TR R Rer AT T w T N B T SR TS S RO A " S e T S e ot

{4

S R e
| G T .

.
e
i
P
3

AD

& : () TECHNICAL REPORT ARLCB-TR-79035
- y o))
| AN
T | ,
i QD EFFECT OF CVD TUNGSTEN AND TAC COATINGS
B ) ON THE MECHANICAL BEHAVIOR OF S1C(C)
= I. Ahmad
* na
2 N. Hill
N. Heffernan
December 1979 ,
Y Rilly
US ARMY ARMAMENT RESEARCH AND DEVELOPMENT COMMAND
LARGE 'CALIBER WEAPON SYSTEMS LABORATORY
BENET WEAPONS LABORATORY
WATERVLIET, N. Y. 12189
AMOMS No. 612105H8400 B_I(!TCE
g DA Project No. 1L162105AH84 APR 2 4 1980 ..
g PRON No. 1A926178GGGG
P B
P
¢ L Q.
H 8 APPROVED FOR PUBLIC RELEASE; DISTRIBUTIPA UNLIMITED
o=
e
A e
o= 80 3 28 030



- Best
- Available
Copy



&
Eo;
£
%

:

DISCLAIMER
The findings in this report are not to be construed as an official
Department of the Army position unless so designated by other authcr-

ized documents.

The use of trade name(s) and/or manufacturer(s) does not consti-

tute an official indorsement or approval,

DISPOSITION

Destroy this report when it is no longer needed. Do not return it

to the originator,

H
o = e SRR




SECURITY CLASSIFICATION OF THIS PAGE (When Data Fntered)

READ INSTRUCTIONS §

Y. REPORT NUMBER / 2. GOVY ACCESSION NO,J 3. RECIPIENT'S CATALOG NUMBER ;
3

‘B-TRs 79035 i

4. TITLE (and Subtitle) S. TYPE OF REPORT ) PERIOD COVERED 3

EFFECT OF CVD TUNGSTEN AND TaC COATINGS ON THE
MECHANICAL BEHAVIOR OF SiC(C)

6. PERFORMING ORG, REPORT NUMBER

7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(#)
9 I. Ahmad
¢ N. Hill
% W. Heffernan
{%: 9. PERFORMING ORGANIZATION NAME AND ADDR!S/ 10. PIOGRMA ELEMENT, PROJECT, TASK
. REA & WORK UNIT NUMBERS
3 Benet Weapons Laboratory AMCMS No. 612105H8400
z Watervliet Arsenal, Watervliet, NY 12189 DA Proj No. 1L162105AH84
% DRDAR- LCB-TL PRON No. 1A926178GGGG
g 11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
1 US Army Armament Research and Development Command D 1979
P Large Caliber Weapon Systems Laboratory 13. NUMBER OF PAGES
Dover, New Jersey 07801 45
TS, MONITORING AGENCY NAME & ADORESS(II different frem Conirolling Office) | 15. SECURITY CLASS, (af thia report)
UNCLASSIFIED
T8a. DECL ABSIFICATION/ DOWNGRADING
SCHEDYLE
T B 3TRIBUTION STATEWENT (of hie Roporh)
Approved for public release; distribution unlimited. )
17. DISTRIBUTION STATEMENY (of the shatract entered in Bleck 20, 1l dilferent from Report)
18. SUPPLEMENTARY NOTES
19. KEY WORDS (Continue on reverse slde il necessary and identity by block number)
Filament Tantalum carbide
Silicon carbide Chemical vapor desposition
Coating Adhesion
Tungsten Tensile strength

20. ADSTRACY (Cantinue en roverss slds H necoscary and identify by block aumber)

Effects of the chemically-vapor-deposited tungsten and TaC
coatings on the mechanical properties of silicon carbide (carbon
core) filament have been investigated. In the temperature range
of interest, because of the possible chemical interaction of
tungsten with carbon rich silicon carbide phase on its surface
and the columnar grain structure of the coating the filament was
found to be combrittled. However, by controlling the initial

DD ”‘.” 1473  £0tmoN OF ! NOV 6815 OBSOLETE

SECUMTY CLASSIFICATION OF THIS PAGE (Wien Data Entered)

e et




3

¥4
i
A

ooy

b
&
7
3
!
3
&

TS LR A oM £ 1T

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

R T R
ARLY

19, Cont'd

Stress-to-rupture
High temperature

20, Cont'd G

nucleation ofby adjusting the temperature, the direction
of flow of reactants and filament speed, the degraduation effect
of the coating can be minimized., TaC coating did not decrease
the strength of the filament, because it did not react with the fi
ment and had fine grain structure, Coatings of tungsten and TaC
decreased the 100 hr 2000°F, rupture strength of the filament
from 1.9 GN/M2 (280 Ksi) to respectively 1.05 GN/M¢ (150 Ksi)

and 1.6 GN/M2 (240 Ksi). The tensile strength of the W coated
filament was superior to that coated with TaC in the temperature
range 1000 - 1500°C. Thermal cycling (room temperature - 1600°C)
induced cracks in the TaC coating while W coating remained un-

affected.

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




freat

CRCDSE AT Gty KU

VASEER GRS LR i

i

T e P R

PO b o+ pdgn W

ACKNOWLEDGMENTS

TS AR Y i 6 B ras n

e b R S ey Yo

We appreciate very much the contribution of Mr, Richard Warenchak

in all aspects of this study, particularly in the measurements of the

tensile and stress-rupture properties.,

The assistance of Mr. Leo

McNamara in the examination of fracture surfaces by SEM is also grate-

fully acknowledged. We also appreciate helpful discussions with

Mr. Joseph Cox.

DTIC

ELECTE
APR 2 4 1980 ;

ACCESSION for

NuS White Section
00C Buft Section

UNANNOUNCED
JUSTIFICATION

a
Q

oY

A

LSTRBUTION/AVRLABLTY COOES

Bl WAL and/or NICAL,

b cow o




o SR
" MR 1 O P
R R T A T S A ST R ¢

T T et s e

:

TABLE OF CONTENTS

Page
ACK&OWLEDGMENTS i
INTRODUCTION 1 f
EXPERIMENTAL PROCEDURES 4
Filament 4 ’
Tensile Strength Measurement 7
Elastic Modulys 8
Stress Rupture Tests 8
Thermal Shock Resis‘ ance 8
Examination of the Coating 8
CVD Coating Parameters 8
) RESULTS 10
Tungsten Coating 11
TaC Coated $iC(C) Filament 23
DISCuSSION 27
CONCLUSIONS 35
REPERENCES 36
TABLES
I, CONDITIONS OF W COATING AND TENSILE STRENGTH OF COATED 14
SiC(C) FILAMENT; SpeED 4550 CM (150 PT) PER HOUR,
II.  TENSILE STRENGTH (ROOM TEMPERATURE) OF FILAMENT COATED 18-20
gggER.VARIOUS CONDITIONS OF TEMPERATURE AND FILAMENT .
1II, HIGH TEMPERATURE TENSILE STRENGTH OF THE TUNGSTEN 21

COATED AND UNCOATED FILAMENT. ’

ii

T e



3

ey

T r—— o
TR PRI S0 At TN T T

SRR AL

b
4
s
K3

a3 Rtk e pi i s
.
o, Ameﬂz‘%‘&‘?ﬁ%

g,

e s

-

-

v,

VI,

Vi1,

1.

3.

4,

S.

7.

8.,

9a.

gb.

STRESS RUPTURE ON W COATED SiC FILAMENT AT 1093°C
(2000°F),

DYNAMIC MODULUS OF TUNGSTEN COATED SiC(C) FIL.

TENSILE STRENGTH OF TaC COATED SiC(C) FIL AT
VARIOUS TEMPERATURES.

STRESS-TO-RUPTURE OF TaC COATED SiC(C) FILAMENT
AT 1093°C (2000°F).

1LLUSTRATIONS

Transverse section of a SiC(C) filament.

Stress rupture data for SiC(C) filament in the
temperature range 1093-1316°C.

Schematic of the inert gas envelop used during the
measurements of high temperature tensile strength
of the filaments: F-Filament, Hg-Mercury Seal,
J-Sapphire Orifice, O-Ring, G-Pyrex tube,

A sketch showing the CVD set up for coating SiC
filaments with tungsten.

A porous tungsten coating on SiC(W) filament applied
at 850°C and 800 ft/hr filament speed. Reactants
flow counter current to the filament movement.

A dense W coating obtained under similar conditions
but using ultra pure hydrogen.

An adherent coating applied with reactant gas mixture
flow in the same direction as the filament.

Normalized tensile strength of SiC(C) filament as a
function of W coating thickness showing effect of
various temperatures,

Fracture surface of a filament coated at 800°C,
showing interface porosity and poor coating-
filament bond.

Fracture surface of a filament coated at 550°C
showing well adherent coating with dense interface.

iii

Page
21

21
25

25

)

12

15

15

17

17

AR s



11.

12.
13.

14,

15.

16.

17,

18.

Normalized tensile strength (tensile strength of
coated filament/tensile strength of uncoated fil-
ament) of the coated filament as a function of
coating thickness,

Stress rupture data of W and TaC coated SiC(C)
filament at 1093°C (2000°F),

Fracture surface of TaC coated SiC(C) filament.

Normalized tensile strength of TaC coaved SiC(C)
filament at various temperatures.

Thermally shocked TaC coated tungsten filament
showing a blister (a) and crack (b).

Thermally shocked TaC coated SiC(C) filament showing
folding of the coating.

Free energy of a number of possible reactions of
gaseous reaction products with the filament surface
as a function of temperature.

Schematic illustration of suggested mechanism by
which the filament is embrittled.

Schematic illustration of the combined effect of the

chemical interaction at the interface and the number
of W nuclei per unit area,

iv

22

24
24

26

26

29

31

31

Tl i ad api b

o xx

R

it




>
=
3

e

BT P

£
kY
d]
B
<
3
3
4
i
Y

PR 12 5 R A

R e g

INTRODUCTION

For the successful fabrication of viable high strength filament
reinforced metal matrix composites required for high temperature
application, the necessity of overcoming or reducing the filament -
matrix interaction during their fabrication and service is now well
recognized. Except for the few cases in which this interaction can be
minimized by modifying the composition of the matrix (for example, the
tungsten filament - tungsten rich nickel1 and cobalt base alloy2 com-
posites) the filament has to be protected by means of a thermo-mechan-

ically and chemically compatible coating. During the last fifteen
3-17*

years to develop new high temperature metal matrix composite

systems, the compatibility of a number of coating materials for such
filaments as tungsten, graphite, boron, silicon carbide, alumina, etc.,
against a variety of metal matrices has been investigated. For the
application of these coatings techniques such as sputtering, chemical
vapor deposition, and electroplating have been used. In some cases the
effect of these coatings on the room temperature strength of the fil-
ament has also been reported. Coatings which interacted with the fil-

ament or were thick have been generally found to decrease the mechanical

strength, while inert, relatively ductile and thin coatings have been

1Petrasek. D. W. and Signorelli, R. A., "Preliminary Evaluation of W

Alloy Fiber - Nickel Base Alloy Composites for Turbojet Engine Appli-
cation,'" NASA TN D-5575 1970.

ZAnhmad, et al, “Metal Matrix Composites for Figh Temperature Application,"
Watervliet Arsenal Technical Report 7155, 1971.

*3-17
“%’See List of References or page
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reported to be usually harmless and, in some cases, to have improved27

the strength of the substrate filament. For example, commercially

W e B etttk e

available "borsic" which is essentially a boron filament with a flash
of silicon carbide has about the same strength as the boron filament,
Under the conditions reported in reference 3 surface nitriding slightly
degraded the boron filament, but it reduced its interaction with nickel.
However, according the recent reportszs the filament strength is not
affected by nitriding. Agr;our14 reported no degradation of graphite
filament by TiN coatings, although with TiC coating a decrease in
strength was noted. More recently Warren and Carlssonls found no
relationship between the coating thickness or deposition time and the
strength of the filament tested after the removal of the TiC coating.
The strength of the coated filament, however, fell drastically with an
increase in the coating thickness.

Recently AVCO (Mass.) has developed a silicon carbide filament

with carbon core which has excellent stress-rupture properties in the

3Sutton. W. H., "Whisker Technology," Editor Albert P. Levitt, Wiley

Interscience, NY, 1970, pp. 273-342,

l4aggour, et al, Carbon 12, (1974) 388,

1Swarren. R., and Carlsson, M,, "Protective TiC and TiN Coatings on
Carbon Fibe's in a Nickel Matrix," Proceedings of the Fourth Inter-

national Conference on CVD, 1973, Electrochemical Soc., Princeton, NJ,
p. 611, ibid, "“TiC and TiN Coated Carbon Fibers," pp. 623-3S.

25pebolt, H., AVCO (Private Communication).

27, ¢, Douglas, E. L. Paradis and R. D, Vellis, "Application of Diffu-
sion Barriers to Refractory Fibers of Tungsten, Columbium, Carbon and
Aluminum Oxide,' NASA Report CR134466, Sept. 1973,
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? ) 1000-1200°C temperature range.zo For example, as shown in Figure 2, at j
1093°C (2000°F) its 100 hr 2000°F rupture strength is as high as

1.9 GN/M? (280 Ksi).19 Its low density (3.7 in/cc) makes it superior
to any commercially available high temperature filamentary reinforce-
ment. Consequently, the authors have been involved in exploring the
possibility of using this filament as a reinforcement for selected

superalloys to develop composite materials for turbine blades for

L Rt s

performance at 2000°F or higher. Since investment casting is the

o

conventional process of turbine blade fabrication, it was considered

) P, 2% P

advisable tc make the composites by the liquid metal infiltration
technique. However, silicon carbide reacts with nearly all metals and

alloys at elevated temperatures making it necessary to apply protective

; _ coatings on this filament prior to infiltration. Compatibility studies
é made by the authors2 showed that tungsten and tantalum carbide could
E provide protection against cobalt base Mar M322 (20-25%W) and Mar M302
j alloys respectively; therefore, techniques to apply coatings of W and
% TaC on the filament were developed. These techniques involved chemical

vapor deposition (CVD) of the respective phases from their halides,

In this paper results of a study of the effect of these coatings on

zAhnad, et al, "Metal Matrix Composites for High Temperature Applica-
tion," Watervliet Arsenal Technical Report 7155, 1971.

. 19Ahnad, et al, "Silicon Carbide Filaments as Reinforcements for High
Temperature Superalloy Matrices," Proceedings of the International
Conference on Composites, Geneva, 1975.

Debolt, H. and Krukonis, V., "Improvement of Manufacturing Methods for
the Production of Low Cost SiC Filaments," AVCO, AFML-TR-73-140 (1973).

) 20
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some mechanical properties of the filament will be presented. The

process for applying TaC coating has already been reported.10 Details

of the work on the CVD process for applying W coatings on the filament
will be reported in a separate publication; in this paper the process
will be only briefly described to identify parameters which affect the
mechanical properties of the filament,

EXPERIMENTAL PROCEDURES

Filament: SiC(C) filament was supplied by AVCO, Lowell, MA, It
has a diameter of 140 microns (5.6 mil), with suppliers' specified room
temperature strength in the range 31-49 x 10° N/M? (450-700 Ksi). This
filament is produced on a semi pilot plant scale by a CVD process
whereby SiC is deposited on 4 25.4 micron (1.0 mil) diameter carbon
core which has a prior coat of a thin layer of pyrocarbon. At the exit
end of the reactor the filament is given another thin coating of carbon
exposing it to a mixture of propane and argon at ahout 1250°C. This
coating apparently helps to protect the filament from surface damage
during handling.zo The exact nature of this coating is not known,
though it has been suggested that it is a carbon rich silicon carbide
phase, rathor than pure carbon. Figure 1 shows a transverse view of a

typical filament. The rings represent the thermal and gas composition

1oheffernan. W. J., Ahmad, I., and Haskell, R. W., Proceedings of the
Fourth International Conference on Chemical Vapor Deposition, Eds.
Wakefield and John M. Blocher, Electro Chem Soc, Princeton, NY, 1973,
p. 509.

20pebolt, H. and Krukonis, V., "Improvement of Manufacturing Methods
for the Production of Low Cost SiC Filaments," AVCO, AFML-TR-73-140
(1973).
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Fig. 1 Transverse section of a SiC(C)
filament. (X1000)
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Fig, 2 Stress gupture data for SiC(C) fllament in the tempersture
3 range 1093-1316 C,
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Fig, 3 Schematic of the inert gas envelop used during the measure-
ments of high temperature tensile strength of the filaments: F-Filament,
Hg-Mercury Seal, J-Sapphire Orifice, O-Ring, u-Pyrex tube,
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fluctuation in the reactor. The process of manufacture of this fila-
ment has not as yet been optimized, therefore, the properties along its
length could vary.

Because of its ready availability and low price SiC filament with
tungsten core SiC(W), also produced by AVCO, was used in the initial
studies. This filament has a diameter of 101 microns (4 mil) and an

average tensile strangth of 2.8 - 3.5 x 10® N/M? (400-500 Ksi).

Tensile Strength Measurement: The room temperature tensile
strength of the filament was measured using a table model Instron
Tensile Testing Machine. The diameter of the filament before and after
coatings was measured with a microscope equipped with a Vicker's image
splitting eyepiece. The specimen with gage length (distance between
the grips) of 10 cm was tested at 0.5 cm/min strain rate, The grips
were lined with 12,5 micron thick aluminum foil and were air operated.
For elevated temperature strength measurements the filament specimen
was heated resistively. The heated length was about 5 cm, As shown
in Figure 3 inert atmosphere was provided by an arrangement which is a

19 The electrical

slight modification of the one reported earlier.
contacts to heat the filament resistivity were made tarough the mercury
seals. The filament was aligned by means of a grid positioned accurately
at the back side of the glass envelope. Temperature reading was made

by a micro-optical pyrometer. Total time of each test after the¢ power

to heat the specimen was turned on was approximately two minutes.

19Ahmad, 1., et al, "Silicon Carbide Filaments as Reinforcements for
High Temperature Superalloy Matrices,' Proceedings of the International
Conference on Composites, Geneva, 1975,

7




A S AR S

3
b
13
i

AT
RN o x £ o "
A e e 3w s ey wc!:-j-;m‘ =N &

Elastic Modulus: The elastic modulus of the coated filament was
21

measured by using the vibrating reed technique;“" the specimen length-
to-diameter ratio was found to be in excess of 5000,

Stress Rupture Tests: The apparatus used to measure the rupture

life of the filament is described in reference 19,

Thermal Shock Resistance: The apparatus shown in Figure 3 was

used to measure thermal shock resistance, however, the filament was not
gripped; it was held in place by the surface tension of the mercury in
the mercury seals.

Examination of the Coating: Both a high power optical microscope

(Leitz) and a scanning electron microscope (Etec) were used to examine
the transverse sections of the coatings, interfaces, and the filament
and the coated surface after various treatments. The stoichiometry of
tantalum carbide was determined from the lattice parameters measured by
the standard x-ray diffraction technique using a Debye Sherrer Camera.

CVD Coating Parameters: Tungsten was applied by reacting WFg and

Hz on the surface of the filament in a stainless steel tube reactor
which was heated externally by means of a continuously moving furnace
(Pigure 4)., The rate at which the furnace was moved was adjusted to

eliminate clogging of the reactor during long period runs. The filament

19Ahmad. I., et al, "Silicon Carbide Filaments as Reinforcements for
High Temperature Superalloy Matrices," Proceedings of the International
Conference on Composites, Geneva, 1975,

21Cunnarow, R. L., and McDonald, B. P., Journal of Materials JMLSA
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passed continuously through the reactor and after receiving the coating

was collected on a take up spocl. The parameters which were varied

s B AT AR I R R R S R
ETRA Y

included the temperature of the furnace, the filament, and the Hy:WF¢
molar ratio. The flow of He gas was kept constant at 300 cc/min.
The process for the application of TaC has, in principle, already

been reported.10 It essentially consists of reacting TaClg, Hy, and

CH4 on the resistively heated SiC(C) filament which is contiiilusly
passed through a quartz reactor equipped at both ends with water-cooled
mercury seals. The quartz reactor is described in reference 10. The
stoichiometry of TaC was controlled by the temperuature of deposition
and molar ratios of the reactants. The thickness of the coating could

be varied by adjusting the filament speed.
RESULTS

As previously stated, the process parareters for the manufacture
of SiC(C) filament have not yet been optimized by the supplier for
uniform quality and the tensile strength of the filament shows some
variation along its length, Por example, as shown in Figure 6 of
reference 19, the scatter of the room temperature tensile strength of
this filament is almost 25% (475 : 105 Ksi). Similar scatter of values

was observed in the tensile strength of the coated filament. Hence,

the data reported here represent essentially trends and not absolute

1oHeffernan, W. J., Ahmad, I., and Haskell, R. W., Proceedings of the
Fourth International Conference on Chemical Vapor Deposition, Eds.

Wakefield and John M. Blocher, Electro Chem Soc, Princeton, NY, 1973,
p. 509,

19Ahmad, I., et al, "Silicon Carbide Filaments as Reinforcements for

High Temperature Superalloy Matrices," Proceedings of the International
Conference on Composites, Geneva, 1975,
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property values, No attempt was made to statistically analyze the data.
For.each data point shown in the graphs, at least five, and usually ten
measurements were made with the values reported being the arithmatic
mean of each set of data. In general, the standard deviation from the
mean fell between 5-25%,

Tungsten Coating:

Effect of the Deposition Parameters: In the initial coating runms

a cheaper SiC filament with W core was used. In the process the WF¢ +

. Hp ¢+ He mexture was introduced counter currently to the filament dir-

ection, With a molar ratio of 25:1 (H,:WF¢) and filament speed of
800 ft/hour, a coating thickness of 5 microns (0.2 mil) was obtained
at 850°C. Filament strength calculated on the basis of uncoated fila-
ment diameter (i.e., assuming that the coating did not contribute to
the strength) was in the range of 350-450 Ksi. In these experiments,
however, the filament was flexible and considered acceptable. At the
end of the run the reactor tube always contained a dark powdery residue
which, on x-ray diffraction analysis, was found to be W30, indicating
the presence of oxygen in the system, Furthermore, the fracture sur-
face of coated filament showed some porosity in the coating and at the
fil-coating interface (Figure 5). Therefore, the system was checked
extensively and the leaks were eliminated as far as possible. In
subsequent runs ultra pure hydrogen (which gave solid oxide-free coat-
ing), was used, however, the coating appeared to be poorly bonded
(Figure 6). To improve the adhesion of the coating to the filament,

the flow of the reactant gas mixture was reversed ari introduced on

11
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Fig 5. A porous tungsten coating on
SiC(W) filament app.ied at 850°C and
800 ft/hr filament speed {X2600).
Reactants flow counter current to the
filament movement,

Fig. 6 A dense W coating obtained
under similar conditions but using ultra
pure hydrogen (X4400).
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the same side as the filament entrance in the reactor., In addition,
SiC(C) filament with better high temperature stability than SiC(W) was
used. Under these conditions the coating was solid columnar and was
apparently well bonded with the filament (Figure 7). Surprisingly,
however, the filament became very brittle. The tensile strength of the
filament with a 6 micron (0,24 mil) thick coating dropped from 450 Ksi
to 166 Ksi., Even a flash of coating (.005 mil) made the filament
brittle.

To determine if the strength deterioration of the filament was due
to some interface effect, the coating was dissolved away in Murakamis'
reagent (equal parts of aq. 10% NaOH and aq. 30% potassium ferri-
cyanide solutions). The filament completely regained its strength and
flexibility thus indicating that the brittleness of the filament was
probably the result of stresses at the interface due to the tight
columnar growth, For confirmation the direction of the reactant gases
was reversed during another run, i.e., they were introduced counter
current to the filament. The run conditions and the tensile strength
values are summarized in Table I. The filament was, in general, as
flexible as the uncoated filament, the strength of the coated filament
was also improved. In another series of runs the temperature of ‘
deposition and filament speed were optimized to achieve maximum strength
in the coated filament. Some of the pertinent data are summarized in
Table II and shown in Figure 8. Fracture surfaces of the filaments
having high strength, such as those coated at 700-850°C, showed

progressively weaker bond. Above 850°C the coating readily debonded

13
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TABLE I:

~

CONDITIONS OF W COATING AND TENSILE STRENGTH OF COATED SiC(C)

FILAMENT; SPEED 4550 CM (150 FT) PER HOUR

Gas Coating Mean
Flow Thickness Tensile Strength whw
No. H, : WF Temp °C Direction Micron (in) 10°N/M®  (KSI) SD%
1 10 700 * 6.3 (.00025) 0.779 (113) 27.9
2 25 700 W 10.0 (.00040) 1.883 (273) 19.0
3 25 700 *h 10.0 (.00040) 1.662 (241) 14.4
4 35 700 we 12.7 (

Uncoated Filament

.00050) 1.517 (220)

(537)

16.5
20 ¢

*Same direction as the filament movement.
**Counter to the filament movement.

*w*Standard deviation from the mean.
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when the filament was broken between the fingers (Figure 9a). Figure
9(b) shows the fracture surface of a filament coated at 550°C. Tensile
strength measurements made on these filaments after dissolving the
coating in the Murakamis Reagent are included in Table II.

Effect of Temperature on the Tensile Properties: The average

tensile strength values of tungsten coated silicon carbide filament
measured in the temperature range of R.T. - 1600°C are given in Table
III. The extent of strength degradation of coated as compared with

the uncoated filament is shown in Figure 10 in which the normalized UTS
%%? is plotted against temperature, It is apparent that the differ-
ence between the average strength of the coated (o) and uncoated (g,)
filament decreased with the increise of temperaturs:,

The 1093°C (2000°F) stress rupture values for the filament coated
with 12.5 microns (0.5 mil) thick tungsten at 700°C are summarized in
Table IV and are shown in Figure 11. Data for the filament to which
the coating was applied by passing the reactant gas mixture in the
same direction as the filament are also included,

The elastic modulii of the filaments coated at 650°, 700°, and

800°C are summarized in Table V.

Thermal Shock Resistance: As stated earlier, the purpose of

applying coatings to the filament was to incorporate it in superalloys
by an investment casting process in which the melt temperature could be
as high as 1500°C. To ascertain that during this process the coating
did not fracture or crack because of thermal shock, the coated fila-

ments were cycled three times from R.T. to 1600°C, After this exposure,
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TABLE III: HIGH TEMPERATURE TENSILE STRENGTH OF THE TUNGSTEN*

COATED AND UNCOATED FILAMENT

.**UTS (Coated) UTS (Uncoated) a

Temperature °C 10°N/M? (KSI) 109N/M? (KSI) o,
R.T. 1.835 (266) 2.828 (410) 0.649
800 1.648 (239) 2.359 (342) 0.699
1000 1.531 (222) 2,083 (302) 0.735
1200 1.414 (205) 1.883 (273) 0.751
1400 1.083 (157) 1.359 (197) 0.797
1600 .055 (124) 1.062 (154) 0.805

*Coating thickness 12.7 microns (0.0005 ih)
**Mean ultimate tensile strength

TABLE IV: STRESS RUPTURE DATA ON W COATED* SiC FILAMENT

AT 1093°C (2000°F)

Gas Flow Direction OQN/agressKSI Time (Hrs)
Opposite '
1,258 182 0.1
1.117 162 6.1
.0.979 142 693.0
Same
0.897 130 0.1
0.690 100 2.9
0.552 80 12.9
0.414 60 105.6

*Coating Thickness 12.7 Micron (0.0005 in)
TABLE V: DYNAMIC MODULUS OF TUNGSTEN COATED SiC(C) FIL

Temp of Deposition °C Coatisgczzickness Yxng slggggius ’
n
650 5 39.6 (57.5)
700 11.2 41.0 (59.5)
800 9.7 41.3 (59.9)
21

o, MEAT A o M




bl¢

500 1000 1800
TEMP *C ——a

Fig. 10 Normalized tensile strength
(tensile strength of coated filament )
tensile strength of uncoate ament
of the coated filament as a function
of coatini ‘-hickness.

2000 °F STRESS RUPTURE DATA

g
!
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Fig. 11 Stress rupture data of W and
TaC coated SiC(C) filament at 1093°C
(2000°F).
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the coating remained intact and unchanged. The room temperature
tensile strength of the coated filament decreased by about 15%, however,
cycling at 1500°C did not affect its strength significantly.

TaC Coated SiC(C) Filament:

Tensile Strength: The room temperature tensile strength of

tantalum carbide filament with a coating thickness of 5 microns
(0.2 mil) did not show any deterioration. In fact, in some cases, the
strength of the coated filament (calculated on the assumption that
coating did not contribute) was higher than the uncozted filament. The
coating was dense and, as shown in Figure 12, its grain size was quite
small. The tensile strength values of the coated filament are summar-
ized in Table VI which also includes information on the stoichiometry
of TaC, which was calculated from the lattice parameter of the phase,
determined by the x-ray diffraction technique. The decrease in strength
at elevated temperatures on the coated and uncoated filaments is
illustrated in Figure 13.

Stress Rupture Properties: The 1093°C (2000°F) stress rupture data
of the TaC coated SiC(C) filament are given in Table VII and compared

with the uncoated filament in Figure 11.

Thermal Shock: Tantalum carbide (Tac0.76) coated tungsten (Fig. 14
(a), (b)) and SiC(C) filaments (Fig. 15) were thermally shocked at
1600°C. In the former, the coating occasionally developed blisters,
folds, and cracks; on the SiC(C) filament the TaC coating showed folding.

A number of coated filaments were annealed at 1000°C for two hours

in vacuum to relax stresses. In some of these (about 10%) radial

23
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Fig. 12 Fracture surface of TaC coated
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Fig. 13 Normalized tensile strength
of TaC coated SiC(C) filament at
various temperatures.
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Fig, 15 Termally shocked TaC costed SiC(C) Tilament showing folding
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cracks appeared; the rest were unaffected. The crack free filaments
when cycled three times between room temperature and 1600°C did not

show further cracking or folding.

DISCUSSION

The embrittlement and weakening of the filament in the initial
runs of deposition of W appear to be due to two major factors: stress
effects due to chemical interactions at W-SiC interface, and the colum-
nar grains of the coating.

As stated earlier, the surface of this filament is carbon rich
silicon carbide phase. Very little information is available in the
literature on the interaction of WFg, Hy, C, or carbon rich silicon
carbide in the temperature range of interest, i.e., 600-900°C.
Burykina26 identified the formation of WC and WSSi3 when SiC powder in
contact with W was heated to 1500°C. Randon et al?4 and later Ahmad
et a1l9 reported formation of an interaction zone at the tungsten core-
SiC interface when the silicon carbide filament with tungsten core was
exposed to temperatures in the 900-1400°C range. Conceivably, the

following reactions can take place at the surface of the filament.

19Ahmad, I., et al, "Silicon Carbide Filaments as Reinforcements for
High Temperature Superalloy Matrices," Proceedings of the Interna-
tional Conference on Composites, Geneva, 1975,

24Randon, J. L., Salama, G., and Vignes, A., "Silicon Carbide Fibers
With Improved Mechanical Properties: Study of Thermal Stability,"
Proceedings of the Third International Conference on Silicon Carbide,
1973, Ed. Marshall, R, C., et al, University of South Carolina Press,
Columbia, South Carolina, p. 386.

26Burykina, A. L., Strachinskaia, L. V., and Evtuchok, T. M., Fiziko
Chimicheskaia Mechanica Materialov 4, 3, 301 (1968).
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% . WF6 + 3H2 -+ W(S) + 6HF(

£) )

, ~ WF, + 3H, + C + wc(s) + 6HF(8) (2)
WE + 3H, + 1/2 C > WCigy + GHF (3) 5
11WF, + 33H, + 38iC - WeSig + 3W)C + 66HF . (4 ] :
4HF @ SiC + SiF, @ C+ 2H, (5) %

SHF () + SiC > SiHFy ..y + 1-1/2 H, + C (6)

;é - Values of the free energy of formation of all the compounds except
‘% W5813 are available in references 28~30. The heats of formation %

(AH®298) of WSi2 and w5513 have been estimated by Brewer and Krikorian29

30 estimate :

to be -26 £+ 5 and -63 K cal per mole. Elliott and Gleisen
. the best values for WSiz and W5813 to be -22,3 + 4 and -13 to -60 K cal
‘ respectively. No data on thé entropy are available, The entropy of
formation of these compounds because of the large atomic mass of W is
expected to be high and to contribute to making free energy of forma-
tion of these compounds at high temperatures more negative. Even if

this contribution is small, the free energy of the reactions (2) - (4)

favor the forward reaction. Figure 16 summarizes the free energy of

the reactions (1) to (6) as = function of temperature; it shows that at

the temperatures involveu 3u this study, there is a finite possibility
s of the formation of WC, W,C and WcSi;. This product iayer could have

microcracks because the presence of growth and thermal stress and could

f% 28Stull, R., et al, JANAF Thermochemical Tables, 1965, PB 168 370, U.S.
31 Dept. of Commerce, Washington, D.C.
%T \ 29rewer, L., and Kriskorian, O., J. Electrochem Soc., 103 1, 38 (1956).

30E11iott, J. F. and Gleisen, Thermochemistry for Steel Making, Vol. 1,
p. 233, Addison Wesley Publishing Co., Reading, MA, 1$60.
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Fig. 16 Free energy of a number of
possible reactions of gaseous reaction
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a function of temperature.
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embrittle the filament.2 However, when the gas flow is reversed the

filament surface first comes in contact with the products of reaction
(1) which contain high concentration of HF, making it possible for both
SiF, and SiF; to form. The surface is thus partially masked with
relatively stable flourides of Si reducing the nucleation of tungsten
in the WF6 rich deposition region and, hence, reducing the areas of
interaction of tungsten with the substrate surface, The mechanism is
schematically illustrated in Figure 17,

The combined effect of these two factors, i.e., chemical inter-
action and the relative area of coating-filament interface (which is
determined by the number of the initial tungsten nuclei on the surface)
is schemati~ally illustrated in Figure 18, Values of é% taken from
Figure 8 for 10 micron (0.4 mil) thick coating are indicated by small
circles. It shows a minimum at 700°C, and then an increase with
temperature. However, as has been mentiuned earlier, at higher
deposition temperatures and filament speed the filament-coating bond
becomes weaker, and the coating has a tendency to flake off. In the
550-650°C temperature range the strength of the filament is not effected.
After etching off the coating the filament showed original strength.

At this temperature apparently there is no chemical interaction, and

the bond is purely mechanical. Also, the degradation effective due to

24Randon, J. L., Salma, G., and Vignes, A., "Silicon Carbide Fibers
With Improved Mechanical Properties: Study of Thermal Stability,"
Proceedings of the Third International Conference on Silicon Carbide,
1973, Ed. Marshall, R. C., et al, University of South Carolina Press,
Columbia, South Carolina, p. 386.
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Fig, 18 Schematic illustration of the combined effect of the chemical
interaction at the interface and the number cf W nuclet per unit area,
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the columnar grain structure appears to be small. From these results,
. 650°C appears to be a good coating temperature, However, the rate of
% deposition is low. For a more reasonable rate (to obtain large quantity
§~ of coated filament) higher coating temperature has to be used, but that
i will be at the expense of the strength. A careful analysis for the
% trade offs for maximum payoff is therefore necessary. For example,
g for our composite fabrication studies, we found 750-800°C at 200 ft/hr
% to be optimum for obtaining 12 micron thick adherent coating with
% reasonably good filament strength (2.8 - 3.5x10® N/MY).
f It must be pointed out here that the data reported in Table II

were obtained on more than one batch of the filament. Low temperature

data were obtained mostly with IS 89 (UTS S10 Ksi) and IS 75 (UTS

about 700 Ksi). It is possible that these filaments could have reacted

differently to the coating conditions, Therefore, runs must be made

using one single batch of the filament, for all temperatures. However,

the data at 200 and 400 ft/hr shows that while IS 89 maintained its

strength up to 650°C, it did degrade between 800-850°C. Also, data in

Table I were obtained on a batch of filament which was similar to IS 89

(TS of £37) and it showed degradation at 700°C. Nevertheless, more

work is nececsary to cuifirm the interpretation given in the foregoing
discussion.
Lack of degradation of the toom temperature tensile strength of

the filament with TaC coating can also be explained in the light of

the above discussion. There was no chemical interaction between TaC

and SiC, and the grain size of the TaC ccating was very small with no
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large columnar grains to act as stress risers. Unlike tungsten, the
coating of TaC had intrinsic strength because of fine grain structure,
and as mentioned in the results, in some runs the s_cength of the
coated filament was higher than that of the uncoated one,

The high temperature strength of the SiC(C) filament was adversely
affected by both the coatinge, however, the degree of degradation of
the W coated filament decreased with increasing temperature (Fig. 11).
This decrease may be due to the higher ductility of tungsten coatings
at higher temperatures. In the case of TaC coating, the filament
retained its original strength up to about 800°C, but then it decreased.
The coating with higher carbon content showed higher strength than that
with the lower carbon content, perhaps due to the high intrinsic
strength of the carbon rich phase. No data on the influence of stoi-
chiometry on the tensile strength of TaC are reported in the literature.
Interestingly enough, the tungsten coated filament demonstrated a
strength higher than tantalum carbide coated filaments in the temper-
ature range of 1000 - 1600°C. Again, this increased strength may be
due to the improved ductility of W,

The stress rupture data illustrated in Figure 11 show the super-
iority of TaC over W coated filament. Under conditions of extended
exposure of the filament to higher temperatures, the tungsten coating
probably interacts chemically with SiC. The extent of interaction of W

19

with SiC at 2000°F has been reported by Ahmad et al. The superior

19Ahmad, 1., et al, "Silicon Carbide Filaments as Reinforcements for
High Temperature Superalloy Matrices," Procecdings of the Inter-
national Conference on Composites, Geneva, 197S.
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stress rupture values of the TaC coated as compared with the W coated
filament are due to the lack of chemical interaction of TaC with SiC.

In addition, the TaC coating, because of its fine grain size, probably
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has inherent high temperature strength.

During the thermal cycling of the coated filament, temperature

Sl e oty o

excursion can induce residual stresses both at the interface and in
the body of the coating. The stresses at the interface are due to
the differcnce in the thermal expansion coefficient of the coating
and the columnar grain orientation in the deposits. The magnitude of
these stresses, in general, increases with the increasing thickness of
the coating. The tungsten coating was superior to the TaC coating in

this respect because its thermal expansion coefficient is closer to

that of SiC (SiC 3.9 x 10~%, W 4.4 x 10™% cm/cm/°C) and because of its
higher ductility at elevated temperatures, The thermal expansion
coefficient of TaC is 5.5 x 10°® cm/cm/°C. The thermal expansion
coefficient of Tag 726» which was the coating for the filament cycled
here, will probably be higher, thus enhancing the thermal mismatch
between the filaments and the coating and, hence, causing the blister-
ing and cracking effects. It is, however, expected that stoichiometric
TaC coating will be more compatible. Annealing did help in relieving
some of the deposition stresses at the interface and, thus, reduced the
propensity of the cracking of the coating. Additional study is
necessary to work out parameters to minimize the damaging stresses at

the interface,
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CONCLUSIONS
This study has shown that in the chemical vapor deposition process

of coating tungsten on SiC(C) filament in the temperature range of
interest, if the filament movement in the reactor was in the same

. direction as the reactant gases, the filament became very weak and
brittle. To achieve a flexible and high strength product it was
necessary to pass the filament counter current to the flow of the
reactant gases., It is suggested that the probable chemical inter-
action of tungsten and its halide with the carbon rich silicon carbide
surface combined with the stress risers provided by the columnar nature
of the deposit, cause the embrittlement of the filament. In the counter
current mode stable gaseous flourides of silicon formed as a result of
the interaction of HF with silicon carbide partially mask the surface
and reduce the number of tungsten nuclei or, in other words, reduce the
surface area affected by the chemical interaction and stress risers.
Because of similar effects the 2000°F stress-to-rupture of fine grained
chemically inert TaC coated SiC(C) was found to be superior to that

for the tungsten coated filament. However, the short period tensile

strength of W coated filament, because of the relatively high ductility
of W, was higher than that for TaC coated filament in the 1000 - 1600°C

range.
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