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ABSTRACT 

The feasibility of pyrolytically co-depositing a 10 to 15 weight 

percent zirconium carbide-graphite composite support cup was demonstrated. 

Some material with 10-15^ ZrC was deposited in the last of a series of 

5 furnace runs Sufficient information was generated that the furnace 

array process conditions, and furnace monitoring were reasonably well 

established for any future work. 

Adherence to the mandrels was a major problem. The first 

deposited material, that with a veiy high ZrC content, could not be slipped 

off the mandrel, and it was necessary to bore the mandrel out. Physical 

integrity of the cups was poor, primarily because of stresses resulting 

from the variation in ZrC content across the wall of the cups. Process 

and equipment problems unfortunately plagued each of the furnace runs, and 

material varied from pure pyrolytic graphite to 47 o ZrC. The 10-15^ 

material turned drilled and bored similar to pyrolytic graphite, being 

only slightly harder than normal pyrolytic graphite. 

In any future work, mandrels should be placed arovmd the periphery 

of the furnace only. Pressure should be slightly increased for obtaining 

a highly renucleated microstructure. Furnace seals and temperature 

control of the halide vaporizer must be fool proof. Precoating techniques 
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should be utilized to allow easier removal of mandrels from the deposit. 

It is fiirther recommended that the composition be targeted to 30 ^/o Carbide-

70 ̂ /o graphite composite. 
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INTRODUCTION 

Refractory metal carbides possess extremely high melting points, 

have excellent resistance to hjndrogen corrosion, and their extreme hardness 

suggests very high ultimate strengths. A primary problem in their applica

tion as a structural material to the Nerva high temperature environment has 

been their extremely poor manufacturability into hardware and poor thermal 

shock resistance. Recent investigations have indicated that when a com

posite material, containing metal carbides in conjunction with a low 

modulus material such as graphite is fabricated, a dramatic improvement in 

both the manufacturability and the thermal shock resistance results. The 

degree of this improvement is related to the increase in the graphite phase. 

The three basic processes for manufacturing the carbide-graphite 

composites are arc melting, powder metallurgy techniques, and pyrolysis of 

a suitable gas mixture. The purpose of this investigation was to determine 

the feasibility of pyrolytically producing carbide-graphite composite to a 

protective cup configuration. This would offer the following advantages: 

1. Fabrication (deposition) occurs at a relatively low temperature, 

about 2000"C, compared to 3000°C for hot pressing, and about 

3500°C for arc casting. 

Page 3 

® Astronuclear 
Laboratoty 



^ - ,/^Astrpnuteat 
,«r - vSi Laboratory 
1954 7^-\ , / ^ 

WANL-TME-1564 

2 The pxirity and density of pyrolytic deposits are normally 

extremely high. 

3. Simple shapes can be deposited in production quantities. 

4- The anisotropy that resxilts from pyrolytic techniaues when 

depositing a high content graphite base material should result 

in a low thermal conductivity in the "c" direction. 

Recently it has been reported that free standing ZrC-graphite test 

rocket nozzles and slabs were pyrolytically vapor deposited. At room 

temperature th« composite was as strong as some metals, and at high 

temperature (2000°C) it was reported to be stronger than any other 

material. 

w / 
Zirconivmi carbide composites containing more than 11.6 /o 

carbon are a two phase material. When the amount of carbon is in excess 

of 75 ^/t>, the composite microstructure is a carbide dispersion in a 

graphite matrix, and should resemble pjrrolytic graphite, that is. growth 

cones at 90° to the plane of disposition. In this range the material is 

anisotropic and appears to have a somewhat low thermal conductivity in 

the "c" direction. 

The purpose of this investigation was to determine the feasibility 

of pyrolytically co-depositing a 10-15 ^/o zirconiiom carbide dispersion 
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in a continuous phase graphite composite to a Support Cup configuration. 
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CONCLUSIONS 

The feasibility of p3rrol3rtically co-depositing a zirconium 

carbide-graphite composite Support Cup was demonstrated. 

The process conditions selected for this work were basically 

satisfactory. The product produced in run number 5. the last and the 

best of the series indicated a need for additional work for producing 

support cups by this technique for component testing. The physical 

integrity of the parts was poor, primarily due to the magnitude of the 

residual stresses induced by a 20% variation of the zirconium carbide 

content across the wall of the as deposited cups. 
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RECOMMENDATIONS 

The following recommendations are made: 

The program should continue to phase II, the deposition of 

Support Cups suitable for component testing, and plate stock for determining 

the mechanical and thennal properties. 

In addition, the following changes are recommended:-

1. Targeted weight percent composition, 30% zirconium carbide-70% graphite-

2. Zirconivmi chloride feed to the main gas stream should be programed for 

obtaining unifonn ZrC dispersion. 

3. The deposition array should be altered: placing mandrels around the 

periphery of the furnace only. 

4. Deposition parameters should be targeted to obtaining a highly 

regenerative, continuously nucleated microstructure. 

5. Special attention should be given to precoating techniques to allow 

easier removal of the as deposited cup from the mandrel. 
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ORDERING INFORMATION 

Quotations were solicited from the four known suppliers of 

pyrolytic graphite for pyrolytically co-depositing a minimum of ten 

Support Cups per ME-SK 002̂ 6̂ see figure 1, with a dispersion of 10-15 ^/o 

zirconium carbide in graphite. 

Three suppliers responded with Quotations. Raytheon, the only 

one with prior pyrolytic zirconium carbide-graphite experience, proposed 

a 3 furnace nan program, but would not guarantee meeting dimensions, 

composition or structural integrity. HTM with no prior experience in 

producing any metal carbide-graphite composite proposed a 5 furnace run 

effort with no product guarantee. P.O. 75951 was awarded to the General 

Electric Company, the low bidder. Though having no pyrolytic zirconivmi 

carbide experience they had a considerable experience with hafnium carbide-

graphite composite depositions, which appeared to be similar, since 

hafnium's sublimation temperature is close to that of zirconium. This 

product of effort was to consist of a minimum of two furnace runs to 

pyrolytically co-deposit no less than 10 Support Cups per ME-SK 002?6 with 

10-15 ̂ /o ZrC. A best effort was to be conducted to machine the parts 

dimensionally to the drawing. 
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PROCESS DESCRIPTION 

1. Prior work with hafnium and a review of the literature formed the 

technical background from which the following deposition parameters 

were selected: 

Deposition temperature 

Deposition pressure 

Inlet natural gas flow (CH, ) 

Halide vaporizer temperature 

Halide source 

1900°C 

3.5 mm Hg 

15 C.F.H. 

275° C 

Reactor grade ZrCl, 

Pyrolytic zirconium carbide was derived as follows from the 

reaction of the metal chloride vapor with methane on the surface of a hot 

graphite mandrel: ZrCL + CH, ZrC + 4 HCl 

Reactor grade (99.9^) 2rCl, powder and natural gas were the raw 

materials used, with hydrogen as the carrier gas and diluent. The ZrCl, 

powder was loaded into a vaporizer under an atmosphere of hjrdrogen. The 

vaporizer was heated to 275°C. The hydrogen was passed through the 

vaporizer mixed with the natural gas (methane) and introduced into the 

heated furnace. 

Page 9, 
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2 The furnace deposition array for each of the furnace runs is shown 

in Figure 2. 
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RESULTS AND DISCUSSION 

Process 

A pre-feasibility run for targeting gas flow ratios resulted in the 

deposition of an almost pure zirconium carbide on the substrate as shown in 

Figure 3- The large columnar grains illustrated are tvpical of vapor deposited 

single phase metal carbides. This run targeted the gas ratio for run #1. 

A total of five runs were then made in an effort to produce hardware. 

Table 1 shows the deposition parameters for each run. the process or eauipment 

problems encountered and the changes made before the start of the next run to 

overcome the problems encountered in the preceding run. 

Eauipment trouble such as pump breakdowns, boiler temperature excursions 

seal ring failures and inlet line clogging were major factors in preventing 

the really successful production of material in this work. 

Some zirconium carbide-graphite composite material was formed in each of 

the runs excepting number 4 where the run was aborted due to total pump 

failure. In the final run. some fairly good material of the desired average 

composition was formed in the early stage. An overnight temperature excursion 

in the vaporizer prematurely emptied it of halide, and the latter part of the 

deposition cycle deposited nearly normal pyrolytic graphite 

Page 11 
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2. Product 

a. Chemical Analysis 

Table 2 shows the results of chemical analysis of the product. Chemical 

analysis was made on the as deposited cups, yielding an average analysis from 

each of the pertinent positions within the array. Figure 4 illustrates that 

some material from both runs 3 and 5 met the 10-15 ̂ /o requirement. 

Also illustrated is the steady progress attained in process development as 

the program progressed run number 5 yielding about 50% product with 

approximately the required average percentage of zirconium carbide. Center 

cups those positioned in the center of the furnace array were low in carbide 

content in every run, and it was concluded that this positioning of mandrels 

should be eliminated in any further work. This phenomenon was about as 

should be expected as in the manufacture of pyrolytic graphite tubes and cups 

mandrels positioned in the center of the furnace have wall thickness about 

50% less than those positioned 4-6 inches from the furnace wall. 

b Density 

Table 3 shows the results of density determinations made from the first 

and last deposited ouarter of the wall from the array. Figure 5- curve A shows 

the calculated theoretical density of zirconium carbide-graphite composites 

versus material composition using 2.26 gm/cc as the theoretical density of 

granhite and 6.60 gms/cc for zirconiimi carbide. Since curved pyrolytic 

Page 12 
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graphite deposits delaminate when the t/r ratio is greater than about .05. the 

actual density of the pvrol̂ t̂ic i3;raphite material deposited in a cup configura

tion is 1 90 - 2.00 gn/cc Curve 5B illustrates what is calculated to be the 

actual densitv of pvrolvtic ZrC-G versus material composition. Plotted on this 

curve are the results of the density deterninations of the first and last 

deposited material for run number 5 as reported in table 3• 

The gross variation in composition across the wall of the material is 

shown in figure 5 curve P: center cups varÂ ing from 471 to ^t ZrC, mid-radius 

cups from 27% to 12%. and edge cups from 19% to about 6%. Since the vaporizer 

prematurely emptied during the latter part of this run due to a temperature 

excursion this magnitude of variation in the comiposition was not unexpected, 

and is not considered to be pertinent to the feasibility aspect of this program. 

It does illustrate that the average chemical compositions of the parts were 

weighted to the low side of the results, and that actually the edge and mid-

radius positioning of mandrels are proper for any future work. This knowledge 

of mandrel positioning around the periphery of the furnace only has been well 

established in the manufacture of pyrolytic graphite insulating cups. A gross 

variation in the density and deposit profile has been observed in material 

deposited from the center to the edge of a furnace run. 

In figure 6. the volume percent is plotted versus weight percent of the 

carbide from which it is determined that the 10-15 /° ZrC is about 4-6 ^/o. 
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® Astronuclear 
Laboratory 

WANL-TME-i564 

an exceedingly tight reouirement. The mid-radius cups of run nvunber 5. with 

a ZrC content of 12% to 27^, volume wise contain 4 to 12% ZrC. 

This ^% spread is possibly a realistic wall profile percent variation. 

Since the prime purpose of the ZrC dispersion is the anchoring of a protective 

vapor deposited coating this variation in no way should detract from the 

attractiveness of this composite manufacturing process. 

It appears that a more reasonable composition reouirement would be a 

10-15 volume percent. This should significantly improve the coating anchoring 

characteristics of the carbide dispersion, probably somewhat decrease the 

anisotropy of the material and increase the flexural and tensile strength. 

An increase in ZrC content should promote a beneficial change in the micro-

structive the fine carbide dispersion forming a base for continuously 

nucleating the structure throughout the deposition cycle. This type structure 

in general results in reduced axial cracking (breakouts) which would 

significantly increase the structural integrity of machined parts. 10-15 

volum.e percent is 25 to 35 weight percent, which at this time is recommended 

for any future work. 

c. Microstructure 

The microstructure of a mid radius cup from run #5 is shown in figure 7 

and resembles that of pyrolytic graphite showing cones that in polarized 

illumination appear normal to the deposition surface. Also shown is the 
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multiple delaminated structure typical for substrate nucleated cylindrical 

deposits No trace of zirconium carbide is observable. This was as expected, 

for in the high carbon content range of p3rrolytic composites, a marked change 

occurs in the size of the carbide grains. They become super fine particles, 

probably 200 angstroms are less and are identifiable only by x-ray diffraction, 

density or chemical analysis. This super fine dispersed phase in the gra

phite matrix, is several orders of magnitude smaller than the carbide grain 

size in hot pressed materials and should have a most beneficial effect on both 

room temperature and high temperature mechanical properties. 

3. Cup Fabrication 

Adherence to the mandrels was a major problem. The first deposited 

material, that with the highest percent ZrC could not be slipped off the 

mandrels without structurally destroying the part. It was necessary to bore 

the mandrel material out These as deposited cups contained many delamina-

tions. as was expected but they were also grossly out of round. In addition, 

the profile was severlv tapered making it impossible to machine a cup to the 

drawing As machining proceeded delamination and stresses continued to spring 

the material as stock was removed from any surface. No machined cup was 

produced reasonably close to the drawing reauirements. The physical integrity 

of the machined product was very poor containing many cracks, and massive 

soalled area. Because of the amount of missing material and the local changes 

in surface curvature dimensional inspection of the machined product was not 

possible 
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4 . Machining 

This material turned, drilled and bored in approximately the same manner 

as pyrolytic graphite, though it was somewhat harder. The machining chip was 

very fine and flaky. The prevalence of delaminations. particularly at the 

interface between the high zirconium carbide content material and the lower 

content material resulted in some cases of total separation of the material by 

the cutting tool. 

Out of roundness resulted in many cases as a result of the stress relief 

associated with internal cracking. The inner surface when cracked, tended to 

curl inwards, reducing the effective radius of curvature. 

Material of uniform carbide concentration and reasonable physical 

integrity should be machinable utilizing standard pyrolytic graphite 

techniaues. 
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TABLE 1 

SUMMARY CHART OF DEPOSITION CONDITIONS 

Temp. 
(°C) 

1900 

Nat.Gas 
Pressure Flow 
(mm Hg) (cfh) 

Boiler 
Temp. Carrier 
°C Flow 

3.5 15 

1900 15 

1900 2.5 10 

1900 2.2 10 

1900 2.1 10 

Total 
Time 
(min.) 

Changes from 
Previous Conditions 

220 1 cfh A 25:20 

280 1 cfh H, 7+ 

275 0.1 cfh H2 22:25 

250 0.1 cfh H, 3:05 

260 0.1 cfh Ho 23:00 

Pressure decreased, 
boiler temp.increas
ed, H2 carrier, 2 
pumps in parallel 

Gas flows reduced, 
smaller boiler used, 
inlet lines shortened. 

Remarks 

Fuse blew in pump 
line at 2:15. Gas 
line plugged at end 
of run. 

Fuse blew in pximp 
line ovemite. Some 
plugging of inlet 
line. 

Vitron high 
temperature o-ring 
installed. 

Re-designed inlet 
section to eliminate 
o-ring. Repaired 
pump. 

Buna-N o-ring failed, 
allowing air leak in 
inlet line. Oxide 

plug in inlet line 
after about one-fourth 
of run. 

Vitron o-ring failed. 
Two poppet valve springs 
broke in pump. Pump 
seized. Run aborted. 

Boiler temp, rose to 
310°C ovemite. Boiler 
empty before run 
complete. 3 

§ o 
o er 
<2 CD 
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Table 2 - Chemical Analysis of Zirconium Carbide Content of Cups 

Run No. Percent ZrC Content (Ash) 

1. 

2. 

3. 

k. 

5. 

Center Cups 

None 

0.92^ 

11 2% 

Aborted rim 

16.03^ 

Mid-Way Cups 

0.23;̂  

0.58:̂  

1.87,̂  

9.26^ 

Edge Cups 

0.10^ 

0.09^ 

0% 

5.86% 
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Table 3. - Density Determinations of Zirconium Carbide-Graphite Cups 

Density 
Run No. Center Cup 

3.4s gm/cc 
(inner l/4 dep.) 

2.46 
(outer 3/4 dep.) 

2.72 ave. 

Mid-Way Cups 

2.13 gm/cc 
(inner dep.) 

2,216 
(inner dep.) 
2.100 
(outer dep.) 

2.46 
(inner l/4 dep.) 
2.15 
(outer 3/4 dep.) 
2.25 ave. 

Edge Cups 

1.92 
(inner l/4 dep.) 

1.92 
(outer 3/4 dep.) 

1.92 ave. 

4 

5 

Aborted run, product not analyzed. 

3.2s gm/cc 
(inner) 

2.09 
(outer) 

2.53 
(inner) 
2.15 
(outer) 

2.33 
(inner) 
2.06 
(outer) 
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611197-2B 

Figure 2. TOP VIEl-̂  SHOWING LOCATION OF MANDRELS AND NUMBER 
SERIES FOR REFERENCE 
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Figure 3. Pyrolytic ZrC 100 X 
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Fig. 4 % ZrC Vs Cup Location in Furnace 
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Figure 7- Transverse section of (as deposited) Cup, Run #5 
100 X (Polarized light) 
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