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SPECIAL GRAPHITES AMD CARBIDE-GRAPHITE COMPOSITES DEVELOPED A? LASL

by

R. E. Riley

ABSTRACT

Well-characterized materials containing e i ther TaC and graphite
or pure gyapMte were fabricated u t i l i z i n g powder metallurgy techniques
that included hot pressing or hydrostatic pressing and subsequent high-
tmperature heat treataent . Physical structure and thermal properties
were Invest igated, part icular ly theras l - s tresa fracture res i s tance . We
found 4tet wel l -control led reproducible materials manifesting an excel -
l e n t diotr ibut lon of carbide in the graphite aatr ix could be fabricated
u t i l i z i n g eit i ier technique. Iheimal properties were affected s i g n i f i -
cantly by the s i z e and r e l a t i v e amounts of TeC and graphite used in the
composite. Eats on dynamic e l a s t i c modulus, themal expansion, thermal
conductivity, and theraal -s trese fracture res is tance are presented.

X. IWTHJBUCMON

A continuing in teres t In carbide-graphite com-

pos i t e* preva i l s e t the Los Alamos S c i e n t i f i c Labora-

tory (lASIr) of the University of California due to

the useful character i s t ics of these materials under

extreme temperature condit ions. The tantalum carbide-

garapolte system has evoked part icular Interes t due t o

the extremely high eeXtlng point of TaC (39OO'C) and

the high TaC-C eutec t l c temperature of 371O*C. Ere-
1 U

vlous work by the IASL Materials Technology Group

(CH3-6) has provided ins ight in to the e f f e c t of pro-

cess ing variables , carbide powder charac ter i s t i c s ,

competition, binder content, and graphite p a r t i c l e

character is t ic* upon the physical and mechanical

properties o f hot-pressed carbide-graphite composites

In general,- and upon TaC-C composite! In part icular .

The purpose of th i s invest igat ion was to develop

an a l ternat ive process t o hot pressing for the pro-

duction of TaC-C composite material , and t o determine

and compare se lec ted properties of materials prepared

In each manner. A procedure for hydrostat lcal ly

pressing and subsequently heat treat ing compacts of

TaC and graphite was developed, and various tech-

niques vere u t i l i z e d t o evaluate the materials pro-

duced In th i s manner and by hot press ing. Also ,

three di f ferent s i z e ranges of graphite vere hydro-

stctically pressed sod tested for future reference

and possible applicability to carblde-grapUte sys-

tems. The evaluations of physical structure and

thermal properties, particularly thermal-shock capa-

bi l i t ies , were of most interest during this in Inves-

tigation. Particular attention was paid to the

effect of carbide content and carbide particle size.

I I . MATERIALS

The rav eaterlsJLs used in the investigation
comprised several loto of TaC, one of NbC, three
size ranges of graphite, and Varcum binder.
A. Tantalum Carbide (TaC? Powders

Analyses and characteristics of the TaC powders
used are presented in Tablea I and II, respectively.
Five of the powders used are ahovn in the photomi-
crographs of Mga. 1 through 5. Scanning electron
micrographs of the nominal JOO-A TaC (TeC-38) powder
are shown in Figs. 6 through 8.

B. Hloblum Carbide (HbC) Powder

The KbC powder, Lot KbC-ltJ, VM purchased fron

Van Chans Chemical Coarpany. This powder lot had a

Fisher average particle size (APS) of 3.51 urn, a

bulk density of S.6l c/cn3, a tap density of 3.82

g/ci' , and specific surface area naafurcMnts of

0.219 *»d 1.205 "*/e for Flutter and BET dutenlaa-

tlons, respectively. Chemical analyvl* revealed

88.U$ nloblvsi, 11.3* total carbon, 0.33* free carbon,



Elements

Ta

Total C

Eree C

Qs

Li

Be

B

Na

Mg

Al

S i

K

Ca

Ti

V

Cr

Mn

Fe

Co

Hi

Cu

Zn

Sr

Zr

Nb

Mo

Ag

Sn

Ba

W

Fb

Bl

TaC-11

93.3*

6.25*

0.08*

0.21*

< 1

< 1

3

< 3

3

< 3

100

< 10

5

< 5

< 10

5

1

200

< 5

1

50

< 100

< 5 0

< 5 0

< 3 0

0.1*

< 10

< 1

< 3

< 10

< 3 0

< 3

< 5

TaC-15

92.9*

6.70*

0.65*

570

< 3

< 1

< 3

< 3

1

< 5

5

< 3 0

3

< 5

< 10

5

< 1

50

< 5

20

< 1

<100

< 3 0

< 5 0

< 3 0

0.3*

< 10

< 1

< 5

< 10

< 3 0

< 3

< 5

TABLE I

CHEUCCAL ANALYSES OF TaC

TaC-29

93.44*

5.98*

< 500

0.19*

< l

< 1

< 3

< 5

15

5

10

< 10

3

< 5

< 10

10

2

150

< 5

< 5

2

< 100

< 3 0

< 3 0

<=30

500

< 10

3

< 5

< 10

< 3 0

< 3

< 5

TaC-50

93-81*

6.10*

790

0.18*

< 3

< 1

< 3

< 3

15

3

5

< 10

2

< 5

< 10

10

< 1

150

< 5

2

2

< 100

< 3 0

< 3 0

< 5 0

200

< 10

< 1

< 3

< 10

< 3 0

10

< 5

FOWIER LOTSa

TaC-32

93.54*

6.50*

780

0.17*

< 1

< 1

< 3

< 3

< 1

10

5

< 10

5

150

< 10

0.1*

2

50

200

30

8

< 100

< 3 0

< 3 0

< 3 0

0.2*

50

< 1

< 5

< 10

0.3*

< 3

< 5

TaC-33

92.0*

6.30*

0.50*

1.40*

< 3

< 1

< 3

< 3

2

< 5

10

< 50

3

10

10

300

10

300

< 5

100

15

< 100

< 3 0

< 3 0

< 5 0

200

10

< 1

< 3

< 10

200

< 3

< 5

TaC-58

90.8*

7-30*

1.70*

1.70*

< 1

< 1

< 3

< 3

20

15

15

< 10

2

10

< 10

600

10

800

< 5

0.1*

10

< 100

< 3 0

< 3 0

< 3 0

0.75*

< 10

< 1

< 3

< 10

50

< 3

< 5

TgC-45

93.6*

6.20*

0.10*

580

< 1

< 1

< 3

< 3

< 1

10

10

< 10

3

50

< 10

300

3

500

200

300

< 1

< 100

< 3 0

< 30

< 3 0

300

< 100

< 1

< 3

< 10

< 3 0

< 3

< 5

All values are ppm unleas otiiervise Indicated.



Powder
Lot

TaC-H

IaC-15

TaC-29

TaC-30

TaC-32

TaO-53

TaC-38

TaC-45

and 0.

TABLE II

TaC CHAMCTERIZATION

Supplier

Keinbar

Union Carbide

Kavecitl

Kfcveckl

Starck

Clba

Starck

Ptarck

.51% oxygen.

Density
Sulk Tap

(e/cm
3
) (fifa,

3
)

1.90 3-20

•»-59 6.31

4.51 6.1*2

5.13 8.00
—

--

5.ll> 6.61

This material

MTA

Fisher
APS
dm)

0.13

1.30

1.37

I.85

300 A

300 i

8.6

Specific
Surface

BET Hslier

O.D1O 0.09O

3-22
1.305 0.315

1.109 0.299

0.TL2 O.!*1O

IT. 524
lil,6ll*

0.I198 0.0W

was used in 50/50

PARTICLE

Mesh S i z e

+65

-65 +100

-100 +150

-150 +200

-200 +270

-270 +525

-325

TABLE IV

SIZE DISTRIBUTION

M-5 Flour

(wt#)

5

5
11

26

10

15

30

OF GRAPHITE FLOURS

S-97 Flour

(wt#)

0

0

0

0

10

£0

70

vt$ solid solution with TaC, and was Included for
comparison purposes.
C. Graphite Flours

1. M-3 Graphite Flour. The graphite flour
used in this program was Grade 1008, supplied by
Great Lakes Carbon Company, and was given the LASL
identifying number M-3. Typical chemical analyses
and size distribution of the as-received flour are
presented in Tables III and IV, respectively. The
bulk of the graphite used in this examination was
the -325 traction of the M-3 flour, which was the
portion used in the carbide-graphite composite mate-
rial and as one of the size ranges used for investi-
gation of pure graphite materials. Pure graphite
specimens used were the -150 +325 mesh fraction and
a standard mix composed of 85$ (by weight) M-3 flour
and 15$ Thermax.

2. S-97 Graphite Flour, The second graphite
used, obtained from Epeer Carbon Company, was desig-
nated S-97* The chemical analyses of this flour and
the particle size distribution are given in Tables
III and IV, respectively.
D. Thermax

Thermax is a carbon black of 0.9-pa average
particle size obtained from Thermatoolc Carbon Co..

CHEMICAL

Impurity*

Ash

Iron

Silicon

TABLE I I I

ANALYSES OF GRAPHITE

M-3 Flour
(ppra)

300

100

150

FLOURS

S-97 Flour
(PP*>)

100

70

30

The chemical analyses of this Material are shown in
Table V.
E. Varcum Binder

When a binder was needed, we used Varcum 8251,
a therraosetting resin of partially polymerized fur-
fury! alcohol obtained from the Varcum Chemical Di-
vision of Reiehhold Chemicals, Inc. Maleic anhy-
dride was used as a catalyst in the amount of 4 g
per 100 cm3 of resin. The viscosity of this mate-
rial at room temperature is about 300 cP, and de-
creases rapidly to about 50 cP at 30°C.

III. EQUIPMENT

A. Blenders
A Patterson-Kelly 8- or 16-qt twin shell blend-

er equipped with an intenslfier bar and liquid addi-
tion apparatus was used for dry Ingredient mixing
and liquid binder addition. The 16-qt blender is
shown in Fig. 9. For the hot-pressing blends with

TABLE V

CHEMICAL ANALYSES

Igpurlty"

Ash

SI

Fe

Ca

MS

Ha

Al

Mn

OF THERMAX

Amount

700 -

100 -

30 -

5 -

5 -

3 -

1 -

(ppu)

2000

620

50

10

10

10

10

5

All others leas than 200 ppm total. All other elements below detection
llnlti of Bpectrocheaical antlyais.



no binder, mixing was done in glass jars containing

aluminum agitator wires.

B. Homogenlzer

A Hobart Model 4-532 meat chopper equipped with

a breaker plate with l/8-in.-diam holes was used for

homogenizing and precompacting the hydrostatic press-

ing mixes (Fig. 10).

C. Pressings Sacks

The pressing sacks and lids were furnished by

the LASL Plastics Section of Group CMB-6 and were

made of Plastisol. These sacks were formed by dip-

ping a mandrel into Plastisol and curing at 175°C

for U5 min.

D. Hydrostatic Press

The loaded pressing sacks were pressed by hydro-

static pressure of 30,000 psi in a 12-in.-i.d. by 24-

in.-long chamber utilizing oil pressurized by an air

operated pump (Fig. 11).

E. Curing Oven

The hydrostatically pressed pieces were cured

in an oven capable of maintaining the rigid time-

temperature schedule outlined in Section IV. F. The

unit used was an electrically heated circulating air

oven capable of sustained operation at up to 45O°C.

The oven, Model F0 962430, was made by the Cooley

Electrical Manufacturing Company, and was controlled

by a cam-operated Wheelco Instrument Company control-

ler. The oven, along with the containers that he.Vd

the pressings, is shown in Fig. IS.

F. Baking Furnace

The cured pieces were baked under vacuum to

800cC as indicated in Section IV. G. The pieces

were placed inside a stainless steel can and were

baked in a furnace designed and built at LASL. The

furnace was heated by resistance heating elements

controlled by a cam-operated Wheelco controller.

The hot zone of the furnace was 16 in. diam by 60

in. long; the furnace normally operated under a

pressure of 10 torr or less. The vacuum system con-

sisted of a two-stage Hash Hytor pump; two Model

TS-10 pumps connected in series, but powered by a

single 10-hp electric motor. An air-operated valve

in the vacuum line prevented air from being drawn

into the furnace through the vacuum pump In case of

a pover failure. Also, a self-opening trap prevented

the vacuum pump water from entering the furnace.

The baking furnace is shown In Fig. 13.

G. Sintering Furnace

Following baking, the pieces not to be hot

pressed were heat treated to 25OO°C according to the

schedule described in Section IV. H. They were

placed in a graphite crucible and sintered in an in-

duction heated furnace designed and built at LASL.

The induction coil was powered by a 175-kW 960-cycle

motor generator set. The 82-in.-long coil consisted

of flat 6-in.-wide copper strips bent and silver-

solaered together to form a cylinder. Three parallel

copper tubes to carry cooling water were silver-

soldered to the outside of the coil. The crucible

containing the pressings was located within a graph-

ite susceptor, l8.75-in.-o.d. by l6.62-in.-i.d. The

susceptor, in turn, was surrounded by a 3-in.-thick

layer of carbon black insulation, a 1-in.-thick ce-

ramic liner, a layer of Fiberfrax, and the induction

coil. The temperature in the furnace was measured

optically through a sight port in the top of the

furnace that sighted into a hole in the graphite

crucible. A helium flush kept the sight port open

and prevented the graphite in the furnace from oxi-

dizing. The induction furnace is shown in Fig. 14.

H. High-Temperature Sintering Furnace

Following sintering, some of the pieces were

subjected to a higher temperature heat treatment sim-

ilar to that described in Section IV. I. The fur-

nace used for this purpose was capable of operating

at 3000°C for a sustained period. The pieces pro-

duced at LASL were heat treated in graphite crucibles

in an induction furnace (Fig. 15) designed and built

at LASL. The coil was a self-shielded, light-tight,

current-concentrating coil powered by a 150-kW

10,000-cycle motor generator set. Temperature was

measured by sighting through a hole in the crucible

lid directly on the piece. An argon flush kept the

sight port open and prevented oxidation.

I. Hot-Press Furnaces

The hot-press :RjiTifices used (Fig. 16) were of

the induction heated type shown in Fig. 17.

IV. PROCEDURE

A. Preparation of Materials

Before use, the graphite and carbide powders

were screened through a 150-mesh screen to ensure

against Introduction of foreign particles. Also,

they were dried for 24 h at 150°C to minimize



the presence of water vapor and to help prevent ag-

glomeration. The binder resin was stored in 55-gal

drums. The drums to be used were then rolled in the

storage area at U00 rpm for 2 h to homogenize the

material before withdrawal. The quantity of resin

required for a day's work was withdrawn from the

drum the evening before use and was placed overnight

in an oven at 35°C. The maleic anhydride catalyst

was ground and screened to -20 mesh prior to use,

and k g of catalyst per 100 cm3 of resin was added

to the original resin. The mixing was .performed in

1-gal batches; the mix was heated to UO°C and stirred

for approximately 20 mln before use. Maleic anhy-

dride is a slow-acting catalyst at to'C so the pro-

cessing times were not critical.

B. Blending

The dry ingredients (graphite, or graphite and

TaC) for the 8-qt Faterson-Kelly blender were in the

range of 1 to k kg to ensure good blending. The dry

ingredients for a mix were weighed and placed In. the

blender: the TaC first and the graphite last. They

were dry blended for 30 min using the lntensifier

bar. The proper amount of catalyzed resin was weigh-

ed and placed in a glass reservoir wound with a heat-

ing tape. The reservoir had a tube leading to the

liquid addition apparatus of the Patterson-Kelly

blender. The resin, after heating to approximately

JtO°C, was added slowly under 3-psi air pressure to

the dry mix over a period of 15 to 20 mln through

the intensifier bar of the blender. After the resin

addition was completed, the blender was stopped, the

lids opened, and the lids and blender walls were

scraped to remove adhering material. The blender

was then sealed and rotated for another 5 win with

the intensifier bar operating. The blended material

had the consistency of moist sand.

C. Homogenization

The blends containing no binder went directly

to the screening step, but the ones containing Var-

cum underwent the following homogenization, probably

the most important single step for ensuring the

homogeneity and distribution desired in the final

product. A Hobart meat chopper was used to homoge-

nize the mix, which was passed through the meat

chopper six times before being loaded Into the press-

ing Backs. Normally the meat chopper is fitted with

a chopper plate having 3/l6-in.-diam holes, A plate

with l/8-in.-diaro holes, however, was used for these

mixes to improve the mixing and homogenization ob-

tained.

D. Screening

Following the homogenization operation, the mix

was forced through a 20-mesh screen to break up large

clusters and to give the mix better flow properties

for loading into the pressing sacks.

E. Hydrostatic Pressing

The parts comprising a pressing sack (Fig. 18)

included the sack and lid, clamping ring. Aero Seal

clamp, hypodermic needle, sponge, and mix. The

pressing sacks were filled with the looss screened

mix, and the mix was packed lightly by tapping the

filled sacks. More loose material was then added,

and the procedure was repeated several times until

no compaction was noted. The sack lid was pierced

with a Ho. 16 hypodermic needle with a T/8-in.-diam

by l/2-in.-thick sponge affixed to the needle point.

A clamping ring was then placed around the inner di-

ameter of the lid and the lid seated in the sack.

The sack was sealed with an Aero Seal hose clamp and

a sealing solution described below. The sack and

its contents were then evacuated through the protrud-

ing hypodermic needle, usually for l/2 h (Fig. 19).

The needle was extracted from the lid and the hole

sealed with a solution of poly-vinyl-chloride in

equal parts of methyl, ethyl, ketone, and acetone.

The loaded and evacuated sacks were then placed in

the pressure chamber, oil added, and the chamber

closed. The air-operated oil pump was started, and

the chamber ivas pressurized to the required pressure.

The pressure was immediately released and the chamber

opened. Oil was removed from the exterior of the

sacks with hexane before they were opened.

F. Curing

The green pressings were cured according to the

time-temperature schedule shown in Table VI. Curing

resulted in the polymerization of the thermosetting

binder. This process occurred In an air atmospheres

the pieces were merely wrapped in aluminum foil end

placed inside the oven. The l°C/h rate was very im-

portant in the range where volatiles from polymeri-

zation were being released.

G. Baking

The cured pressings were then baked under vacu-

um according to the schedule given in Table VI to

carbonize the binder and further remove gases and

volatiles. Baking was done Inside a stainless steel

can with a loose-fitting lid.

5



TABLE VI

TIME AHD TEMPERATURE SCHEDULES FOR CUEING AMD BAKHJO

Cure Bake
Time Temp

i!£2
53
56

59
62

65
68

71
7k

77
80

83
86

89
92

95
98
101

104

107

110

112

118

124

130

142

160

180

200

225
250

Rate

CO
1

i-4

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

2

2

2

4
6

6-2/3

6-2/3

8-1/3

8-1/3

250

280

310

370

400

430

460

490

520

550

580

610

685

760

835

Rate

CO
10

10

10

10

10

10

10

10

10

10

10

10

10

25

25

25

3

6

9

12

15

18

21

24

37

30

33

36

39

42

>*5

1*6

51

51*

57

60

62

65

68

71

74

77

80

83

86

89

Following this step the pieces to be hot press-

ed vere advanced to the hot-pressing step described

in Section IV. J.

H. Sintering

A sintering run to 2500°C followed the baking

cycle. The baked pressings were placed in a graphite

crucible that, in turn, was placed in the induction

heated sintering furnace. The pressings were heated

to 25O0cC over 4-1/2 h and held at temperature for

2 h. A helium atmosphere was maintained in the fur-

nace during this period and during the l-l/2-day

cooling cycle. Heat treatment of the pure graphite

pieces ended here. All pieces undergoing sintering

were machined to right cylinders following this step.

I. High-Temperature Heat Treatment

Following the sintering cycle, the pressings

containing TaC and graphite <rere heat treated at

3000°C for 1 h. The pieces were heated rapidly to

5000°C using a 40-min ramp. An argon atmosphere

protected the pieces from oxidation.

J. Hot Pressing

The hot-pressed pieces underwent this process

following the baking step. The hot-pressing schedule

employed was as follows: a?ter the die was loaded,

positioned in the induction coil, and flushed with

argon, it was heated to 3O5O°C in 40 min while a

pressure of 3200 psi was gradually applied. Pres-

sure was maintained for about 30 to 40 min, follow-

ing which the power was shut off and the die allowed

to cool. Pressure was not released until the temper-

ature fell below 2000°C.

V. COMPOSITIONS

A. TaC-Graphite

The various compositions investigated are given

in Table VTI. A 50$ coking value was used in batch

calculations to indicate the Varcum contribution to

the carbon content. Varcum demands varied depending

on the percentage of carbide in the mix and the par-

ticle size of the carbide used. The requirements

ranged from 20 to 23$ of the dry ingredient weight.

Binder demands might vary considerably from this

figure if the particle size of the graphite used were

to be changed.

Nominal
TaC APS
(um)

40.0

4.2
1.5
0.13

300 A

TaC

1

S

s

s

TABLE VII

GRAPHITE

5
Wtg

S

S

S

COMPOSITIONS

T

s

s

s

14

S

s

s

20
Wtfl

40

s
H

S, H

H

II

S - hydrostatically pressed and sintered; Hs-hot
pressed.



Sample
Mo.

2111A

21O8A

2106A

2141A

S-4OO6DC

101

102

0924

£-001

0941-4

0941-16

0941-19

0938-1

0938-5

0938-7

0938-14

0938-20

0939-1

0939-5

0939-7

0939-14

0939-40

0940-1

0940-5

091*0-7

0940-14

0?40-20

O94o-4o

wt#
Carbide

40

40

40

40

10 vol#

40

40

Hone

None

None

Hone

None

1

5
7
14

20

1

5
7
14
40

1

5

7
14

20

40

TaC Particle
Size

0.13 um

4.2 m

500 £

1.3 Mm

NbC 3-5 Mm,
TaC 1465 Mm
300 A

1.3 Mm

None

None

None

Hone

None

300 A

300 A

300 A

300 A

300 A

1.3 Mm

1.3 Mm

1.3 van

1.3 Mm

1.3 Mm

40.0 Mm

40.0 Mm

1*0.0 Mm

1*0.0 MI°

40.0 Mm

40.0 Mm

TAHLE VIII

SAMPLE DESCRIPTIONS

Graphite Sizea

and Source

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-150 +325 M-3

-325 M-3

-325 M-3

-200 mesh S-97

85 wt# M-3,
15 wtjtj Thermax
-325 M-3 + Varcum

85 wt# -325 M-3,
15 wt# Thermax
-150 +325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

-325 M-3

Fabrication
Technique

Hot Pressed

Hot Pressed

Hot Pressed

Hot Pressed

Hot Pressed

Sintered

Sintered

Sintered

Extruded
and Sintered
Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Sintered

Density
(g/cm3)

2.65

2.66

2.65

2.74

2.71

2.54

2.47

1.825

1.875

1.46

1.76

1.43

1.52

1.60

1.63

1.78

1.91

1.55

1.60

1.80d

1.75

2.52

1.52

1.57

1.60

1.75

1.86

2.40

# Theo
Density

78.0

78.3

78.0

80.6

82.9

74.7

72.7

81.1

83.3

64.9

78.3

63.6

67.0

68.1

68.2

69.7

70.6

68.3

68.1

75-3

68.6

74.2

67.O

66.8

66.9

68.6

68.7

70.6

-325 M-3 has an average particle size of ~4.2 Mm. -150 +325 M-3 has an average particle size of ~70 Mm.

Sintered pieces, except where noted, were formed by hydrostatically pressing.

°39.7 wt# TaC-39.7 wt# NbC-20.6 wt# C solid-solution composite.

TJnusually high, unexplained.

B. Graphite

The various graphites investigated are as fol-

lows: -200 mesh S-97, -325 mesh M-3, standard mix

(85 wt# M-3 + 15 vVfj Thermax), and -150 +325 mesh

M-3. A sample of extruded standard mix that was

cured, baited, and graphitized was alao included for

comparison.

Descriptions of all samples tested are present-

ed in Table VIII, and both graphite and TaC-C sam-

ples are included.

VI. TESTING

The thermal-stress and thermal-shock capabil-

ities of materials in this investigation were deter-

mined by using two methods that established temper-

ature gradients In material samples and established



power or temperature levels necessary to initiate

cracking or fracture. The first method, thermal-

stress method, was a steady-state test utilizing a

flat washer specimen, 1.2-in.-o.d. by 0.5-in.-i.d.

by l/l6-in.-thick, supported on its inside diameter

by a water-cooled copper probe thermally coupled to

a heat sink by copper conduction washers (Figs. 20

and 2l). The outer rim of the washer received a

heat flux by thermal radiation from a graphite radi-

ator and the radial temperature gradient was created

in the sample. Slow heating precluded any signifi-

cant temperature transients. Successive radiator

temperatures were tried (using different samples for

each) until that temperature was achieved where a

radial crack was initiated at the inside diameter of

the sample. The crack initiation temperature (CIT)

was the value reported.

The thermal-shock test induced heat in the outer

rim of a washer, l.O-in.-o.d. by O.25-in.-i.d. by

l/l6-in.-thick, by means of an rf induction heating

apparatus. The outer rim heated rapidly, producing

a gradient between the inside and outside diameters,

which equilibrated in about 1 sec. The rapid and

large initial temperature difference produced the

thermal shock. The failure manifested as a crack

during the power application. The thermal-shock

index (TSl) reported was simply the power setting of

the rf power supply.

Both steady-state and thermal-shock data were

taken on washer samples whose planes were in the

"with-grain" direction (perpendicular to the direc-

tion of pressing) for hot-pressed material. Hydro-

statically pressed materials were isotropic.

The coefficient of thermal expansion and dynamic-

modulus measurements were made in an elastic-modulus

furnace constructed from a design by H. L. Brown and

P. E. Armstrong of LASL Group CMF-13. This furnace

was used simultaneously to measure elastic modulus

and CTE of samples to temperatures of 250O°C. The

modulus-CTE furnace 6hell was a 6-3/k in. inside

diameter, 11-l/lf in. inside length, horizontal water-

cooled cylinder slit lengthwise. The sample, l/k-

in.-diam by h-in.-long, with axis parallel to the

pressing direction (where applicable) was supported

in the center of a cylindrical radiator by three

pointed graphite screws attached to a graphite ring

which in turn was fastened at the center of the low-

er half of the radiator. When the furnace was closed,

the radiator and the shields surrounding it formed

a cylindrical cavity around the specimen with a small

horizontal slit through which the sample could be

observed. The cross section of the radiator was

varied to provide thinner sections on its ends. The

hotter ends of the radiator thus achieved Just off-

set the sample heat loss to the partially open ends

of the radiator cylinder. Tests were conducted in

an argon atmosphere at a pressure of about 2 in. of

water.

Power was provided by a 45-KVA Burton Power

Supply operating on single phase 60 cycle AC current.

Temperature was measured up to about 120O°C by a

Chromel-Alumel thermocouple contacting the sample

support ring. Above 1200°C, temperature inside the

furnace was measured with a Leeds & Northrup optical

pyrometer sighting on the sample surface through the

center part of the furnace.

The change in length of the specimen was meas-

ured using twin microscopes to view two fiducial

marks on the specimen. The modulus was measured by

passing an ultrasonic sound wave through the sample

and measuring the vibrations.

Both phenomenas were measured simultaneously in

the following manner. The sample was heated to a

desired temperature, the temperature was stabilized,

and the driver and pickup wires were coupled into

holes in the sample. Using a micrometer drive, the

wires were adjusted to yield maximum signal transfer

to and from the sample. Next, the spectrum was scan-

ned for proper reasonance frequency and the overall

length of the specimen was measured with the twin

microscopes. The modulus is proportional to the

syuare of the reasonance frequency and may be calcu-

lated. At each stabilized temperature the change in

the specimen length was measured to determine thermal

expansion characteristics.

Thermal-conductivity measurements were made us-

ing a probe comparator apparatus comprising a tung-

sten hemisphere and adjacent thermocouple. Measure-

ments were made on experimental material and cali-

brated against a known standard. The samples were

1 in. diam by \/k in. thick.

VII. DISCUSSION OF RESULTS

The first group of samples tested was made up

of hot-pressed material containing 'tO wt# (10 vol#)

TaC of differing particle sizes, or, in the case of

8



Sample S '--006D, 10 vol$ of a 50/50 vt£ solid solu-

tion of NbC-TaC. This NbC-TaC sample was included

for comparison. The samples tested (2111A, 21O8A,

2106A, 21l*lA, and S-4O06D) are described, as are all

tested samples, in Table VIII. This description in-

cludes composition, TaC size if applicable, fabri-

cation technique, and densities. Preliminary inves-

tigation of structure by conventional metal.lographic

means Indicated excellent distribution of TaC par-

ticles within the graphite phase (Fig. 22). This

was confirmed by subsequent scanning electron micro-

graphs presented in Figs. 23 through 28. The desired

chemical analyses and actual chemical analyses of

some samples of this group are presented in Table IX.

Good composition control was achieved.

Testing results of thermal properties are pre-

sented in Table X. Values for all samples tested

are present. Values are omitted only if sample ma-

terial was not available. Prom the hot-pressed com-

posite, samples listed above, several conclusions

were drawn. It appeared that 2111A (0.15 ura), 2lklA

(1.3 um), and 2108A {h.2 nm) were similar in thermal-

fracture resistance, and that 2106A (500 A) had much

poorer resistance. Thermal-stress resistance seems

to increase with increasing carbide particle size

although it is less pronounced with the three larger-

sized particles than with the 300-A material. All

TaC-C composites were significantly less resistant

than the solid-solution composite (S-1)006D), probably

due to the Varcum binder in the TaC samples and other

differences in the graphite phase.

Determinations of dynamic elastic (Young's) mod-

ulus and thermal expansion results are presented in

Table X, whereas Figs. 29 through 35 show some of

the temperature dependences of these properties.

Modulus behavior for the TaC-C composites was quite

similar to the NbC-TaC-C material, but the thermal

expansion values were much lower.

Materials of the seme composition were then

produced utilizing hydrostatic pressing and sinter-

ing rather than hot pressing (Samples 101 and 102).

The results showed little change in thermal-fracture

resistance from the hot-pressed materials. The only

change discernable was a slight improvement In the

SMiples tested under steady-state conditions. Lower

densities than those found in the hot-pressed mate-

rials were noted.

Testing hydrostatically pressed and sintered

graphites produced an interesting trend, In the pre-

TOPICAL ANALYTIC JESUITS 0.1! fiSUTTIVB SAM722S
OP TIE liO WT$(1O Y0L» TnCCATBO:! COMPOSITES

Pcolrct! Analyoco ftcttiftl Anflly0CC
Snsple To Total c »>co C To Total C Urcis C

37.5

210S A 37.5

aii A 37.5

C2.5
62.5

60.0
60.0
60.0

37.0
37.9
37.5

42.9 61.7
61.7 59-3
62.li 59.8

viously tested materials containing TaC, an increase

in thermal-shock index was accompanied by a conconi-

tant increase in crack initiation temperature, tut

this was not true for the graphites tested. In fact,

the graphite with the highest TSI (-200 neoh S-97)

had the lowest CJT; and conversely, the graphite

with the highest CI?'(-150 +385 mesh M-3) hod the

lowest TSI. Although marked differences In structure

can be seen in the photomicrographs and scennlng

micrographs of Pigs. 31* through 39 > little difference

exists in TSI except with the S-97. CIT values,

however, Indicate better performance by the -150 +325

mesh M-3- Unfortunately no photomicrograph of the

-200 mesh S-9T structure is available for comparison.

The high room-temperature modulus of the S-97 sample

was compared with that of an extruded standard mix

to check for comparable values, and vas found to be

lower.

In the final phase of this investigation, sam-

ples were made varying both the particle size and

the amount of TaC used in the composite material.

Carbides of 500 A, 1.3 um, and UO um nominal particle

sizes vere used in amounts ranging from 1 to liO wt#.

Conventional and scanning electron micrographs are

presented of the composite material containing 300-

A, 1.3-nm, ana ltO-um TaC in Figs. Uo through 1*9,

Figs. 50 through 59, and Figr,. 60 through 71, respec-

tively. They reveal the excellent distribution of

carbide in the graphite. The thermal-shock test

showed that the coarse TaC produced the best thermal-

fraeture resistance. Indeed, by using particles

differing in size by at least an order of magnitude,

a distinction could easily be made between the ther-

mal-stress resistance improvement of each size range.

A tangential study demonstrated the need for

thermally shocking a specimen only once. It asserted

that when specimens are shocked more than once, they

can withstand greater thermal shocks than virgin ma-



TABLE X

EXPEIUHEOTALLY BBTEfiMICiED PROPERTIES OF TaC-C COMPOSITES AOT GRAPHITES

Sample

Ko.

em A

2108 A

2106 A

21'*1 A

S-I(006D

101

102

0921*

E-001

09UI-U

09>*l-l6

09U1-19

0958-1

0938-5

0938-T

0938-11*

0938-so

0939-1

0939-5

0939-7

0939-1**

0939- >*0

091*0-1

09U0-5

091*0-7

091*0-11*

091*0-20

091*0-1*0

Thermal Shock

index Crs i r

U15A35

1*30/1*55

390/395

1*20/1*25

U6o/ti65

395/''0O

U&O/1»25

I1OO/U05

—

305/307.5

310/312.5

300/302.5

- -

—

- -

312.5/315

297.5/500

280/282.5

300/305

297.5/315

355/557-5

320/322.5

300/302.5

335/337-5 .

31*7.5/350

3^5/550

325/327.5

337.5/3'tO

Crack
Initiation
7anp (CIT)

2000

2055

181*0

1985

2570

1835

2050

11*05

—

17'*0

i860

1920

< 11*75

1700

1950

—

1825

1890

1680

1990

1970

1910

< 1570

1885

- -

2100

1955

2000

Hoon-. letup
Elas t ic Modulus

(AG) l b / i n
2
 x 10

e

1.131

1.051*

- -

1.17k

I.167

- -

- -

1.526

2.339

- -

- -

- -

—

-

—

—

- -

—

- -

—

- -

.. .

- -

- -

—

—

—

- -

nea« Coefficient of
Thermal Expansion

(S0-2000°C)(AG)
5! 10"

e
/°C

6.638

6.357

. -

6.6U5

7.792

- -

- -

1*.783

3.670

- -

-

- -

—

- -

- -

—

- -

- -

- -

—

—

- -

- -

- -

- -

- -

—

—

Thermal
Conductivity
(at 33°C)

M/m-K

- -

- -

- .

—

- -

—

—

—

1.1*0

1.28

1.28

—

1.1*1*

—

—

—

1.35

1.U3

1.39
-CM*

1.39

1.1*0

1.1*0

- -

1.39

1.1*1

1.33

aThe firot number indicates the highest power setting prior to one that initiated cracking. The second
number indicates the power setting at which cracking occurred. Because a number of samples are run,
more than one increment may separate the two numbers.

" Omitted values indicated no sample available for testing.

terlal. Table XI shows the effect of repeatedly

subjecting specimens to increasingly higher levels

of thermal shock. Recycled specimens fracture at

higher power levels than do virgin materials.

Probably the most meaningful information gen-

erated in the final phase investigation came from

Sample

No.

091*0-11*

09U0-20

091*0-1*0

THERMAL

TSI

345/350

325/327.5

337.5/3UO

TABLE

SHOCK

XI

RECYCLmO

Cycling Runs-Power Settings

Run ]

320

320

320

1 Run 2

34O

31*0

3
l
*0

Run 3 Run 1*

360 38O
a

36O
a

360 380°

aPracture.
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t i e

09*H-U

09I.1-16

O9'.l-19

0958-1

0938-5

0938-7

0930-so

0939-1

0939-5

0939-7

0930-11.

O9J9-W

ogto-i

09^0-5

ogi.o-iij

09^0-20

°9"°" to

TABLE XII

TISEittAL STIES3 WACITOB fllSIEBUtCE

err cc)

17W

I860

1920

< 1<>75

1700

1950

1825

1890

1680

19SO

1970

1910

< 1570

1885

2100

1955

2000

• 0

0.70

0.70

0.70

0.90

0.90

0.90

0.90

0.90

0.90

0.90

0.90

0.90

0.90

°-8°,
0.90

0.90

0.90

C/re-K)"

1.1.0

1.28

1.28

<i.w>)e

l.'jll

(1.1.1.)

(l.M.)

1.35

1.1.3

1.39

(1.39)

1.39

H O

109'

1.1.1

1-33

TCI » 10*M

8.2

11.0

1J.0

6.0

9.0

15.0

18.0

15.0

9.0

17.0

16.0

15.0

7.0

21.0

16.0

18.0

Bating1*

1.0

1.3

1.6

< 0.73

1.1

1.8

1.5

l .B

1.1

2.1

2.0

1.8

< 0.85

2.6

2.0

2.2

»OOD tcspersture values.
Relative to basic graphite natrlx, 091.I-I..

cAcsused.
the steady-state thermal-stress fracture studies and

the thermal-conductivity measurements. Previous

steady-state tests produced a crack initiation tem-

perature used to rank materials. These CIT's did

not give quantitative comparisons of thermal-fracture

resistances, but instead gave only rankings. A new

thermal-stress fracture resistance was introduced in

tnis final phase. This parameter, TGI, depends up-

on the emissivity, thermal conductivity, and CIT,

and is a function of the relative temperature gradi-

ent existing in the sample at crack Initiation. This

parameter may be used in a quantitative sense to rate

materials and to ascertain how much better one is

than another. The expression for this parameter is

as follows.

TGI

where 's = emissivity,

CIT = crack initiation temperature, and

e o thermal conductivity.

The values of TGI are presented in Table XII.

In addition to the TaC-C composites of this phase of

the investigation, the TGI's for the graphites of

the previous phase are offered. The final column of

Table XII is a rating relative to the basic -325

mesh M-5 graphite matrix that was present as 09UI-U.

Adding TaC improved ti-.e thermal-stress fracture re-

sistance of the composite material in all but two

cases. In addition, the larger the size of the ToC

particle, the higher fthe thermal-stress fracture

resistance; the highest resistance being Uo-um TaC

particlee. No explanation is available for the ex-

tremely low thermal-stress fracture resistance of

materials 0936-I and 0<?U0-l. The highest fracture

resistance of any material tested was for the speci-

men containing Ik wt$ of UO-um TaC. For each par-

ticle size range, the maximum thermal-stress fracture

resistance occurred at Intermediate levels of TaC

addition, either ? or lU wt$. For the pure graphite

samples, the -150 +325 mesh K-} appeared to be the

most resistant to thermal-stress fracture.

VIII. CONCLUSIONS

From this study it became evident that TaC-C

composites or 100$ graphite materials could be pro-

duced in a well-controlled manner, the materials ex-

hibiting little variability with respect to density,

carbide particle distribution, chemistry, modulus,

thermal expansion, and thermal shock characteristics

in samples of similar composition.

Thermal properties were investigated both to

establish baseline values and to understand the ef-

fects of variables upon these values. It became evi-

dent that the particle size of the carbide affected

the thermal-expansion characteristics of the material

and the elastic modulus and that thermal-stress frac-

ture resistance was dependent upon the size and rela-

tive amounts of both the TaC and graphite in the

composite.

Thermal expansion of samples differing only in

the particle size of carbide used was greater for

the specimens containing the finer TaC, but was much

lower than the NbC-TaC solid solution graphite com-

posite tested. Dynamic elastic modulus of the speci-

mens cor. cainlng the finer TaC was higher than its

coarse counterpart, and both showed a close relation-

ship to the HbC.TaC-C material. Adding TaC to graph-

ite appears to improve the thermal-stress fracture

resistance of the graphite, the larger the size of

the TaC particle the greater the fracture resistance

induced. Of the pure graphites tested, the -150 +325

mesh fraction appeared to be the most resistant to

thermal-stress fracture.
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Fig. 1. Powder TaC-11, nominal 4.2-Min average particle size. (Conventional metallography. Left, 100X.
Right, 25OX.)
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Pig. 2. Powder TaC-29, nominal 1.3-MBI average
particle size. (Conventional metallography.
Top, 10OX. Bottom, 25OX.)

Fig. 5. Powder TaC-50, nominal 1.37-̂ ra average
particle size. (Conventional metallography.
Top, 100X. Bottom, 250X.)



Fig. k. Powder TaC-32, nominal 1.85-nm average
particle size. (Conventional metallography.
Top, 100X. Bottom, 25OX.)

Fig. 5. Powder TaC-U5, nominal 8.6-nm average
particle size. (Conventional metallography.
Top, 100X. Bottom, 250X.)



Fig. 6. Nominal 300-A average particle size.
(Scanning electron micrographs. Sample
TaC-38. Top, 1000X. Bottom, 3000X,)

fig. 7. Nominal 300-A average particle size,
(Scanning electron micrographs. Sample
TaC-38. Top, 5000X. Bottom, 5000X.)
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Fig. 9. Patterson-Kelly 16-qt twin shall blender.

Fig. 8. Nominal 300-A average particle size.
(Scanning electron micrographs. Sample
TaC-38. 10,OOOX.)

Fig. 10. Hotart chopper with mix.
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Fig. 11. Hydrostatic press

Fig. 12. Curing oven. Fig. ll*. Sintering fljrnace.



Fig. 15. High-temperature sintering furnace.

Fig. 16. Hot-pressing furnaces. Fig. 17. Schematic drawing of hot-presaing furnace.
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Fig. 18. Pressing sack components: (left to right)
Aero seal clamp, clamping ring, lid with
hypodermic needle penetrating into sponge,
tamper, sack, ana mix.

Sea Fig. 21

l/2-ln. coppei

probe

Pyrogrophlte

Insulation

Copper nut

Copper washer

Specimen (disk)

Insulation

Fig. 20. Steady-state thermal stress test rig.

Copper nut, coupling
'washer to probe

Copper washer
'conlacllng specimen

Specimen, l/2-ln. l.d., I * * . o.d.,
l/16-ln. thick disk

,WaUr-cooled protw
forming hear link

.—Graphite radiator

C to restrict It* specimen radiator
esposure and reduce I he heal Input la the probe

Fig. 19. Evacuation of pressing sacka. Fig. 21. Enlargement of part of Fig. 20.



|^'5$||fm

•• - s ~kM*'rA A- i'*V!"**

(a) 100X. (a) 250X.

(b) 100X. (b) 25OX.

(c) 100X. (c) 25OX.

Fig. 22. Microatructure ohowing the distribution in a graphite matrix of TaC with an APS of (a) ~ 300 A,
(b) 0.13 |im, and (0) k.Z \m.
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Fig. 23. Structure of 40 wt$(lO vo1$) TaC (~300 A)-earl}on eompoaite.
Top, 100X. Bottom l e f t , 300X. Bottom right, 500X.)

(Scanning electron micrographs.
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H « . *. Structure^ TaC (300 A)-carbon composite. (Scanning electron micrographs.
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M S . 25.
Bottom right, 500X. (Scanning electron micrographs.



Fig. 26. Structure of 40 wt*(10vol*) TaC (0.13 mn)-carbon composite. (Scanning electron micrographs,
xop, IUUUA. Bottom^ 5000X)
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Pig. 29. ryneunic elastic modulus vs temperature.

Fig. 28. Structure of to vtStflO voliO TaC (k.S nin)-
carbon composite. (Scanning electron
micrographs. Top, 1000X. Bottom, 3000X.)
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Fig. 30. Reduced elastic modulus.
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Fig. 3--. Thermal expansion VB temperature.
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Fig. 31*. MioroBtruoture of graphite specimen con-
taining -325 mesh M-3 graphite.
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Fig. 35. Microstructure of graphite sample containing -325 mesh M-3 graphite flour.
(Scanning electron micrographs. Top left, 100X. Top right, 300X, Bottom
left, 1000X. Bottom right, 3000X.)
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Fig- 57- Microstructure of graphite sample containing 85 vt<f> M-3 graphite flour and 15 wt# Thermax.
(Scanning electron micrographs. Top left, 100X. Top right, 300X. Bottom left, 1000X. Bottom
right, 30OOX.)
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-150 +525 mesh
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Fig. 59. Mlorostructure of graphite sample containing -150 +525 mesh M-5 graphite flour. (Scanning electron
micrographs. Top left, 100X. Top right, 500X. Bottom left, 1000X. Bottom right, JOOOX.)



Fig. kO.
- t a l logra p h y .
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Fig. 41. Microstructure of TaC-C composite containing 1 wt# 300 A TaC-38. (Scanning electron micrographs.
Top left, 100X. Top right, 300X. Bottom left, 1000X. Bottom right, 3000X.)



Fie- containins 5 wt* 3o°A metallography.
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Fig. ^5. Microstructure of TaC-C composite containing 5 wt# 300 & TaC-38. (Scanning electron micrographs.
Top left, 100X. Top right, 300X. Bottom left, 1000X. Bottom right, 3000X,)



Fig. kk. Mlorostructure of TaC-C composite containing 7 wt# 300 & TaC-38. (Conventional metallography.
Top, 100X. Bottom, 500X.)
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Fig. 45. Microstrueture of TaC-C composite containing 7 wt# 300 A TaC-38. (Scanning electron micrographs.
Top left, 100X. Top right, JOOX. Bottom left, 1000X. Bottom right, 3000X.)
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Fig. «.
containing » Wt* 30O A T a C - 3 8 . (Conventional metallography.
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Fig. VT. Microstructure of TaC-C composite containing Ik vt* 300 A TaC-38. (Scanning electron micrograph*,.
Top left, 100X. Top right, 300X. Bottom left, 1000X. Bottom right, 3000X.)



Fig. !*8. Microstructure of TaC-C composite containing 20 wt# 300 A TaC-3b. (Conventional metallography.
Top, 100X. Bottom, 500X.)
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Fig. 49. Mlcroatructure of TaC-C composite containing 20 wt# 300 A TaC-30. (Scanning electron micrographs.
Top left, 100X, Top right, 300X. Bottom left, 1000X. Bottom right, 3000X.)



Fig. 50. Mlcrostrueture of TaC-C composite containing 1 vtf, 1.3 pus TaC-30. (Conventional metallography.
Top, 100X. Bottom, 500X.)



J—-

Fig. 51. Microstructure of TaC-C composite containing 1 vt<f, 1.3 urn TaC-30. (Scanning electron micrographo,
Top left, 100X. Top right, 300X. Bottom left, 1000X. Bottom right, 3000X.)



Fig. 52. Microstructure of TaC-C composite containing 5 wt# 1.3 nm TaC-30. (Conventional metallography.
Top, 100X. Bottom, 500X.)
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Fig. 53. Microstrueture of TaC-C composite containing 5 wt# 1.3 pn> TaC-30. (Scanning electron micrographs.
Top left, 100X. Top right, 300X. Bottom left, 1000X. Bottom right, 3000X.)



Fig. 51*. Miorostructure of TaC-C composite containing 7 wt# 1.3 nm TaC-30. (Conventional metallography.
Top, 100X. Bottom, 500X.)
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Fig. 55. MicroBtrueture of TaC-C composite containing J wt# 1.3 nm TaC-30. (Scanning electron micrographs.
Top left, 1OOX. Top right, 3OOX. Bottom left, 1000X. Bottom right, 3000X.)



Fig. 56. Microstructure of TaC-C composite containing Ik wt# 1.3 um TaC-30. (Conventional metallography.
Top, 100X. Bottom, 500X.)



Fig. 57. MicroBtructure of TaC-C composite containing Ik vvf, 1.3 pm TaC-3O. (Scanning electron micrographs.
Top left, 100X. Top right, 300X. Bottom left, 1000X. Bottom right, 3000X.)



Fig. 58' Microatruoture of TaC-C composite containing kO vt<f> 1.3 urn TaC-30. (Conventional metallography.
Top, 100X. Bottom, 500X.)
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Fig. 59- Mlcrostructure of TaC-C compoaite containing UO vtf 1.3 mn TaC-30. (Scanning electron micrographs.
Top left, 100X. Top right, 3O0X. Bottom left, 1000X. Bottom right, 3000X.)



Fig. 60. MicroBtrueture of TaC-C composite containing 1 wt$ l»0 pm TaC-l*5- (Conventional metallography.
Top, 100X. Bottom, 500X.)



Fig. 6l. Mlcrostructure of TaC-C composite containing 1 wt# nominal 40 nm TaC-^5. (Scanning electron micro-
graphs. Top left, 100X. Top right, 300X. Bottom left, 1000X. Bottom right, 3000X.)



'ig. 62. MioroBtructure of TaC-C composite containing 5 wt# Uo pm TaC-^5. (Conventional metallography.
Top, 100X. Bottom, 500X.)
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Fig. 63. Mlcroetructure of TaC-C composite containing 5 vt% nominal ko m TaC-l»5. (Scanning electron
micrographs. Top left, 100X. Top right, 50OX. Bottoa left, 10OOX. Bottom right, 3000X.)



Fie. 6U. M.'crootructure of TuC-C composite containing 7 vVf> i»0 iim TaC-Uj. (Conventional
Top, 100X. Bottom, 500X.)
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Fig. 65. Mlcroetructure of TaC-C composite containing 7 vt% nominal ho urn TaC-45. (Scanning electron
micrographs. Top left, 100X. Top right, 300X. Bottom left, 1000X. Bottom right, 3000X.)



metallography.
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Fig. 67. Micros true ture of TaC-C composite containing lU wtjS nominal 1(0 Mm TaC-l*5. (Scanning electron
micrographs. Top left, 100X. Top right, 300X. Bottom left, 1000X. Bottom right, 3000X.)
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Fig. 68. Microstructure of TaC-C composite containing 20 wt$ kO
Top, 100X. Bottom, 500X.)

TaC-^5. (Conventional metallography.
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Fig. 69. Microstructure of TaC-C composite containing 20 vt$ nominal 40 Mm TaC-^5. (Scanning electron
micrographs. Top left, 100X. Top right, JOOX. Bottom left, 1000X. Bottom right, 3000X.)
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Fig. 7C. Microstructure of TaC-C composite containing Uo wtjj nominal 'K3 pm TaC-4^. (Scanning electron
micrographs. Top left, 100X. Top right, 300X. Bottom left, 1000X. Bottom right, 3COOX.)



Fig. 71. Microstructure of TaC-C composite containing kO vt<f> ko ,un TaC-l»5. (Conventional metallography
Top, 100X. Bottom, 5OOX.)
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