3 Pt Between in
Material Temp °C Pressure Density Flexural Test Vibrated Layers Slurry
Specimen Glass Fiber Argon psi ggs/cnP MV/m? x 103 psi Die ams gms
1B 9k
-1 TT40 Celanese 1025 2000 1.97 Lak 60.0 yes 0.05 85
L-2 13.8 MPa 330 47.9
L-3 248 35.9
G-1 301 L3.7
c-2 291 k2,2
C-3 285 4.3
R-1 456 66.1
R-2 418 60.7
R-3 v 2 462 67.0 2 V
avg 356 51T
LB 95
-1 7740 Celanese 1050 2000 2,021 265 38.5 yes 0.05 85
L-2 13.8 MPa 218 31.6
-3 259 37.6
c-1 202 29.3
c-2 199 28.9
c-3 252 36.5
R-1 173 25.1
R-2 215 31.2
R-3 , 294 k2.6 r v 1
avg 230 33.4
1B 96
-1 7740 Celanese 1075 2000 1.937 295 42.8 yes 0.05 85
-2 13.8 MPa 27k 39.8
L-3 313 45,4
c-1 271 39.3
c-2 268 38.9
c-3 320 L6,k
R-1 261 37.8
R-2 302 43.8
R-3 ] { 300 3.5
avg 290 42,0
1B 97
L-1 7740 Celanese 1100 2000 1.969 399 57.8 yes 0.05 85
L-2 13.8 MpPa k11 59.6
L-3 265 38.4
C-1 339 49,1
c-2 3ko0 k9.3
c=-3 293 k2,5
R-1 281 4o.8
R-2 362 52.5
R-3 3 ¥ J 392 56.8 A

avg 342 49,6
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Figures 13, 14, and 15 examine the nature of the fracture surface of these
Celanese DG-102 graphite fiber-Pyrex glass specimens prepared at the several
temperatures. It is apparent from the scanning electron micrographs that the
breeks are fibrous in appearance. Examination of the higher magnification
micrographs indicates that the glass is around each and every fiber and tightly
bonded to it which as is shown later accounts for the fine envirommental sta-
bility of these types of composites.

Figure 16 summarizes the joint effects of temperature and pressure. Here
the results of three composites made at two different temperatures and two dif-
ferent pressures are plotted on probability paper. It is seen that as the pres-
sure and temperature are increased toward some optimum value, not only does the
average three-point flexural strength of the composite increase but the actual
spread in individual values of the three-point flexural tests decreases. The
approximate linearity of these plots on probability paper indicates that the
distribution of three-point flexural values for a given composite is Gaussian
in character and that the Gaussian distribution becomes more sharply peaked as
we approach optimum hot pressing conditions.

4. Graphite Fiber Effect

Although processing variables such as the temperature and pressure of the
hot pressing operation are very important, their influence on the achieved flex-
ural strength of the graphite fiber-glass composite is actually much less than
that of the kind of graphite fiber selected to:form the composite. In Table X
are shown some of the best and more recent results obtained in measuring the
three-point bend strength of four types of graphite fiber in TT40 glass ma-
trices. These results may be summarized by saying that at this time the Hercules-
HMS graphite fibers in 7740 glass are expected to average higher than 690 MPa
or 100,000 psi in three-point flexural strength with corresponding figures of
500 MPa or 72,000 psi for Thornel 300S fiber, 370 MPa or 54,000 psi for Hercules
HTS fiber, and 340 MPa or 49,000 psi for Celanese DG-102 fiber. Again as Table X
demonstrates there seems to be no valid connection between the modulus and
strength of the fiber used and the flexural strength of the composite. It is
obvious therefore that the flexural strength of the composite must be dependent
on variables not yet properly studied such as the surface chemistry of the fiber
and the degree of bonding obtained between a particular kind of fiber and a
particular kind of glass.

In the next major section (Section V) of this report the properties achieved
with the Hercules HMS fiber in TT40, which gave the strongest composite, and those
achieved with the Celanese DG-102 fiber, which is the composite with the great-
est environmental stability, are examined in detail. Before concluding this
section, therefore, it seems advisable to examine the properties obtained with
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DISTRIBUTION OF STRENGTH OF THREE THORNEL 300 FIBER

GLASS MATRIX COMPOSITES

FIG. 16
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Choice of Graphite Fiber and Its Effect on Ultimate Three-Point

Sample
Number

LB 135 RC
CB

LC

CC

TC

TR

TL

RL

RB
Average

LB 161 TR
RC

RB

TC

e

CB

TL

LC

LB
Average

LB 148

13
Average

Table X

Flexural Strength of Graphite Fiber-Glass Matrix Composite

Three=-Point

Number
Fiber Fiber of
Type of Modulus Strength Fibers
Fiber psix10®  psix10’ in Tow  Glass
Hercules 50.9 392 10,000 7740
HMS 351 GPa 2703 MPa
Thornel 33 385 1,000 7740
3008 228 GPa 2655 MPa
Hercules 3Ta 410 10,000 7740
HTS 257 GPa 2827 MPa

37

Flexural
Strength
MPa  psix103
673 97T
663 96.2
T05 102.0
3L 106.0
640 92.9
705 102.0
733 106.0
Th6 108.0
614 89.0
689 99.98
504 73.1
397 57.6
516 4.8
N 68.8
528 T6.5
556 80.6
467 BT T
522 TSxT
519 75.3
498 T72.23
338 49.0
408 59.2
341 L9.5
357 51.7
410 59.L4
389 56 .4
408 59.2
379 5L.9
456 66.1
354 B wdl
343 49.8
Lot 59.1
319 46.3
297 43.0
348 50.k4
370 53T
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Table X (cont'd)
Number Three-Point
Fiver Fiber of Flexural
Sample Type of Modulus Strength Fibers Strength
Number Fiber psix10° psix103 in Tow  Glass MPa  psix103
LB 97 L1 Celanese 77.0 250 384 T7L0 399 57«8
L2 DG 102 530 GPa 1724 MPa 411 59.6
L3 265 38.4
il 339 4o.1
ce 340 49.3
C3 293 k2.5
R1 281 40.8
R2 362 52.5
R3 392 56.8
Average 342 49.6
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the fiber giving the next best result, i.e. Thornel 300 graphite fiber in 7740
glass. In Figs. 17-21 are shown typical optical micrographs of Thornel 300S in
TTL0 glass. As Figs. 17-19 show, the usual composites made with this material
have a very high density of fiber but with a nonuniform distribution with some
glass rich areas. This factor may account for the poor high temperature be-
havior of the Thornel 300 graphite fiber reinforced TTLO glass matrix shown in
Table XI where it will be noted that the composite is degraded to about 50% of its
original strength when heated in argon at 560°C for 4 hrs and subsequently
tested at room temperature and to 25% of its original strength when heated in
air for 4 hrs at 560°C. The data obtained for composites made with the Hercules
HTS fiber are given in Table X and Fig. 22 as a function of test temperature.

5. Effect of Matrix Composition

The effect of the glass matrix composition on the achieved properties of
the graphite fiber reinforced glass matrix composite has received only pre-
liminary study since the C.G.W. TTLO glass seems adequate for a composite
whose use temperature, as stated by this contract, is 540°C or 1000°F. The
choice of glass matrix composition is, however, important as seen in Table XIII
where it is shown that the Hercules HMS graphite fiber used to reinforce a TTLO
glass matrix has nearly twice the flexural strength of a Hercules HMS graphite
fiber aluminosilicate (C.G.W. 1723) glass matrix.

6. Comparison of Three and Four-Point Flexural Strengths

The effect of span-to-depth ratio on three-point flexural strength was
evaluated, over a wide range (20 to 60). The data shown in Table XIV indicate
the strength is not a function of the L/D ratio within this range.

The relationship of the three-point flexural strength for these graphite
fiber reinforced glass composites to the four-point flexural strength was also
evaluated as can be seen in Table XV.

T. High Temperature Limitation on Processing

In Table XVI are shown thermodynamic predictions of reactions which could
limit the temperature at which the graphite fiber-reinforced glass composite
could be hot pressed. Since thermodynamic considerations merely assure that
such reactions can take place and say nothing about the speed with which they
occur, it is of interest to investigate the situation experimentally. In
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THORNEL 300S GRAPHITE FIBER 7740 GLASS MATRIX CROSS—SECTION PARALLEL TO FIBER
DIRECTION
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Table XI

Elevated Temperature Exposure of Thornel 300S
Graphite Fiber Reinforced TTLO

20°C 3-Point

Specimen Exposure Conditions Bend Strength Average
Time Temp. Atmosphere MPa lO%psi

LB 163 TC 4 hrs 560°¢C Argon 212 30.8

RC 206 29.9

RB 2L8 36.0

ole 262 38.0

TL 316 Ls5.9 2k9 (36.1)
LB 163 TR none 31k 45,5

CB 501 T2.7

CL 563 81.6

LB 5Tk 83.2 L88 (70.8)
LB 162 TC* 4 hrs  560°C Air 154 22.3

CC* 113 16.)4—

L% 112 16.2

LB* 79 11.4

RB¥* 152 22.1 122 (17.7)
LB 162 TR none 451 65.4

RC 445 6L.6

CB 528 76.6

L 5Th 83.3 koo (72.4)

¥Fibers changed color to white as a result of air anneal

L5
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Table XII

Three-Point Bend Strength of Hercules HTS Fiber in C.G.W. TTLO
Glass Measured at Elevated Temperatures

Sample No. Test Temperature 3-Point Flexural Strength
o MPa psi x 103

LB 149 cCy Room Temp. 352 STl
CCo Room Temp. 318 L6.2
BC Room Temp. 290 42,0
LB Room Temp. 293 L2,5
TL 550 537 7.9
LCy 550 LL8 650
LC, 600 459 66.6
TR 600 586 85.0
RCy 650 511 Th.1
RCp 650 509 73.8
RB 700 379 54.9
TC T00 291 L2,2

L6
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FLEXURAL STRENGTH (MPa)

FIG. 22

FLEXURAL STRENGTH OF HERCULES HTS GRAPHITE FIBER REINFORCED
7740 GLASS MATRIX COMPOSITE AS A FUNCTION OF TEST TEMPERATURE
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Table XIIT

Preliminary Evidence That Choice of Glass Effects the Three-Point
Flexural Strength of Graphite Fiber-Glass Matrix Composites

Hot Pressing Three~Point
Sample Type of Type of Conditions Flexural Strength
Number Fiber Glass Temp. °C Press.(psi) MPa psi x 103
LB 135 RC Hercules C.G.W. 1100 2000 673 SO
CB HMS T7LhO 13.79 MPa 663 96.2
LC T05 102.0
e T3k 106.0
o 640 92.9
TR 705 102.0
TL T33 106.0
RL T4é 108.0
RB 61k 89.0
Average 689 99,98
IB 172 TR Hercules C.G.W, 1120 2000 289 41.9
RCq HMS 1723 13.79 MPa =T L8.9
RCo 32k L7.1
RC3 277 40.2
ics L1l 59.6
cCi 562 81.6
CCo not tested
CB 296 L3.0
TL L4o8 59.1
LCy 393 51.1
LCo 299 L3.4
LB 371 53.8
Average 357 Bl.8

L8
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Three Point Flexural Strength Values for HTS Graphite in
Pyrex Glass Matrix Evaluated at Three L/D Ratios

Table XIV

LB 1L8
Specimen Span  Thickness L/D
in. G Tl
LB 148
1 1.5 0.025 60
2 0.025 60
3 0.024 62.5
N 0.029 51T
5 0.026 5T+ T
6 0.064 23.4
T 0.060 25
8 0.056 26.8
9 0.062 2l B
10 0.062 24,2
11 0.0L8 31.25
12 0.048 31.25
13 0.0L48 31.25
1k 0.049 30.6
15 ¥ 0.048 3ls 25

L9

Three Point

Flexural Strength

MPa, kEsi

338
408
341
357
L1o

389
408
379
Ls56
354

343
Lot
Ll
297
348

L9,
59.
Lg.
L
59.

56.
59.

66.
51.

k9.
59.
L6.
L3,
50,

= FH O N = I BV VN e

= O w kK @

Average

kpsi

53.8

57.6

h9-7
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Table XV

Comparison of 3-Point Bend and L-Point Bend Test
Data for Several Graphite Fiber-Glass Composites

Strain Gaged

3-Point Flexural Strength L-Point Flexural Strength

Specimen MPa psi MPa psi
LB 136 - 3 tests 648 9L,000

- 6 tests 517 75,000
LB 135F - 9 tests 977 142,000
LB 135G - 9 tests 848 127,300
LB 97 - 9 tests 342 49,600
LB 97D - 9 tests 309 LL,800
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Table XVI

Possible Reactions Between SiO2 and Carbon
at Temperatures Above 1673°K¥

1) SiOz(Bq’l) + 3C——— BiC + 2C0(,)
2)  8i0;(gq,p) + C— 5i0(,5) + CO(4)
3)  8i0(g) + 2C————— SiC + C0(,
L) 810(g) + C—————— Bi(y) + CO(g)

Based on 1lst and most important reaction, equilibrium vapors pressures are

Temp (°K) Equilibrium Ppo(gtm)
1200 1.02 x 10"
1%00 6.98 x 10-3
1600 1.62 x 1071
1800 1.84
2000 2.k

¥Data taken from Bacon, James F., Alex A. Hasapis and James W. Wholley, Jr.,
Physics & Chemistry of Glasses, Vol. 1, No. 3, June 1960, pp 90-98.
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Table XVII the finished weight of the hot-pressed sample is compared with its
initial weight as a function of temperature for six Celanese DG-102 graphite
fibers in Vycor (C.G.W. 7913) hot-pressed at very high temperatures. The table
shows that despite the thermodynamic predictions of reactions at temperatures
as low as 1400°C, actual hot pressing operations can be carried out at tempera-
tures of 1600°C for the usual 1 hr dwell time at temperature. Above 1600°C,
however, the reactions between glass and fiber make operations impractical. 1In
considering these results it should be noted that the Celanese DG-102 graphite
is the fiber with greatest environmental stability and the Vycor glass (C.G.W.
7913) a 96% Si0,, 3% Al, 03 glass is a highly stable glass designed for use at
high temperatures.

8. Fabrication in New Hot Press

Samples LB 97E,F,G,H,I; LB 135F,G,H,I,J,K,L,M,N,0; LB 1L8E and F; and
LB 161 E and F have been prepared in a new Centorr Hot Press. This equipment
is shown in Fig. 23. It permits the fabrication of specimens as large as 6 in.
x 4 in, x 1 in. (3 in. thick before pressing) formed with a load up to 60 tons
and temperatures of 2100°C in a vacuum of 10~°® torr or under argon. This press
is double acting in place of the single acting presses used early on this pro-
gram. With this new press samples were obtained that had greatly improved
bending strengths.
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Sample

LB

LB

LB

LB

LB

LB

107

108

109

110

11l

112

Table XVII

Loss in Weight of Celanese DG-102 Graphite Fiber Vycor Glass
Composites as a Function of Temperature

Finished
Weight of All Weight of Temperature at
Material Sample After Which Hot Pressing

Before Hot Pressing Hot Pressing 1 hr Was Performed
gms aus °c
22.55 22,35 1600
22,55 15.92 1650
22.55 10,64 1700
p2.55 10.89 1750
22,455 9.01 1800
22,55 T.1lh 1850
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NEW CENTORR HOT PRESS AT UTRC
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V. PROPERTIES OF TWO SELECTED SYSTEMS

The two most completely characterized graphite fiber reinforced glass matrix
composites developed to date are the Hercules HMS graphite fiber in TTL0 and the
Celanese DG-102 graphite fiber in TT4O composites. The properties obtained thus
far for the HMS graphite composites are as follows. An average three-point flex-
ural strength of 977 MPa or 142,000 psi and an average four-point flexural
strength (with strain gages) of 848 MPa or 127,300 psi have been measured. These
composites have an average modulus of 200 to 206 GPa or 29 to 30 million psi, and
a use temperature of 600°C or 1112°F as judged by the fact that the flexural
strength in argon increases as the temperature increases from room temperature
to 560°C. Very limited thermal cycling and fatigue tests with loads up to 80%
UTS, 100 cycles only, show no deterioration in properties for these composites.
But the HMS graphite fiber TT4O glass composites do fall to T72% of room tempera-
ture strength when heated in air at 560°C for 4 hrs.

On the other hand, the second type of composite which the first year's re-
search has shown to be of major interest is that consisting of Celanese DG-102
fibers reinforcing a TTh0 glass matrix. While it is true that at this time the
Celanese DG-102 fiber composite has a RT three-point flexural strength of only
342 MPa or 49,600 psi and a four-point flexural strength (with strain gages) of
309 MPa or 49,800 psi it does have a much higher modulus of 303 GPa or Lk million
psi. The Celanese DG-102 fiber composite maintains these properties even when
heated in air for 4 hrs at 560°C. It is the purpose of this section to examine
the basis for these statements in detail.

A. Composites of Hercules HMS Graphite Fiber and T7LO Glass
1. Microstructure

The microstructure of a typical high strength HMS graphite fiber in 7TLO
glass composite is shown as an optical tape-map of the entire cross section
of a test specimen in Fig. 24 and at higher magnification in Fig. 25. The al-
most unbelievable high density of fiber packing in these samples is immediately
visible together with the great uniformity of fiber distribution. Yet, despite
the high fiber density the micros lead to the conclusion that each fiber is still
completely surrounded by glass with only a few fibers in actual contact with one
another. It is believed that this achievement of higher fiber density accounts
in part for the strength of these composites.
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FIG. 25
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2. Flexural Strength

The three-point flexural strength of the best HMS graphite fiber reinforced
Pyrex composite made in the UTRC press originally used for this work is shown
in Table XVIII and directly below the flexural strength of a similar composite
made in the new Centorr press at a slightly higher temperature. While both sets
of data show the very high flexural strengths now customarily to be associated
with this type of composite, the difference between the two sets of data must be
ascribed to factors as yet poorly understood. For example, the new Centorr press
is double acting instead of the single action of the press originally used, the
later samples are made in new and more tightly fitting dies, the test specimens
from the samples were cut by different technicians and on different grinding and
cutting equipment, and the two samples were made from different tapes.

However, not only are both samples of Table XVIII high in flexural strength,
they also show small standard deviations or a very small spread in test values
as can be seen from the plots on probability paper shown in Figs. 26 and 27. Since
the linearity of these plots suggests a Gaussian distribution of flexural strengths
with small standard deviations, these materials are unique among most brittle
materials and can be employed by the designer with a high degree on confidence.

In Table XIX the four-point strain-gaged flexural strength is shown for the
second specimen of Hercules HMS graphite fiber reinforced TT740 produced in the
new press. The average four-point flexural strength of 876 MPa (127,000 psi)
completely corroborated the three-point flexural data reported in Table XVIII
for sample LB 135F. The fact that strain gages were used in this measurement as
shown in Table XIX also enables one to compute accurate moduli values for this
sample and these average 194 GPa or 28.2 million psi. Using the rule of mixtures
this would correspond to an approximate fiber content of 47% by volume. The data
of Table XIX illustrate that, as might be expected due to the larger volume of
specimens experiencing maximum stress in four-point bend, the composite strength
is lower for the four-point test than for the three-point test. The average
strength of 883 MPa (128,000 psi) is still quite high and failure strains up to
0.42% were recorded.

Typical load deflection traces for two specimens taken from another hot
pressed HMS graphite fiber in Pyrex sample are shown in Fig. 28. Both totally
linear and combined linear - nonlinear deflections were exhibited; however, in
all cases specimens did not fracture completely but instead cracks were diverted
in the interior of the specimen so that failed specimens remained visibly intact
after test. The load strain curves for four-point bend tests on a second HMS
fiber Pyrex glass sample are shown in Fig. 29 and represent the two types of
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Table XVIII

Flexural Strength of HMS Reinforced TTLO

Hot Pressing Three-Point
Sample Thickness Temperature Type of Flexural Strength
Number in. ¢ Load Curve MPa  psi x 103
LB 135 RC 0.060 1100 IJJN\\\ 673 9T7.7
CB 0.056 663 96.2
e 0.059 T05 102.0
g 0.0L49 T3k 106.0
T 0.032 640 92.9
TR 0.033 705 102.0
L 0.034 733 106.0
LB 0.033 Th46 108.0
RB 0.054 } ] 614 89.0
Average 689 99.98
LB 135FRC 0.059 1200 /QV’\\\ 1070 155 ;6
CB 0.059 1010 1L46.0
LC 0.068 1050 152.0
cc 0.059 1140 165.0
1i/6: 0.060 903 131.0
TR 0.062 L6 137.0
&L 0.063 698 101.0
LB 0.060 1050 152.0
RB 0.061 J \ 983 143.0
Average oTT 142.,0

29
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Table XIX

Flexural Properties
HMS Reinforced 7740 Sample LB 135G

L_Point Bend Strength Elastic Modulus Strain to Failure
MPa 103 psi GPa  10° psi €p
896 130 185 26.8 0.485
938 136 196 28.5 0.477
800 116 201 29,2 0. 397
876 127 19k 28.2 0.453
878 127
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APPLIED LOAD (LBS)
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LOAD—-STRAIN TRACES FOR THE 4 PT BEND TESTS ON
STRAIN GAUGED HERCULES HMS—10K REINFORCED 7740
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LB 136-BL
. 86,500 PSI
uTSs =
597 MPa
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—
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behavior observed. 1In the case of specimen BL, a nearly bilinear curve was ob-
tained with a secondary elastic modulus 26 x 10° psl as compared to the initial
value of 29 x 108 psi. This type of behavior in composites has often been
associated with a transition from elastic-elastic to elastic-plastic regions

of fiber-matrix behavior; however, for the current system this transition is
unlikely and the operative mechanism is not known. It could be related to some
unbonding or matrix fracture mode or it could also be due to some structural
defect initiated failure. In contrast, specimen CB demonstrated a linear load-
strain trace to failure, It should be noted, however, that there were three
major interruptions in this loading curve which resulted in the load dropping
off and then recovering. These are indicative of some structural changes in
the specimen at regions removed from the strain gage, and thus if viewed from
the point of a load vs crosshead displacement curve this specimen would have
exhibited a curve like that of specimen BR in Fig. 28. In the four-point test,
as well as the three-point test, this material is able to blunt incipient frac-
tures such that the overall specimen can continue to bear load. Also, as in
the case of three point bend, all specimens were visibly still intact after
fracture, i.e. the cracks were not able to propagate through the whole specimen.

3. Effect of Test Atmosphere on Bend Strength

The environmental stability of this system was also evaluated by exposure
to air and argon at 560°C, The data, Table XX, indicate some degradation due
to exposure to air. No visible material change could be detected; however, in
contrast to the Celanese reinforced TT4O composite, it should be recalled that
in this system the fiber does not bond as tightly to the matrix and thus may
not be as well protected by the glass. In addition, the higher modulus Celanese
fiber, due to its crystallographic .orientation, is more oxidation resistant than
the somewhat lower modulus Hercules fiber.

4, Comparison of Elastic Modulus

The elastic modulus for HMS reinforced TT4O is compared with values of E171
characteristic of other composite systems in Table XXI. The specific modulus
comparison given in the last column indicates the superiority of the glass matrix
composite.

5. High Temperature Flexural Strength

Composite specimens were tested in three-point bend over a series of tem-
peratures up to T00°C in argon. The resultant data are presented in Fig. 30 and
Table XXII. The average strength of 120,000 psi at RT (825 MPa) is higher at
600°C, i,e. 175,000 psi (1213 MPa), and only at TO0°C is the deformation of the

65



RTT=9125L45-15

Specimen

LB-138

1LB-138

LB-137

LB-137

Table XX

Elevated Temperature Exposure of Hercules HMS-10K
Graphite Reinforced TTLO

Exposure Conditions

Time Temp. Atmos.

L hrs 560°G Argon
None

4 hrs 560°C Air
None

66

103 psi

78.3
82.3
86.7
113.0
90.1

69.6
o
111, 0
122.0
25+9

62.1
67.6
70.2
12.1
68.0

79.9
91.6
9.3
99.1
106.5
93.9

Avg.

Avg.

Avg.

Avg.
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System with
Calculated
Fiber Contents

Room Temperature Elastic Modulus Comparison

Density

P
(gm/cm3)

Table XXI

(1b/in.3)

50 v/o
Celanese
DG-102~

7740

50 v/o
HMS-TT7L40

L2 v/o
T50-A1

50 v/o
B-Al

L3 v/o
B-Ti

2.02

1.98

2.30

2.70

3.70

0.072

0.071

0.083

0.097

0.133
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Elastic Modulus

Ej1/e
108/psi/1b/in. 3

E11
GPa 105 psi
296 L3
193 28
207 30
227 33
234 34

5.9k

3.9L

3.61

3.540

2.56
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FIG. 30

FLEXURAL STRENGTH OF HERCULES HMS—10K FIBER REINFORCED 7740 GLASS
AS A FUNCTION OF TEST TEMPERATURE
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Table XXII

Hercules HMS-10K Reinforced 7740 LB 139

3 Point Flexural Strength Tested at Temperature in Argon

Test Temperature Flexural Strength
(°c) MPa 10° psi
22 863 125
22 785 11k
500 793 115
550 1081 157
550 T06 102
600 1292 187
600 1134 164
650 772 112
700 3LT* 50.3%

*Specimen highly deformed so that this number is not strictly valid
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specimen excessively large. The specimen fractures are shown in Fig. 31 indi-
cating a fibrous nature to the RT fracture surface while at the higher tempera-
tures the specimens delaminated in a limited way. None of these specimens
failed completely and a bend fixture had to be used to take the photos shown in
Fig. 31 since delaminations are not visible in the unstressed condition.

The load deflection traces for these composites are given in Figs. 32 and 33.
A significant transition in load-deflection trace characteristics accompanies the

change in fracture appearance noted above.

6. Comparison of High Temperature Strength with that of Other
Composite Systems

a. Graphite Reinforced Thermoplastic

The three-point bend data presented in Fig. 34 have recently been obtained
for a NASA sponsored program at UTRC¥. The fiber is the same Hercules HMS fiber
used on this program to reinforce TT7LO. Note the following points in comparison

with Fig. 30.

The resin matrix composite maximum flexural strength at room tem-
perature is approximately equal to the strength of the HMS-TTLO at
600°C, although greater at room temperature.

The rate of strength decrease in the vicinity of the resin glass
transition temperature is rapid, as it is for the glass matrix com-
posite above 650°C.

b. Graphite Reinforced Aluminum
The only flexural strength data for graphite reinforced aluminum the authors
could find was recently published by W. Harrigan of Aerospace Corporation. These

data, for wire and plates, are presented in Fig. 35 as a function of test tem-
perature and compared with the data of Fig. 30.

*¥Novak, R. C., Graphite Fiber Reinforced Thermoplastic Resins, NAS3-2007T,
CR-135196, 1976.
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FIG. 34

FLEXURAL STRENGTH OF HERCULES HMS—-10K FIBER REINFORCED 7740
THERMOPLASTICS AS A FUNCTION OF TEST TEMPERATURE*
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FLEXURAL STRENGTH COMPARISON
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eOver the entire test temperature range, the glass matrix composite
is equal to or superior to the aluminum matrix composite in strength.

e0On a specific property basis the glass matrix composite would offer
an additional advantage which in this case would be significant. The
density of the aluminum matrix composite is approximately 2.4 grams
per cubic centimeter while that of the HMS-TTUO is approximately 2.0
grams per cubic centimeter. The specific strength comparison is
given in Fig. 36.

¢ The maximum use temperature of the glass matrix composite should be
significantly greater than that of the graphite aluminum.

c. Borsic Reinforced Ti-6A1-L4V

This is the only metal matrix composite with a plausible use temperature in
the range of RT-500°C (excluding reinforced high temperature superalloys which
have a much higher density). Therefore, the comparison with this system at tem-
peratures above 300°C is very meaningful. The data are presented in Fig. 37. In
this case flexural data over the temperature range of interest are not available
so Borsic-Ti tensile test data were used. To make a more realistic comparison, the
Borsic-Ti composite tensile data were multiplied by a factor of 1.4 which, in the
past at UTRC, has been shown to be the ratio of flexural strength to tensile
strength at room temperature for Borsic-Ti. In addition, the data were divided
by composite density to obtain the specific flexural strength comparison shown
in Fig. 38. At temperatures above 150°C the glass matrix composite is clearly
superior to the titanium matrix composite.

T. Fracture Tougnness Testing
Notched three point bend specimens were fabricated and tested in an attempt
to characterize the fracture toughness of this composite system. The specimen
geometry is given in Fig. 39 and specimen dimensions with resultant data are
given in Table XXIII.
Two types of mechanical test procedures were used.
e Specimen 1L40-2 was tested in slow 3 point bend at room temperature.
eThe other three specimens were tested using the UTRC instrumented

impact testing machine which is capable of operating at elevated
temperatures.
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FLEXURAL STRENGTH/DENSITY (MPa/gm/cm3)
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FRACTURE TOUGHNESS SPECIMEN
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The load vs deflection trace for the slow bend test is presented in Fig. UO.
The increase in load to failure is linear and the value of fracture toughness of
22,1 MN/m3/2 was calculated on the basis of the maximum load.

By comparison, the load-time traces for the instrumented impact tests are
given in Figs. Ll and 42, The initial peaks in these tests are the inertial
peaks which have to do with the high velocity of impact. Aside from these in-
ertial peaks, the rise to maximum load is also nearly linear for these tests
and the value of K, was also calculated on the basis of the maximum load.

The data in Table XXIII indicate that at 22°C there was no effect of dra-
matically increasing test speed. The fracture toughness did, however, decrease
with increasing test temperature. This is opposite to the variation in strength
described previously; note that even the values obtained at the higher tempera-
tures are greater when compared to other composites and more conventional engi-
neering alloys, Table XXIV.

8. Effect of Thermal Cycling on Flexural Strength

Sample LB 135G, HMS in 7740, was tested by thermal cycling specimens at an
interval of 8 minutes and 20 seconds as indicated by the thermal cycle shown in
Fig. L43. As noted in Table XXV and as drawn in Fig. 4l4, the thermal cycling had
little or no effect on the four-point bend strength of the specimens and these,
after cycling, looked exactly as they had initially.

9. Fatigue Studies and the Effect on Flexural Strength

Sample LB 135, again an HMS graphite fiber in C.G.W. 7740 glass composite
made in the Centorr press, was subjected to four-point flexural fatigue testing.
These specimens were prefatigued to between 0.8 and 0.08 of the as-fabricated
four-point bend strength. Table XXVI and Fig. 45 show that the samples suffered
no deterioration in strength after 100 cycles.

10. Analysis of Graphite Fiber Content of HMS Composites

It has proven very easy to separate the graphite fibers from glass matrix
using HF solutions. The fibers are recovered in a virtually intact condition
and show no effect of having been encased in glass by hot pressing. In Table
XXVII are shown the results of the analysis for two of the composites used in the
tests of this section. The sample LB 138 has a three-point flexural strength of
661 MPa and 96,000 psi and was prepared in the older press used in this program
as was sample LB 139.
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LOAD VS DEFLECTION TRACE FOR SPECIMEN LB—140-2 TESTED AT 22°C
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INSTRUMENTED IMPACT TRACE
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INSTRUMENTED IMPACT TRACES
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Table XXIV

Fracture Toughness Comparison at 22°C

Material K1c

MN /m3/2 103 psi Vin
0°-HMS/TTLO 21.7 19.8
0/90-AS Graphite/AR 288% 14,251,973 13-18

Morganite II/Epoxy¥*¥

0° 35 32
90° 1.75 1.6
Ls5° 258 2.3
+hs° 19.73 18
0/+L45°/90 2,1 28
201L-T6 Aluminum Alloy¥¥*¥ 21.92 20
6061-T651 Aluminum Alloy¥*# 29.6 27

¥UTRC data using compact tension specimens
*¥%H, Konish and T. Cruse, J. Comp. Materials, Vol. 6, p 11k, 1972
¥¥¥Damage Tolerant Design Handbook MCIC-HB-01
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Table XXV
Thermal Cycling

HMS Reinforced TT740 Spec LB 135 G

Condition L Point Bend Strength *Elastic Modulus
MPa. 103 psi GPa 100 psi
As Fabricated 896 130 185 26.8
938 136 196 28.5
800 116 201 29.2
Average 876 127
After 20 Cycles *¥ 917 133 196 28.5
910 132 203 29.4
834 121 189 27.1
Average 889 129
After 100 Cycles *%+ 786 114 174 25.2
614 89 167 ol .p
758 110 185 26.9
Average LT 104

* Tested with major and minor spans of 5cm and 1l.27cm

¥% Cycled while in argon containing glass tube between 590-630°C and 110°C
Target temperature 560°C or annealing point of glass matrix

**+ The 100 cycles extended overnight with result that temperature exceeded
target temperature (annealing point of glass matrix is 560°C or 1OLOCF)

by 33°C.
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FLEXURAL STRENGTH OF HMS THORNEL 300—7740 GLASS COMPOSITE
AFTER THERMAL CYCLING
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Table XXVI

Four Point Flexural Fatigue
(Major and minor spans of 5 cm and 1.27 cm)

HMS Reinforced 7740 Spec LB 135 H

Condition 4 Point Bend Strength Elastic Modulus
- MPe. 103 psi GPa 100 psi
As Fabricated 548 79 200 29.0

532 r 195 28.3
After 3 cycles 325 L 185 26.8

between U84 GPa and U8 GPa

After 20 cycles 519 75 186 26.9
between 337 GPa and 34 GPa

After 20 cycles 658 95 194 28.1
between 390 GPa and 39 GPa

After 20 cycles 57k 83 210 30.5
between 450 GPa and 45 GPa

After 20 cycles 638 92 208 30.1
between 520 GPa and 52 GPa

After 100 cycles 575 8L 207 30.0
between 430 GPa and 43 GPa

After 100 cycles 573 83 201 29.1
between 445 GPa and 44 GPa
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R77-912545-15 FIG. 45
EFFECT OF FATIGUE ON BEND STRENGTH OF HMS THORNEL 300 FIBER IN
7740 GLASS MATRIX COMPOSITE
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B. Composites of Celanese DG-102 Graphite Fiber and Pyrex Glass

Because composites formed of Celanese DG-102 graphite fibers in Pyrex glass
showed strengths only about one-third as great as the composites made with HMS
graphite fiber in Pyrex glass, they have not been studied as extensively. But
these same Celanese DG-102 graphite fibers in Pyrex glass composites have now
been shown to have very much greater environmental stability than those made with
HMS graphite fibers and Pyrex. Research during the second year of this program
will attempt to produce composites with higher strength; we now obtain at room
temperature only about one-third of the strength of the fiber in the composite
that would be predicted based on the law of mixtures

l. Microstructure

The typical microstructures found in the Celanese DG-102 graphite fiber-
Pyrex glass composites are shown in Figs. 46 and 47. The optical tape map of
Fig. 46 shows that in the composites of Celanese fiber made to date the memory
of the individual tows persists. Figure 4T reflects the fact that a Celanese
fiber-Pyrex glass tow fractures in a brittle-brittle manner just as one would
expect with an all ceramic material and this is further emphasized by the scan-
ning electron micrograph at the bottom of the figure, which shows again that
each fiber is indeed surrounded by glass and very tightly bonded to it. It is
this tight bonding that probably accounts for both the low strength of the com-
posite and its superior environmental stability.

2. Effect of Atmosphere

The three-point flexural strength of several specimens of Celanese DG-102
graphite fiber reinforced Pyrex glass composites was measured at room tempera-
ture. Other specimens of the same composites were first heated for U hrs at
560°C in either air or argon before carrying out the flexural tests at room tem-
perature. As Table XXVIII shows, within experimental error, the exposure to
either air or argon had no effect on the properties of the composite in con-
trast to similar tests carried out on HMS graphite fiber reinforced Pyrex com-
posites where the air exposure at temperature resulted in a very high loss of
strength. While admittedly both of the composites tested for which the data
are shown in Table XXVIII are well below the average strength of Hercules HMS
graphite fiber reinforced Pyrex matrix composites the data of this table are
important in nature since all other graphite reinforced glass composites tested
by UTRC show a pronounced degradation in strength when heated in air and sub-
sequently tested. Further research in this area is obviously necessary in an
attempt to improve the strength of these composites while maintaining their
unique environmental stability.
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R77—912545—15 FIG. 47

SCANNING ELECTRON MICROGRAPHS FRACTURE SURFACE CELANESE
DG 102 FIBER IN C.G.W. 7740 GLASS MATRIX
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Specimen

IB-131

LB-131

LB-132

LB-132

Table XXVIII

Effect of Atmosphere on Strength of Celanese DG-102 Graphite
Fiber Reinforced C.G.W. TTLO Glass Composites

Exposure Conditions

20°C 3-Point
Bend Strength

Time

4 hrs

b hrs

Temp.

560°C

None

G807y

None

96

Atmos.

Argon

116k o

MPa 103 psi

180 26.1
233 38.T
2Ls 35.6
291 ho,2
303 LLh.o
328 LT7.6
263 38.2
155 22,5
187 27.1
192 27.8
221 32.0
275 39.9
326 47.9
227 32.9
1Ls 21.1
188 27.2
202 29.3
234 33.9
280 40.6
308 Lk, 7
226 32.8
172 25.0
225 32.6
228 33.1
2kl 34.9
279 40.5
312 h5,3
243 35.2

Avg.

Avg.

Avg.

Avg.



3. Typical Flexural Strength and Modulus

Table XXIX lists the three-point flexural strength, the four-point flex-
ural strength, and modulus for two typical samples of Celanese DG-102 graphite
fiber reinforced Pyrex glass composites. Sample LB 97 was hot pressed in an
older press at 1100°C and 13.8 MPa (2000 psi) while sample LB 9TE was produced
in the new press at 1200°C and 13.8 MPa (2000 psi). While slightly stronger
composites of this nature have been produced the values of this table are more
typical and representative of this composite at this stage of development.

4, Flexural Strength at Elevated Temperatures

The Celanese fiber reinforced 7740 composite system was tested in three-
point bend as a function of temperature. In carrying out these tests an argon
atmosphere was used.

The test results for specimen set LB 98 are presented in Fig. 48 and Table
XXX. As can be seen, there is a marked change in composite performance with in-
creasing temperature. As the composite reaches the annealing point of the
matrix glass, the composite flexural strength is nearly double the value at
room temperature. This increase in strength is probably due to the increased
strain capacity of the matrix. For this composite system, of Celanese fiber
and 7TLO, the bond between fiber and matrix is very strong. Therefore, it is
likely that the composite strength is limited by the matrix failure strain at
room temperature. At temperatures above the strain point of the glass, however,
the matrix can deform to a greater extent, because of its lower viscosity. Thus,
a larger percentage of the fiber strain, and hence strength, can be utilized.
At temperatures above the annealing point (560°C), a large decrease in strength
is noticed, however, the strengths calculated above this temperature are fic-
titious because the specimens do not fracture; instead the specimens deform to
a very large extent. This is illustrative of an even further drop in matrix
viscosity. At T00°C the viscosity of TT4O is 10!0 poises while at 510°C it is
1Q1%e3 poises.

Examination of the specimen fracture modes confirms the above description.
At room temperature the specimens fracture without any permanent deformation and
very little fiber pull out on the fracture surface, Fig. L9, At 500-550°C there
is also no sign of specimen plastic deformation, however, additional fiber
pull out is visible on the fracture surface, Fig. 50. This fiber-matrix sep-
aration occurred on the tensile side of each specimen. Finally at T00°C, Fig.
51, the specimen does not fracture but instead deforms to the full extent of
motion of the test apparatus. In the last figure of this series, Fig. 52, we
show the manner in which the sample plastically deformed to fit the test plunger.
At the time of deformation the sample was still carrying a load of 42,000 psi
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Table XXIX

Flexural Strength of Typical Specimens of Celanese Graphite Fiber
DG-102 Reinforced C.G.W. TT7LO Glass Matrix Composites

A, 3-Point Flexural Tests with 5.0 cm Span

Specimen LB 97 Flexural Strength
MPa ksi

L1 399 37«2
L2 L11 59.6
L3 265 38.4
¢ i 339 Lo.1
g2 3ko 49.3
c 3 293 k2.5
R1 281 40.8
R 2 362 5245
R 3 392 56.8

Average 342 L9.6

B. L-Point Flexural Tests with Inner Span 1.25 cm and Outer Span 5.0 cm

Specimen LB 9TE Flexural Strength Modulus
MPa ksi GPa  10° psi
TR 289 L1.9 277 ko.2
CR 301 L3.7 269 39.0
BR 336 8.7 271 39.3
Average 309 44,8 272 39.5
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FLEXURAL STRENGTH OF CELANESE FIBER REINFORCED 7740
GLASS AS A FUNCTION OF TEST TEMPERATURE
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Table XXX

Flexural Strength of Celanese Graphite Fiber DG-102 Reinforced
C.G.W. TT4O Glass Composite at Elevated Temperatures

Temperature at Which 3-Point Flexural Strength
Flexural Strength was Span 5.0 cm
Specimen Measured °C MPa ksi
LB 98BL RT 37Tk 5h.2
CR RT 250 36.2
TL 500 515 Th.T
BR 500 481 69.7
CL 550 565 82
TR 600 196 28.4
56 700 292 Lo.3
oo T00-635 305 Ly, 3
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CELANESE FIBER REINFORCED 7740
TEST TEMPERATURE 22 oC
LB—98

M‘W

101

FIG. 49
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R77-912545-15 FIG. 50

CELANESE FIBER REINFORCED 7740
TEST TEMPERATURE 500—550 °C
LB-98
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CELANESE FIBER REINFORCED 7740

TEST TEMPERATURE 700 °C
LB—98
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3 POINT BEND SPECIMEN LB98-CC
TEST TEMPERATURE = 700°C
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which is also the approximate room temperature flexural strength for these high
modulus graphite fiber composites. This behavior may be compared to the defor-
mation under load undergone by a graphite fiber epoxy resin matrix as it passes
through the transition from brittle to ductile behavior.

From the above it would appear that a use temperature of up to 550°C would
be reasonable for this composite system. Specimen performance approaches that
of resin matrix composites tested at much lower temperatures. As an example,
approximately 50% unidirectional Celanese fiber reinforced epoxy typically ex-
hibits a tensile strength of 758 MPa (110,000 psi) at 22°C while the current
composites of Celanese fiber reinforced C.G.W. 7740 glass fail at 345 MPa

(50,000 psi) at 22°C and 565 MPa (82,000 psi) at 550°C for a volume percent
fiver of L7%.
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VI. CONCLUSIONS AND RECOMMENDATIONS

At the end of the first year's research, we have two principal types of
graphite fiber reinforced glass matrix composites, each of which have some
excellent but different properties.

The first type of composite consists of Hercules HMS graphite fiber rein-
forced C.G.W. TT4O glass matrix. Its properties are:

Room temperature L-point flexural strength of 848 MPa (127,300 psi)

Average flexural modulus of 200 to 206 GPa (29 to 30 million psi)

Use temperature in argon or vacuum of 600°C (1112°F)

50% higher flexural strength at 560°C than at room temperature

No loss in strength with thermal or fatigue cycling in argon or vacuum

Greatly increased toughness compared to glass, i.e. about same as
commonly used lower temperature composites

When heated in air to 560°C suffers severe loss of strength.

The second type of composite consists of Celanese DG-102 fiber reinforced
C.G.W. TTh0 glass matrix with these properties:

Room temperature L-point flexural strength of 309 MPa (45,000 psi)

Average flexural modulus of 272 to 303 GPa (39.5 to 40 million psi)

Use temperature of 600°C again with 50% higher strength at this
temperature than at room temperature

No loss in strength when heated in air to 560°C for U4 hrs and
subsequently tested.

Based on the observations made during the first year's effort, the following
recommendations are offered:

A systematic study of the mechanism controlling the oxidation of the HMS
graphite fiber T7TLO glass matrix composites at elevated temperatures
should be carried out.

At the same time an effort should be made to partially block the bond
between the Celanese DG-102 graphite fiber in T7TLO glass matrices to
see if a higher percentage of the strength of the graphite fiber can be
attained while maintaining the oxidation resistance of these composites.
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The number of graphite fiber, glass and/or Pyroceram matrix combinations
should be expanded and evaluated to see if some new combination can offer
both strength and oxidation resistance.

Biaxially reinforced specimens should be fabricated and evaluated.
An extensive characterization of the properties of the best graphite

fiber-glass matrix system should be undertaken to provide a better under-
standing of how such composites can be used.
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