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This report describes the results of the program conducted during the period
1 March 1963 to 1 March 1964.

The project at TRW was managed and directed by R. A. Jefferys and D. B. Warauth
was in charge of conducting the technical effort.



ABSTRACT

The objective of this program was a) to advance and optimize the Cr-Ti-Si
coating process for laboratory scale and pilot scale coating furnaces, t) to
determine the protective reliability of the Cr-Ti-St coating, and c) to investi-
gate the offov'+. of al-vst. tlreture-reduced pressure (air) exposure upon
the protective characteristics of the Cr-Ti-Si costing.

In a process optimization study the most protective Cr-Ti-Si coatings for
cyclic oxidation in air at 1800, 2500 and 2700OF were formed utilizing the
following process conditions. The Cr-Ti alloy layer was deposited in 8 hours at
2300OF in either a 5OCr-5OTi or a 60Cr-4OTi prealloyed powder pack. A system
pressure of 1.5 mmn was employed for the laboratory scale fernace and 10"- = for
the pilot scale furnace. Siliconizing for 6 hours at 21COCF at a system pressure
of 10" mm was considered optimum for both furnace sizes.

In a reproducibility and reliability study a statistical analysis was con-
ducted to determine the oridation protective reliability of the Cr-TI-Si coating
on 3-66 and D-43 alloys at 2000, 2500 and 27000F. A high degree of reliability
for the two Cr-Ti-Si coated alloys was established for 15Ch ours protective life
at 20000F, 28 to 32 hours protective life at 2500OF and 1 to 2 hours protective
life at 27000?. The protective reliability of the Cr-Ti-Si coating at either
2500 or 27000F was found to be strongly dependent upon coating composition.

An investigation to evaluate a completely vapor phase process for silicon
deposition was conducted employing a gas flow process. Coatings potentially
equal to those deposited in the vacuum pack process were formed by this techniqu.

Extensive testinF of the C--TI-Si coating at pressures as low as 10-2
and temperatures to 26000F was accomplished. The Cr-Ti-Si coating prevented
visible columbium oxide growth for low pressure exposures up to 4 hours in
duration. Post oxidation protective life at 1800 and 2500OF was unaffected by
low pressure exposure at pressures greater than 1 m. Exposure to pressures
less than 1 mm caused varying degrees of loss of one atmosphere oxidation
resistance at 1800 and 25000F.

The relationship of joint fabrication and costing process procedures was
investigated relative to cyclic oxidation life.

A detailed analysis of the work of the program and conollsions are presented.

This technical documentary report has been reviewed and is approved.

Chief, Physical Metallurgy Branch
Metals and Ceramics Division
AF Materials Laboratory
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1. INTRODUCTION

The advent of space exploration has introduced a tremendous challenge to both
design and materials engineers. The need for high temperature engineering materials
in the design and fabrication of flight structures, such as hypersonic aircraft and
re-entry glide vehicles, has been the major stimulus in the accelerated development
of refractory metals. Columbium base alloys are leading candidates in this category
of high temperature materials of construction. However, it is well recognized that
the inherently poor oxidation resistance of columbimu base materials, as well as allthe refractory metals, precludes their utilization in oxidizing environments without
surface protection. Independent coating development programs are being conducted by
many industrial organizations and several useful protective coating-coluabium alloy
systems have reached the advanced development stage.

In two previous programs at TRW, sponsored by Materials and Processes ASD under
Contracts AF 33(616)-7215 and AF 33(657)-7396, the Cr-Ti-Si vacuum pack coating process
for columbium materials was advanced from the laboratory stage to its current status
as a pilot scale process. The protective capabilities of the Cr-Ti-Si coating and the
Invel of process rep.'oducibility hW3 made possible the utilization of the Cr-Ti-Si
coating on components of space research vehicles such as ASSET. Cr-Ti-Si coated
columbium alloy fasteners, heat shield and leading edge structures will be evaluated
on several ASSET vehicles in various re-entry flight profiles.

The two previous coating development programs were successful in advancing and
scaling up the Cr-Ti-Si process, however, further efforts were required to optimize
the processing conditions for the various size coating furnaces and to assess the
protective reliability of the coatings produced. In order to pursue these objectives,
Air Force support of the Cr-Ti-Si coating process development was continued under
Contract AF 33(657)-7396 S2. This extension of previous efforts involved essentially
three phases: (I) coating process optimization for the various coating furnaces,
(II) coating protective reliability and (II) protection of joined configurations.
In Phase I the coating process variables were investigated in coating furnaces ofthree distinctly different sizes. This phase was extended to include an investiga-
tion of the effects of reduced pressure oxidation exposure upon the protective life
afforded by the Cr-Ti-Si coating. In Phase II a large number of columbium alloy
specimens, coated in two different size furnaces were evaluated to determine the
protective reliability of the Cr-Ti-Si coating. A limited number of joint designswere selected for an evaluation of the protective performance of the Cr-Ti-Si
coating on simple joint configurations. This program also included a limited
investigation of a completely vapor phase deposition technique, to the extent ofalloying silicon with the Cr-Ti layer in a system not requiring the use of vacuum.

Manuscript released by the authors April 1964 for publication as an
ASD Technical Documentary Report.



2. SUJIYR!

Previous advances in the Cr-Ti-Si coating process reduced time, temperature
and pressure requirements for formation of the Cr-Ti-Si coating. The next logical
step in process advancement was a determination of the optimum combination of
process parameters for a given size coating furnace and retort. The influence of
the various process parameters is discussed and correlated with protective charac-
teristics and an analysis of coating formation.

The optimum Cr-Ti pack compositions were determined as either 50Cr-50Ti or
6OCr-4OTi. Optimum system pressures changed for changes in retort sizes. For
the laboratory scale furnace (30 diameter x 8" high retort) 1.5 sm was preferred and
for the pilot scale furnace (7-1/2" diameter x 18" high retort) 10 microns (10-2 m)
was optimum.

Titanium precoatIng non-titanium bearing columblumalloys prior to application
of the Cr-Ti alloy coating had previously been found to be beneficial. An attempt
to incorporate the titanium precoat with the Cr-Ti application was generally
unsuccessful. A low temperature hold treatment prior to heating to the Cr-Ti
application temperature promised some benefit, particularly with respect to large
retort size., owing to reduction of thermal gradients within the retort.

An investigation to optimize silicon coating process parameters resulted
in establishing a set of parameters for application of coatings having useful
protective life over the temperature range 1800-2700 F. Silicon coating at
2100 F for 6 hours at a system pressure of 10-2 ma was considered optimum for
both 30 diameter x 8" high and 7-1/2" diameter x 18" high retorts.

A vapor phase technique for deposition of silicon was investigated by employ-
ing a gas flow process. The feasibility of this type of deposition process was
demonstrated.

An investigation of the effects of fabrication and coating sequence on the
protection of welded and riveted Joints was conducted.

The protective performance of the Cr-Ti-Si coating on 2940 D-43 and B-66
alloy specimens was investigated at 2000, 2500 and 2700OF and the relationship
of retort size, specimen retort position, Cr-Ti and silicon coating process
parameters and base alloy to coating thickness and protective life was determined.
A statistical analysis of the cyclic oxidation test data was conducted on 108)
specimens and a 98.5 t 0.% probability at a 99% confidence level was estaLlished
for a 150 hour protective life at 2000'F for the two alloys. At 25006OF for mean
life values of 67 to 83 hours (671) specimens) a 95 t 1% probability at a 99%
confidence level was indicated for a 28 to 32 hour protective life for D-43 and B-66
alloys, respectively. At 2700°F a 95 t 2% probability for a 2 hour life (mean life
7 hours) and 95 1 3.5% probability for a 1 hour life (mean life 4 hours) was
determined for D-43 and B-66 alloys, respectively. Protective life at 2500 and
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2700F was significantly affected by retort position with the top region of the retort
giving rise to generally poorer quality coatings. Coating composition appears to be
the determining factor for protective life of coatings within the 1.5-3.0 mile thick-
ness range,

A detailed investigation of the reduced pressure oxidation protective
characteristics of the Cr-Ti-Si coating was made at 2500 and 2600"F. Air pressures
above 1 mm did not significantly alter the protective characteristics of the coating;
lower pressures caused various degrees of coating degradation. However, in no case
was coating failure observed during reduced pressure testing for a maximum of 4
hours. Coating degradation at reduced pressures results from volatilization of
coating constituents and diffusion of atomic oxygen into the substrate.

3. MATERIALS

Three columbium alloy sheet materials were utilized for this program: (a)
D-14, (b) D-43 and (c) B-66 alloys. The chemical analysis of the sheet materials,
reported by the suppliers, and associated sheet thicknesses are listed in Table 1.
The D-14 alloy was used in the optimization studies and low pressure oxidation
staidios. The B-66 and D-43 alloys were used primarily for the reliability study.

Approximately 100 inch2 of 40 mil D-14 alloy (Heat No. 14-080) was transferred
from Contract No. AF 33(657)-7396 to the present Contract No. AF 33(657)-7396 S2.
An additional ten square feet of 40 mil D-14 alloy sheet was purchased from Du Pont
for the fabrication of coating pack retort3. Surplus material from this lot was
also utilized in the coating development work.

Four square feet of 30 mil B-66 alloy sheet was purchased from Westinghouse
Electric Corporation.

Approximately seven square feet of 30 mi] D-43 alloy sheet was transferred
to the coating development program from the Air Force sponsored columbium alloy
sheet rolling program at Du Pont, under Contract AF 33(600)-39942.

4. ADVANCEMET OF THE Cr-Ti-Si COATING TROCESS

The development stages of the Cr-Ti-Si coating process were discussed in
detail in two final summary reports on previous Air Force sponsored prograws(l,2).
The original work with this process involved placing the material to be coated in
a refractory metal can which contained an all metallic particle pack of the coating
elements. The pack was evacuated to a pressure of less than 0.1 micron (10-4 mm)
in a cold wall resistance heated vacuum furnace and subsequently heated to the
coating temperature. Cr-Ti-Si diffusion alloy coatings were formed on columbium
substrates by a vapor-solid interface reaction which was dependent on both the
diffusion rates of the coating elements in the columbium substrates and on the
characteristic vapor pressures of the metallic coating elements. Cr-Ti alloy
coatings were formed in a first ETycle of 16-24 hours at 2350"F. Silicon was alloyed
with the Cr-Ti coating in a second cycle of 8-16 hours et 2100-22000F. The detrimen-
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tal effect of these process conditions on the mechanical proierties of temperature
sensitive columbium alloys, as well as the poor scale up potential of a high vacuum
process, directed further development efforts toward a reduction in processing
requirements.

Halide activators were added to the metallic coating packs which substantially
increased the rate of formation of Cr-Ti-Si coatings on columbium base metals.
Small quantities of halide salts such as potassium fluoride .nd sodium fluoride
reduced the processing requirements for the Cr-Ti coating cycle to 8 hours at 2200-
2300°F and for the silicon coating cycle to 2-4 hours at 2000-2050"F. A similar
reduction in the process vacuum requirement was also brought about by the activator
addition, permitting the coatings to be applied at furnace pressures of 1o5-150 mm
in comparison to the previous requirement of less than 10-4 mm. Coincident with
these less demanding processing requirements of the activated pack process was a
tremendous improvement in the protective properties of the Cr-Ti-Si alloy coating.
Average oxidation protective lives for the coating were elevated from a few hours
to several hundred hours at temperatures up to 23000F, in excess of 100 hours at
2500°F and for useful periods of time at temperatures up to 3OOO@Fo

The emphasis during the second development program was directed toward both
determining minimum processing requirements along with establishing the feasibility
of process scale up, This program was successful in providing further insight into
the factors which inflnence the performance of the Cr-Ti-Si coating and also in
establishing certain limitatiorts.on the flexibility of the coating process.

The program just comploted was intended to further develop techniques for
application of the Cr-Ti-Si coating with primary emphasis being placed on:
(a) optimizing processing conditions in existing scaled up coating furnaces and
(b) statistically analysing protective reliability. In addition, a detailed
analysis of the protective characteristics of the Cr-Ti-Si coating under high
temperature-reduced pressure (air) environments was conducted. A limited effort
was directed toward demonstrating the feasibility of forming the Cr-Ti-Si coating
on columblum alloys by a gas f1½w process,

5o PHASE I - COATING FROCFMS OPTIMIZATION STIDY

Since the elimination of the high vacuum requirement of the Cr-Ti-Si
coating process, three reduced pressure versions of the coating process have
been investigated:

(a) continuous mechanical pump evacuation of the furnace -
10-2 =n of Hg

(b) initial mechanical pump evacuation followed by sealing off the
furnace front the vacuum system producing an operating pressure
of approximately 1.0-1.5 mm of Hg

(c) initial mechanical pump evacuation followed by sealing off and
back filling the furnace with argon - 150 iu of Hg

5
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Furnace operating pressure (relative evacuation rate) has been found to strongly
interact with other process variables such as pack composition, quantity of pack
activator and type of activator. Utilizing the results of previous coating
development programs, the objective of Phase I was then to optimize the principal
variables in the coating process.

Three furnace sizes were employed in tLis work, two of which represent present
levels of process scale up:

(a) laboratory scale furnace - 3" diameter x 8' high retort induction
heated

(b) pilot scale furnace - 7-1/22 diameter x 18' high retort -
induction heated

(c) bell furnace - 8w x 24" x 240 retort - resistance element
heated

Thi major effort in the process optimization study was devoted to coating in the
two induction heated furnaces, with only a limited coating investigation conducted
in the larger resistance element heated bell furnace. The initial studies were
carried out in the laboratory scale retort, and the optimized processing cornditions
for this size furnace were subsequently employed as base line parameters fc- coating
in the pilot scale furnace. Correlation of the processing conditions for the two
variations of furnace size then provided relative vaeiable relationships which could
be extrapolated to a larger coating furnace. This study also provided infor.nation
necessary for selection of the coatings which were evaluated in Phase II of the
program, i.e., the coating reliability study.

5.1 Coating Studies in the Laboratory Scale Furnace

The majority of the basic Cr-Ti-Si coating development effort in previous
programs was performed in the laboratory scale ineiuction heated furnace utilizing
a pack container approximately 2" diameter - 4" high. The maximum retort size
this furnace will accommodate is 3" diameter x 8" high. The following discussion
presents the results of Cr-Ti-Si coating stuaies in this larger container, aimed
at optimizing the coating process variables for this partie-nlar furnace.

5.1.1 Cr-Ti Coating Cycle

Four Cr-Ti alloy pack compositions were investigated: 50C¢-5oTi, 60Cr-4fTi,
65Cr-35Ti and 70Cr-3DTi. The pack material consisted of -8+30 metallic particles
of prealloyed chromium and titanium. Based on previous results, a processing _ycle
of 8 hours at 2300OF and an activator pack addition of 0.5 w/o KF were selected for
all coatiilg runs in this series. D-1 4 col'ubium alloy coupons (0.1'40" x 1/2" x 1/12')
were coated in each of the four pack comositions, employing the three previously
discussed operating pressure levels: 10- , l.ý and 150 -m. Specimens from each
run were examined metallographically, and eight additional specimens from ebch pro-
cess ccobination were siliconized for cyclic oxidation evaluation at 180 and 2500eF.
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The silicon coating cycle involved 4 hours at 2050 F, using 1.0 w/o KF and a pressure
of 10-2 mm. Cyclic oxidation consisted of cooling the specimens to room temperature
once each hour for 8 hours, followed by 16 hours of static exposure in each 24 hour
period. This procedure was followed in all one atmosphare cyclic oxidation studies
in this program. The criteria for failure was visual observation of a rupture in
the coating and the protrusion of columbium oxide.

Table 2 presents both the metallographic and oxidation data from the full
factorial analysis of the twelve variable cooLinations, Photomicrographs of the
Cr-Ti alloy coatings produced in these runs ere shown in Figures 1, 2 and 3.
A study of these microstructures will aid in the interpretation of the metallographio
measurements listed in Table 2. As shown in the 3ketch at the bottom of Table 2
the coating overlay consists of the chromiun rich alloy layer formed on the substrate
surface. The measured depth of coating el3ment diffusion corresponds to the metallo-
graphically observed titanium enriched region directly beneath the Cr-Ti alloy
overlay. The chromium rich interretallic phase observed in prior substrate grain
boundaries and dispersed in the diffusion zone has been identified as having a
FCC MgCu 2 type structure(3), with a lattice parameter corresponding closely to
CbCr 2 and TiCr . It has also been found that the diffusion of titanium into the
columbium subslrate further erhances the diffusion rate of chromium in this region.
This phenomenon is associated with the lowering of the alloy melting point by the
dissolution of titanium and a corresponding decrease in the activation energy
requirement for chromium diffusion.

The metallographic measurements are plotted in Figures 4 and 5 showing
graphically the influence of coating pack composition and furnace pressure on the
Cr-Ti coating microstructure. For a constant pack composition, as the operating
pressure increases the depth of coating element diffusion also increases, whereas
the average overlay thickness is a maximum for the 1.5 mm intermediate coating
pressure. For a constant operating pressure, as shown in Figure 5, as the chromium
content of the pack increases the coating overlay thickness also increases and the
depth of diffusion correspondingly decreases. It is apparent from these data that
the halide activator reacts preferentially with the titanium constituent in the
pack alloy, whereas the chromium cnntribution to the coating occurs bX both halide
activation and by metallic vaporization. At the lowest pressre (10-4 nn the
furnace is continuously evacuated (mecha,.ical pump) throughout the coatirn cycle
and the residence time of the activated species in the coating pack is a minimum.
Cr-Ti coatings formed at this pressure display the least depth of titanium diffusion.
In the blanked off system (1.5 mm) the residence time of the halide activated species
in the pack is significantly increased, whereas the furnace pressure is still low
enough to permit vaporization of appreciable chromium. The :es-uit is a greater
depth of titanium diffusion, a slightly thicker overlay and considerably more inward
diffusion of chromium, owing to titanium enrichment of the substrate. Backfilling
the furnace with argon (150 m) then reduced the pressure differential in the
furnace which was produced by the thermal gradient, thereby further increasing the
residence time of the activator in the pack. A considerable portion cf the evac-
uated furnace chamber is water cooled, which creates an effective internal vacuum
system by the condensation of vapors evolved from the hot portion of the furn3ce

7
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Increasing the overall system? pressure apparently reduced the chromium-halide
reaction kinetics and suppressed the vaporization of metallic Ichromium. Tre
resulting Cr-f!i alloy coatings consisted of essentially a titanium enriched
surfacc layer with only localized chromium deposits associated with intimate
contact between the columbium surface and the pack particles. Only in the
70Cr-3OTi alloy pack was there formed a continuous Cr-Ti alloy overlay. The
combination of 5OCr-5OTi and 150 = pressure was not run after observing the
metallographic results from the 6OCr-4OTi alloy pack.

The reason for the anomalously thin overlay and diffusion depth of coatings
formed in the 65Cr-35Ti pack composition is not clear, It may, however, be
associated with the relative activities of chromium and titanium constituents in
this alloy; since 65Cr-35Ti is approximately the compositiou of the stable inter-
metallic compound TiCr2.

The utility of the metallographic observations is only realized by their
comparison with the cyclic oxidation results after siliconizing. These data are
also shown in Table 2. For cyclic oxidation in air at 1800 and 2500*F, the most
protective Cr-Ti-Si coatings were produced by formation of the Cr-Ti alloy coating
in either a 5OCr-5OTi or 6OCr-4OTi alloy pack at a furnace pressure of 1.5 mm It
is observed from a comparison of the oxidation data with the coating microstructures
that the depth of titanium diffusion and the corresponding diffusionf chromium into
the columbium substrate play an essential role in the 1800"F protective life of the
coatings. Three basic characteristics of the Cr-Ti alloy coatings are evident in
all reliably protective Cr-Ti-Si coatings: (1) a distinct titanium enriched
diffusion zone of 0.5-1.0 mil thickness, (2) sufficient chromium diffusion into this
titanium enriched region to form the chromium rich intermetallic phase as a continu-
ous interface layer between the overlay and the substrate, (3) a continuous 0.3-0.5
nil Cr-Ti overlay coating, diffusion alloyed with the columbium substrate. The
two processing combinations mentioned above were successful in forming Cr-Ti
diffusion alloy layers displaying these microstructures.

The key role played by the diffusion of titanium into the columbium substrate
is by no means a recent observation. Titanium precoating has been used effectively
in the past, particularly with non-titanium bearing columbium alloys, to produce
more reliably protective Cr-Ti-Si coatings. However, precoating requires a third
processing cycle and is for this reason undesirable. Formation of the Cr-Ti alloy
coatings in the blanked-off system, on the other handr has produced coatings with
adequate titanium diffusion. This technique, however, has the lone disadvantage of
poor control over vacuum leaks and outgassing in the system. Thus it would oe
desirable to perform the coating operation in a continuously mechanical pump
eracusted system, if coatings of comparable protective properties could be obtained.

A technique was investigated to attempt incorporating the titanium precoat cycle
into the normal Cr-Ti processing cycle. This involved blanking-off the furnace from
the vacuum system for short periods of time (2-4 hours) at intermediate temperatures,
during the heat up portion of the Cr-Ti processing cycle. It wai considered that
retaining the activated titanium species in the blanked-off pack might effect a
titanium precoat. At the conclusion of the isothermal hold (1.9 n) the furnace was
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evacuated and the cycle continued at 10-2 m pressure.

The metallographic and oxidation results from these runs are shown in Table 3.
Data are presented for coatings formed in both 5OCr-5OTi and 6OCr-4OTi alloy pack
compositions and comparative data are shown for coatings formed without the isothermal
hold. No improvement in oxidation properties was obtained by employing this technique
with the 6OCr-4OTi alloy pack. Improvement was produced in the 1800°F protective
life of coatings formed in the 5OCr-5OTi alloy pack; and there was also some
improvement indicated in the 2500OF protective life as a result of holding the pack
4 hours at 2000"F. Although the overall improvement in protective life as a result
of the isothermal hold was not great, there are some indications of a titanium
precoat effect. This technique was thus investigated on a very limited basis in
the larger resistance element !'eated bell furnace.

Several miscellaneous Cr-Ti coating runs were made to survey other possible
factors associated with process optimization. One frequent area of concern is the
questionable influence of activator carry over during a series of runs with the
same pack materials•, This situation was ii vestigated utilizing a 50Cr-5OTi alloy
pack and two furnace pressures, 10-2 and 1.') mm. A series of three runs were made
at each pressure in which the activator addition was omitted from a previously used
pack for two consecutive -runs, and then increased by a factor of four (2.0 w/o KF)
over that normally added to the pack (0.5 w/o KF) in a third run. The metallographic
measurements on these rpecimens and cyclic oxidation results after siliconizing are
shown in Table 4. Photomicrographs of representative microstructurej are shown in
Figures 6 and 7.

Absence of the pack activator markedly reduced the titanium enriched diffusion
zone thickness, particularly on coatings foriw-d in the second consecutive run
without activator addition. However., activ tor omission had little influence on the
overlay coating thickness. Increasing the quantity of activator to four times the
normal addition correspondingly increased the concentration of both titanium and
cixomium in the substrate diffusion zone, wihereas, the overlay thickness was again
virtually unaffected. These data further substantiate the previous observation
that the activator reacts primarily with the titanium component of the pack alloy,
whereas chromium is supplied to the coating by toth reaction with the halide and by
metallic vaporization. Conclusive evidence of the need for titanium enrichment of
the substrate surface is indicated by the poor 1800"F protective life of coatings
formed in non-activated packs. It is desirable to minimize the quantity of activator
added to khe coating pack. However, the excellent protective lives exhibited by
coatings formed using four times the normal activator quantity, indicate there is
a need for further optimization of this particular processing variable.

5.1.2 Silicon Coating Cycle

Previous coating development studies have shown that the four principal
variables associated with the silicon coating cyci3 are: (a) time, (b) temperature,
kc) furnace pressure and (d) quantity of pack activator. The series of silicon
coating runs discussed in this section involved an investigation of the following
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levels of each of these variables:

(a) temperature - 1900, 2000 and 2100 F

(b) time - 3 and 6 hours

(c) furnace pressure - 10-2, 1.5 and 150 mm

(d) pack activator - 0.5 and 1.0 w/o KF

A one-third sample of the full factorial analysis (36 runs) was conducted,
with the levels of the four variatles completely randomized throughout a sequence
of twelve runs. Table 5 shows a Tayout of the Random Balance experiment. A
large number of D-14 alloy coupons were Cr-Ti coated for this study, utilizing the
best processing conditions derived from the investigation discussed in the previous
section. These coating parameters were: (a) 8 hours at 2300"F, (b) a 5OCr-5OTi
alloy pack, (c) 0.5 w/o KF and (d) a furnace pressure of 1.5 m (blanked-off).
Specimens coated in each run of the Random Balance series were then evaluated by
metallographic examination and by cyclic oxidation at 1800 and 2500OF. The results
of these are given in Table 6.

A comparison should be made of the metallographic measurements with the photo-
micrographs of these coatings shown in Figures 8 through 10. The sketch shown
in Section 5.1.1 also applies to the coating which results after the silicon coating
cycle. In this case the overlay consists of a Cr-Ti-Si alloy layer formed by alloying
the Cr-Ti overlay layer with Si. The apparent interface between the overlay and the
diffusion zone advances inward during the silicon cycle, thus consuming a portion of
the chromiur, rich intermetallic and the titanium enriched diffusion zone. The
Cr-Ti-Si alloy overlay measurement pertains to the distance from the surface to the
sharp interface at the substrate diffusion zone. The diffusion zone measurement is
actually that of the retained titanium enriched substrate layer (including the
precipitated intermetallic phase) which was not alloyed with the diffusing silicon.
In Figure 11 are two photomicrographs which depict the diffusion alloying of the
Cr-Ti alloy coating with silicon at a processing pressure of 10-2 -m. With the
aid of oblique lighting and the hardness differential associated with localized
variations in coating composition, a silhouette of the prior Cr-Ti alloy coating
and precipitated intermetallic phase can be observed behind the advancing silicon
diffusion front. As the coating pressure increased silicon is observed to have
diffused completely through the titanium enriched substrate layer. At the higher
system pressures (blanked-off furnace) where the residence time of the activated
species in the pack was increased, the rate of formation of the Cr-Ti-Si coating
was also increased. Correspondingly, there was a decrease in the thickness of the
retained substrate diffusion layer.

Figure 12 is a scatter diagram showing graphically the variation in coating
thickness and diffusion zone thickness for the various levels of each process
variable. Based on the median differentials which are noted on the diagram, Cr-Ti-Si
coating thickness was influenced • all four process variables, with system pressure

20



TABLE 5

Randomized Sequence of Silicon Processing Variables

Run w/o Pressure Temperature Tim
No. KF m_ "F Hours

1 1.0 1.5 1900 3
2 1.0 150 2000 3
3 0.5 150 1900 3
4 C.5 I0-2 2100 6
5 0.5 150 1900 6
6 1.0 150 2100 6
7 1.0 1.5 2100 3
8 1.0 10- 2  2100 6
9 0.5 10-2 1900 3

10 1.0 1Q- 2  2000 6
11 0.5 1.5 2000 6
12 0.5 1.5 2000 3
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being the most significant factcr.-In the case of retained diffuuion zone, only
system pressure appears to have nad any real effect. The median differentials for
the variation in diffusion zone thickness are significant with regard to furnace
p-essure, whereas these differentidls are negligible when related to the other three
variables. The apparent influence of system pressure is related to the residence
time of the vapor phase in the retort. Increased pressure (decreased evacuation
rate) increases residence time and thus deposition rate. The amount of activator
used and the pressure maintained effects the concentration of the elements in the
vapor phase. Time and temperature primarily control diffusion rate and to a certain
degree, vapor phase composition. Again, however, residence time is apparently the
significant factor, within the range of variables investigated.

The metallographic measurements are again useful in so far as they aid in
interpreting the cyclic oxidation data. The cyclic oxidation protective lives,
listed in Table 6, are plotted in scatter diagrams in Fipre 13. Very small
median differentials are noted for all variation in 2500 F oxidation protective
life. Within the range of levels studied for the four variables, none of these
variables significantly influenced the 2500"F protective life of the Cr-Ti-Si
coatings. One exception is the 4.5-5.0 mil thick coating applied at 2100*F in
6 hours at 150 mm pressure. Splitting of the coating at the specimen edges
accounts for the poor protective life of this coating.

For oxidation protection at 1800°F, however, a very pronounced influence of
the system coating pressure is obvious from the scatter diagram. The significance
of this variablu is apparent from observing a correlation between the metallographic
measurements and the oxidation protective lives, plotted in Figure 14. As the Cr-Ti-
Si coating thickness increased the thickness of the titanium enriched substrate
layer decreased and correspondingly the protective capabilities of the Cr-Ti-Si
coating at 1800*F also decreased. Increasing the residence time ol the activated
species in the silicon coating pack substantially increased the rate of formation
of the Cr-Ti-Si coating, however, at the expense of the titanium enriched substrate
diffusion zone. Failure of these coatings at low temperature is analogous to the
"pest* problem characteristics of silicide coatings, where there is no intermediate
protective layer between the silicIde and the unaffected substrate. The key factor
for low temperature protection is the retention of a titanium enriched subst.-ate
layer and associated chromium rich intermetallic phase after alloying with silicon.
Under the conditions of this series of runs, increasing the Cr-Ti-Si coating thick-
ness necessarily decreased the retained diffusion zone. For oxidation protection
at 25000F, this plot indicates generally a slight increase in protective life with
increase in coating thickness, and less dependence of the high temperature life on
the diffusion zone characteristics.

An investigation of the effect of additional adjustments in temperature,
coating time, and activator quantity was conducted in an effort to further optimize
the processing parameters investigated in the random belance analyses. Temperature
was increased to 2200F (maximum feasible sin-,e higher temperatures cause excessive
pack sintering), activator quantity was increased to 3.0 w/o KF, and time was
increased to 9 hours. Not all possible combinations of these variables were investi-
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tar comparative purposes the Cr-Ti alloy layer was formed on these specimens
by utilizing the process parameters previously employed in the random balance
analysis.

In general, the test results further substantiated the findings of the random
balance analysis. Increased silicide layer thickness decreased the retained
intermetallic and diffusion zone thickness and accordingly the low temperature pro-
tective life was decreased. The protective life at 2500"F increased with increasing
coating thickness. Note that with furnace operating pressure held conxtAnt at
10-2 mm, the greatest influence on coating thickness was derived from the processing
temperature.

Some of the inconsistent test results for 1800F oxidation protective life
could have originated in the Cr-Ti coating cycle. In some instances particles of
the 5OCr-5OTi alloy pack adhered to the columbitum alloy coupons. Even though
extreme care was exercised in removing these particles, minute coating damage may
have resulted causing decreased protective life. This problem can be alleviated
through the substitution of the 6Oer-40TTi alloy pack for deposition of the Cr-Ti
alloy layer, since little if any particle sintering to the coupons is ever en-
countered with this pack composition.

The optimum set of process parameters for the silicon coating cycle in the

3" diameter x 8" high retort, based oa the study just completed are:

a. temperature - 2100 F

b. time - 6 hours

c. activator - 1.0 w/o KF

d. system pressure - 10-2 m

Figure 15 is a photomicrograph of the Cr-Ti-Si coating pi duced utilizing
the above conditions.

5.2 J oatinp Studies in the Pilot Scale Furnace

A pilot scale induction heated coating furnace, similar to that used extensively
in the Cr-Ti-Si coating of aervapaoe hardware components, was constructed for
utilization in this phase of the program. Although a great deal of coating experience
had been gained in this size furnace, no extensive effort had been made to optimize
the coating process conditions. The cylindrical furnace retort, fabricated from
/40 mil D-14 columbium alloy sheet, is 7-1/21 diameter x 18 high. This represents
a volume increase of sixteen times and an increase in heat transfer distance (edge
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Cr-Ti-Si Coated D-14 Alloy

Figure 15 Cr-Ti-Si Alloy Coating Formed in Laboratory Scale Furnace -

Silicon Cycle - 6 Hours at 2100*F - 10-2 M
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of pack to center) of 2-1/2 times over that of the laboratory scale furnace. The
retort to furnace volume ratios for the two systems are approximately equivalent.
Both systems are induction heated and are virtually identical in design.

5.2.1 Cr-Ti Coating Cycle

Information acquired regarding the Cr-Ti alloy coating cycle in the laboratory
scale furnace was utilized for the selection of process parameters to be investi-
gated for deposition of the Cr-Ti alloy layer in the pilot scale furnace. Six
coating runs were used to investigate the variables: (a) pack composition, (b)
system pressure and (c) activator quantity. Pack compositions were limited to
5OCr-5OTi and 6OCr-4OTi based on the results obtained in tbe smaller furnace.
System pressures of 10-2 and 15 me and activator quantities of 0.15 and 0.30 w/o
KF constituted the other variables. The two levels of pack activator (0.3 and
0.15 w/o KF) we.-e somewhat lower than that used in the laboratory scale retort
(0.5 w/o KF). Selection of these activator quantities for the initial runs in this
furnace was dictated primarily by the results of previous experience in the other
pilot scale furnace. In all cases the activator was mixed throughout the metallic
coating pack.

Coupons of both D-14 and D-43 alloys were placed in six locations throughout
the retort to investigate differences in coating morphology associated with possible
temperature gradients within the pack. Coating cycle duration and temperatures
were kept constant at 8 hours and 2300F, respectively. The metallographic data
pertaining to the 50Cr-59Ti alloy pack composition are tabulated in Table 8 and
the data pertaining to the 6OCr-4OTi alloy pack composition in Table 9, A sketch
-howing the various retort positions is included with the tables.

A summary of the average metellographically measured coating thickness
associated with the six coating runs is given in Table 10. These values obviously
do not reflect differences in coating thickness obtained in a single run which
are associated with retort position or substrate material. However, a general
statement whlch applies to all six coating runs can be made as follows: 1) an
increase in Cr-Ti alloy overlay thickness was obtained from center to edge at a
given retort posiLin, 2) Cr-Ti alloy overlay thickness increased from retort
top to bottom, and 3) the Cr-Ti coating overlay produced on D-14 alloy was
significantly thinner than that produced on D-43 alloy (the reverse was true of
the titanium enriched diffusion zone).

The Cr-Ti overlay layer formed using a 5OCr-5OTi alloy pack was in all cases
thinner than coatings formed from a 6OCr-4OTi alloy pack, process parameters being
equal. In fact, the heaviest overlay formed from a 50Cr-5OTi pack was thinner than
the thinnest overlay formed from a 60Cr-4OTi alloy pack. The opposite trend was
obs6rved in the thickness of the titanium enriched diffusion zone. Obviously,
this change in the morphology of the Cr-Ti alloy coatings is directly associated
with the relative amounts of the two pack constituents in the vapor phase surround-
ing the columbium alloy coupons. Increasing the titanium content of the pack
constituents increases the vapor phase titanium content. This effect is no doubt
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TABLE 8

Metallographic Data for Cr-TI Alloy Coatings
Formed on D-14 and D-43 Alloys in the Pilot Scale Furnace

Cr-Ti Alloy Coating Measuremqnw
for Various Pack Locations 2)

Processing Pack Center Pack FEge
Conditions(i) Overlay Diffusion Overlay Diifusion

Pressure w/o Vertical Thickness Zone Depth Thickness Zone Depth
mm KF Alloy Position MIls Mils Mile Mile

10-2 0.30 D-14 Top 0.1-0.3 1.0-1.2 0.1-0.3 1.5-1.7
Middle 0.2-0.4 1.0-1.3 0.2-0.4 1.6-2.2
"Bottom 0.2-0.4 1.5-1.7 0.2-0.4 2.0-2.5

10-2 0.30 D-43 Top 0.15 0.3-0.5 0.1-0.2 0.1-0.3
" Middle 0.4 1.0 0.4 1.5-1.8
X U N Bottom 0.4-0.6 1.1-1.3 0.4-0.6 1.7-2.0

1.5 0.30 D-14 Tor 0.1-0. 1.3-1.5 0-0.1 1.8-2.2
"Middle 0.2-0.3 1.4-1.6 0.1-0.3 1,8-2.0
"Bottom 0-0.2 1.6-2.0 0-0.2 2.4-2,1

1.5 '.30 D-43 Top 0.15 0.3-0.5 0.1-0.2 0.1-0.3
Middle 0.4 1.0 0.4 1.5-1.8
"Bottom 0.4-0.6 1.1-1.3 0.4-0.6 1.7-2.0

1.5 0.15 D-14 Top 0.1-0.2 1.3-1.5 0-0.1 1.8-2.2
"Middle t.2-0.3 1.4-1.6 0.1-0.3 1.8-2.0
"Bottom 0-0.2 1.6-2.0 0-0.2 2.4-2.7

1.5 0.15 D-43 Top 0.1 -. 2 0.5-0.6 0.2-U.4 1.0-1.2
"Middle 0,3-0.5 0.8-1.0 0.4-0.6 1.0-1.2

"Bottom 0.4-0.5 1.0-1.2 0.4-0.5 1.5-2.0

(1) All coatings applied using 50Cr-5OTi pack at 2300"? for 8 homur

(4 Specximen location in pack: T x x
Top -- x xl

/ e -iter

Ed go Middle x x

x x

Bottom x x7. 5" ý %.. ,

Top View of Retort Side View of Retort
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TABLE 9

Metallographic Data Ah om Cr-TI Alloy Coatings Formed
on D-14 and D-43 AUoy 3 in the ly Scale Finace

Cr-Ti-Alloy Coating Measurements
for Various Pack Locations(2)

Processin" Pack Center Pack Edoe
Conditionskl) Alloy Vertical Overlay Diffusion Overlay Diffusion

Pressure w/o KF Position Thickness Zone Depth Thickness Zone Depth
_ .. ..... Mile Mile Mile Mile

10-2 0.30 D-14 Top 0.2-0.3 0.6 0.2-0.4 0.8
"Middle 0.4-0.5 0.6-0.8 0.3-0.5 1.0-1.2

""" "Bottom 0.5-0.7 1.0-1.2 0.4-0.7 1.0-1.4
102 0.30 D-43 Top 0.1-0.3 0.3 0.3-0.4 0.5

"Middle 0.5-0.6 0.5 0.5-0.7 0.8-1.0
"Bottom 0.7-0.8 0.8 0.7-0.9 1.0-1.2

1.5 0.30 D-14 Top 0.1-0.3 0.8-1.0 0.1-.0.3 0.8-1.0
"i" Middle 0.4-01.6 0.8-1.2 0.4-0.7 1.2-1.5

""i Bottom 0.4-0.7 1.0-1.4 0.4-0.7 1.6-1.8

1.5 0.30 D-43 Top 0.2-0.3 0.4-0.5 0.2-0.4 0.5-0.6
"Middle 0.7-0.8 0.6-0.8 0.7-0.8 0.8-1.0
"Bottom 0.9-1.0 0.8-1.0 0.8-1.0 1.0-1.1

1.5 0.15 D-14 Top 0.1-0.3 0.8-1.0 0.1-0.4 0.8-1.0
"Middle 0.4-0.6 1.0-1.2 0.4-0.7 1.2-1.4
"Bottom C.5-0.8 1.0-1.3 0.4-0.9 1o8-2.0

1.5 0.15 D-43 Top 0.3-0.4 (),3-0.4 0.2-0.4 r.5-n.6
"Middle 0.5-0.8 0.5-0.6 0.6-0.8 0.8-1.2
Bottom 0.Q-1.C 0.8-1.0 0.9-1.0 1.0-1.2

(1) All Coatings applied using 6OCr-4OTi .. ck at 2300DF for 8 hours
(2) Specimen location in pack:

Top x x

Center

Edge 18.0"

Middle x

-BottoW x x
Top View of Retort .. .

Side View of Retort
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wagnified, in relation to the change in pack composition, due to the higher vapor
pressure of the titanium halides as compared to the chromium halides. This same
result is also achieved by an increase in the system pressure. Vaporization of
the more volatile titanium compounds suppresses vaporization of the chromium
compounds. This, combined with the increased residence time of the vapor phase
constituents which results from use of a higher pressure, produces an increase
in the depth of titanium and chromium diffusion and a corresponding reduction
in the Cr-Ti overlay thickness. This effect has been thoroughly investigated
in previous development efforts. Observed changes in Cr-Ti coating morphology
resulting from pack composition variation in the pilot scale furnace are comparable
to changes observed in the laboratory scale furnace.

The decreased depth of titanium diffusion obtained with the D-43 alloy
substrate is undoubtedly associated with the higher melting point of D-43 alloy.
As the titanium content of columbium alloys is increased, both the rate of
diffusion and solid solubility of chromium is increased. The rate of diffusion
of titanium into D-14 alloy is greater than that into the higher melting D-43
alloy. Thus, a good deal of chromium is taken into solution during Cr-Ti coating
D-14 alloy and a thin overlay layer results. The D-43 alloy, being titanium poor
in comparison with D-14, builds up a heavier chromium rich overlay layer.

The coatings formed from a 50Cr-5OTi alloy pack exhibited an extremely non-
uniform overlay layer thickness as compared to coatings deposited from a 6OCr-4OTi
alloy pack. This probably results from localized differences in diffusion rates
caused by compositional variations within the diffusion zone.

Cyclic oxidation tests at 1800, 2500 and 2700 F were used to comparatively
evaluate the Cr-Ti coatings formed in the pilot scale furnace. All specimens
were siliconized in 4 hours at 2050*F using 0.30 w/o KF activation and a system
pressure of 10-2 mm. In order to avoid the additional variable of location of
the coupons in the silicon pack, all specimens were placed near the center of the
retort during the silicon cycle.

The oxidation protective life data obtained at these test temperatures is
presented in Table U. These data are also summarized and presented as average
values in Table 10 for comparison with the metallographic data.

The most significant result of the cyclic oxidation tests at 1800"F was the
occurrence of several premature failures associated with coatings produced from
a 5OCr-5OTi alloy pack. All failures which occurred in less than 200 hours at
180O07 involved D-14 alloy. Of nine such failures, out of 144 specimens tested,
all but one were associated with the 50Cr-5OTi pack composition. Failures of
this type are felt to be associated with regions of high titAnium concentration
(produced by particle sticking) in which no chromium rich overlay layer was
produced in the Cr-Ti cycle due to high localized chromium diffusion inward.
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Cyclic oxidation protective life at 2500*F for Cr-Ti coatings produced
a given set of parameters appeared to be directly associated with the thickness
of the chromium rich overlay layer formed during the Cr-Ti coating cycle.
Greater life was obtained from specimens Cr-Ti coated in the lower regions of the
retort. At a given retort level, the coupons placed near the retort wall evidenced
greater protective life (increasing coating overlay thickness followed the same
pattern). The variation in the 2500"F oxidation protective life associated with
the different sets of processing parameters also appears to be related to the
thickness of the coatings produced. However, in this instance, it is the thickness
ratio or the actual thickness of both the retained titanium enriched diffusion
zone and the Cr-Ti-Si alloy overlay (after siliconizing) which controls the life
at higher temperatures. Obviously, the thickness of the diffusion zone and the
chromium rich overlay produced during the Cr-Ti coating cycle influence the
morphology and composition of the Cr-Ti-Si coating. Thus, it appears that the
observed requirements for the Cr-Ti coating to provide both low and high tempera-
ture protection, discussed for the laboratory scale furnace also apply to the pilot
scale furnace. In this furnace, however, these requirements are best achieved
utilizing a 60Cr-4OTi pack, coating for 8 hours at 2300WF under a system pressure
of 10-2 mm (continuous mechanical pump evacuation) with 0.30 w/o K? activation.
The Cr-Ti coating formed under these process conditions is shown in Figure 16 for
comparison with the Cr-Ti coatings formed in the smaller furnace.

Protective life at 2700 F appears to be associated with both the thickness
of the chromium rich overlay layer and the titanium rich diffusion zone formed
in the Cr-Ti coating cycle. Both an adequate chromium rich overlay layrer and a
reasonably thick diffusion zone are required for adequate life at 2700 F. However,
the mechanism of failure at 2700"F suggests that the melting point of the various
layers of the Cr-Ti-Si coating may control the protective life at this temperature.
Figure 17 show. the structure of a coated specimen after 6 hours exposure at 2700 F.
The presence of the eutectic phase between the Cr-Ti-Si overlay and the titanium
enriched diffusion zone supplies proof that a liquid phase developed with time
during exposure at 2700WF. It is felt that vaporization of chromium during expo-
sure at 2700' F produced a decrease in the melting point of the chromium depleted
region and was responsible for the formation of the molten phase. A low melting
eutectic of titanium and silicon (melting point approximately 2450 F) occurs at
a composition containing 8.5 w/o silicon. Apparently, this composition was
reached at some point in the exposure cycle and ultimately caused failure. Thus,
the protective life at this temperature is as much a result of coating composition
as it is a result of coating thickness. Adjustments in the composition of the
Cr-Ti-Si coating, aimed at higher chromium contents, may effect greater life at
temperatures on the order of 2700"F with some sacrifice of low temperature pro-
tective capability.

5.2.2 Silicon Coatina Cycle

The silicon coating cycle was investigated in the pilot scale furnace in
much the same manner as in the case of the laboratory scale furnace. Prior
coating experience with this size furnace tentatively established acceptable
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Cr-Ti Coated D-14 Alloy

Figure 16 Cr-Ti Alloy Coating Formed in Pilot Scale Furnace -

60Cr-4TCI Alloy Pack - 8 Hours at 23O(*F - 10-2 mm 25CX
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Specimen R3ge

Specimen Surface

Figure 17 Cr-Ti-Si Coated 7-14. Alloy Expcsed at Z7(YV7' (Cnc At.-osvhere)
Showing Eu*tect~lc Forrnaýý7n. 1 OcX
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silicon coating parameters as 4 hours at 2050"F with 0.30 w/o K? activation and a
pressure of 10-2 mm. Based on these parameters and the results of studies con°-
ducted in the 3 inch diameter retort, the following silicon coating variables were
investigated:

a) temperature - 1900-2150 F

b) heat-up rate - (use of intermediate hold at low temperature)

c) time - 4 and 8 hours

d) furnace pressure - 10-2 %nd 1.5 m

e) quantity and type of activator (0.30 to 0.60 w/o using both
KF and NaF)

As in the optimization study for the Cr-Ti coating cycle in the 7-1/2 inch
retort, six pack positions were investigated. Thr-e Cr-Ti coated columbium alloy
substrate materials were evaluated: B-66, D-43 and D-14. All specimens in the
initial phase of this study were Cr-Ti coated in a single coating run using a
50Cr-5OTi alloy pack, 8 hours coating time at 2300"F under 10-2 m- pressure. A
comparison was then conducted as to the effect of an -djustment in Cr-Ti coating
parameters utilizing a 60Cr-40Ti. alloy pack. Evaluation of the Cr-Ti-Si coatings
produced in this study involved both metallographic examination and cyclic oxidation
tests at 180, 2500 and 2700CF. Table 12 lists the metallographic results regarding
coating thickness, Table 13 is a tabulation of the oxidation test results; and
Table 14 is a sumary of the average values of these test results.

The three alloys selected for use in this study were not distributed equally
throughout the retort. D-14 alloy was used at forw of the six pack positions, but
D-43 and B-66 alloys were placed only at the retort *middle-center" position. It
was felt that the D-14 alloy would then iidicate variations within the pack and
that a direct comparison could be made as to the effect cf substrate c -rmnositions
Total variation in coating thickness had been determined for the Cr-Ti cycle and
thus provided a basis of comparison for the silicon cycle.

The variations in the processing parameters for the silicon coating cycle
did not produce a sufficient spread in the coating thickness to effectively
ascertain the effect of thickness on oxidation protective life-

A general trend in the coating thicknese variation within the retort was
observed to coincide with the variation founi in the Cr-Ti coating cycle: the
bottom retort position produced heavier coatings than the top and the edge
position produced heavier coatings than the retort center.

An attempt to produce a heavier build up of the Cr-Ti-Si outer layer without
causing a greater inward diffusion of silicon was ansuccessful, resulting In the
subsequent loss of th3 titanium enriched diffusion zone and associateI intermeusilie
compound. This was atterlted by holding tVe rztort at various intermediate tm-p-ra-
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tures (1600 and 1900'r for 1-2 hours and then raising the temperature to the
prescribed coating teziperature. Variations in activator type and quantity were
also included in this investigation.

The minor variation in Cr-Ti-Si coating thickness which resulted from the
use of various process conditions correlated with time and temperature parameters.
In general, increased coating time or temperature effected some increase in coating
thickness. However, the magnitude of the thickness variation was less than observed
in the smaller furnaco for comparable ranges of time and temperature.

The mijority of the coatings produced in this study afforded greater than
200 hours protection at 1800 F. However, a number of premature failures (less
than 200 hours protection) were encountered at 1800"F with D-14 alloy. These
are believed to be associated with regions in which little or no Cr-Ti alloy
overlay layer was formed duri.ig the Cr-Ti deposition cycle. As discussed in
Section 5.2.1, Cr-Ti coatings formed in a 5OCr-5OTi allcy pack contain small areas
in which the overlay is very thin or non-existant. All premature failures occurred
on Cr-Ti-Si coated specimens which had been Cr-Ti coated in a 5OCr-5OTi alloy pack.
Those coatings formed on speckAens Cr-Ti coated in a 6OCr-4OTi alloy pack (contin-
uous Cr-Ti alloy overlay layer) were in all cases protective for in excess of 200
hours. Figure 18 depicts the Cr-Ti-Si coating formed on specimens Cr-Ti coated in
a 6OCr-40Ti alloy pack.

At 2500*F the oxidation protective life was, in general, increased with
increasing coating thickness, corresponding to results obtained in the laboratory
scale furnace. Protective life did not vary widely with substrate alloy composition.

Both 1800 and 2500"? protective life follow the same trend with respect to
thickness as previously determined for the studies conducted in the laboratory
scale furnace.

No concise explanation of the relation of the 2700"F life to coating thickness
can be given in view of the rather small differences in coating thickness. However,
the mechanism of failure in this case was the same as observed during the Cr-Ti
coating investigation and the apparent correlation with melting point of the various
coating layers would still apply.

Based on thesl studies, acceptable coatings can be applied under a rather
wide range of process parameters. For an acceptable Cr-Ti coating an excellent
balance between low and high temperature Cr-Ti coating life can be achieved
using a silicon deposition cycle of 4 hours at 20500F, 0.30 w/o KY and a system
pressure of I0 2 ma. However, where variations in the thickness of the Cr-Ti-Si
coatings are required, or where protective life at a particular temperature is
to be emphasized, adjustments in either time or temperature should be made to
adjust thickness and coating composition. Adjustments in the Cr-Ti alloy pack
composition my also be necessary to achieve optimum life at a particular temper-
atue.
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Cr-Ti-Si Coated D-14 Alloy

Figure 18 Cr-Ti-Si Alloy Coating Formed In Pilot Scale Furnace
Silicon Cycle - 4 Hourn at 2C5e F - 10-2 M 2501X
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5.3 Coating Studies in the Resistance Heated Bell Furnace

The objective of this portion of the program was to pinpoint the problem
areas associated with the application of the Cr-Ti-Si coating to columbiia
alloys in a relatively large furnace.

Figure 19 depicts the large resistance heated bell furnace with the water
cooled shell in place. The electrodes consist of water cooled copper pipe fed
by a 75 KW D.C. power supply. Molybdenum hairpins are used as heating elements
and are pinned to the alumina brick insulation along each of the long walls. The
free space within the furnace is approximately 25" long, 13" wide, and 36" high.
The columbium retort currently used in this furnace is 24" long, 8" wide, and
24" high.

D-14 (Cb-5Zr) coupons (1/2" x 1/2" x 0.040") served as the test samples for
this study. The principal aim of the initial work was to determine the effect
of sample location within the retort on coating buildup. Past experience had
shown that irregular Cr-Ti coatings were produced on the substrate surface
adjacent to and facing the retort wall. It was found that this condition could
be improved by the insertion of a shield between the work and the wall. Therefore,
this practice was employed for this series of Cr-Ti coating runs resulting in the
utilization of a total of eighteen key positions within the retort. Figure 20 is
a schematic showing the key to sample location. Five coupons wiere placed at each
of the eighteen positions. Those containing the letter "'S in their identification
were adjacent to the retort wall which had a columbium sheet interposed between
the coupons and the wall. The letter "I" identifies those samples adjacent to the
unshielded retort wall, "C" refers to centrally located samples, "T" refers to
top layer specimens, "M" refers to middle layer coupons, and "B" refers to those
samples located near the bottom of the retort. In all cases the 1/2" x 1/28
sample dimension was placed parallel to the 24" x 24" dimension of the retort.

Since both sodium and potassium vapor, formed as a result of reaction of
the activator with the pack material, have a corrosive effect on the brick
insulation, it is desirable to determine the minimum amount of activator necessary
to produce a satisfactory coating. Therefore, one of the variables chosen for
jtudy was the amount of halide activator. The location of activator within the
pack also varied.

Six initial coating runs were made, four using a -8+30 mesh, 6OCr-4OTi
alloy pack and two using a -8030 mash2 silicon pack. The rate of heating in each
case was adjusted to approximately 10 F per minute. An equilibrium temperature of
2354? measured at the midpoint of the retort surface was chosen for the Cr-Ti
runs and 2100°F for the silicon runs. The time at temperature for each Cr-Ti run
was 9 hours and for each silicon rum it was 4 hours.

The following are a tabulation of the runs performed:
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Figure 20 Key to Sample Identification in Retort
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Run No. 1 - A Cr-.Ti pack was employed with 300 grams (0.16 w/o pack) of NaF
activator mixed throughout

Run No. 2 - A Cr-Ti pack was employed with 200 grams (0.11 w/o pack) of Na?
mixed throughout

Run No. 3 - A Cr-Ti pack was employed with 100 grams (0.05 w/o pack) of Na?
mixed throughout

Run No. 4 - A Cr-TI pack again was used with 100 grams NaF placed in the bottom
center of the pack and 100 grams of NaF placed in the top center of
the pack

Run No. 5 - A silteon pack was used with 200 grams (0.4 w/o pack) of KF placed in
the top center of the pack

Run No. 6 - A silicon pack was used with 200 grams of NaF rlaced in the top
center of the pack

Table 15 lists the results obtained from the first four (Cr-Ti) runs. Tabulated
are the average overlay thicknesses, average diffusion zone thicknesses, and the
ratio of outside to inside face overlay thickness for samples at each of the key
positions. The diffusion zone thicknesses ware relatively uniform from side to side
and were not tabulated. The heaviest average overlay thickness was obtained for
Run No. 4 in which the 200 grame of NaF were equally divided between the top center
and bottom center portions of the pack. This, however, resulted in the thinnest
average diffusion zone thickness, The thinnest average overlay thickness was derived
from Rin No. 3 in which only 100 grams of- NaF was employed. There was considerable
scatter from run to run with regard to the ratio of side to side overlay thickness.
In all cases the heaviest overlay was obtained on the sample surface which faced
the nearest retort wall. As was expected, those samples located in the vertical
center of the pack showed the least variation in side to side overlay thickness.

Table 16 shows the average overlay and diffusion zone thicknesses for
selected groups of samples for Runs 1-4. Each group of six samples lie in a common
plane. For instance, the first six samples listed all have a *T" in their identi-
fication guide and were all located at the top of the pack. The next group of six
samples all contain the letter "M" and wer located in the horizontal middle of
of the pack, etc. An orderly comparison of the first three groups of samples shows,
in all cases, an increase in overlay thickness from the top to the bottom of the
pack. This relationship was also true for the average diffusion zone thickness,
with the exception of Run No. 4 which showed a minimum thickness for the group of
samples located in the middle of the pack. It should be noted at this point that
no activator was located in the middle of the pack for Ruit No. 4.

The next three groups of samples (Table 16) represent at. imen locations on
vertical sections through the retort, all parallel to tha 240 x 240 retort dimension.
The average overlay thickness for the centrally located samples in all ruas was far
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less than that obtained for samples located near the retort walls, In general,
those samples which had the columbium sheet interposed between them and the retort
wall had both a thinner overlay and diffusion zone than those samples located at
the opposite unshielded wall. The only exception was Run No. 2 in which essentially
similar results were obtained for both the "SO and "E" samples.

Table 17 shows the Cr-Ti-Si coating thicknesses obtained for silicon coating
Runs No. 5 and 6. The samples had been previously Cr-Ti coated in Runs 1-4. Since
no columbium barrier sheet was utilized in these runs only twelve key positions
were evaluated. As noted previously, KF %ctivation was utilized in Run No. 5 and
NaW in Run No. 6. In general, the results were essentially the same for the two
runs although very little of the Na? activmlor subliued in Run No. 6.

Table 18 shows the average Cr-Ti-Si coating thicknesses obtained in Runs No. 5
and 6 for selected sample groups. In comparing the first three groups listed, or
proceeding from the top to bottom of the pack, it can be seen that the least amount
of coating was obtained on those samples at the pack bottom. The activator in both
of these runs was placed only at the top of the pack. Thcse samples located acija-
cent to the retort wall had the heaviest coating build up and tPose in the vertical
center of the pack had the least thickness of coating.

It is known tnat there is approximately a 1OW F temperature increase from
top to bottom of the pack, as indicated by thermocouples located externally to the
pack. The fact that the Cr-Ti overlay thicknesses increased in the same direction
indicates the influence of temperature on overlay thickness. The fact that
centrally located ("C") samples for both the Cr-Ti and silicon coating cycles had
far thinner coatings than samples located nearer the walls of the retort indicates
that there was a severe temperature lag within the pack. The effects of time at
temperature and activator concentration on the Cr-Ti coating formation is evident
from Runs No, 5 and 6. The top center samples in the coolest region, but nearest
the activator, retaived a nearly normal coating- Samples in the bottom center
of the pack at a slightly higher temperature received little coating whereas,
samples located in the pack bottom near the retort wall, approximately the same
AirtA-r fr",' 9e initial activator position as the bottom center samples but
approximately 50"F higher in temperature, received a heavier than normal coating.

In an attempt to minimize the difference in coating thickness obtained
between t sample near the retort wall and one at the center, a Cr-Ti run was made
in which the heat up cycle included a hold period at 19001F for 3 hours. This
should have lessened the difference between edge and center temperatures before
any coating deposition occurred, This hold step was then followed by the f'ull
coating treatment at 2350"F for 8 hours- The average overlay thicknesses and
diffusion zones obtained fur selected groups of samples are shown In Table 10
Of chief significance is the fact that in the four initial Cr-Ti runs the sample
group TC, CT, PC, CM, BC and CB had average overlay thicknesses which varied
from 0.07 to 0.16 mils whereas this run had an average of ;'38 mils. For the
other goups there was about a fifty percent Increase in coating thickness over
and above the previous runs without the hold treatmnt. There were increases
in average diffusion zone thicknesses in all cases except for the top layer of
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TABLE 17

Cr-Ti-Si Coating Thicknesses Observed on Sampler from
Runs 5 and 6

-Average Coating Thickness (Mils)

Position . Run 6

BE 1.3 1.0

BC r.0 0.0

TE 1.0 1.3

TC 0.0 0.7

ME 1.3 0.6

MC C.3 1.3
EE 0.7 1.3

CB 0.0 0.X
S1.0 1.C

CT 0.5 0.4
EM 1.1 1.3

CM 0.0 o.2

Ave. o.6( 0.76
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TABLE 18

Average Cr-Ti-Si Coating Thicknesse6 of Selected
Groups of Samples

Average Coating Thickness

SRun Ru 6

TZE, ET, TC, CT 0.6 0.8

ME, 9I, mc, CH 0.7 0.8

BE, KB, Bc, CB 0.5 0.6

B, Tc, MC, CB, CT, CM 0.1 0.4
BE, TE, ME, EB, ET, EM, 1.1 1.1
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TABLE 19

Average Cr-Ti Coating Thicknesses of Selec~~ed groups of S'impilem

ýkverarce Overlay AeaeDfiio

Sample Groupi Thcns Klj Zone Thickisess (Mil-e,

TEO "To TC .
CT), TS) ST

MEP EM, ?cE r.55 C.70"

BE, EB, BC r.66 ` '2
CBO, in S9

SM, ;ý, SB

TC, CT ?E n.18C.3
Cm, TCT CIB

TE, r. ME ^.69

EY9 E F
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of samples which actually showed a twenty pe cent decrease. Figures 21 and 22 show
the microstructur'• of centrally located samples of the 1'old rwi and an identical
run which did not include the hold treatment.

In the nine subsequent coating rims in which columbium alloy honeycomb panels
were coated the following procese p,&rameters were used:

Cr-TiCycle

1. 10 garams NaF top of pack
10' grams NaF bottom of pack

2, : Kold at X)000"F 'or 2 hours

3. Coat at 2350"F for 9 hours

Silicon cle

1. 75 grams KF top of pack
75 grams KF bt,)!oem of pack

2. Hold at 1500°? for 2 hours

3. Coat at 2100°F for 5 hours

In all runs control specimens were coated with the panels. The average cyclic
oxidation lives Dbtained at 2f '7 with these specimens are presented below:

S00 0F Cyclic Oxidation Test RP<Klts on D-14 Alloy Control

Specimens Coated in the ,eli Frnaca

Sam~ple ocation Avei'aie Life (Hours)

CT Not Available
ET Not Available
TE 25
TC 27
MC 64
CM 35
ME 70
EM 43
BC 72
CB Not Available
BF Not Available
EB Not Available

The average lives shown above are based on results of up to eight specimens at each
sample location. The minimum life obtained for all specimens was 20 hours (on
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Top Center Middle Center
Retort Position Retort Position

W- 14 ON MO- N

Bottom Center
htetort Position

Figure 21 Cr-Ti Alloy CoatingsFormed in Resistance Element Heated Bell
Furnace - 6OCr-1+GTi Alloy Pack - Heated Directly to 23500 F
arid Held for 9 Hours 25 ýOX
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Top Center Middle Center
Retort Position Retort Position

to gý . -.

Bottom Center
Retort Position

Figure 22 Cr-Ti Alloy Coating Formed in Resistance Element Heated Bell
Furnace - 60Cr-4OTi Alloy Pack - Heated to 1900°F, Held 3
Hours, Then Heated to 235(fF and Held 9 Hours
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specimen at the top of the pack). The maximum protective lives obtained at 2500"F
were 124 hours. The data indicates that life expectancy increases from pack top
to bottom.

6. GAS FLOW PROCESS STUDY

The formation of the Cr-Ti alloy coating layer by a gas flow technique was
investigated as part of the previous program. Deposition of silicon by a completely
vapor phase process, wherein intimate contact between pack particles and the material
to be coated is not required, was investigated on a limited basis. Two approaches
were investigated utilizing a single piece of equipment: (a) a continuous gas flow
process not involving a vacuum and (b) a closed retort technique utilizing a con-
tinuously evacuated system with a constant input of chlorine gas. The intent of
this investigation was to demonstrate the feasibility of the process since it has
possible merits as an alternate to forming the Cr-Ti-Si coating by the vacuum pack
process.

During the previous coating development program a laboratory scale apparatus
was constructed to investigate formation of the Cr-Ti-Si coating by a gas flow
technique not requiring the use of a vacuum. The furnace consisted of a vertical
alumina tube with two adjacent and independently globar heated hot zones. An
argon-chlorine gas mixture was passed through an alumina diluted Cr-Ti alloy
coating pack which was heated in the lower hot zone. The reacted gas subsequently
passed over columbium specimens placed both in the pack and also freely suspended
above the pack in the free vapor space. A sketch of this furnace was shown in a
previous final report (1). It was demonstrated by a limited effort in this
apparatus that Cr-Ti coatings could be formed by this technique. Upon subsequent
alloying with silicon by the vacuum process, reasonably protective Cr-Ti-Si
coatings were produced.

Several problems were encountered with this apparatus: (a) pack sintering,
(b) contamination of the columbium substrate, (c) channeling of the gases through
the pack and (d) extremely low coating depo;i.ion rates in the reaction zone.
Modifications were made in this equipment to reduce the level of contaminating
gases entering into the system, and to reduce the channeling effect of gases
passing through the pack. A schematic of the modified apparatus is shown in
Figure 23. Major changes involved: (a) the use of wax vacuum seals between the
alumina tube and the water cooled copper tube fittings, (b) insertion of a plenum
to reduce gas channeling and (c) the use of 0 ring seals between copper tube
fittings. A bellow was also used to allow tube expansion without the introduction
of stresses on the tube.

The limited effort conducted during this program involved demonstration of
the feasibility of alloying silicon with Cr-Ti coatings formed by the vacuum pack
process. The Cr-Ti alloy coating layer was deposited on DN43 substrate material
using a 6OCr-4OTi alloy pack run for 8 hours at 2300F at 1.5 mm in the 3" diameter
x 8" high retort.
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Figure 23 Schematic Dravwi'ng of the Gas Flow Coating Apparatus
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Six 4 hour silicon coating runs were performed in the gas flow apparatus
and the process parameters employed are summarized in Table 20. Four runs were
made in which the system was essentially under a positive gas pressure (chlorine
plus argon input) and two runs were made during which the system was evacuated to
10-1 m and subsequently operated with a chlorine gas input of 50 cc/min. The
system pressure was then maintained at a nominal, pressure of 1 mm by controlling
the vacuum pumping rate. Specimens were placed in the pack, on the pack and in
the free vapor space above the pack. Coating thickness measurements and specimen
weight change recorded for the silicon coating cycle are included in Table 20.

The first two runs were made using a total flow rate of 450 cc/min. (50
cc/min.C1 2 and 400 cc/mi. argon). In the first run both the pack and the reaction
zone were maintained at 1900OF and in the second run the pack and reaction zone
temperature was raised to 2100*F. Coatings formed both in and on the pack in
these two runs were metallographically very similar to coatings applied by the
vacuum pack process. However, coatings formed in the reaction zone contained
seveial voids and were extremely non-uniform in thickness. (Photomicrographs of
specimens coated in the second run are shown in Figure 24). The coatings formed
in the reaction zone were much thinner than those formed either in or on the pack.
The coatings deposited at 2100°F in and on the pack were considerably thicker
than those formed at 190U°F. However, coatings formed in the reaction zone at
2100°F were thinner than those formed at the lower temperature. In fact, at
the higher temperature weight losses were recorded for specimens suspended in
the feaction zone.

The third and fourth runs were made also utilizing pack and reaction zone
temperatures of 1900 and 2100°F (both zones maintained at the same temperature),
respectively. The total flow rate (C12 + argon) was kept constant at 450 cc/min.
as in the first two runs. However, the C12 flow rate was decreased by 50% to
25 cc/min. The thickness of the Cr-Ti-Si coatings formed in and on the pack was
not altered greatly in comparison with those formed at the higher C12 flow rates.
Coatings formed in the free vapor space above the pack were less subject to void
formation, but were still non-uniform in thickness. Figures 25 and 26 show
representative coatings formed in these two runs. As in the case of coatings
formed at the higher C12 flow rates, a weight loss was recorded for specimens
placed in the reaction zone at the 2100°F process temperature.

The last two runs were made utilizing an evacuated system rather than by
the use of a positive pressure system. The technique of using a free vapor
space was maintained, however. The system was evacuated to approximately
10l- mm after which C12 was introduced. The C12 flow rate was approximately
50 cc/min.

The system pressure was wiintained at a nominal pressure of 1 mm and
continuously evacuated. Again, one run was made at a pack and reaction zone
temperature of I130"F and one run at 2100"F. Coatings for-med in and on thc pack
were much thinner than those formed utilizing a positive pressure system (Figure
27) and showed correspondingly less weight gain, Those specimens suspended in the
reaction zone showed much greater weight changes (positive) than those suspended in
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Sp.ci•en Located in the Pack

*o . 5.

Specinen Located in thea tea- vion Zone

Silicon Coating Frocems Paramtrers:
.ack and Reaction Zone Temveratwte - 1,---*F
Cl 2 Fio Rate - 25 cc/mMin.
Argon Flow "ate - 475 cc/msn.

Figure 25 Cr-Ti-Si Coated r-43 Alloy - Silicon C>ItI:g Apv-iied by -he -as
Flow Tectmiqi.
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Specimen Located in the Pack

-t .. -

Specimen Located in the Reaction Zone

Silicon Coating Proces3 Parameters:

Pack and Reaction Zone Teuirerature - 2100 F
Cl 2 Flow Rate - 25 cc/min.
Argcn Flow Rate -- -+25 cc/min.

Figure 26 Cr-Ti-,Si Costtd r-:.l i.lloy - Silicon Coating Apr lied by the Gas
Flow 13chnia'ue 250X
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Specimen Lccated in the Fack

o WW -- -.;, ""

Specimen located in the Reaction Zone

Silicon Coating Process Parameters:
Pack and Reac' ion Zone Temperature - 2100"F
C12 Flow Rate - 50 cc/min.
System Continuously Evacuated to Nomirsl 1 mm Pressure

Figure 27 Cr-Ti-Si Coated D-43 Alloy - Silicon Coating Applied by the Gas
Flow Technioue 250X
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a non-evacuated system. The coatings formed in this zone contained only a few
small voids and were reasonably uniform in thickness.

It should be noted that in no case was pack sintering a problem. All specimens
did show some slight contamination in the substrate. Apparently some contaminating
gases entered the system during operation, kowever, this problem can no doubt be
eliminated.

It is felt that this coating process can be described by the following
equations:

'± . 0I2 - 'iCl 2  (1)

2SiCl 2 --- Si + SIC1 4  (2)
excess C12

Si + Cl 21 S4Si 1 -C4 (3)

The first two equations would describe the desired situation, wherein the SiCl 2
vapor phase reactoat the specimon rurface to foru silicon and stable SiC1 4 . The
third equation would apply to a situation involving an excess of chlorine. Here the
stable SiCI 4 phase is formed immediately cutside the pack and does not react to
deposit silicon on the specimen surface in the free vapor space.

As seen in the results of the first 4 runs, less silicon was deposited on tke
specimenssuspended above the pack at the higher chlorine flow rate (and associated
higher chlorine concentration). Increased temperature for a given chlorine concvn-
tration caused a decrease in silicon deposition. This apparently resulted from an
increase in the reaction rate to form stable SiCl 4 . The application of an evacuate4
system to this process increased the silicon deposition rate in the reaction zone as
compared to the positive pressure system for equivalent chlorine concentrations.
This would appear to be associated with the residence of the gaseous species and the
reaction rate to form stable SiCl 4 . Thus for a given chlorine concentration less
stable SiCl 4 would be formed as residence time (a function of pumping rate) was
decreased. In orer to compare the protective capability of coatings formed by the
gas flow nrocess with coatings formed by the vacuum pack process, the various
specimens coated in this study were cyclic oxidation tested at )sO and 25kOOF. The
resultsof these tests are listed in Table 21. Reasonably good protective properties
were afforded by coatings formed either in or on the pack using the positivs pressure
technique. Specimens similarly located in the evacuated system exhibited much lower
piootective life, no doubt primarily a result of the thinner coatings formed In the
more dynamic system. Coatings formed in the reaction zone above the pack were more
protective when formed in the evacuated system. The coatings formed in the positive
pressure system were more protective when formed at the lower chlorine flow rates.
This was found for both oxidation test temperatures. The results of the oxidation
nests are in Rood agreement with the results of metallographic examination.

Although liited, these coating runs have shown that the silicon coating
(slliconising Cr-Ti alloy coatings) can be accomplished by a gas flow technique
Involving coating in the free vapor space over a silicon pack. This is evidenced
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TABLE 21

Cyclic Oxidation Protective Life at 1800 and 25007F of Cr-Ti-Si Coatings on D-43 Alloy
Silicon Coating Applied by the Gas Flow Technique(l)

Cr-Ti-Si Coating Protective Life - Hours at 1800 and 2500
In Si Pack( 2 ) On Si Pack( 2 ) In Reaction Zonej;T

W--n No. 1866q 25_0o 180oF_ 2___ 18000F 2500oo

1 27 77 24 7h 4 li ,

2 99, 150* 28 0ýo 5 3,7

3 29 72 53 72 24 3,3

4 28 77 28 96 5 3,24

5 4 3 26 3 2L 249,24

6 4 3 4 1 150 6

(1) Cr-Ti coating applied by the vacuum pack process
(2) Specimen location in the gas flow coating apparatus used for silicon

coating cycle ws in the pack, on the pack, and suspended 5 inches
above the silicon pack in an independently controlled reaction zone

* Denotes test discontinued - no visible coating failure
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by the 24 hour - 2500, F protective life obtained from specimens in Run No. 5.
Consideraole development work will be necessary to thoroughlye evaluate the
merits of the process and to determine its limitations. The feasibility of
furulxig the Cr-Ti alloy layer by this technique was shown in the previous program.
Obviously, the variables involved in a process of this type need to be investigated
on a comprehensive basis which might result in modifications to the existing process.

7. REPRODUCIBILITY AND RELIABILITY STUDY

The objective of Phase II of this program was to conduct a statistically
meaningful analysis of the reproducibility and protective reliability of the
Cr-Ti-Si coating on two columbium base sheet alloys, B-66 and D-43. Many thousands
of coated columbium alloy coupons have been evaluated by cyclic oxidation testing
at one atmosphere during previous coating development programs. Although a certain
degree of process reproducibility has been established in these evaluation studies,
no statistical evaluation study re. neen conducted to accurately assess the protective
reliability of the Cr-Tit-1- 'oating.

7.1 Reproducibility Analysis

The optimized Cr-Ti-3i coating osararct~r• otablished -P of ti" pro-
gram were employed in coating the sheet coupons for this study. The following
variables were evaluated.

1. columbium base alloys - B-66 and D-43

2. coating furnace sizes - two induction heated furnaces utilizing
3" diameter x 8" high and 7-1/2" diameter x l" high retorts

3. coating thicknesses - nominally 1.5, 2.0 and 2.5 mils
(2.5 mils coating in 7-1/2" retort onlyl

4. number of similarly prepared batches - six

5. specimen locations in the retort - top, middle and bottom
at both retort center and edge

6. coupon sizes l/2" x 1/2" and 2" x 2" x 0.n30"

Two methods were utilized to evaluate these specimens: (1) metallographic
examination of specimens representing each process variable to determine coating
thickness, depth of coating element diffusion, variations in coating morphology
and coating uniformity throughout the retort and (2), cyclic oxidation in air at
one atmorphere at 2000, 2500 and 27000F.

The desired coating thicknesses were achieved through control of both the Cr-Ti
and the siliconizing cycles. The initial Cr-Ti coating layer was formed utiliziig
the same processing parameters for both nominal 1.5 and 2.0 rail Cr-TI-Si coatings.
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The process parameters were, however, somewhat different for the two furnace sizes.
The Cr-Ti coat 4ng employed for the nominal 2,5 mil coating, applied only in the
7-1/2 inch retort, was varied in order to maintain consistent composition with Lhe
thicker coating. The various processing parameters selected were discussed in the
previous section and are swmuarized in Table 22. Of importance is the fact that
the process parameters were selected to provide relatively good protective life
over the entire test temperature range0  Some improvement in protective life could
be achieved for a high temperature range (2400-2700"F) or a low temperature range
(1800-2400 F) if the process parameters were adjusted to give a coating tailored to
opArate in that particular temperature range, Therefore, the coatings investigated
for the reliability study would n t necessarily provide maximum protective character-
istics at any one test temperature.

For this study an equal number of B-66 and D-43 alloy 1/2" x 1/2" coupons
(1440 each) were utilized. Only 60 20 x 2' coupons were fabricated from D-43 alloy.
The actual distribution of these specimens is shown in Figure 28. This figure shows
the distribution cf one set of specimens for one combination of variables, all other
sets are duplicates of this. In addition, the specimen distribution for the evalua-
tion tests is indicated.

"Ine elzectEol' aloy, r-tort size, sliLcon anra r-Ti cycle pi'tcsS parametervq and
specimen location within the retort as related to coating thi-kness were analysed
utilizing a random balance analysis technique. Repetition of each silicon cycle
process parameter - retort size,- substrate alloy composition provided statistically
meaningful data on process reproducibility,

The results of the metallograp-ic examination (coating thickness) of represen-
tative specimens from each coating run are tabulated in Tables 23 through 27. Also
included are the results of the oxidation tests at 2000, 2500 and 27000F.

All thickness measurements were determined metallographically, A range in
thickness (minimnm to maxinum) was determined for each specimen examined. These
measurements coincide with the schematic drawing of the Cr-Ti-Si coating shown
in Tables 8 and 9 for both the Cr-Ti alloy layer and the Cr-Ti-Si crlay
and diffusion zone thickneses' ittshould he nc¢!d- that the reported' :3riation in
diffusion ione thickness occur's over very'hort distances relative to the variation
in corating overlay thickness with distance qs shown in the following sketch.

Cr-Ti or Cr-Ti-Si Coating Overlay -

Interface

Diffusion Zone

Subetrate

Distance
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TABLE 22

Coating Process Parameters for Reliability Study

3" Diameter x 8" High Retort

Cr-Ti Coating Silicon Coating Cycle
Cycle (1.5 mils thick) (2.0 mils thick)

Pack Composition 6OCr-4OTi Si Si

Coating Time 8 Hours 4 Hours 6 Hours

Retort Temperature 2300OF 20000F 2100OF

System Pressure 1.5 m. 10-' Mae. 10-2 MR.

Activator 0.5 w/o KF 1.0 w/o KF 1.0 w/o KF

7-1/2" Diameter x 181 High Retort

Cr-Ti Coating Cycle Silicon Coatin Cycle
(1.5 and 2.0 (2.5 Mils (15 mile (2.0 and 2.5
mils thick) thick) .hick) mils thick)

Pack Composition 6OCr-4OTi 6OCr-4OTi Si Si

Coating Time 8 Hours 10 Hours 4 Hours 6 Hours

Retort Temperature 2300F 2350*Y 200(0F 21000F

System Pressure O-2 m. 10-2 rmm. 1i"2 m. 10-2 mm.

Activator 0.3 w/o KF 0.3 w/o KF 0.3 w/o FT 0.3 w/o KF
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1/2" x 1/120 Coupons - a. 2" x 2" Cc.pons - b

3" Diameter Retort 7-1 2" Diameter Retort

B-ý D-3 B66D+j.3
576 Pcs.-a 576 ýcs.-a 576) Pcs,-a 864 Pes,-a24 Pcs.-b 36 Pce.-b

CoAt+ig Thickness Coating Thickness
I I

1.5 mile 2.0 mile 1.5 Mile 2.0 mi l 2.5 1milmII I I

B-66 e88 Poe.-a & B-66 288 Poe•.-o-
D-43 288 Pos.-a D-43 288 Pcs.-a
D24A 12 Fca.-D-43 12 Pas.-c

Individual Bktches (Identical)
F - - I I 1 1.

(1) (2) (3) (4) i5) (6)

B-,66 48 Pcs.-a I
D-43 48 Poe...a I
D-43 2 Pcs.-- b_ _ _ _ _ _ _ _ II 0

fteciman Location 'n Pack

B-66 8 8 8 8 8 8
D -43 a 8 8 8 8 8 8 a - 4 2) (51)D-4314 0 0 2 0 0 0 -4

Bot~ -.-3)1N ano
Evaluation

Side and 2po ,ims of Mtort

I s I

1 - %tallogrlphic Exanination 2 - 2000"F Cxidatilon Tests

3 - 2M"F Oxidation Tests
3 - 25OO'F Oxidation Test&
1 - 2700PF Oxidation Tests

?iguxre 28

Specimen Distribution for Reliability ftrty
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In analysing the data obtained for coating thickness it was felt that an
average thickness of the diffusion zone could be considered in view of the nature
of the variation. In the case of the overlay thickness it was felt that the
minimnum thickness would be the determining factor with respect to coating protec-
tive life (extremely thick coating areas randomly distributed over the surface
of the coated sheet would not increase protective capability of the coating).
Therefere, the data analysis was made utilizing only uinimum values for overlay
thickness. When considering the total Cr-Ti-Si coating thickness the minimum
overlay thickness was added to the average diffusion zone thickness to obtain a
total thickness value.

The first consideration involved in analysing the coating thickness data
was the determination of the relative effects of the various process parameters on
resultant coating thickness. These variables included substrate alloy, specimen
position in the retort, retort msie and silicon cycle process paraaeters. The
random balance analysis technique was selected to analyse the data. Figures 29
through 34 are scatter diagrams showing graphically the variation in (a) Cr-Ti-Si
coating overlay thickness and (b) Cr-Ti-Si coating overlay plus tiffusion zone
thickness for the various process variables. Based on the median differentials
which are noted on the diagrams, the Cr-Ti-Si coating overlay thickness was in-
fluenced by all process variables. For the 3" diameter x 80 high retort (Figure 29)
the most significant variables were silicon coating parameters and vertical
position within the retort. The influence of vertical retort position must be
assumed to be temperature variation (and probably pressure variation) within the
retort.

Note that horizontal position in the retort had little influence; apparently
heat transfer from pack edge to center being sufficient to keep temperature
gradients to a mini . A temperature gradient within the retort would necessarily
change the vapor phase composition to some extent thus causing differences in
coating deposition rates (highest in hotter areas of retort). A pressure variation
could possibly occur in the top of the retort due to volatile elements being pumped
off. This could cause lower deposition rates in the top area of the retort.

In the 7-1/2" diameter retort (Figure 30) the effect of the silicon cyle
parameters and the vertical position in the retort were much the same as for the
smaller retort. In addition, an effect due to horizontal position (either center
or edge) was observed, indicating that the center of the retort wes at a slightly_
lower temperature for a longer time than the edge of the retort. Figuro 31 is a
combination of Figures 29 and 30 and shows the effect of retort size. This effect
is seen to be small showing that the coating parameters selected produced nearly
equivalent coating thicknesses in each furnace. Note that a slightly heavier
coating build up was produced on D-43 alloy for the parameters selected.

The result of combining the diffusion zone thickness with the overlay thickness
is demonstrated by Figures 32, 33 and 34. Essentially the same trends are observed
as for the overlay thickness only. This points out that the diffusion sons thickness
follows the same trend as the overlay thickness, otherwise a change in the relative
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effect of the process variables would be indicated. It nhould be noted that very
little difference in coating thickness was observed for coatings applied in either
the bot+om or middle of the retort. Only in the top section was there a significant
difference, showing little if any temperature variation between the middle and bottom
positions. Taking all process variable combinations as a group, it can be seen that
the position in the retort (top versus middle and bo-ttov" had equal or greater in-
fluence than any other variable. This demonstrates tha in order to maintain coating
uniformity coatings should not be applied in the top 3 inch section of the retort.

Since the specimen position within the retort was found to exert a significant
influence upon coating •h-ckness a graphical analy is of tb's variable was made.
An important point to be considered in analysing tl- data an.; 4 ts ramifications
with respect to process scale up is that in the coa, rg rans i3de for the reliability
study no massive parts were contained in the retort, The iditicn of a large Mwsa
in the retort would measurably improve heat transfer, thus decreasing temperature
gradients within the pack. Since only small coupond were used in this study it is
considered that the heat tiansfer characteristics of the pack were at a minimum, fCr
this series of runs. Therefore, the recorder' pread in coating thickness obtained
from top to bottom of the retort is assumed L be a maxims and the corresponding pro-
tective capabilities of the coatiiigs overall are assumed to be less than optimma.

Figures 35 through 38 show the effect of retort position on the Cr-Ti alloy
overlay *hickness, the Cr-Ti-Si coating ov,'rly thickness and the Cr-Ti-Si coating
overlay plus diffusion zone thickneaj. Th~se figures were obtained using only the
data g nerated for D-43 alloy, Cr-Ti coat"u using an 8 hour cycle at 2300F and
sil con crated using a 6 hour cycle a: 2100"F. Data for each retort size is shown.
The data presented in these figures .ncludes all six batches processed utilizing
the aforementioned process parameters. Thus the spread in fact represents batch-
to-bmtch variation.

Figures 35 and 37 show the variation in Cr-Ti alloy overlay thickness with
respect to retort position, Figure 35 for the 3" diameter retort and Fi:gure 37 for
the 7-1/29 Jiameter retcrt. The tatch-to-batch variation in the small retort is
seen to be nearly double that for the larger retort. Less scatter is noted for the
centsr positioa cf the 3" re,)rt than for the edge, and the thicknesses obtaiAed in
the center fall within the range obtained at the edge psition For the larger retcrt
varljiti6n in'thetthicknesses noted at the bottom and middle vertical rosltions was
essentially thAe same. "owever, the thicknesses of coatings formed at the edge of
the retort were generally greA+.l- than for the center position.

For a given size retort, generally thinner coating were formed In the top
sections, corresponding to the effect noted in the scatter diaigrams. This effect
is again demonstrated for the total coating th/ckness [Cr-Ti-'i overlay plus
diffusion zcne), Figures 36 and 33. The range of valYus showi demonstrates batch-S to-batch variation since each value applies to coatings applied in a particular
batch. A rather wide rarwje of Cr-TI coating overlar thickneas w•rs found in the
Mall retort. Hoverer, after silicon coating this rang. was ccneiderably reduced.

Thus it appears that the Cr-ri coating cycle Is slightly acre sensitive to parameter
variations within the retort than the silicon cycle.
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Analysis of the data presented in Tables 23 through 2V shows that the thickness
of the Cr-Ti alloy overlay coating does not necessarily determine resultant Cr-Ti-Si
coating thickness. Therefore, some variation in coating composition can be expected
for Cr-Ti-Si coatings of the same thickness. Obviously a thick Cr-Ti coating will
result in a more chromium rich Cr-Ti-Si coating relative to a Cr-Ti-Si coating formed
from a thinner Cr-Ti alloy layer. This being the case, it is postulated that the
coatings formed in the top sections of the retort are somewhat different in composi-
tion than coatings formed in either the middle or bottom positions.

Figures 39 through 46 present photomicrographs of typical coatings produced
under the various process parameters utilized in this investigation. These photomicro-
graphs show the differences in coating thickness obtained in various positions in the
retort and differences attributed to the various process parameter combinations. In
all but Figure 45 only the extremes are shown, however, in Figure '45 all positions
are shown to demonstrate thickness variation for all specimen locations.

After the effects of the various process parameters and process variables on
coating thickness were determined, an analysis of the cyclic oxidation data was made.
Tests were run at 2000, 2500 and 27000F in air. The breakdown of the specimens for
test from the various batches is shown in Figure 28. The protective life data is
presented in Tables 23 through 27. The cyclic oxidation tests were run either to coat-
Ing failure (defined as a visible growth of columbium oxide at the failure site) or
to a limit of 150 hours. During the long testing period some difficulty with the
oxidation test equipment was experienced. A few specimens in test at 2500'F were
damaged or destroyed by a furnace terperature overshoot, thus no data was available
in certain instances.

Past experience has shown low temperature life to be reduced as Cr-Ti-Si coating
thickness exceeded approximately 3.0 mils, The accepted cause of this phenomenon
relates to cracking after repeated cycling from the test temperature to room tempera-
ture due to the difference in thermal expansion characteristics of the coating and
the substrate. At temperatures belbv approximately 2200*F the Cr-Ti-Si coating

relies primarily upon Cr-Ti layer continuity and the CbCr2 intermetallic phase at the
coating-substrate interface for protective capability. Little selfhealing occurs at
temperatures below 2200"F as opposed to higher temperatures. Thus, as coating
thickness increases the susceptibility to low temperature failure increases since
the thermal expansion mis-match increases with increasing thickness. This was sub-

stantiated by the fact that eleven of the sixteen failures in the 20O00F tests

o, occurred on specimens (1/2" x 1/20) processed to achieve the thicker coatings. No

correlation between coating thickness, specimen position in the pack, etc, can be

made since the vast majority of the 20DCOF tests were terminated at 150 hours prior
to coating failure.

A much more comprehensive analysis of the protective characteristics of the

Cr-Ti-Si coating at 2500"F was possible since the majority of the test coupons failed
during the 150 hour test.

An initial determination of the relationship of the process variables to
oxidation life at 2500WF was made using the random balance technique and resultant
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B3-66 Alloy D-43 Alloy

Top Center Retort Position

B~-66 Alloy D-13 Alloy

Middle Ed~ge Retort Position

Figure 40 Typical Cr-Ti Alloy Coatings Formed on B-66 and D-43 Alloys in
8 Hours at 2300 F Using a 6OCr-/+OTi Alloy Pack - 7-1/2" Diameter
x 18"1 High Retort 25C1
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B-466 Alloy D-43 Alloy

Top Center Retort Position

B-66 Alloy D.-4,1 Al~loy

Middle tdge Retort Po!Fition

Figure 43 Typical. Cr-Ti-Si Coatings Formed on B4)6 anid D-43 Alloys -in the
7-1/210 Diameter x 180 High Retoort - Cr-Ti 8 Howe at 2300F,
Silicon 4 Hours at 200(ff
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Top Center Retort~ Position

Middle &lge Retort Position

Figure 44, Typical flr-Ti-Si Coatings Formed on C-4.3 Alloy in the 30 Diameter x
89 High Retort - Cr-Ti 8 Hours at 23006 Ft Sillicon 6 Hctars at 210(fF
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Top Center Retort Position

Middle Edge Retort Position

Figure 46 Typical Cr-Ti-Si Coatings Formed on D-43 AUoy in the 7-1/2"
Diameter x 18" High Retort - Cr-Ti 10 Hours at 235C*F, Silicon6 Hours at 21000F 250Y
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scatter Aiagrams. These diagrams are presented in Figures 47, 48 and 49. The variable
exerting the greatest ir.fluence on 2500°F life was fo'ind to be vertical position in the
retort, the top section giving rise to the least protective coating. Horizontal speci-
men position also exerted a significant influenc,, with the edge position having thL
supertor oxidation life. Alloy, composition wai also important. Coupons fabricated
from P-66 alloy were able to sustain longer exposure at 2500°F, Of interest is the
fact that the silicon process parameters had less influence than any of the afore-
mentionec factors. Note that these diagrams were compiled using only data obtained
from coupons Cr-Ti coated in 8 hours at 23OO'F. Ir general, coatings produced in the
smaller retort were more protective than coatings formed in the 7-1/2" diameter fur-
nace. Figures 50 and 51 show 25007F protective life as a function of retort position
for the 8 hour Cr-Ti cycle at 2300*F and the 6 hour silicon cycle at 2lnO'Fo A rather
wide range of life was observed due to batch-to-batch variatien in the small retort.
Much less variation was observed in the larger retort. However, it should be noted
that the wider range of life determined for the small retort is primarily the result
of many specimens being protective for longer times than in the larger furnace. Mini-
mum life is not much different between the two furnaces.

No significant correlation between coating thickness and protective life at
2500F was possible for the range of coatings obtained in this study. A slighn; trend
to longer life with increasing thickness was observed, however, a greater range in
thickness would be required to demonstrate this trend effectively, It is well known
that very thin coatings are not as protective as thicker coatings, In analysing the
oxidation life data, it was determined that two specimens, having essAntially identi-
cal coating thickness, but applied in different positions in the retort, could have
radically different protective capability. This was particularly true of spe'imens
coated in the top of the retort in one run versus specimers coated in the middle or
bottom of the retort in another run. This further substantiates the observation that
coating composition, rather than coating thickness, is the controlling factor within
the range of thickness investigated (1.5 to 2.5 mals', This composition effect, due
to specimen position in the retortis shown in Figures 52 and 53. The proective
performance of coatings formed in the top section of the retort is poorer for a parti-
cular life reouirement than coatings formed in either the middle or bottom positions.
The greater protective life of coatings formed on the P-66 alloy sheet is arparent
by comparing these two figures. It is felt that this may be a result of *te greater
depth of coating element diffusion in P-66 alloy for the same coating time ad tempera-
ture. This results from the lower melting point of the F-tý- alloy A greater range
of the diffusion zone thickness would facilitate determination of the •ortri-ution of
this apparent effect.

These results demonstrate that specimen (or structure' position wirhin tne
retort is a significant consideration in obtaining sadtsfitory coating ierformance.
The alternative is an improvement irn heat supply and heat transfer within the jack
to decrease temperature variation. Althougn no great dif!.'rence in t rotpct!ve life
is associated with the two substrate :ompositions investigate&, it ma "iso te neces-
a&ry to adjust coating process parameters to provide outimtm. lfe for tarticular
substrate alloys of widely different composition.
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The cyclic oxidation data obtained for the 27W0F test temperature was not
sufficiently varied to permit detailed analysis. However., it was determined that
at 2700"F the coating thickness, for the range of thickness investigated, is not
the sole life determining factor. Coating composition appears to be as much a
factor in protective capability at 2700"F as it is at 2500"F. This is further
substantiated by earlier development work where Cr-Ti-Si coatings ,rocessed to give
higher chroamiu and lower titaniim compositions gave significantly better performance
in the 2500-2800°F range (10-20 hcurs). Hcwever, these same comttinge suffered to a
markedly greater degree in the 2000"F and below range. It, therefore, should be
borne in mind that in this study with the process parameters selected and within the
reproducibility limits attained, the sawe coating compositions were tested at 2000
and 2500'F as well as 2700 F.

A graphical presentation is made of the 2700" F protective life data for the
two substrate compositions in Figures 54 and 55. In view of the fact that all test
results fell within a relatively narrow time range the aforementioned compositional
effect would have to be determined in order to select coating process parameters to
give consistently better oxidation life at 2700'F. The vertical position in the
retort is as muru a factor at 27O'F as it was at 2500"?. Little difference between
middle and bottom regions was found.

At 2500 F the B-66 alloy was found to give better oxidation protective life
than D-43 alloy. Life at 27OCOF was found to be higher for D-43 alloy than for
B-66 alloy, indicating a dependence upon both coating thickness and diffusion rates.

7.2 Reliability Analysis

As previously mentioned, cyclic oxidation tests in air at 2000, 2500 and 2700"F
at one atmosphere were employed to determine coating protective reliability. As
shown in Figure 28, 7 smaples of each alloy were taken from each retort position of
each coating run and tested at 2000 (3 specimens), 2500 (3 specimens) and 2700'F
(I w"ecimen). The cyclic oxidation life data are included in Tables 23 through 27.
The cyclic oxidation tests were run until coating failure (defined as visual coating
failure and growth of coluabium oxide,) was observe,; or until 150 hours of test time
was accumulated. Tests were terminated at 150 hours in order to facilitate testing
of all 2940 specimens.

At 2000"OF 1080 1/2v x 1/20 (D-43 and B-66 alloy) Cr-Ti-Si coated specimens were
tested. Only 16 specimens failed in less than 150 hours. All other specimens were
removed from test after 150 hours without visible evidence of failure. Of the 16
specimens that failed the minimua life was 48 hours. On the basis of these data the
reliability of the Cr-Ti-Si coating on D-43 and B-66 alloy specimens In the cyclic
oxidation test at 2000?F can be assessed. The probability of a specimen lasting
150 bowus at 20O0F is:

Probability (P) DO nO.f SMOIE~e Mnftil~d -x .100 - B x 100. 98.5%
total no. of specimens tested 1080
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Thu confidence level on tht probability can be obtained from a standard table
of "Confidence Intervals for Pro;ortions". The large size of the proportion UNI0'
gives an interval of 1 0.51 to the probability for a 99f confidence level.
Therefore, aity specimen has a 98.5 ± 0.5f probability at a 99Y confidence level of
having a 150 hour protective life at ?000F.

The 2" x 2" test specimens fabricated from D-43 alloy were also oxidation
tested at 2000F. These specimens were Included to demonstrate the uniformity of
the Cr-Ti-Si coating as applied to a larger sarface area piece. Two of the sixty
2" x 2" specimens failed in less thqn 150 hours. The minimin protective life was
72 hours. The reliability of the Cr-Ti-Si coating on the 2" x 20 specimens can be
assessed in the same manner as for the 1/2" x 1/2" specimens above. The pro-
bability for 150 lpus life at 7000F' is 96.5%. The 9W confidence interval for
the proportion is 1.5%. The interval is larger for the 2" x 2" speciuens
since the number of tests is less and the prorartion is correspondingly smaller.
Therefore, a 96.S ± 1.5% probability at a 99% confidence level exists for a 150
hour life for a 2" x 2" specimen at 2000"F.

A more comprehensive statistical analysis of the protective reliability of the
Cr-Ti-Si coating on D-43 and B-66 alloy is possible at 2500 F since the majority
of the test specimens failed in less than 150 hours.

The population of 2500*F oxidation data consists of a total of 1020 tests on
1020 specimens from 30 batches of approximately 34 specimens each.

In treating the protective life data for the 2500F tests, the following
considerations are made:

1' the two alloys are treated individually even though .-ey were
coated together

2) specimens of each alloy coated in the top section of boLr the 3"
and 7-1/2" diameter retorts are treated separately from snecimens
coated in the middle and bottom sections

1) "xept in consideration of batch-to-batch variation, all batches
of the same alloy whether from the 'A or '-1/2" diameter retort
are treated as one lot.

The two alloys are treated individually to ia"Jicate the effect of the substrate
on coating reliability for the same process conditions. Based upon the results pre-
sented in the plots of Figures 54 and 55 it is apparent that specimens coated in the
very top portion of the retorts consistently have differe-t coating compositions with
respect to specimens coated lover in the retorts for comparable thickness levels. It
is, therefore, considered justifiable to treat such specimens separately. To gain
an overall reliability assessment of the Cr-Ti-Si coating and the vacuum pack proces.
relating both to current scale usage and future scale up, the test results of all
specimens of a given alloy from 3r batches are treated statistioally as a lot. This
was done so that the net result incorporates the effects of different retort sizes
(furnace sises•, different coating thicknesses and a range of practical process
parameters.
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As a first step in the analysis o? the data, it in desirable to establish
atiatically the batch-to-batch variation of the 30 coating batches based upon the
otective performance of the speclmeiLs iii each batch. This is done by calculating
i comparing the mean protective life apd standard deviation for each batch. The
Iculatlons are made with the following equations:

For less than an infl te populistlon -
/X (true mean) Y-'i (sample nmean)
Cr (true deviation) ,--' .( sample deviation)

N

(5l)

N
Zuany specifi.c test value

IV total nub-,r o~f te sts

The calculhte-4 vsalues for the mea- 2500 and 27007F protective life are tabu-
ted for each batch In Table 28. The batch-to-batch variation for six batches is
dica ted by comparinig the T -a uts for each retort position from a given set of
ocessing condlt116ons. 'it '.s epparent. based on the mean life values, that same
tree of b~atch-to-batch variation I-) present and is influencing the poj~lAztion
read.

The pro~tective reliability of the Cr-TI.-S coating on D-43 and B-66 alloy
ecimens is atablished by plotting a rreque-cy polygon with each data lot and
rmalizing it to a Gaussian distribution. ?'igires 56 through 63 show the frequency
rroua life dictribution for the two alloys iiu the top portion and the middle-
ttm portion of tne retorts. 'The mean kx) , nd standard deviation (i vailues
leulated for the four distribution curves at 2500 and 2700"F are listed in
ble 29.

Once the mean (T) and stand~ard deviation (9) are esthblished, various protec-
we life probability levels can be calculated. This £'ý done in thie following
nnefr tT

11) the probability of miny specimen reaching life A is given by
the area under the curve represented by P1
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TALE 28

Values of Mean Protective Life and Standard Deviation for
Each Specimen Batch for 2500 and 2700*F Oxidation Tests

Processxi Processing Processinf,
Alloy and Batch Condition A11) Condition-B'l) Condition CI)
*Sazle Lot No. Y S N T~ __ 1W ___

Hours Hours Hours

D-43 Alloy - 1 6L 27 12 64 16 21 69 9 22
Middle and 2 69 16 12 50 15 24 73 2? 24
Bottom Retort 3 88 20 12 63 25 18 64 22 24
Positi-hn-2500F 4 77 32 12 71 32 24 49 27 20
Oxidation Test 5 70 22 12 74 23 24 76 26 24

6 84 25 12 56 14 24 65 22 24

D-43 Alloy - 1 47 28 6 58 23 11 50 2 7
Top Retort 2 73 13 6 50 14 12 52 26 12
Position-2500F 3 53 10 6 41 20 9 48 13 12
Oxidation Test 4 49 29 6 48 20 12 41 11 9

5 69 '19 6 49 17 12 55 18 12
6 81 28 6 56 12 12 56 7 12

D-43 Alloy - 8 4 4 4 1 8 3 1 8
Middle and 2 8 3 4 6 1 8 5 2 8
Bottom Retort 3 5 1 4 6 2 8 6 2 8
Position-2700°F 4 11 1 4 6 2 8 6 5 8
Oxidation Test 5 10 6 4 8 4 8 8 4 8

6 11 6 4 7 3 8 6 3 8

D-43 Alloy - 1 5 0 2 2 0 4 2 1 4
Top Retort 2 6 0 2 5 2 4 5 1 4
Position-27001F 3 3 0 2 4 1 4 6 3 4
Oxidation Test 4 I1 5 2 4 1 4 6 5 4

5 - 2 2 5 4 4 5 4 .4
6 6 0 2 5 3 4 2 1 4

(1) Processing Condition A - Cr-Ti 10 hours at 2350"F, Silicon 6 hours at 2100OF
Processing Condition B - Cr-Ti 8 hours at 23007, Silicon 6 hours at 2100OF
Processing Condition C - Cr-Ti 8 hours at 2300F, Silicon 4 hours at 20000F
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TAN• 28 (Continued)

Values of Mean Protective Life and Standard Deviation for
Each Specimen Batch for 2500 and 270O' Oxidation Tests

Processing Process Processing

Alloy and Batch Condition A- ) Conditionlfl) Conditions C-I)
SEqge Lot No. y S N T sT I T b

4ours Hours Hours

B-66 Alloy - 1 89 28 12 72 33 21 78 28 20
Middle and 2 106 32 12 93 26 18 100 27 24
Bottom Retort 3 86 11 12 80 29 21 75 27 24
Position-2500'F 4 96 33 12 88 34 19 67 23 24
Oxidatima Test 5 90 17 12 53 25 14 82 40 24

6 102 23 12 72 29 24 83 30 24

B-66 Alloy - 1 51 1i 6 41 24 12 37 16 12
Top Retort 2 60 20 6 76 32 12 45 12 12
Position-2500"7 3 51 2 6 64 35 12 57 17 12
Oxidation Test 4 63 26 6 56 26 12 36 16 12

5 78 23 6 61 29 12 66 22 12
6 57 14 6 60 19 12 60 18 12

2-66 Alloy- 1 5 1 is 3 1 8 2 1 8
Niddle and 2 4 1 4 5 1 8 4 1 8
Bottom Retort 3 11 5 4 4 1 8 5 3 8
Position-2700O7 4 7 1 4 4 1 8 5 3 8
Oxidation Test 5 4 1 4 4 2 8 6 4 8

6 3 1 4 3 1 8 4 1 8

B-66 A1oy - 1 5 0 2 2 0 4 2 1 4
Top Retort 2 4 0 2 3 2 4 2 0 4
Position-2700'F 3 5 3 2 4 2 4 3 2 4
Oxidation Test 4 i1 2 3 1 4 2 1 4

5 4 1 2 3 1 4 3 2 4
6 3 0 2 3 1 4 4 1 4

(1) Processing Condition A - Cr-Ti 10 hours at 23500y, Silicon 6 hours at 21000F
Proe ssing Condition B - Cr-Ti 8 hours at 23000F, Silicon 6 hours at 2100OF
Processing Condition C - Cr-Ti 8 hours at 2300'?. Silicon 4 hours at 2000OF
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TABLE 29

Suary of the Mean Protective Life and Standard
Deviation for 2500 and 27007F Oxidation Tests

Middle and Bottow Retort Positions

Oxidation Test

Alloy Teqerature-OF S N

D-43 2500 67 24 345

D-43 2700 7 3 120

B-66 2500 83 31 326

B-66 2700 4 2 120

Top Retort Position

Oxidation Test

Alloy TemSerature-°F N

D-43 2500 53 20 168

D-43 2700 4 3 60

B-66 2500 56 214 180

B-66 2700 3 1 60

I
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2) the life at A is determined by

S- K(s) - A (T + K(s) - A if A were to the right of 7) (6)

where the value of K f-r P1 is obtained from a table of
"Percentiles of Normal Distribution"

3) at this point P, and A are known, the level of confidence
of P1 is determined by establishing the confidence interval
for x by

2 tKc t (7)

where N is the total number of tests involved and Kc corresponds
to the percentile value of the desired confidence level (99%
confidence level -X - 2.33)

4) the true mean (ý&) for an infinite population will lie within the
confidence interval established for 7 and thb upper and low-
probability limits are set by the values of K 'iven from

7 + Kc 7 - Ka(S) - A (8)

and

[ - Kc l -J Kb!'N - A (9)

or solved to

a ___I___ A _ 
(10)

Ka -

Kb go

5) the percentile values corresponding to Ka and vb fall above and
below Pl, respectively, and establish the probability limits
for P1 at the desired level )f confid-nce for a given life
value of A.

Table - presents the reliability analysis of the 1500F protective life data
for Cr-Ti-Si coated D-43 and B-66 alloys in terms of protective life probability
at a 99" confidence level. A similar reliability analysis of the "W.*F protective
lhfo data for tt two Cr-Ti-Si coated alloys in terms of protective life probability
at a 991 confiienco level Is given in Table 31.
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TABLE 30

Cr-Ti-Si Coating Protective Reliability fo Cyclic Oxidation at 25(0)M

99% Confidence Level

Cr-Ti-Si Coated D- 4 3 Alloy

Middle and Bottos Retort Positions Top Retort Position

Probabil1tA ' Life-Hours Probability Li -feHours

97. 5o.5% 20 97.5-l% 114

95t1% 28 95t2.5% 20

90±ý2% 3,9±ý3.$% 27

75th% 51 75+-6% 39

Cr-Ti-Si Coated B-66 Alloy

Middle and Bottom Retort Pos:iioons Top Retort Position

Probability Life-Hours ProbabilitV Lrfe-Hours

9505%22 ?7.5t1% 9

95tl% 32 95-tb•5% 17

75t•L% 62 75t3.5% 30
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TABLE 31

Cr-Ti-Si Coating Protective Reliability for Cyclic Oxidation at 2700•F

99% Confideme Level

Cr-Ti-Si Coated D-L) AI1M

Middle and Bottom Retort Positions Top Retort Position
Prbabilit - Life-HcurS 1 -o~bilitZ Li4 e-aours

97.5±1% 1 75±11% 2

9512 2

900% 3

75*6% 5

Cr-Ti-Si Coated B-66 AlLoy

Middle and Bottom Retort Positions Top Retort Position
Probability Lire-Hours "_Probabilit__Lie-ours

9±5%1 90±1..5% 1

90±4.5% 2 75-+7% 2

75±7% 3
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The values for protective reliability represent the probability of obtaining a
given protective life at 2500 or 2700"F from any B-66 or D-4 3 alloy piece Cr-Ti
coated utilizing the process parameters included in this study. It should be noted
thdt the life-hour expectancy listed in the tables for a given probability level
applies to coatings processed using a relatively wide variation in process condition
The batch-to-batch variation, previously noted, is factored into the values for pro-
tective reliability. It should also be noted that the coatings utilized in this stu
were selected to be reasonably protective over the temperature range from below 200C
to 2700'F. This required some sacrifice of protective properties at both high and
low temperatures in order to achieve better overall performance for this wide range
of test temperatures. Improvement of protective capability at a particular test
temperature could be achieved by adjustment of the process rArameters and associated
coating composition.

8. REDtUED PRESSURE OXIDATION STUDIES

In many applications involving coated columbium alloys, such as high altitude
re-entry vehicles, components will be subjected to elevated temperature exposures at
gas pressures 'elow one atmosphere. Very little data are presently available concer.,
ing the effect of reduced pressure oxidation on the protective capabilities of
refractory metal coatings. Limitcd data have been obtained from work carried out
at Lockheed involving testing of silicide coated molybdenum under reduced pressure
conditions simulating those of a radiation cooled leading edge structure of a
hypothetical glide re-entry vehicle(4). This work and similar studies initiated
by other organizations indicate conclusively that cyclic oxidation properties at
one atmosphere are not alone sufficient criteria for the evaluation of refractory
metal coating protection for aerospace applications. Degradation cf silicide
coating protective capabilities has been produced by low pressure exposure, result-
ing from the deterioration of the normally prctective glassy SiO2 layer by the
volatizatlon of silicon monoxide (SiW.

The primary ?bjective of this phase of th- program wýs that of elucidating the
proteotive prorerties and stability of the Cr-Ti-Si coating for a range of reduced
pressure-elevated temperature exposure conditions.

The program was originally planned to include low p essure exposure temperature
of 250n' and ?600F Erd pressure levels (air) of from 10- to 50 m. However, initia
Aest . -t I- -•Ica ted t .... r-91 f-sres of prima.y interest to be 10-2 to 5 mr
Thus, the rrograir; was modified to provide a comparison of the effects of the followl
variables:

a) exposure pressures of 10-2, 10-1 and 5 mm

b) exposure temperatures of 2"0" and 2600 0 F

c) exposure times of 1 , 2 and 4 hours

d) initial spec.imen conditions of 'l) as coated, (2) pre-oxidized 1 hour
at 25000F at 1 atmosphere and (3) pre-oxidized 4 hours at 2000*F at
1. atmosphere.
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Visual inspection and metallographic examination of representative specimens
exposed to the reduced pressure environment were employed to determine the effect
of exposure. In addition, cyclic port-oxidation testa at 1800 and 2100 F were
utilized to dtermrine the post-oxidation protective characteristics of specimens
exposed at reduced pressure as compared to the cyclic oxidation protective proper-
ties of as coat-ed specimens.

The low pressure facility constructed for this work is shown in cross section
iA Figure 64, The horizontal high purity alumina tube (2.0" I.D.) is externally
hea-3d by four globar elements. Water cooled copper fixturing is attached to each
eud of the refractory tube with wax vacuum seals. A vacuum tight push rod assembly
ia ttached to one end of the vacuum chamber for manipulating a high purity alumina
fit. amen tray in and out of the hot zone. The hot zone is 12" overall length and
per ttt uriform heating of a 6" long specimen boat. Temperature measurements are
mpde -4th an optical pyrometer through a sight port and correlated with measurements
wl"hlz the tube using a Pt-Pt%.I0% Rh thermocouple. A McLeod type vacuum gage is
utilized for pressure measurements. This unit has been evacuated to approximately
1 rikron pressure (10-3 mm) at 2600 F. The design of this furnace permits simul-
taneous testing of several ccateit coupons, and has provisions for thermal cycling
for visual inspection. At the hig'her operating pressures air is bled through the
system and the gas flow rates metered.

Initially, difficulty with the test apparatus was encountered because of
cracking of the refractory alumina tubes. This problem was discussed with the
refractory tube suppliers, and as a result several modifications were made in the
furnace hearth and tube support designs. In addition to design modifications,
Mullite WJ-30 tubes (supplied by McDanel Refractory Porcelain Co.) were installed
to replace the high purity alumina tubes. The apparatus was successfully o-erated
at pressures to 10-3 - (1 micron) up to 26000F. One mullite tube cracked after
several hours operation; a second was installed and successfully operated in excess
of 100 hours, However, excessive tube breakage was again encountered with the present
apparatus, and it was concluded that additional testing was not economically feasible.
All testing was completed, with the exception of tests scheduled at 26C0CF, at 5 mm
pressure. It is felt that the test apparatus can be improved to eliminate the
tube breakage problem.

Cr-Ti-Si coated D-14 columbium alloy sheet vas utilized exclusively for this
portionct the investigation. The courons were CV-Ti-Si coated in five separate
batches. All coupons, however, were coated by utilizing identical coating para-
meters. The coating was applied from a 5.Cr-50Ti pack in 8 hours at 2300 F using
0.5 w/o KF activation ande a pressure of 1.5 mm (blanked off system). The silicon
cycle involved 4 hours at 2050°F using 1.r w/o KF activation and a system pressure
of 10-2 aw.

At 2500*F a wide range of pressures were investigated. These included 10-2,
10-1 , 1, 5 and 50 mm utilizing exposure times cf 1, 2 and 4 hours. As coated
specimens were exposed at each pressure level, and In addition pre-oxidized
specimens (1 hour at 25CO*F - one atmosphere and 4 hours at 2000OF - one atmosphere)
were exposed at 10-2 , 10-1 and 5 mm. The testing conducted at 2600"F included
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only pressures of 10-2 and 10-1 -. All three specimen starting conditions were
evaluated at each pressure. Of prime importance is the fact that there were no
instances of visible coating failure and associated growth of columbium oxide on
any of the specimens exposed to the high temperature-reduced pressure environments.

Five specimens were exposed at each indicated time for each set of test para-
meters. One specimen froa each low pressure exposure group was sectioned for metallo-
graphic examination, two specimens were post-oxidation tested at 1800*F and two speci-
mens were post-oxidation tested at 2500"F in air at one atmosphere.

Operating pressures of 10-2 and 10-1 - were obtained by controlling the ptumping
rate to the system. The higher operating pressures of 1, 5 and 50 = were obtained
with a controlled air bleed into the system. Air flow rates required to produce the
desired operating pressures were metered and values for mass flow obtained for air
entering the system at room temperature and constant pressure. These values are
listed in Table 32. Considering the expansion of the air in the furnace hot zone
at 2500"F, the average air velocity in this portion of the tube would be increased
by a factor of approximately five. The mass flow of air through the tube was
obviously quite low at these pressures.

Post-oxidation tests used to evaluate the extent of change in the coating
protective life resulting from the low pressure exposure were conducted in the saw
manner as for evaluation of one atmosphere protective life. Specimens were cycled
from the test temperature to room temperature once each hour for 8 hours followed by
16 hours of static exposure for each 24 hour period with testing continued until
the first external evidence of coating failure was observed. A globar heated box
furnace with a slowly moving air atmosphere was used for all oxidation tests at
one atmosphere. Cr-Ti-Si coated specimens similar to those exposed to reduced
pressures were cyclic oxidation tested for baseline data for evaluation of the effect
of the reduced pressure exposure on the protective capability of the coating.
Table 33 lists the results of the post-oxidation tests conducted on all specimens
exposed to low pressure environments.

8.1 Suiary of Low Pressure Behavior

Exposure of as coated specimens at 10-2 m at 2500F did not cause loss of
protective capability at 18C0"F. 25000? exposure at 10-1 -m of specimens pre-
oxidized 4 hours at 2000"F likewise did not effect the 18OO"F one atmosphere pro-
tective capability &f the coating. This was also true of all conditions involving
exposure at 25W0F at pressures greater than 10-1 sm. Pre-oxidized specimens
exposed at 2500OF at 10-2 mo sufferend some loss of low temperature capability
As coated and p re-oxidized (1 hour at 2500"F at one atmosphere only) specimens
exposed at 10- = also showed some loss of 1O"F one atmosphere protectlve life.
All exposure conditions investigated at WOOrF caused loss of subseeuent 1800"F one
atmosphere protective capability of the Cr-Ti-Si coating.

Some degradation of the 2500"F one atmosphere protective life was apparent
for all reduced pressure exposure conditions at 2500"F iniolving pressures of less
than 5 M. Serious loss of 2500'F one atmosphere protective properties resulted
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from exposure of as coated specimens for 4 hours at 10-2 P= at 2500"F. Exposure
for less than 4 hours at this pressure caused only a minor decrease in r.-otective
life. Oxidation at one atmosphere prior to exposure at 10-2 mm at 2500S F resulted
in serious loss of 2500OF protective properties. Exposure at 2600"F at 10-2 mm or
at either 2500 or 2600"F at 10-1 zr caused loss of 2500f F one atmosphere protection
rei[ardless of initial specimen condition. Reduced pressure exposure at 1 mm at
250Y)F also caused a reduction in 2500OF one atmosphere protective properties,
although less serious than exposure at I0- L'n at 2500*F. Exocsure to -educed
pressure environments at 2500"F It pressures of 5 and 50 mr caused no reduction of
2500°F one atmosphere protective characteristics. In fact, an apparent ixsprovemcnt
in the high temperature protective capability of the Cr-Ti-Si coating was observed asa result of exposure at 50 mm.

8.2 Low Pressure Behavior at 10-2 mm

Figure 65 shows photomicrorraphs of the Cr-Ti-Si coated srecir'ens exposed for
1 and 1 hours at 10-2 mm (2500nF) in comparison with similar specimens exrosed at
one atmosphere at 25000F. A relative change ir. coating microstructure is readily
observed after the 1 hour exposure. Recessions in the coating surface are noted
after exposure at both pressures, however, at one atmrcsrh-re these pockets became
filled with a protective oxide layer. This figure, at 5ryX, comrares the changes
that occur in coating structure during exposure in air at one atmosrhere and at 10-2
mm for 4 hours at 25000F. All other photomicrcgraphs of srecimens exposed to the
reduced pressure environments are shown at 250X. The gradual formation of the dis-
tinctive layer in the outer surface of the coating of as coated specimens exposed at
10-2 (2500F° is shownagain in Figure 66. This layer is thought to be titanium
silicide resulting from chromium depletion of the coating. The oxide which formed
on these specimens upon subsequent post-oxidation was yellowish-brown in color,
characteristic of the oxide which forms on titanium silicide. Chromium loss during
the reduced pressure exposure was evidenced as a deposit of green chromium oxide on
the walls of clean alumina boats during exposure. In general, the coating thickness
was relatively unchanged by this particular reduced pressure e.<posure. The major
microstructural change was the formation of the distinct surface depletion layer.
The finger-like recessions which are apparent in the coating microstructure are
observed macroscopically as a craze crack pattern on the specimen surface, in the
absence of any appreciable oxide surface "lTycr. Figure 67 is a photograph of this
crack pattern. This condition apparently is caused by preferential volatilizatqon
of the coating constituents (probably chromiut) from these localized recesses.

A coupon weight loss of approximately 6 mg/hour occurred durinf, exposure
(250(F) at 10-2 amm, and it was obvious that the coating was depleted of a consider-
able quantity of chromium. Chromium vaporization from the coating apparently
continued for up to 4 hours during the redLced Tressure oxidation treatfment.
Chromium was, in fact, evaporated in small amounts from the Cr-Ti-Si coating at
one atmosphere during oxidation testing, 3t 25000F and above. For increasing exposure
times at low pressure, decreasing quantities of chromium uere observed to be lost
from the coatings during oxidation test at one atmosphere at 25(0.°F. The weight
changes recorded for low pressure exposure at 2500"F are presented graphically in
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1 Hour - 25 0o°F 1 Hour - 2500(F
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4 Hours - 4 Hours - 7500"F
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Figure 65 Cr-Ti-Si Coated L-14 Alioy After i and 4 Hour Exrosures in
Air at 250COF, at both 1 Atircsihere anr 10-2 mm 50X)X
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1 Hour - 2500 F 2 Hours - 2500*F
10-2 mm 10-2 mm

4 Hours - 2500OF
10-2 =

Figure 66 Cr-Ti-Si Coated D-14 Alloy After 1, 2 and 4 Hour Exp.osures in
Air at 5Cr*,F at 10-2 m 25(]X
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4 Hours -250 F - I 1-2 mm Polar-ized Light IOr, ~

Figure 67 Cr-Ti-Si. Coated D-14 Alloy After 4 PHours -,;xjcsure in Air at

2500*F at 10)o-2 =m Showing Surface Craze Cracking
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Firure 68. Figure 69 shows the weight changes recorded for low pressure exposure
at 26000 F.

The opecimen weight loss of 6 mgAcur reported above corresponds to aprroxi-
mately 1.8 mg/cm2 /hour based on the total specimen area (1/2" x 1/20 x 0.040")
or approximately five percent of the total weight of the coating per hour. During
these tests only one side of the specimen was entirely exposed, the opposite face
being in contact with the alumina boat. The exact value of the coating weight loss
per unit area was therefore somewhat greater than the above value for the exposed
surfaces.

Figures 70 and 71 show photomicrographs of specimens oxidized at 25OCfF for
1 hour and 2OOO'F for 4 hours (one atmosphere) and subsequently exposed at 2500"F
at 10-2 mm. Both pre-oxidation exposure conditions caused a reduction in the low
temperature protective properties as compared to as coated specimens exposed at the
same conditions. Of the two pre-oxidation conditions, the 1 hour treatment at
2500°F caused the greater reduction in 18O*F protective capability. Both pre-
oxidation treatments resulted in more serious losi of 2500F protective properties
than direct exposure of as coated specimens. A comparison of these microstructures
with those in Figure 66 shows the presence of a heavy surface oxide layer on the
specimens pre-oxidized at 2500 F before the low pressure exposure and a thinner oxide
on specimens pre-oxidized at 2000PF. The coating remaining on the pre-oxidized speci-
mens is seen to be much thinner than on as coated specimens exposed at 10-2 mm at
2500*F. The oxide layer formed on the surface of the coatings during pre-oxidation
is obviously not completely removed by the low pressure exposure treatment. Some
contamination is visible in the substrate of pro-oxidized specimens, particularly
those pre-oxidized at 2500"F and exposed 4 hours at 10-2 mm (2500"F). The oxide sur-
face layer is no doubt the source of oxygen which ultimately diffuses into the
substrate at 2500*F. Vaporization of coating elements, notably chromium, apparently
renders the coating permeable to small amounts of oxygen. The pre-oxidation treatment
involving 1 hour at 2500*F greatly reduced the specimen weight loss (Figure 68) during
sub-equent low pressure exposure compared to the as coated initial specimen condition.
Apparently the formation of a dense glassy layer during the 25006F pre-oxidation
treatment served to lower the rate of chromium vaporization from the coatings. The
oxide formed at ?0OO*F was not dense enough to slow the loss of chromium, thus the
weight loss for this starting condition during low pressure exposure approximated
that recorded for as coated specimens.

Figures 72 and 73 are photomicrographs of coupons which were post-oxidation
tested at 1800 and 2500'F (one atmosphere) after previous 10-2 - oxidation at
25000F. At Me 00F a protective oxide is observed to have formed at one atmosphere
on the chromium depleted surface layer of the specimen exposed at 10-2 mm. This
oxide provided protection equivalent to that of the oxide formed on' the as coated
Cr-Ti-Si coating, based on the time limit of the test. However, at 2500"F this
unidentified depleted layer exhibited relatively poor protection as compared to
the as coated specimen. Deterioration of the coating is observed after 6 hours
oxidation at one atmosphere on an individual coupon after a 4. hour exposure at 2500' F
and 10-2 um. Only slight degradation of the one atmosphere 250O* protective life
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1 Hour -250(f F - 1 Atm 1 Hour - 250(f F 1 A tz
1lHour-2500*F-1O- 2 n 2 Hours -250(9f-1O- 2 mm

1 Hour - 2501?F - 1 Atm
4 Hours - 2500*F - 10-2

Figure 70 Cr-Ti-Si Coated D-14 Alloy Affter Pre-Oxidation in Air at 250C0 F
at 1 Atmosphere and Exposure in Air at 2500fF for 1, 2 and 4
Hours at 10,2 M 250 X
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4 Hours- 2500(F - 2 t Hours- 2500F - 102t

4 Hours -2000 F-i Atm
4 Hours -25V F - 10-2 mm~

Fioure 71 Cr-Ti-Si Coated D-144 Alloy After Pre-Oxidation In Air at
200(f F at 1 Atmosphere and Exposure in Air ait 2500OF for
1v 2 and 4 Houra3 at 10-2 zm 25CK
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1 Hour 250(fF 1- 1y 2 mu 4 Hourns -250e0F-1O-
2 mm

200 Hours -1800F - 1 Amn 200 Hours -18(fl0F -1~ Atp-

2100 P~ours -18n00F - 1 Atai

Figure 72 Cr-Ti-Si Coated D-U4 Mafy Ifter iBDO'F Oxidation in Air of' As
Coated and Reduced Pressure &tposed (2500'7) Specimens 250X
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Figur-e 73 Cr-Ti-Si Coated D-14, Alloy After 2)50F Oxidation in Air at
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resulted from the 1 and 2 hour low pressure treatments, apparently txcause of the less
significant alteration in the coating composition.

Figures 74 75 and 76 depict the microstructure of the Cr-Ti-Si coating after
exposure at 10 -k mm at 26000F. All three initial specimen conditions are represented.
A similarity between the as coated material exposed at 10-2 mn at 2600"F and at 2500CF
is obvious. No appreciable surface oxide 2ayer is formed at tither temperature. The
titanium silicide layer formed during low pressure exposure at 2500"F, while also
observed at 26007F at 10-2 mn, is less distinct at the higher temperature. It is
evident that the amount of retained silicide coating was reduced *, the increase in
low pressure exposure temperature; no doubt due to the higher vapor pressure of the
coating elements at the higher test temperature.

The reduction in 2500"F protective capability (one atmosphere post-oxidation)
attributed to reduced pressure exposure at 10-2 mm at 2500'F (as coated specimens)
was greatly magnified as the exposure temperqture was increased 1006F. Whereas.
the low temperature (18000i) protective properties were unaffected by the 2500"F
exposure, a drastic reduction in lf0IF one atmosphere protective capability occurred
at a reduced pressure test temperature of ?600OF. This was, in fact, true for all
specimens c:xposd at 2,•YF at IC-? =. 7L. photomlicrographc of' the p'e-oxidized
specimens exposed at 2600"F at 10-2 mm accentuate the Cr-Ti-Si coating behavior
observed at this pressure level at 2500"F. While there was essentially no difference
in the protective capability of the coating exposed at 2600eF and 10-2 -mm with regard
to initial specimen condition, there was a significant 1 lfference in microstructure.
Pre-oxidation at 2500"F at one atmosphere resulted in a substantial reduction in
retained coating thickness. Large voids were observed at the coating-base metal
interface and substantial substrate contamination, beneath the titanium cnriched
diffusion zone, was noted. Pre-oxidation at MOOF at one atmosphere, on the other
hand, did not significantly alter the microstructure from that observed for as
coated specimens exposed to these conditions. Apparently, at the higher pre-
oxidation temperature the amount of oxygen which reacts with the coating to form
the SiO2 layer at one atmosphere is sufficiently greater than that pacted at
2000F to account for the difference ir mic•-cstructural e!fects.

8.3 Low Pressure *ehavior at 10-I

Figure 77 shows Cr-Ti-Si coated specimrrs exposed 1, 2 and 4 hcurs at 2500*F
at 10-1 m. A surface oxide layer is observed to have formed at thiF tressure,
increasing in thickness with increasing exposure time. The amount cf retained
silicide coating was significantly decreased by this exposure treatment. An
appreciable amount of internal contamination is obrerved after 2 and 4 hours exposure,
indicating a substantial loss in the protective characteristics of the coating.
The severity of coating degradation resulting from exposure at 10-1 an as compared
with exposure at 10"2 m is most probably due to the fact that at 10-2 M Insuffi-
cient oxygen is present to cause formation of a protective oxide layer. At 10-2
m the principal mechanis involved in microstructural changes is chromium evapora-
tion. At 10- sm, however, sufficient oxygen is present in the atmosphere to permit
reaction with the silicide layer. Degradation then results from vaporization of
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Fig~r. 75 Cr-Ti-Si Coated r-14 Alloy After Fre-Oxidstion in Air at 2•5'F a•
1 AtwsPher and Rx]osure in Air at 2600"F for 1, 2 And 4 Hours
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I Figure 77 Cr-Ti-Si Coated D-14 Alloy Aftear 1,, 2 and 4 Hour Exposures in
Air at 250(f F at 10P- 1 m 25001

160



the silicon monoxide (SMO) in addition to loss of chromium. In a dyr~amic system such
as utilized for these tests surface reaction products would be removed, allowing
ccntinuous formation and volatilization of S3O aid thus a continuous Ices of the
silicide layer.

One group of specimens was pre-oxidized at 2500M'F (one atmosphere) for I
hour prior to exposure at 10-1 -m at 250WF. Figure 78 shows photomlcrcgraphs of
these specimens after 1 and 2 hours exposure to the reduced pressure environment.
This pre-treatment lrid not significantly alter the reduction of the post-oxidation
protective properties of the coating. Xicrostructurally there was no essential
difference between specimens which were pre-oxidized and those which were not. An
adherent glassy surface layer was formed on the specimens during the one atmosphere
oxidation treatmsnt Towever, the mechanim of coating degradation by volatilization
of SiO and chr--Lium appeared to be unaffected by this pre-treatment. A second group
of specim'ns were pre-cei*ized at 200'F (one atmosphere) for 4 hours prior to
exposire (?5W°r) at -10 i and photomicrographs of these specimens, after reduced
pressure exposure, are shown in Figure 79o Again, there was little microstructural
ditfercnce after low pressure exposure between the pro-oxidized specimens and those
which were nmt. ITo glassy surface layer was formed at this lower pro-oxidation
temreratur3a The protective capability of this group of coupons was nearly identical
(or slightly improved) as compared to specimens directly exposed in the as coated
corxdition.

Weight losses of specimens which were directly exposed at 10-1 m- were com-
parable with those observed at 10-2 M, although different effects on the coating
microstructure were noted. Deviations in weight lose measurements my be readily
attributed to oxygen pick-up during exposure. Examination of the nicrostructure of
specimens exposed at 10-1 -m clearly shows evidence of oxygen pick-up (Figure 77),
whereas specimens exposed at 10-2 M (Figure 66) do not indicate substantial con-
tamination. A considerably greater weight loss was incurred with specimens exposed
at 10-1 mm after pre-oxidation for 1 hour at 2500°F at one atmosphere. This my be
associated with vaporization of SiO from the glassy surface layer which was formed
during pre-oxidation. In addition, spelling of #he surface oxide layer was observed
upon cooling the specimens to room temperature. The weight changes recorded for
coupons Fre-oxidized at 2000*Frone atmosphere were equivalent to those recorded'for
as coated material exposed at 10-1 m- at 2500"F.

Figures 80, 81 and 82 are photomicrographs of coupons exposed at 2600"F at
10-1 me, both in the aa coated condition and after pre-oxidation at cne atmosphere.
Exposure of as coated specimens under these conditions resulted in serious lose of
both low and high temperature one atmosphere protective characteristics. Micro-
structurally, a surface oxide layer was observed, increasing in thickness with
increasing exposure time. Also, voids were observed at the coating-base metal
interface probably resulting from (a) chromiu vaporization at the surface pand (b)
rapid chromium diffusion to the surface. Specimens pre-oxidized at 250O* F at one
atmosphere showed a characteristic dense surface oxide layer (glassy), increasing
in thickness with increasing low pressure exposure time. The protective capability
of coatings exposed to this pre-oxidation treatment ws superior to as coated
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1 Hour 215OO'1* -1 Am~ 1Hour -2500PF-l1Atin
I1Hour-25W - 10- 1 u 2 Hours -250fF - 10-1 mm

Figure 78 Cr-Ti-Si Coated D-14 Alloy After Pre-Oxidation in Air a~ 2c)O' F
at 1 Atmosphere and Exposure in Air s~t 25000 F for 1 and 2 liurs
at 10-1 - 25CIX

162



4 Rovris - 2000'F -1I. Ata 4 How-3 - 2000'- 1Ats
IHour-2500F -1Oi 2 Hours 2500'f - 10-1

4 Ho~we 2-~ F -0 1 its
4 Hours 2W 201F - 10-1 w

Figure ?9 Cr-Ti-Si Coated D-14 Alloy After Pro-Oxidation in Ai at
2000' F at 1 Atmosphere and M~posrew in Air at 250(fF for
1, 2 and 4~ Hours at 10-1 an 25(1
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164*



I~~~~~~ Hour- 2500'?F - 1 Atz or-2W t
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Figurre 81 Cr.-Ti-Si Coated D-14 A11oy A~ttr Pro-Oxidation in Air at
250(? F at 1 Atmosphere and Exposure in Air at 2&.'(? fbr
1, 2 and 4 Hours at 10-1 m25M1
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Figure 82 Cr-Ti-Si Coated D-14 Alloy After Fro-Oxidat ion in Air at 2000' P
at. 1 Atmosphere andi Pxpesure in Air at 26000FP for 1 and 2 Hours
at 10-1 -25OX



specimens exposed to the sam reduced pressure condition. Apparently the formation
of the dense adherent surface oxide layer effectively reduced the rate of chromium
loss from the coating, thereby reducing the degradation effect of the low pressure
exposure.

The w ight changes corresponding to this series of exposures nearly approximates
the weight changes recorded at 10-2 M. At both pressures (10- and 10-2 Ms) the
"oreatest weight loss was sustained by specimens pre-oxidizeP at 2500"F. Pre-exosure
at 200Y did not significantly alter the weight loss pattern froa the as coated
specimen starting condition.

8.4 Low Pressure Behavior at 1. 5 and 50 -

Exposure at 2500F at I m (Figure 83) did not cause loss of 1800"F one atmosphere
protective properties. Some loss of one atmosphere protective capability at 2500 F
was observed, no doubt primarily due to the decreased chromium content of the coating
following the reduced pressure treatment. Volatilization of SiO would be expected at
1 m= pressure; in fact, this should result upop exposure at 2500 F at all pressures
below 2 = as determined from equilibriu mata d. There was no obvious formation of
a glassy surface layer at 1 m, substantiating the evidence of volatilization of SiO.
A white porous deposit was observed on the specimen face which was adjacent to the
alumina boat after exposure at 1 -m pressure. Perkins has reported a similar conden-
sate found in the colder regions of his test apparatus, and has identified it as
silicon and amorphous silica resulting from the decomposition of $i0 in the absence
of oxygen(5).

Figures 84, 85, 86 and 87 show photomicrographs of sTecimens exposed at 5 and
50 e at 25007F A much less significant alteration in coating uicrostructure
observed at these higher pressures. A glassy adherent oxide surface layer was
formed at both test pressures. No appreciable difference in ficrostructue exists
between specimens exposed at these two pressures. Weight change measurents were
compar•,ble for specimens exposed at 5 and 50 mm and specimens exposed at one atmos-
phere. However, it is significant that in all cases the weight change of specimens
exposed in air was positive and in all instances greater than observed for spepimene
exposed at any reduced pressure indicating some loss of coating constituents due to
volatilization.

Substantially more internal contamination was observed in the substrates of
coated specimens pre-oxidised at 2500? and one atmosphere prior to exposure at
S as compared wvth material directly exposed at 5 mm. Also, exposure at 50 Ma
resulted in increased internal penetration as compared with the 5 m exposire of
is coated specimens. This contamination has not been observed in the substrates of
.r-Ti-Si costed coupons oxidized at one atmosphere at 250'? for comparable times,
while it has been observed to varying degrees at all reduced pressure levels.
Microstructural a&W protective capability differences between material exposed to
reduced pressue (5-5D0 ma range) as compared with material exposed only at one
%tmosphere are minimal. However, all data indicate that the Cr-TI-3i coating is
som*eat permeable with respect to ozxyg at all reduced pressures studied.
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?1giwe 84 Cr-Ti-i Coated D-14 Alloy Afte 1, 2 and 4Hour D40o.1u
in Air at 250(f F at 5 - 25M1
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4 Hours- 200(F -1 Atm 4 Hours - 200OF - 1 Ata
1 Hour- 2 °' 5 mm 2 Hours - 2500'F - 5 m

4 Hours - 200'fF - I Ate
4 E-,Ws - 2500(F - 5 -

Figure 96 Cr-Ti-Si Coated D-14 Alloy After Fre-Oxidation in Air at 20O0nCF
at 1 AtmosFhere and Exposure in Air at 250CF for 1, 2 and 4
Hours at 5 m 2501

171
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I Fl~ar. 87 Cr-Ti-Si Coated D-l14 Alloy After 1, 2 and 4 H~our E~xposvirei
in Air at 25000F at 50 mm 250X
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8.5 Analysis of Low Pressure Behavior

Although the phenomena of substrate contamination arnd loss of the Cr-Ti-Si
"coating resulting from low pressure exposune has not been thordtCly analysed
thermodynamically, an explanation is theorized. In the siaplest case, the basic
reactions which occur at the coating surface between the surrounding atmosphere
and th•e Cr-Ti-Si coating outer layer are:

Si. 02 SiO2 (12)

Si+ 02  0io (13)
'Siot + 02 -_2i02 (14)

Since exposure at one atmosphere at 2500°F does not cause internal contaminatir
it is felt that equation(12) appltes and that the resulting glassy protective layer
(Si02 or modified Sis2) is thermodynamically stable. Penetration of oxygen into th(
substrate is blocked by the reaction with the silicide layer for form stable SiO2
and the slow diffusion through the silicide layer.

Exposure of the Cr-Ti-Si ciating at reduced pressures, even tV.c -.h sufficient
oxygen is present tn form Si02 , results in varying degrees of intei.%l contaminatior
This is apparently due to the thermodynamic instability of Si02 at low pressures
according tc the following composite emustion:

Si + 02 ---- Si02 siOt + [01 (15)

Apparently the SiO2 layer decomposes to some degree to form SiO (gas) and oxygen.
The SiC is removed and the oxygen diffused through the silicide layer and into the
substrate. Evaporation of chromium at a relatively fast rate during reduced pressur
exposure (as compared with one atmosphere exposure) may cause microscopic voids or
channels to form within the Eilicide layer. The presence of inter-connected voids
(channels) would reduce the effective coating thickness and the distance required
for oxygen diffusion into the substrate. Assuming the above to be true, the degree
of intern&±• contamination would be dependent upon both the rate and amount of SiO2
decomposing and the extent of micro-porosity within the coating silicide layer.

A reduction in the system pressure (50 to 5 m= range) 1;• ild obviously decrease
theamount of available oxygen and thus reduce the rate of Si02 formation on specime:
exposed in the as coated condition. The supply of atomic oxygen would also decres.
resulting in less internal contamination, even though the extent of micro-porosity
due to chromium vaporization should increase. The use of the pre-oxidation treatae
would contribute to increased internal contamination, since the source of oxygen
from te decomposition of SiO2 would be increased. This is consistent with what is
observed metallographically.

Further reductions in system pressure to 1 m= or less would, in the instance c
as coated material, restrict the amount of oxygen available for reaction with silic
thus causing formation of SiO (Eq.13) rather than S102 (Rq. I) resulting in the

173



'beerved coating recession (SiO removed). apin, pro-oxidation at one atmosphere
.rould cnly provide an SiO2 layer which apparently decomposes, thus increasing the
,gree of internal contamination.

Tn an oxygen poor atmosphere, such as exists at 10-2 M, the reaction between
",he silieide and oxygen proceeds at a significantly reduced rate and the primary
)bserved aicrostructural change results Prom chromium vaporization. The alight
•mout of internal contamination which was observed after 4 hours exposure (initial
iondition- as coated) at 10-2 I probably resulted from the presence of microecopic
-iolds in the coating.

At a pressure of 10-1 mm where the coating performance was poorest, all the factors
iontribating to the destruction of the protective characteristics of the coating were
idditive. These factors were:

a) rapid volatilization of chromium

b) instability of SiO2 - increasing SiO formation and internal
contamination

c) competing reaction of oxygen and silicon to form Si0 directly -
increasing silicon loss from the coating leaving a non-protective
oxide scale.

're-oxidation at one atmosphere again provided an Si02 layer which, upon decomposition,
provided a source of atomic oxygen Nesilting in increased internal contamination.
4owever, at an exTosure temperature of 2500"F the dense oxide layer formed during pre-
oxidation at 2500 F acted to restrict chromium vaporization and associated reduction
-f coating thickness, apparently by acting as a barrier layer. The oxide formed
it the lower pre-oxidation temperature did not restrict coating element vaporization,

This phenomena suggests that less degradation of the Cr-Ti-Si coating during
low pressure exposure could be achieved by utilization of some effective surface
oarrier layer.

Weight change determinations were made during post-oxidation at one atmosphere
)f specimens exposed at reduced pressures. In general an initial weight increase
.as reoorded for approximately 4 hours oxidation at both 1800 and 2500*F and there-
ifter the specimen weight stabilized until failure occurred. This initial increase
iust be associated with oxygen pick-up. In the few instances where initial weight
"•sr- were recorded, spalling of the surface oxide scale was observed.

1.6 Low Pressure Pmw-ge Study at 2800 and 1000f-

Several Cb-752 alloy specimens were Cr-Ti-Si coated for reduced pressure
xidation testing at elevated temperatures. Then specimens were fabricated from
, mean amount of Cb-752 ally sheet supplied by the Air Force. These specimens
iers heated by self resistance to 2800 and 3000F for 1 and 2 hours in a water
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cooled chamber maintained at 1 me pressure. Chamber pressure was controlled by
throttling the pumping system rather than the use of a controlled leak. Thus,
the system was essentially static at 1 mm. The specimen temperature was measured
with an optical pyrometer, utilizing both surface emittance and sight glass tempera-
ture correstions. The emittance correction was based on the observed melting potnt
(at 1 = pressure) of columbia oxide. Comparative optical temperatures were
simultaneously determined on coated and uncoated Cb-752 surfaces, utilizing a
specimen on which the coating had been removed from half the surface. It was
observed that at approximately 28-)300F the emittance of the oxidized-uncoated
columbium alloy surface was nearly equivalent to that of the oxidized Cr-Ti-Si
coating. Additional Cb-752 alloy coupons were also Cr-Ti-Si coated for comparative
exposures at one atmosphere at 2800 and 3000' F in an air furnace.

At 3000' F and 1 am pressure a melting reaction of the oxide product was observed
with the resistance heated-coated columbium alloy substrate. Specimens exposed under
these conditions failed in less than 1/? hour upon subsequent one atmosphere exposure
at 2500*F in an air furnace. Loss of chromium during exposure under these conditions
contributes to the formation of a non-protective oxide scale which is not protective
at 25•0F at one atmosphere. No coating failures and apparently no oxide melting
occurred within 2 hours oxidation of similarily coated coupons exposed directly at
one atmosphere at 30O00F in an air furnace. Figure 88 shows the structure of the
Cr-Ti-Si coating on Cb-752 alloy in the as coated condition. Figure 89 shows this
mater•al after 1 and 2 hour exposures at 3OO0F both at one atmosphere and at 1m
pressure. The coating remained intact for 2 hours exposure at one atmosphere;
however, it is apparent that severe oxide penetration occurred within the time limit
of the test. A very heavy sirface oxide scale formed during this exposure. Thus
the coating prevented visible columbium oxide growth but did not completely prevent
oxygen leakage. ijxposure at 1 mm at 30O0 F caused complete coating failure and
permitted oxygen penetration completely through the substrate.

At 2800 F and I mm pressure localized areas apparently melted or spalled from
the coating surface after 1 and 2 hours of reduced pressure exposure. Upon 25XO"F
post-oxidation these pre-exposed coatings were still protective after 7 hours of
cyclic oxidation. Hvwever, the tests were terminated dze to oxide growth from the
end sections of the specimens damaged by the electrode grips during reduced pressure
testing. The cyclic oxidation protective life of this Cr-Ti-Si coating 1n Cb-752
alloy, exposed directly at one atmosphere, ranged from 4 to 10 hours at ?9*P F.
Figure 90 shows these coatings after 1 and 2 hour exposurec at 28000F at both one
atmosphere and 1 -m. The coatings were not significantly affected by exposure at
one atmosphere, the major microstructural change being the formiAtion of a glassy
surface oxide layer. One hour exposure at 1 ms also caused little microstructural
change; however, 2 hours exposure resulted in loss of nearly all of the coating
through vwporization and oxide formation with substantial oxygen penetration into
the substrate.

9. APPLICATIONS OF THE Cr-TI-Si COATING

9.1 Apvlication of the Cr-Ti-Si Coating to SIM12 Joint Conflaatiou

I ractical application of columbium alloy materials to aerospace systems must
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of necessity involve protection of Joints from atmospheric contamination and oxidation.
A limited investigation of the factors involved in the protection of simple sheet joint
configurations was conducted as a part of this program. Three types of Joints were
considered: (a) spot welded, (b) fusion welded and (c) riveted. It should be noted
that the object of this investigation was only to study protection of Joints and did
not include studying the fastening procedres thmelves. Therefore, the quality
of the Joints was not always optima, however, they were considered adequate to study
the factors Involved in joint protection. The investigative effort, therefore, was
primarily concerned vith determination of the effects of various combinations of pro-
cessing steps in fabricating and coating of Joints, i.e., fabricate and coat or coat
and then fabricate, etc. The combinations investigated were:

a) butt weld + Cr-Ti-Si coat

b) spot weld + Cr-Ti-Si coat

c) Cr-Ti coat + spot weld + silicon coat

d) rivet + Cr-Ti-8i coat

a) Cr-Ti cct (both rivets and sheet) + rivet + silicon coat

f) Cr-Ti-Si coat (both rivets and sheet) + rivet

Since the object of the Investigation was to determine the affect of fabrication
procedures, only one sheet alloy, D-43, was utilized in the study. It was felt that
the relationship of fabrication procedure to protective capability would not be
significantly altered by differences in sheet materials. All rivet Joints were made
using Cb-752 alloy rivets supplied by Standard Pressed Steel.

The evaluation techniques employed for this investigation included metallograybic
examination and cyclic oxidation tests at 2000(? and 2500F.

The butt welds were made by the electron bean pocess and were felt to be typical
of cu eat state of the art quality welds. The spot welds on uncoated sheet were also
felt to be typical quality. The spot welds made on Cr-Ti coated sheet were of suffi-
cient quality to dmonstrate the effect of this method of Joint fabrication on pro-
tective characteristics, as were the rivet Joints of uncoated sheet.

The rivet Joints produced with Cr-Ti coated sheet and rivets W not be typioal of
comrcial Joints in viaw of the mthod alayed in their fabrication. It was neces-
sary to beat the rivets to app•oximsately 1000?7 in order to effect an pt ad em
surface contaxination was obeerved after riveting. (Reting wes doe in ao. inert at-
mosphore, but riveting was done in air). The surface contamination was remowed by
etchifn, and obviously -oa of the Cr-Ti coating was remove during etching. ThMu, the
protective capability of these Joints my be s••wbat lee" than could be expected from
comrcial quality joints. Tbe Joints produced from rivets and sheet Cr-Ti-Si coated be.
fore riveting are a so nosidered to be srqwoetativo of whet could be expected Prom
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this procedure. Some coating damp was caused on the rivets by upsetting. However,
it should be noted that no attempt to repair this damage, such as by re-coating with
silicon, was investigated.

A schematic representation of the appearance of the various joints is shown in
Figu•e 91. Photomicrographs of coatings formed over the butt weld zone are seen to
be identical to those formed on base metal sheet (see Figure 92). Photomicrographs
are also shown of coatings formed on spot welded specimens.

A schmatie representation of the appearance of the various joints is shown in
Figre 91. Photomicrographs of coatings formed over the butt weld zone are seen to
be identical to those formed on base metal sheet (see Figure 92).

iw seen in the schematic drawings no coatings were formed between the two layers
of sheet (either riveted or spot welded) if the costing was applied after joint
fabrication. Joints fabricated after Cr-Ti coating had only a continuous Cr-Ti coat-
Ing layer after silicon coating, the silicon layer forming only on exposed surfaces.
The Cr-Ti-Si coating was seriously damaged on the rivet svrfacws by upsetting after
coating.

The rissults of the cyclic oxidation tests are given in Table 34. The protectiwve
capability of the joints is presented as a percentage of the protective capability
of coatings formed on uncoated sheet. Coating protective efficiency was l(-O percent
for the butt welded joints at both test temperatures. Specimens spot welded prior
to coating fai•led after only a few hours of testing due to the lack of a protective layer
in the mnfused area between the sheets. Cr-Ti coating prior to spot welding improved
the performance of the joint weasurably. Joint specimens riveted prior to coating
exhibited the same characteristics as spot welded joints fabricated and coated in
the same sequence. Cr-Ti coating prior to riveting did not iwrrove the protective
life of the joint as in the case of spot welded joints. However, it is felt that
the Cr-Ti alloy my have been damaged as a result of the riveting operation, as Fre-
viously explained. Damage to the coating on the rivets during upsetting is reflected
in the poor life of riveted joints Cr-Ti-Si coated prior to riveting. The rivets
were destroyed kW oxidation but the sheet itself was protected for the duration of
the tast.

9.2 AnIMcatiov of the Cr-Ti-Si Coating to Columbium Hardware

Mnch of the information pained from the Air Force sronsored rr-Ti-Si c-iling
dewvlopment program has been utilized in the application of the rrTi-.Si coating to
columbiim alloy hardwere. Initially, the scale up of the vucuum pack process fri•
a purely laboratory bench scale to a rilot scile orrr3tion was undertaken to Irove
feasibility. Hovever, this scale up. soon became a matter :)f meeting the requLro.-
mests of the Air Force contractors needing columbium coatingms fPr !ttrwctre
fdvelopeant progress. The first requirement cam with the Air Frce-McDonnell
Aircraft columhiam alloy fin and r1der satructures program (AF 33(616)-6579) vhich
required coetings on several thousand threaded fanten.zrs and c':mpoaentr too large
for the smal laboratory aie croating ftrnsce. On tbi basis of ,iolely developaent
informtion, the vecuu pack process was sf4led up from a 3" dlamter-x 3" hi&h
p retort to a 7-1/2 diieoter x 18' higbh pack retort. The vacua pack • socs
f t or this Isie rWtort end twamce vas further improved an4 optimized for the Air
PWv*4ft3onneU Airramft AUT prigrem (A? 33(616)-#10. As the roquiremnte for
larger parts on the ASSET prqpam and on the Air Force-Martin irazed horeycomb
panel progr• (A? 33(65• -7276) became apparent the vacuum pack process was again
scaled u. to a pack 'etort site of 24 x 24 x S irnhes and the trnrnsition made from
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induction to resistance element heating.

The folloviM figures illustrate typical columbium alloy hsrdware components
Zr-Ti-Si coated by TPW:

Figure 93 Leading-edges - ASSET Program
Figure 94 Nose cone bulkhead asmmbly - ASSET Program
Figure 95 Threaded fasteners - AWSET Program
Figure 96 Brazed honeycomb structural panels
Figure 97 Brazed honeycomb curved heat shield panels
Figure 98 Folded and welded sheet vanes (turbine prototype)

Table 35 lists typical experimental parts Cr-Ti-Si coated by TRW,

The successful application of the Cr-Ti-Si coating to these various columbiim
alloy components demonmtrates the value of all background information gained from
previous and current development programs. The investigations carried out in this
program have further advanced and aided in scale up of the Cr-Ti-Si coating process.
Process conditions which must be closely controllee to achieve reliability have been
letermined, at least within the range of variables investigated in this program.

10. CONCLUSIONS

Based upon the data and work described in the preceding sections the following
conclusions can be made:

1) The Cr-Ti alloy layer comprising the first step in formation of
the Cr-Ti-Si coating can best be formed from either a 5OCr-5OTi or a
6OCr-/.OTi alloy metallic pack. A system pressure of 1.5 me for the
30 diameter x 8' high retort and 10-2 mm for the 7-1/20 di3meter x 18'
high retort provides a Cr-Ti coating which when alloyed with silicon
provides useful protective life over the temperature range 1800 to 250CWF.

2) Silicon coating from a silicon pack at 210M*F for 6 hours at 10-2 M
system pressure provides a Cr-Ti-Si coating with useful protective life
over the temperature range 18r,0-25C00F.

3) System pressure, temperature and Cr-Ti alloy pack composition are the
major factors influencing the performance of Cr-Ti-Si coatings formed
by the vacuum pack process.

4) Temperature gradients within scqled up furnaces and retorts for coating
large parts must be minimized to maintain coating thickness and composi-
tional uniformity.

5) Three basic characteristics of all reliably protective Cr-Ti-Si coatings
are: (1) a distince titanium enriched diffusion zone of C.5-1.0 mils in
thickness, (2) sufficient chromium diffusion into this titanium enriched
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TUNA 35

Colubdi Alloy Kxperimantal Parta and Compmnts
Cr-.Ti-i Diffusion Alloy Coated

by the Vacuum Pack Process

Parts and c~z !V~ ts rimiain

1. Loading Edge Sections, ack-up Mdkornl (AMT-A.)
Structures and loes Cone
Bulkheads - (flight bardimre
for 4 vehicles)

2. Fastemnrs (bolts, nuts, ashers, MeDonnell (AhiT-AF)
rivets and pins) -To Date in
Excess of 8,000 Parts

3. Pressure Sensing and Thermocouple McDonml.l (ANT?-)
Protection Tubes - (for 4 vehicles)

i. Prototype Fasteners (bolts, nuts, Republic (A? Fastenmr Program)
splines and rivets) - To Date in
Excess of 2,000 Parts)

o Small Structural Panml (1. x 6') Bell Aerosystme

6. Prototype Leading Edge Section YArtin-Denv*r
(60 x 6" x 18')

7. Brazed Honeycomb Heat Shield and Mhrtin-haltiaore (A?)
Structural Panels (18 x 18i)

8. Test Turbine Blades and 30ozle Pratt & aitmsy Aircraft
Vanes (forged blades and forged
and molded sheet vaan)

191



region to form the chromium rich intermetallic phase as a continuous
interface layer between the overlay and the substrate, (3) a continowus
0.3-0.5 nil Cr-Ti overlay coating, diffusion alloyed with the columbhiu
substrate and (4) a continuous 1.0-1.5 mil Cr-Ti-Si overlay coating,
diffusion alloyed with the Cr-Ti layer.

6) The reliability analysis conducted on Cr-Ti-Si coated D-43 and B-66
alloy specimens cyclic oxidation tested at 2000'F indicated a 98.5 ±
0.% probability at a 99% confidence level of a 150 hour protective
life.

7) The reliability analysis conducted on 345 Cr-Ti-Si coated D-43 alloy
specimens indicated for a mean life value of 67 hours a 95 - 1%
probability at a 99% confidence level of a 28 hour protective life
in the 25OeF cyclic oxidation test. For a mean life value of 83
hours a 95 ± 1% probability at a 9% confidence level was attained for
a 32 hour protective life for 326 B-6 alloy specimens in the same
teat.

8) The reliability analysis conducted on 120 Cr-Ti-Si coated D-43 alloy
specimens indicated for a mean life value of 7 hours a 95 ± 2% prob-
ability at a 99% confidence level of a 2 hour protective life in the
2700'F cyclic oxidation test. For a mean life value of 4 hours a 95 t
3.5% probability at a 99 confidence level was attained for a 1 hour
protective life for 120 B-66 alloy specimens in the same test.

9) Protective reliability at 2500 and 2700fF is influenced by specimen
position in the retort and therefore by coating composition. Coating
uniformity and protective reliability were enhanced in this study by
not utilizing the coating space in the top few inches of the retort.

10) The Cr-Ti-Si coating is capable of providing oxidation protection for
up to 4 hours for a variety of reduced pressure-elevated temperature
environments.

11) Coating degradation and loss of post-oxilation protective life are
greatest for reduced pressure exposure at 10-1 m. Both coating
element vaporization (chromium) and decomposition of SiO2 to form
SiO and atomic oxygen contribute to coating degradation.

12) With the exception of fusiou welds, poorer Cr-Ti-Si coating protective
performance was obtained on joints (spot welded and riveted) than was
obtained on the base alloy sheet.

S 13) The potential utility of the Cr-Ti-Si coating has been demonstrated
on experimental aerospace and aircraft gas turbine parts.
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