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ABSTRACT

The objective of this program was a) to advance and optimize the Cr-Ti-Si
coating process for laboratory scale end pilot scale coating furnaces, b) to
determine the protective reliability of the Cr-Ti-Si coating, and ¢) to investi-
gate the affants nf alavetad tamr-rature-reduced pressure (air) exposure upon
the protective characteristics of the Cr-Ti-Si coating,

In a process optimization study the most protective Cr-Ti-Si coatings for
eyclic oxidation in air at 1200, 2500 and 27C0°F were formed utilizing the
following process conditions, The Cr-Ti alloy layer was deposited in 8 hours at
2300°F in either a 50Cr-50Ti or a 60Cr-4CTi prealloyed powder pack, A system
pressure of 1,5 mm was employsd for the laboratory scale furnace and 107< mm for
the pilot scale furnace. Siliconizing for 6 hours at 21CO°F at a system pressure
of 107 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 B-66 and D-43 alloys at 2000, 2500 and 2700°F, A high degree of reliability
for the two Cr-Ti-Si coated alloys was established for 15Ctours protective life
at 2000°F, 28 to 32 hours protective life at 2500°F and 1 to 2 hours protective
1ife at 2700°F, The protective reliability of the Cr-Ti-S5i coating at either
2500 or 2700°F was found to be strongly dependent upon coeting composition,

An investigation to evaluate a completely vapor phase process for silicom
deposition was conducted employing a gas fiow process, Coatings pctentlslly
equal to those deposited in the vacuum pack process were formed by this technique,

Extensive testing of the C~-Ti-Si coating at pressures as low as 1072 mon
and temperatures to 2600°F 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 2500°F was unaffected by
low pressure exposurs at pressures greater than 1 mm, Exposure to pressiures
less than 1 mm caused varying degrees of loss of one atmosphere cxidation
resistance at 1800 and 2500°F,

The relationship of joint fabrication and coating process procedures was
investigated relative to cyclic oxidation 1ife,

A detailed analysis of the work of the program and conclusions are presented,

This technical documentary report has been reviewed and 1s approved.,

. Rendvnitti.

Chief, Physical Metallurgy Pranch
Metals and Ceramice Division
AF Msterials 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 matsrials
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 recogniszed that
the inherently poor oxidation resistance of columbium base materials, as well as all
the refractory metals, precludes their utilization in oxidising environments without
surface protection. Independent coating development programs are being conducted by
many industrial organizations and several useful protective coating-columbium 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
isvel of process rep:oducibility la3 made possible the utilization of the Cr-Ti-Si
coating on components of space research vehicles such as ASSET. Or-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 previocus efforts involved essentially
three phases: (I) coating process optimization for the various coating furnaces,
(II) coating protective reliability and (III) protection of joined configurations,

In Phase I the coating process variables were investigated in coating furnaces of
three distinctly different sizes. This phase was extended to include an investiga-
tion of the effects of reduced pressure oxidation exposure upon the protective 1ife
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 designs
were 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 of
alloying silicon with the Cr-Ti layer in a system not requiring ths use of vacuum.

Manuseript released by the authors April 1964 for publication as an
ASD Technical Documentary Report. '
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2, SUMMARY

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
ster in process advancement was a determination of the optimum combination of
process parameters fcr 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
60Cr-40Ti. Optimm system pressures changed for changes in retort sizes. For
the laboratory scale furaace (3" diameter x 8" high retort) 1.5 mm was preferred and
for the pilot scale furnace (7-1/2" diameter x 18" high retort) 10 microns (10-2 wm)
was optimum.

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

An investigation to optimisze 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 st a system pressure of 10-2 mm was considered optimm for
both 3% 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 inveatigated at 2000, 2500 and 2700°F and the relationship
of retort sise, specimen retort position, Cr-Ti and silicon coating process
parameters and btase alloy to coating thickness and protective life was determined.
A statistical analysis of the cyclic oxidation test data was conducted on 1080
specimens and a 98.5 £ 0.5% probabuig at a 99¢ confidence level was estallished
for a 150 hour protective 1life at 20CO'F for the two alloys. At 2500°F for mean
life values of 67 to 83 hours (671) specimens) a 95 t 1% probability at a 99%
confidence level wvas indicated for a 28 to 32 hour protective life for D-43 and B-6b6
alloys, respectively. At 2700°F a 95 £ 2% probability for a 2 hour life (mean life
7 hours) and 95 £ 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




2700°F was significantly affected by retort position with the top region of the reﬁorﬁ
giving rise to generally pcorer quality coatings. Coating composition appears to be

the determining factor for protective life of coatings within the 1.5-3.0 mils thick-
ness range.,

A detalled 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 subatrate.

3. MATERIALS

Three columbium alloy shest materiais were utilized for this program: (a)
D-14, (b) D-43 and (¢) 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
studiios., The B-66 and D-43 alloys were used primarily for the reliability study.

Approximately 100 inch? 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 retorts, Surplus material from this lot was
also utilized in the coating develorwent work.

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

Approximately seven square feet of 30 mil 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. ADVANCEMENT OF THE Cr-Ti-Si COATING FROCESS

The development stages of the Cr-Ti-Si coating process were discussed in
detail in two final summary reports on previous Air Force sponsored programs(1,2).
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 leas than 0.l 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 Cycle of 16-24 hours at 2350°F. Silicon was alloyed
with the Cr-Ti coating in a second cycle of 8-16 hours &t 2100-2200°F. The detrimen-
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tal effect of these process conditions on the mechanical projerties of temperature
sengitive 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 metala,
Small quantities of halide salts such as potassium fluoride u.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 2000-20°0°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 1,5-150 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 cocating were elevated from a few hours
to several hundred hours at temperatures up to 2300°F, in excess of 100 hours at
2500°F and for useful periods of time at temperatures up to 3000°F,

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 influence the performance of the Cr-Ti-Si coating and also in
establishing certain limitations.on the flexibility of the coating process.

The program just completed 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 cornducted. A limited effort
was directed toward demonstrating the feasibility of forming the Cr-T1-Si coating

on columbium alloys by a gas f2 2w process,

5., PHASE I - COATING FROCESS OPTIMIZATION STUDY

Since the elimination of the high vacuum requirement of the Cr-Ti-S1i
coating process, three reduced pressure versions of the coating process have
been investigated:

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

(b) initial mechanical pump evacuation followed by sealing off ihe
furnace from the vacuum system producing an operating pressure
of approximately 1.0-1,5 mm of Hg

(¢) 4initial mechanical pump evacuation followed by sealing off and
back filling the furnace with argon - 150 mm of Hg




Furnace operating pressure (relative evacuation rates) has been found to strongly
interact with other process variables such as pack composition, quantity of pack
activator and type of activator. Utilizing the resultes 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 rapre~sent present
levels of process scale up:

(a) laboratory scale furnace - 3" diamecter x 8" high retort induction
heatad

(b) pilot scale furnace - 7-1/2% diameter x 18" high retort -
induction heated

(¢) bell furnace - 8" x 24" x 24" retort - resistance element
heated

Thy 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 fo- coating
in the pilot scale furnace. Correlation of the processing conditions for the two
variations of furnace size then provided relative vafiable relationships which could
be extrapolated to a larger coating furnace. This study also provided inforumation
necessary for selectlion 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 ma jority of the basic Cr-Ti-Si coating develepment effort in previous
programs was performed in the laboratory scale induction heated furnace utilizing
a pack container approximately 2" diameter » 4" high. The maximum retort size
this furrace will accommocdats is 3" diameter x 8" high. The following discussion
presents the results of Cr-Ti-Si coating stuaies in this larger contairer, aimed
at optimizing the coating process variables for this particular furnace.

5.1.1 Cr-Ti1 Coating Cycle

Four Cr-Ti alloy pack compositions were investigated: 50C--50Ti, 60Cr-4(Ti,
65Cr-35T1 and 70Cr-30Ti. The rack material consisted of -8+30 metallic particles
of prealloyed chromium and titanium. Based on previous results, a processing lycle
of 8 hours at 2300°F and an activator pack addition of 0.5 w/o KF were selected for
all coatiig runs in this series., D-14 columbium alloy coupons (0.040% x 1,27 x 1/2%)
were coated in each of the four pack compositions, employing the three previously
discussed operating pressure levels: 10-<, 1., and 150 mm. Specimens from each
run were examined metallographically, and eight additional specimens from each pro-
cess cc-bination were siliconized for cyclic oxidation evaluation at 1800 and 2500°F.

————— P
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The silicon coating cycle involved 4 hours at 2050°F, using 1.0 w/o KF and a pressure
of 102 mm. Cyclic oxidation consisted of cooling tne 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 stmosphare 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 comLinations. Photomicrographs of the
Cr-Ti alloy coatings produced in these runs ¢re shown in Figures 1, 2 and 3.

A study of these microstructures will aid in the interpretation of the metallographise
measurements listed in Table 2., As shown in the sketch at the bottom of Table 2

the coating overlay consists of the chrormium rich alloy layer formed on the substrate
surface, The measured depth of coating elament diffusion corresponds to the metallo-
graphically observed titanium enriched region directly beneath the Cr-Ti alloy
overlay. The chromium rich interrstallic phase observed in prior substrate grain
boundaries and dispersed in the diffusion zone has been identified as having a

FCC MgCus type structure(3), with a Yattice parameter corresponding closely to

CtCr, and TiCr,. It has also been found that the diffusion of titanium into the
columbium substrate 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 1 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 ccating 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 alsv increases, whereas
the average overlay thickness is a maximur 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, wnereas the chromium contribution to the coating occurs by both halide
activation and by metallic vaporization. At the lowest pressure (107< mm) the
furnace 18 continuously evacuated (mecha..ical pump) throughout the coating cycle
and the residence time of the activsted 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 activuted species
in the pack is significantly increased, whereas the furnace rressure is still low
enough to permit vaporization of appreciable chromium. The result is & 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 mm) then reduced the pressure differential in the
furnace vhich 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 charber is water cooied, which creates an effective internal vacuum
system by the condensation of vapors evolved {rom the hot portion of the furnace
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50Cr-50T1

65Cr-35T1

Figure 1 Cr-Ti Coated D-1/ Alloy Specimens Coated in 8 Hours at
2300°F and a Pressure of 10-2 mm Using Various Cr-Ti
Pack Compositions 500X
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Increasing the overall system!® pressure apparently reduced the chromium-halide
reaction kinetics and suppressed the vaporization of metallic *%hromium. The
resulting Cr-71 alloy coatings consisted of essentially a titanium enriched
surfacc layer with only localized chromium depogits associuted with intimatle
contact between the columbium surface and the pack particles. Cnly in the
70Cr-30T1 alloy pack was there formed a continuous Cr-Ti alloy overlay. The
combination of 50Cr-50Ti and 150 mm pressure was not run after observing the
metallographic results from the 60Cr-40Ti 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 composition of the stable iater-
metallic compound TiCrj.

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 50Cr-50Ti or 60Cr-40Ti 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 diffusiond chromium into
the columbium substrate play an essential role in the 1800°F protective lifs 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 continwous 0.3-0.5
mil Cr-T1i 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 rcle 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 hand, 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 ve
desirable to perform the coating operation in a continuously mechanical pump
evacuated 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 was 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.£ mm) the furnace was
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evacuated and the cycle continued at 10-2 mm pressure,

The metallographic and oxidation results from these runs are shown in Table 3.
Data are presented for coatings formed in both 50Cr-50Ti and 60Cr-40Ti alloy pack
compositions and comparative data are shown for coatingas formed without the isothermal
hold. No improvement in oxidation properties was obtained by employing this technique
with the 60Cr-40Ti alloy pack. Improvement was produced in the 1800°F protective
life of coatings formed in the 50Cr-50T1 alloy pack; and there was also some
improvement indicated in the 2500°F protective life as a result of holding the pack
4 hours at 2000°F. Although the overall improvement in protective life &3 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 situstion was iivestigated utilizing a 50Cr-50T1 alloy
pack and two furnace pressures, 10-2 and 1.5 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 cpecimens and cyclic oxidation results after siliconizing are
shown in Table 4. Photcmicrographs of representative microstructures are shown in

Figures 6 and 7.

Absence of the pack activator markedly reduced the titanium enriched diffusion
zone thickness, particularly on coatings forr.xd in the second consecutive run
without activator addition., However, activator 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
ctromium in the substrate diffusion zone, vhereas, the overlay thickness was again
virtually unaffected. These data further substantiate the previous observation
that the activator reacts primarily with the tjtanium component of the pack alloy,
whereas chromium is supplied to the coating by tnth reaction with the halide and by
metallic vaporization, Conclusive evidence of the need for titanium enricnment of
the substrate surface is indicated by the poor 1800°F protective 1ife of coatings
formed in non-activated packs. It is desirable to minimize the quantity of activator
added to ihe 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 cycis are: (a) time, (b) temperature,
{c) furnace pressure and (d) quantity of pack activator, The series of silicon
coating runs discussed in this section involvaed 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
(¢) furnace pressure - 102, 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 variaties completely randomized throughout a sequence
of twelve runs. Table 5 shows a layout 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 ccating parameters were: (a) 8 hours at 2300°F, (b) a 50Cr-50Ti
alloy pack, (¢) 0.5 w/o KP and (d) a furnace pressure of 1.5 mm (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 2500°F. 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-S1 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 mm. With the
aid of obliqus lighting and the hardness differential associated with localized
variations in coating composition, a silhouette of the prior Cr-T1 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 residance time of the activated
species in the pack was increased, the rate of formation of the Cr-Ti-Si coating
wvas 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 by all four process variables, with system pressure
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TABLE 5

Randomized Sequence of Silicon Processing Variables

Run w/o Pressure Temperature Time
No, KF_ nm °F Hours
1 1.0 1.5 1900 3
2 1.0 150 2000 3
3 0.5 150 1900 3
4 .5 10-< 2100 é
5 0.5 150 1900 6
6 1.0 150 2100 6
7 1.0 1.5 2100 3
8 1.0 102 2100 6
9 0.5 10-2 1900 3
10 1.0 192 2000 6
11 0.5 1.5 2000 6
12 0.5 1.5 2000 3
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being the most significant facicr.™ In the case of retained diffusion zone, only
system pressurs appears to have nad any real effect, The median differentials for
the variation in diffusion zone thickness are significant with regard to furnacs
Fressure, whereas these differentidlsare 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 evacuatior
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 cyclie oxidation data., The cyclic oxidation protective lives,
listed in Table 6, are plotted in scatter diagrams in Figure 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
coantings, 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 variable is apparent from observing a correlation between the metallographic
measurements and the oxidation protective lives, plotted in Figure 14, As the Cr-Ti-
S1 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 oi' 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 characteristic-of silicide coatings, where there is nc 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 chromjum 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 oxidatlion protection
at 2500°F, this plot indicates generally a slight increase in protective 1ife 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
wvas increased to 2200°F (maximm 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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gated since !t was felt vt as few as flive coeriraions would be sufficient tr
indicate significant tre:is, The actual rrocess variable combinations investigata?,

resultant metallographic measuraments, and cyclic oxidation test results are listed
in Table 7,

ror comparative purposes the Cr-Ti alloy layer was formed on Lhese spacimens

by utilizing the process parameters previously employed in the random balance
analyeis,

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

Some of the inconsistent test results for 1800°F oxidation protective life
could have originated in the Cr-Ti coating cycle. In some instances particles of
the 50Cr-50T1 alloy pack adhered to the columbiwm alloy coupons. Even though
extreme care was exercised in removing these particles, minute coating Jamage may
have resulted causing decreased protective life. This problem can be alleviated
through the substitution of the 40€r-40Ti alloy pack for deposition of ths 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 - 102 mm

Figure 15 is a photomicrograph of the Cr-T1-Si coating p: >duced utilizing
the above conditions,

5.2 Joating Studies in the Pilot Scale Furnace .-

A pilot scale induction heated coating furnace, similar to that used extersively
in the Cr-Ti~Si coating of user.space 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-1; columbium alloy sheet, is 7-1/2" diameter x 18 high., This represents
a volume increase of sixtoen times and an increase in heat transfer distance (edge

k) |
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Cr-Ti-S8i Coated D-14 Alloy

Figure 15 Cr-Ti-Si Alloy Coating Formed in Laboratory Scale Furnace -
Silicon Cycle - 6 Hours at 2100°F - 102 um
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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 twc systems are approximately squivalent,
Both systems are induction heated and are virtually identical in design.

5¢2.1 Cr-Ti Coating Cvcle

Information acquired regarding the Cr-Ti alloy coating cycle in the laboratory
scale furnace was utilized for the selection of process parameters to be inveati-
gated for deposition of the Cr-Ti alley layer in the pilot scale furnace. Six
coating runs were used tc investigate the variables: (a) pack composition, (D)
system pressure and (c) activator quantity. Pack compositions were limited to
50Cr-50T1 and 60Cr-40Ti based on the results obtained in the smaller furnace.
System pressures of 102 and 1.5 mm and activator quantities of 0.15 and 0.30 w/o
KF constituted the other variables. The two levelas of pack activator (0.3 and
C.15 w/o KF) were somewhat lower than that used in the laboratory scale retort
(0.5 w/o KF), Seiection 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 2300°F, respectively. The metallographic data
pertaining to the 50Cr-50Ti alloy pack composition are tabulated in Table 8 and
the data pertaining to the 60Cr-40Ti alloy pack composition in Table 9. A sketch
chowing the various retort positions is included with the tables.

A summary of the average metellographically measured coating thickness
assoclated 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 materisal. However, a general
statement which 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
gilven retort positicn, ?) Cr-Ti alloy overlay thickness increased from retort
top to botiom, and 3) the Cr-Ti coating overlay produced oa D-14 alloy was
significantly thinner than that produced on D-43 alloy (the reverse was true of
the titaniur enriched diffusion zone).

The Cr-Ti overlay layer formed using a 50Cr-50Ti allny pack was in all cases
thinner than coatings formed from a 60Cr-40Ti alloy pack, process parameters being
equal., In fact, the heaviest overlay formed from a 50Cr-50Ti pack was thinner than
the thinnest overlay formed from a 60Cr-40Ti alloy pack. The opposite trend was
observed in the thickness of the titanium enriched diffuslion 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




TABLE &

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

Cr-Ti Alloy Coating Moaauren?nms
for Various Pack Locations!?

Procesai Pack Center Pack Edge
_Conditions( Overlay Diffusion Overlay Diifusion
Pressure w/o Vertical Thickness Zone Depth Thickness Zone Nepth

mm KF Alloy Position _ Mils Mile Mils Mile

10-2 Oom D"u TOp 001'003 1.0--1.,2 Ool“O.J 1.5"1.7

" " " Middle 0.2-0.4 1,0-1.2 0.2-C.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
» " » Bottom 0.4-0.6 1.1-1.3 0.4=0.6 1.7-2.0
105 Oo}) D‘l-’, Top 0.1-0» 1.3’105 0‘001 108-202
" " " 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=e?
1.5 ".30 D-43 Top 0.15 0.3-0.5 0.1-0.2 0.1-0.3
" . r Middle 0.4 1.0 0.4 1.5-1.8
n « " 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 r,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 R.4=2.7
1.5 0.15 D-43 Top 0.1-0.2 C.5-0.6 0.2<0.4 1.0-1.2
» " bd MiddlC 0n3"0.5 0.8—1.0 004-006 1.0"'1(2
" " . Bottom 0.4-0.5 1.0-1.2 0.4-0.5 1.5-2.0

(1) A1l coatings applied using 50Cr-50Ti pack at 2300°F for 8 hours
(<) Specimen location in pack: | r—f—

Top ™ T— x x
/ veater !
Middle —t— x x| 18"

Bottom —+— x x

Top View of Retort Side View of Retort
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TABLE 9
Metallographic Data fyom Cr-Ti illoy Coatinge Formed
on D-14 and D-43 Alloy3 in the :'1Juv Scale Firnace

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

Proceoein% . Pack Center Pack Edge
Conditions(1) Alloy Vertical  Overlay Diffusion Overlay Diffusion
Pressure w/o KF Position Thickness Zons Depth Thickness Zone Depth
mm Mils Mils Mils Mils
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
10-2 0430 D-43 Top 0.1-0.3 0.3 0.3-0.4 0.5
" " " Middle 0.5-046 0.5 0.5-0.7 C.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 C.1-0.3 0.8-1,0 0.1-06.2 0,8-1.,0
" " " Middle 0.4-0.6 0.8-1.2 0.4=C.7 1l.2-1.5
" " " Bottom 04007 1.0-1.4 0.4-0.7 1.6-1.8
1.5 .30 D-43 Top 0,2-0.,3 0.4-0.5 0.2-0,4 0.5-0,6
" " " Middle C.7-0.8 0.6-0.8 0.,7-C.8 0,8-1,0
" " " Bottom 0.9-1.0 0.8-1,0 0,8-1.0 1.0-1l.1
1.5 0.15 D-1% Top 0.1-0.3 0.,8-1.0 0.1-0.4 0,8-1,0
" " " Middle C.4-C.6 1.0-1.2 C.4=Cs7  1.2-1.4
" " " Bottom C.5-C.8 1.0-1.3 Cof=.9 1,8-2,0
1.5 0.15 D-43 Top 0.3=0.4 0.3-0.4 0204  0.5-0.6
" " " Middle 0.5-0.8 0.5-0.6 C.6-0,8 0,8-1.2
" " . Rottom ¢.0-1,C C.8-1.0 0.6-1.0 1.0-1.2

(1) All Coatings applied using 60Cr-40Ti . :ck at 2300°F for 8 hours
(2) Specimen location in pack:

Top X X
Center

Edge 18,0
Middle '

e

Top View of Retort

Side View of Retort
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uagnified, in relation to the change in pack composition, due to the higher vapor
pressurs 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 curing Cr-Ti coating
D-14 alloy and a thin overlay layer results. The D-43 allay, being titanium poor
in comparison with D-14, builds up a heavier chromium rich overlay layer.

The coatings formed from a 50Cr-50Ti alloy pack exhibited an extremely non-
uniform overlay layer thickness as compared to coatings deposited from a 60Cr-4i0Ti
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 102 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 11. 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 50Cr-50T1 alloy pack. All failures which occurred in less than 2C0 hours at
1800°F involved D-1 alloy. Of nine such failures, out of 144 specimens tested,
all but one were associated with the 50Cr-50T1 pack composition. Failures of
this type are felt to be associated with regions of hignh titanium concentration
(produced by particle sticking) in which no chromium rich overlay layer was
produced in the Cr-Ti cycle dus to high localized chromium diffusion inward.
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Cyclic oxidation protective 1ife at 2500°F for Cr-Ti coatings produced by
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 thicknees 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 tempsra-
ture protection, discussed for the laboratory scale {urnace also apply to the pilot
scale furnace. In this furnace, however, these requirements are best achieved
utilizing a 60Cr-40Ti pack, coating for 8 hours at 2300°F under a system pressure
of 10-2 mm (continuous mechanical pump evacuation) with 0.30 w/o KF 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 1life at 2700°F appears to be associated with both the thickness
of the chromium rich overlay layer and the titanium rich diffusion sone formed
in the Cr-Ti coating cycle. Both an adequate chromium rich overlay layer and a
reasonably thick diffusion zone are required for adequate life at 2700"F. However,
the mechanism of failure at 270C°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 shows 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 2700°F. 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 2,50°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 1ife 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 Coating 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

4l



Cr-Ti Coated D-1/ Alloy

Figure 16 Cr-Ti Alloy Coating Formed in Pilot Scale Furnace -
€0Cr~40T4 Alloy Pack - 8 Hours at 230C°F - 102 mm 25X




Specimen Bige

Specimen Surfuce

Figure 17 Cr-Ti-Si Coated D-1. Alloy Expesed at 270C°F (Cne Amosihere]
Showing futectic Forma*lon 100X

)




silicon coating parametera as 4 hours at Z050°F with 0.0 w/o KF 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)
¢) time - 4 and 8 hours

d) furnace pressure - 10-2 and 1.5 m

e) quantity and type of activator (0.3 to 0.60 w/o using both
KF and NuP)

As in the optimization study for the Cr-Ti coating cycle in the 7-1/2 inch
retort, six pack positions were irvestigated. Thr»e Cr-Ti coated columbium alloy
sutstrate 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-50T4 alloy pack, 8 hours coating time at 2300°F under 10-2 mm pressure. A
comparison was then conducted as to the effect of an edjustment 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 1800, 2500 and 2700°F. Table 12 lists the metallographic results regarding
coating thickness, Table 13 is a tabulation of the oxidetion test results; and
Table 14 is a summary of the average values of thease test resultis.

The three alloys sslected for use in this study were not distributed equally
throughout the retort. D-14 alloy was used at four of the six pack positicns, but
D-43 and B-66 ailoys were placed only at the retort ®™aiddle-center” position. It
was felt that the D-14 ailoy would thern iidicate variations within the pack and
that a direct comparison could be made as to the effect cf substrate cumyositions
Total variation in coating thickness had been determined for the Cr-Ti cycle and
thus rrovided a basis of comperiscn for the silicon cyele.

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

A general trend in the coating tnicknese variation within the ratort was
obeerved to coincide with the variation founi in the Cr-T{ coating cycle: the
botiom retort position produced heavier ccatings than the top and the edge
position producea heavier coatings than the retort center.

An attempt to produce & heavier build up of the Cr-Ti-Si outer layer without
causing a greatsr inward diffusion of silicon was unsuccessful, resulting in the
suosequent loss of the titanium enriched diffusion zone and associated intermetailis
compound. This wvas attewnted by hclding the restort al various intermediate tempera-
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N

tures (1600 and 1900°F for 1-2 hours and then raising the temperature to the
prescribed ccating temperature. Variations in activator type and quantity were
also included in this irnvestigation.

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 ma jority of the coatings produced in this atudy afforded greater than
200 hours protection at 1800°F. However, a number cf premature failures (less
than 200 hours protection) wers encountered at i800°F with D-14 alloy. These
are believed to be associated with regions in which little or no Cr-Ti alloy
overlay layer wvas formed duriig the Cr-Ti deposition cycle. As discussed in
Section 5.2.1, Cr-Ti coatings formed in a 50Cr-50Ti allcy pack contain small areas
in vhich the overlay is very thin or non-existant, A)l premature failures occurred
on Cr-T1-S1 coated specimens which had been Cr-Ti coated in a 50Cr-50Ti alloy pack.
Those coatings formed on specimens Cr-Ti coated in a 60Cr-40Ti 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 60Cr-40Ti alloy pack.

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

Both 1800 and 2500°F 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 viev of the rather small differences in coating thickness. Howvever,
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 these studies, acceptable coatings car be applied under a rather
vide range of process parametars., For an acceptable Cr-Ti coating an excellent
balance between lovw and high temperature Cr-Ti coating life can be achieved
using a silicon deposition cycle of 4 hours at 2050°F, 0.30 w/o KF and a system
pressure of 10-2 mm. However, vhere variations in the thickness of the Cr-Ti-Si
coatings are required, or vhere protective life at a particular tempsrature is
to be emphasised, adjustments in either time or temperature should be made to
ad just thickness and coating composition. Adjustments in the Cr-T{ alloy pack
composition may also be necessary to achieve optimum life at a particular temper-
sture.




Cr-Ti-Si Coated D-14 Alloy

Figure 18 Cr-Ti-Si Alloy Coating Formed in Pilot Scale Furnace -
Silicon Cycle - 4 Hours at 2050°F - 102 mm 250X




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-8i coating to columbium
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-1; (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 were placed at each
of the eighteen positions. Those containing the letter "S® in their identification
vere adjacent to the retort wall which had a columbium sheet interposed between
the coupones and the wall. The letter "B" 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" referas to those
samples located near the bottom of the retort. In all cases the 1/2" x 1/2%
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 tc 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, 60Cr-40Ti =
alloy pack and two using a ~-8+20 mashz silicon pack. The rate of heating in each
case vas ad justed to approximately 10°F per minute. An equilibrium temperature of
2350°F 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
vas 9 hours and for each silicon run it was 4 hours.

The following are a tahulation of the runs performed:
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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 NeF
nmixed throughout

Run No, 3 - A Cr-T% pack was employed with 100 grams (0.05 w/o pack) of NaF
mixed throughout

Run No. 4 - A Cr-T! 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, & - A silicon 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 silicop pack was used with 200 grams of NaF nlaced in the top
center of the pack

Table 15 lists the results obtained from the first fouwr (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 were 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 Run 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 thickncsses 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, ete., 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 Run No. 4.

The next three groups of semples (Table 16) represent sr..imen locations on
vertical sections through the retort, all parallel to tha 24% x 24" retort dimension.
The average overlay thickness for the centrally located samples in all runs was far
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TABLE 15

Cr-Ti Coating Thickness Observed on !jamples from Runs 1-4

Overlay Thickness
Run Run Run Run

Ratio of Side to Side

Run

4

Thickness (Mils

Avsrage Diffusion Zone
Run Run Run

=

Run Run Run Run

Average Overlay
Thickness (Mils)
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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 oppoaite unshielded wall. The only exception was Run No. 2 in which essentially
similar results were obtained for both the "S*" and "E" samples.

Table 17 shows the Cr-Ti-8i 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, K¥ activation was utilized in Run Ko. 5 and
NaF in Run No. 6. 1In general, the results vere esaentially the same for the two
runs although very little of the NaPF activator sublimed in Run No. 6,

Table 18 shows the average Cr-Ti-8i coating thicknesses ohtained in Runs No. 5
and 6 for selectad sample groups. In comparing the first three groups listel, 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 ad ja-
cent to the retort wall had the heaviest coating build up and those in the vertical
center of the pack had the least thickness of coating.

It is known tnat there is approximately a 100°F temperature increase from
tor to bottom of the pack, as indicated by thermccouples located externally %o the
pack. The fact that the Cr-T1 overlay thicknesses increased in the same direction
indicates the influence cf 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, recsived a nearly normal coating. Samples in the bottom center
of the pack at a slightly higher temperature received little coating whereas,
sumples located in the pack bottom near the retort wall, aprroximately the same
dimtanca fr~w *he initial activator position as the bottom center samrles but
anproximately S0*F higher in temperature, received a heavier than normal coating.

In an attempt to minimize the difference in coating thickness obtained
between & sample near the retort wail and one at the center, a Cr-Ti run was made
in which the heat up cycle included a hold period at 1700°F 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 {ull
coating ireatment at 2350°F for € hours. The average overlay thicknesses and
diffusion zones obtained for selected groups of samples are shown in Table 1Q.
Of chief significance is the fact that in the four initial Cr-Ti runs the samyple
group TC, CT, MC, CM, BC and CB had average overlay thicknesses which varied
from 0,07 to (.16 mils whereas this run had an average of 7.32 mils. For the
other goups there was about a fifty percent increase in coating thickness over
and above the previous rums without the hold treatment., There were increases
in average diffusion zone thicknesses in all cases except for the top layer of

58

—p———— — - : . —_
TRXT




TABLE 17

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

—Average Coating Thickness (Mils)
Position Run 2 Run ©

BE 1.3 1.0
BC 0.0 .0
TE 1.0 1.3
TC 0.0 0.7
ME 1.3 .6
MC .3 1.3
EE 0.7 1.3
CRB .0 0.C
T 1.0 1.C
C C.5 0.4
EM 1.1 1.3
CM 0.0 0.2
Ave, 0. 0.76
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TABLE 18

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

Average Coating Thickness

(Mila)
S ¢ Gro Run § Run €
TE, ET, IC, CT 0.6 0.8
ME, ™, }C, CM 0.7 0.8
BE, EB, BC, CB 0.5 0.6
BC, 7C, MC, CB, CT, CM 0.1 0.4
BE, TE, ME, EB, ET, ™ 1.1 1.1

&0
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TABLE 19

Average Cr-Ti Coating Thicknesses of Selec*ed “roups of Samples

iverace Cverlay Average Diirfusion

Sample Group Thicknesz (Mils) Zone Thickuess (Mils)
TE, T, IC C.43 c.ml

CT, TS, ST

ME, EM, MC .55 C.76

CM, MS, SM

BE, EB, EC " .66 0.G2

CB, BS, SB

TS, ST, MS 0.57 ".80

SM, RS, SB

TC, CT, M n.38 £.53

CM, BC, CB

TE, ET, M¥ T .00 7.09

EM, 2F EB
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of samples which actually showed a twenty pecent decresse. Fipures 21 and 22 show
the microstructurs of centrally located samplee of ths bold run and an identical
run which did not include the hold treatment.

In the nine subsequent coating runs in which columbium alley hoaeyccmb panels
were coated the following procese purameters were used:

Cr-Ti Cycle

1. 100 grams NaF top of pack
10C grams NaF tottom of pack

2, Fold at 2000°¥ “or 2 hours
3. Coat at 2350°F for 9 hows

Silicon Cycle

L. 75 grams KF top »f pack
75 zrams KF botiom cof pack

2. Hold at 1500°F¥ for 2 hnurs
3. Coat at 2100°F for 5 hours

In all runs contrcl specimens were coated with the panels. The average cyclic
oxidation lives »btained at 2¢ T with these specimens are presented below:

2500°F Cyclic Oxidation Test Resvita on D-14 Alloy cControl
Specimens Coated in the isell Furnace

Sample jocation Averaze Life (Hours)
CcT Not Available
ET Not Available
TE 25
TC 27
MC €l
CM 35
ME 70
EM 43
BC 72
CB Not Availab_e
B¥. 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 Pogition

Rottom Center
Hetort Position

Figure 21 Cr-Ti Alloy CoatingsFormed in Resistance Element Heated Bell
Furnace - 60Cr-40T1i Alley Pack - Heated Directly to 2350°F
and Held for 9 Hours 250X
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Top Center Middle Center
Retort Fosition Retort Position

Bottom Center
Retort Position

Figure 22 Cr-Ti Alloy Coating Formed in Resistance Element Heated Bell
Furnace - 60Cr-40Ti Alloy Pack - Heated to 1900°F, Held 3
Hours, Then Heated to 2350°F 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 1ife 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 com-
tinuously evacuated system with a constant input of chlorine gas. The intent of
thies investigation was to demonstrate the feasibility of the process since 1t 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 ccating 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 toth in the pack and also freely suspended
above the pack in the {ree vapor space. A sketch of this furnace was shown in a
previous final report ). 1t vas 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, {¢) channeling of the gases through
the pack and (d) extremely low coating deposi.ion rates in the reaction %one,
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 tuhe fittings, (b) insertion of a plenum
to reduce gas channeling and (¢) the use of O 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 D-43 substrate material
using a 60Cr-40Ti alloy pack run for 8 hours at 2300°F at 1.5 mm in the 3" diameter
x 8" high retort.
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Figure 23 Schematic Drawing of the Gas Flow Coating Apparatus




Six 4 hour silicon coating runs were performed in tha 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 gaas 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 changes 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. (5C
cc/min. Clp and 400 ce/min argon). 1In the first run both the pack and the reaction
zone were maintained at 1900°F and in the second run the pack and reaction zone
temperature was raised {. 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
seve:al 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 1900°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 rcaction 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 (Clp + argon) was kept constant at 450 cc/min.
as in the first two runs. However, the Cls flow rate was decreased by 50% to
25 ce/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 Cl; 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 twc runs. As in the case of coatings
formed at the higher Clp 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 evacusted to approximately
10-1 mm after which Clp was introduced, The Clp flow rate was approximately
5C cc/min.

The system pressure was miintained at a nominal pressure of 1 rm and
continuously evacusted., Again, one run was made at a pack and reaction zone
temperature of 1900°F and one run at 2100°F, Coatings formed 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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Specimen Located in the Pack
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Specimen Located in the Tearilon Zone

ilicon Coating Froceas Parameiers:

Pack and Reaction Zone Temperature - 19C°F
Clp Flow Rate - 25 cc/min,
Argon Flow Rate - (.5 cc/min.

Mgure 25 Cr-Ti-81 Coated D-i3 &lloy - Siiicon Couting Aprlied ty the las
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Specimen Located in the Pack
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Specimen located in the Reaction Zone

Silicon Coating Process Parameters:

Pack and Reaction Zone Temrerature - 2100°F
Cl, Flow Rate - 25 cc/min.
Argen Flow Rate - .25 ec/min.

Figure 26 Cr-Ti-81 Costed T-.3 “1lloy - Silicon Coating Aprlied by the Gas
Flow Tachninue 250X
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Specimen Lccated in the Fack

. b l M I. E _l', 'l

Specimen ocated in the Reaction Zone

Silicon Coating Process Paramet-rs:

Pack and Reac’ ion Zone Temperature - 2100°F
Cl; Flow Rate - 50 cc/min.
System Continuously Evacuated to Nomiral 1 mm Pressure

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

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

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

5 312 —_— f'-iClz (1)

251Cly —Si + SiClL (2)
excess Clo

Si+ Clz—>31C12 — SiCl‘,‘ (3)

The first two equations wculd describe the desired situation, wherein the SiCl;
vapor phase reactsat the specimon surface tu foru silicon and stable SiCl,. The
third equaticn would apply to a situation involving an excess of chlorine. Here the
stable 8iC1, rhase 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 / runs, less silicon was deposited on thre
specimems suspended above the pack at the higher chlorine flow rate (and associated
higher chiorine concentration). Increased temperature for a given chlorine concan-
tration caused a decrease in silicon depositicn, This apparently resulted from an
increase in the reaction rate to form stable SiCl;., The application of an evacuater
system to this process increased the silicon deposition rate in the reaction zone as
cainpared to the positiva 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;. Thus for a given chlorine concentration less
stable SiCl, would be formed as residence time (a function of pumping rate) was
decreased. In order to compare the protective capability of coatings formed by the
gas flov nrocess with coatings formed by the vacuum pack process, the various
specimens coated in this study were cyclic oxidation tested at 1500 and 2500°F., The
resultsof these tests are listed ir Table 21, Reasonably good protective properties
were afforded by coatings formed either in or on the pack using the positive pressure
technique., Specimens similarly located in the evacuated system exhibited much lower
piotective 1ife, no doubt primarily a result of the thinner coatings formed in the
more dynamic system. Coatings fcrmed 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
cests are in good agreement with the results of metallographic examination,

Although lirmited, these coating runs have shown that the silicon coating

(s1liconising 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 2500°F of Cr-Ti-Si Coatings on D-43 Alloy
Silicon Coating Applied by the Gas Flow Technique(l)

Cr-Ti-8i Coating Protective Life - Hours at 1800 and 2500°F

In Si Pack(e) On Si Pack(?2) In Reaction Zone\¢)

Ren No. 1800°F 2500°F 1800%F 2500°F 1800%F 2500°F

1 27 77 24 Th L 1,1

2 99 150w 28 107 S 37

3 29 T2 53 72 24 3,3

L 28 77 28 % S 3,2L

5 L 3 26 3 2L 2k,2h

6 L 3 L 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 was in the pack, on the pack, and suspended 5 inches
above the silicon pack in an independently controlled reaction zone

# Denotes test discontimued - no visible coating failure

L




by the 24 hour - 2500°F protective life obtained from specimens in Run MNo. 5.
Consideravle development work will be necessary to thoroughly. evaluate the

merits of the process and to determine its limitations. The feasibility of

forming the Cr-T1 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-Ti1-Si coating on two columbium base sheet alloys, B-66 and D-42. 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 reproducibilitv has been established in these evaluation studies,
no statistical evaluation study .2~ neen conducted to accurately assess the protective
reliability of the Cr-Ti-£! ccating.

7.1 Reproducibility Analysis

The optimized Cr-Ti-51 coating paramcticrs csteblished 2z Phase T of thie pro-
gram vere 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 16" high retorts

3. coating thicknesses - nominally 1,5, 2,0 and 2.5 mils
(2.5 mils coating in 7-1/2" retort only)

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 1/2" x 1/2" and 2" x 2" x 0,030"

Two methods were utilized to evaluate these specimens: (1) metallographic
examination of specimens representing each rrocess variable to determine coating
thickness, depth of coating element diffusion, variations in coating morphology
and coeting uniformity throughout the retort and (2) cyclic oxidation in air at
one atmosphere at 2000, 2500 and 2700°F,

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 utilizing
the same processing parameters for both nominal 1.5 and 2,0 mi'< Cr-T1-Si coatings.
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The process parameters were, however, somewhat different for the two furnace sizes.
The Cr-Ti coating employed for the nominal 2.5 mil coating, applied only in the
7-1/2 inch retort, was varied in order tc maintain consistent composition with ihe
thicker coating. The various processing parameters selected were discussed in the
previous section and are sumwarized in Table 22. Of importance is the fact that
the process parameters were selected to provide relatively good protective 1life
over the entire test temperature range. 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
cperate in that particular temperature range, Therefore, the coatings investigated
for the reliatility study would n-t necessarily provide maximum protective character-
jstics at any one test temperature,

Fer this study an equal number of B-66 and D-43 alloy 1/2" x 1/2" coupons
(1440 each) were utilized. Only 60 2" 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 ertectsol alloy, r.tort size, siticon ana Cr-Ti cycle fpruceos parametera and
speciren location within the retort as related to coating thirkness 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 rerroducibility.

The results of the metallograrkic examination (coating thickness) of repreazen.
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 2700°F,

All thickness measurements were determined metallographically. A range in
thickness (minimum to maximum) was determinad 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 ccating zverlay
and diffusion zone thickness,;s [ts should be nc*ad- that the reported'-ariation in
diffusion Zone thickness occurs over very ‘short distances relative to the variation
in coating overlay thickness with distance as shown in the following sketch.

Cr-T4 or Cr-Ti-Si Coating Overlay <\/‘\

Interface —
Diffusion Zone f
Substrate >

e btotancs — ]
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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) ‘%g.o mils thick)
Pack Composition 60Cr-L0Ti Si Si
Coating Time 8 Hours L Hours 6 Hours
Retort Temperature 2300°F 2000°F 2100°F
System Pressure 1.5 mm. 10~2 m. 1072 mm.
Activztor 0.5 w/o KF 1.0 w/c KP 1.0 w/o KF

7-1/2" Diameter x 18" Yigh Retort

Cr-Ti Coating Cycle Silicon Coating Cycle
(1.5 and 2.0 (2.5 mils (1.5 mils (¢.0 and 2,

mils thick) thick) shick) mils thick)
Pack Composition 60Cr-LOT4 60Cr-LOT1 Si Si
Coating Time 8 Hours 10 Hours L Hours 6 Hours
Retort Temperature 2300°F 2350°F 2000°F 2100°F
System Pressure 107? ma. 1072 m. 10°¢ mm. 1072 mm.
Activator 0.2 w/o KF 0.3 w/o KF 0.} w/o P 0.3 w/o KF




1/2" x 1/2® Coupons - » 2" x 2® Ccupons - b

3" Diameter Retort 7-1/2" Diameter Retort
r | [ |
e - s 043
576 Pcs.-a 576 Pcs.-a 576 Pcs.-a 864 Pes.-a
] ¢y Pese-b 35 Pes.-b
T_ 4 —
r Coating Thickness ] Coating Thicknass '
f |
1.5l mils 2.0' mils 1.? mils 2.? mils 2.5| nils
B-66 288 Pos.-a | B-56 288 Pos.-s-! }
D43 288 Pos.-a ' D-43 268 Pcs.-a | |
D-u3 12 Pcs=b ; D 2 Pgs,- |

T
Individual Batches (Identical)
l T T T T '

<|1) @) 3 W 5 (6)

B266 L8 Pcs.-a
D-ii3 U8B Pecs.-a
D=3 2 Pes.=b

|
I
i
!
t
!
!

Spec Location Ln Pack r-
1) (2 6 .
@ ¢ ( ) <?> u? (f) (6) op —) mF
B-66a 8 8 8 8 8 3
b |
HE L) me too
Bottom _| {3) (&)
Evaluation
Sid Top ¥
[ i
L "% ] [ 3% 2 C \
a C(;ma *b* Coupons
1 - Metallogrephic Examinatiom 2 - 2000°F (xidation Tests
J - 2000°F Oxidation Tests
3 - 2500°F Oxidation Tests
1 - 2700PF Oxidation Tests
Pigure 28

Specimen Cistribution for Reliability Sty
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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
minimum thickness would be the determining factor with respect to coating protec-
tive 1life (extremely thick coating areas randomly distributed over the surface
of the coated sheet would not increase protective capability of the coating].
Therefc:ra, the data analysis was made utilizing only minimum values for overlay
thickness, When considering the total Cr-Ti-Si coating thickness the minimum
overlay thickness was added to the uverage 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 size and silicon cycle process parameters. 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 iiffusion zone
thickness for the various process variables. Bassd 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 8" 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 minimum, 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 oceur in the top of the retort due to volatile elements being pumped
off. This could cause lower deposition ratea in the top area of the retort.

In the 7-1/2" diameter retort (Figure 30) the effect of the silicon cy=sle
parameters and the vertical position in the retort were much the same as for tlke
smaller retort. In addition, an effect due to horizontal position (either center
or edge) was observed, indicating that the center of the retort was at a slightly
lover 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 3,. Essentially the same trends are observed
as for the overlay thickness only. This points out that the diffusion sone thickness
follows the same trend as the overlay thickness, otherwise a change in the relative

T ————— - S Y W g - - - - - — —— —
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8 Variables and Two Retort Sizes

Pigure 31 Scatter Diagrams Showing Variation in Cr-Ti-Si Coating Overlay Thickness for Various
Proces
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Figure 32 Scatter Diagrams Showing Variation in Cr-Ti-8i Coating Overlay Plus Diffusion Zone
Thickness for Various Process Variables in the 7-1/2® Diameter x 18" High Retort
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Figure 33 Scatter Diagrams Showing Variation in Cr-Ti-81i Coating Overlay Plus Diffusion Zone

Various Process Variables in the 3" Diameter x 8° High Retort

for

Thickness
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effect of the process variables would te indicated. It zhould be noted that very
little difference in coating thickness was observed for costings applied in either
the bot*om or middie 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 variahle combinations as a group, it can be seen that
the position ir the retort (top versus middle and btottor' 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 wvas found to exert a significant
influence upon coating “hickness a graphical analy is of th*s variable was made.
An important point to be considered in analysing tre data ani ‘ts ramifications
with respect tc process scale up is that in the coa. ng runs - ade for the reliability
study no massive parts vere contained in ‘he retort. The 1iditicn of a large mass
in the retort wouid measurabdly improve heat transfer, thus decreasing temperature
gradients within the pack., Since only small coupons were used in this study it is
considered that the heat tiansfer characteristics of the pack were at a minimum for
this series of runs, Therefore, the recorde’ _.pread in coating thickness obtained
from top to bottom of the relort is assumed .. be a maximm and the corresponding pro-
tective capabilities of the coatiigs overall are assumed to be less than optimum.

Figures 35 through 38 show the effect of retort position on the Cr-Ti alloy
ove~lay *hickness, the Cr-Ti.Si coating ov-rl.y thickness and the Cr-Ti-Si coating
overlay plus diffusion zone thickness, Th.se figures were obtained using only the
data g nerated for D-.3 alloy, Cr-Ti coatsa using an 8 hour cycle at 2300°F and
silcon ccated using a 6 hour cvcle at 2100°F, Data for each retort size is shown.
The data presented in these figures .ncludes all six batches procassed utilizing
the aforementioned process parameters. Thus the spread in fact represents batch-
to-batch variation,

Figures 3% and 37 show the variation in Cr-Ti alloy cverlay thickness with
respect to retort position, Figure 35 for the 3" dicmeter retort and Figure 37 for
the 7-1/2% jiameter retcrt. The batch-tc-batch variation in the small retort is
sesn L0 be rearly double that for the larger retort. Less scatter is noted for the
centar position of the 3" re.>rt than for the edge, and the thicknesses obtained in
the center fall within the range obtained at the edge pusition  For the larger retcrt
varintion in'-the:thicknesses noted at the bottom and middle vertical ;ositions vas
essantially tha same., “owever, the thicknesses of coatings formed at the edge of
the retort were generally greatei than for the center positicn,

For a given size retort, generally thinner coatings were “ormed in the top
sections, corresponding to the effect noted in the scatter dingrams, This effect
is again demonatrated for the total ccating thickness !Cr-Ti-3i overlay plus
diffusion 2cne), Figures 3% and 33, The range of values show) demonstrates batch-
to-batch variation since each value applies to coatings applind in a particular
batch. A rather vide ranre of Cr-Ti coating overlar thickness wes found {n the
emall retort. Kowever, after siiicon ccating this range was ccnsiderably reduced.
Thus i! appears that the Cr-Ti coating cycle is slightly mcre sensitive tc parameter
variations vithin the retort than the silicon cvcle.
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Analysis of the data prcsented in Tables 23 through 27 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-S1 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 Figurs 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 2700°F 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 temperature overshoct, thus no data was available
in certain instances.

Past experience has shown low temperature life to be reduced as Cr-Ti-S1 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 charactoristics of the coating and
the substrate. At temperatures below approximately 2200°F the Cr-Ti-Si coating
relies primarily upon Cr-Ti layer continuity and the CbCr 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 vas sub-
stantiated by the fact that eleven of the sixteen failures in the 2000°F tests
occurred on specimens (1/2" x 1/2%) 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 2000°F tests were terminated at 150 hours prior

to coating failure.

A much more comprehensive analysis of the protective characteristics of the
Cr-T1-S1 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 2500°F was made using the random balance technique and resultant
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Figm . 39

Top Center Retort Position

Mi‘dle Idge Tetort Tositien

Tyri-al Cr-Ti illoy Coatings Formed or T- 3 aAllov ir ;
2300°F Using & 50Cr-4>T1 Alloy Fack - 3" Diameter x 8" Ki i, -
250




a

B-66 Alloy
Top Center Retort Position

I-66 Alloy
Middle Edge Retort Position

Fipure 40 Typical Cr-Ti Alloy Coatings Formed on B-66 and D-43 Alloys in
8 Hours at 2300°F Using a 60Cr-40Ti Alloy Pack - 7-1/2" Diameter
x 18" High Retort 250
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Figure 41 Typical Cr-Ti Alloy Cca*ings Forred on D-.3 alloy in 1 Hewrs a-
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Top Centar Retort Fosition
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Miidle kdge Fetort Fosition

Figure 42 Typical 0r-Ti-51 Coatings Forred on 7-43 Alloy in the " Iiame-
x % High Tetert - Cr-Ti 2 Hours at J30C°F - Silicon 4 Hours a
Ay 7R S
<D 2%




B~-66 Alloy D-4{3 Alloy

Top Center Retort Position

B-66 Alloy

Middle Edge Retort Position

Pigure 43 Typical Cr-Ti-Si Coatings Formed on B-66 and D-43 Alloys in the
7-1/2® Diameter x 18" High Petort - Cr-Ti 8 Hours at 2300°F,
Silicon 4 Hours at 2000°F
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Middle 2dge Retort Fosition

Figure 44 Tyrical Cr-Ti-Si Coatings Formed on [-(3 Alloy in the 3" Diameter x
#" High Fetort - Cr-Ti 8 Hours at 230C°F, Silicon 6 Howrs at 210C°F
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Middle Edge Retort Position

Figure 46 Typical Cr-Ti-Si Coatings Formed on D-i3 Alloy in the 7-1/2"

Diameter x 18" High Retort - Cr-Ti 10 Hours at 2350° F, Silicon
é Hours at 2100°F | 250y
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scatter “iagrams. These Jiagrams are presented in Figures 47, 48 and 49. The variable
exertirg the greatest irfluence on 2500°F life was found to be vertical position in the
retort, the tor section givirg rise to the least protective coating. Horizontal speci-
men position also exerted a significant influenct, with the edge position having the
superiocr coxidation life. Alloy composition was also important. Coupens fabricated
from B-66 alloy were able to sustain longer exposure at 2500°F. Of interest is ths
fact that the silicon process parameters hac less influence than any of the afore-
mentionea factors. DlNote that these diagrams were compiled using only data obtained
from coupons Cr-Ti coated in 8 hours at 2300°F. I1r gereral, coatings produced in the
amaller retort were more protective than coatings formed in the 7-1/2" diameter fur-
nace., Figures 50 and 51 show 2500°F protective life as a function of retort position
for the 8 hour Cr-Ti cycle at 230C°F and the 6 hour silicon cycle a% 21N0°F. A rather
wide range of life was observed due to batch-to-batch variaticn 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 betweer the two furnaces.

No significant correlation between coating thickness and preotective life at
2500°F was possible for the range of coatings obtained ir this study. A slign: trend
to longer life with increasing thickness was observed, however, a greater range in
thickness would be required to demcnstrate this trend effectively., It is well known
that very thin coatings are not ss protective as thicker coatings. In analysing the
oxidation life data, it was determined that two specimens, having essentiaily identi-
cal coating thickness, but arplied 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 specimens 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 m*ls‘'. This composition effect, due
to specimen position in the retort,is shown in Figures 52 and 53. The protective
per formance of coatings formed in the top section of the retort is poorer for a parti-
cular life requirement than coatings formed in either the middle or bottom positions.
The greater protective life of coatings formed on the R-66 alloy sheet is arparent
by comparing these two figures. It is felt that this may be a result of the greater
depth of coating elament diffusion in R-6€ alloy for the same coating time und tempera-
ture. This results from the lower melting point of tha R-te allcy. A greater range
of the diffusion zone thickness would facilitate determination of the contritution of
this apparent effect.

These results demonstrate that specimen {or structure jposition within tne
retort is a significant consideration in obtaining satisfactory coating rerformance.
The alternative is an improvement ir heat surrly and heat transfer within the pack
to decrease temperature variation. althougrn nc great difference in rrotective life
is associated with the two substrate ~ompcsitions investigated, 1t ma  ~1lso re neces-
sary to adjust coating process parameters to provide octimum life Ior rarticular
substrate alloys of widely different composition.
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The cyclic oxidation data obtained for the 2700°F test temperaturs was not
sufficiently varied to permit detailed amslysis, However, it was determined that
at 2700°F the coating thickness, for the range of thickness investigated, is not
the sole lifs determining factor. Coating composition a 8 to be as much a
factor in protective capability at 27C0°F as it is at 2500°F. This is further
substantiated by earlier development work where Cr-Ti-Si coatings rrocessed to give
higher chromium and lower titanium compositions gave significantly “etter performance
in the 2700-280C°F range (10-20 howrs). However, these same coatings 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 same coating compositions wera tested at 2000
and 2500°F as well as 2700° Y.

A graphical presentation is made of the 2700°F protective life data for the
tvo substrate compositions in Figures 54 and 55, In view of the fact that all test
results fell within s 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 muck a factor at 2700°F as it wvas at 2500°P. Little difference between
middle and bottom regicns was found.

At 2500°F the B-66 alloy was found to give better axidation protective life
than D-43 alloy. Life at 2700°F was found to be higher for D-43 alloy than for
B-66 alloy, indicating a dependence upon both coating thicknesa and diffusion rates.

7.2 Reliability Analysis

As previously mentioned, cyclic oxidation tests in air at 2000, 2500 and 2700° P
at one atmosphere wers employed to determine coating protective reliability. As
shown in Figure 28, 7 samples of sach alloy were taken from each retort position of
each coating run and tested at 2000 (3 specimens), 2500 (3 specimens) and 2700°F
(1 specimen)., The cyclic oxidation life data are included in Tables 23 through 27,
The cyclic oxidation tests were run until coating tailure (defined as visual coating
failure and growth of columbium oxids) was observe. or until 150 hours of test time
vas accumulated. Tests were terminated at 150 hours in order to facilitate testing
of all 2940 specimens.

At 2000°F 1080 1/2* x 1/2* (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 visidble evidence of failure. Of the 16
specimens that failed the minimum life was 48 hours. On the basis of these data the
reliability of the Cr-Ti-8i coating on D-43 and B-66 alloy specimens in the cyclie
oxidation test at 2000°F can be assessed. The probability cf a specimen lasting
150 hours at 2006° P is:

unfail » 1080- -
x 100 lrmlé x 100 = 98.5%

Probabi - 0O
bility (P) total no. of specimens tested
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The confidence level on the probability can be obtained from a standard table
of “Confidence Intervals for Prc;ortions”. The large size of the proportion (u%f
gives an interval of £ 0,.5¢ to the probability for a 99¥ confidence level, (10€0)
Therefore, auy specimen has a 98.5 ¢ 0,5% probability at a 99% confidence level of
having a 150 hour protective life at 200C°F.

The 2" x 2" test specimens fabricated from D-4(3 alloy were also oxidation
tested at 2000°F. These specimens were included to demonstrate the uniformity of
the Cr-Ti-Si coating as applied to a larger surface area piece. Two of the sixty
2" x 2" gpecimens failed in less than 150 hours. The minimum protective life was
72 hours. The reliability of the Cr-Ti-Si coating on the 2" x 2% specimens can be
assessed in the same manner as for the 1/2" x 1/2% specimens above. The pro-
bability for 150 hours 1ife at 2000°F is 96.5¢. The 99% confidence interval far
the proportion 5 is 2 1,9%. The interval is larger for the 2" x 2% specimens
since the mmber of tests is less and the prorortion is correspondingly smeller.
Therefore, a 96.5 £ 1.5 probability at a 99% confidence level exisis for 3 150
hour 1ife for a 2" x 2" specimen at 2000° P,

A more comprehensive statistical anmalysis of the protective reliability of the
Cr-Ti-S1 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 s total of 1020 tests on
1020 specimens from 30 batches of arproximately 34 specimens each.

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

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

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

M except in consideration of batch-to-batch variation, all btatches
of the same alloy vhether fram the * or "-1/2" diameter retort
are treated as one lot.

The two alloys are treated individually to indicate the effect of the substrate
on coating reliability for the same process conditions. Based upon the results pre-
sented in the plots of Pigures 5, and 55 it is apparent that specimens coated in the
very top portion of the retarts consistently have different costing compositions with
respect to specimens coated lowver in the retorts for comparsble thickness levels. It
is, therefore, considered justifiable to treat such specimens separately. To gain
an cverall 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 X batches are treated statistiocally as a lot. This
vas done 20 that the net result incorporates the effects of different retort sizes
{furnace sizes', different coating thicknesses and a range of practical process

parameters.
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As a first step in the analysis of the dats, it is desirable to establish
atistically the batch-to-batch variation of the 30 coating batches based upon the
- otective performance of ths srecimeuns iin each batch. This is done by calculating
i comparing the mean protective 1ife apd standard deviation for each batch. The

lculations are made with the following equations:

For less than an infinjte populstion -
(true nean) ~~~ K(sample mean

(7 (true deviation) ~~ S {sample ceviaiion)

N )
=) e w (Bt e 1%, “
Al

el ]

;= any specific test value
N = total number of tests

The calculate? valuea for the mea~ 2500 and 2700°F protective life are tabu-
ted for each batch ir Table 28. The batch-to-batch variation for six batches is
dicated by comparing the X ra'ues for each retort position from a given set of
ocessing condilions. It i3 epparent. based on the mean life values, that some
gree of catch-to-tatch variation 19 present and is influencing the population

read.

The protective reliability of the Cr-Ti-31 ccating on D-43 and B-£6 alloy
ecimens is =3tablished by plotting s trequercy polygon with each data lot and
rmalizing it to a Gaussian distribution. Figures 56 through 63 show ihe frequency
reus life distribution for the iwo alloys in the top portion and the middle-
ttoe porticn of tne retorts. The mean (X) :¢nd standard deviation(d values
leulated for the four distribution curves at 2500 and 2700°F are listed in

ble 29.

Once the mean (X) and standard deviation (s) are established, various protec-
ve life probability levels can be calculated. This ia done in the following

nnert

1) the probability of any specimen reaching 1ife A is given by
the area under the curve represented by P1
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TABLE 28

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

Procesalni Processin% Processi
Alloy and Batch  Condition A Condition ) Condition 4
Sawple Lot No. ¥ 5 X b§
Hours Hours Hours
D-u3 Alloy - 1 6L 27 12 6L 16 3 69 3 22
Middle and 2 69 16 12 50 15 2k 73 27 rIN
Bottom Retort 3 88 20 12 63 2% 18 Sy 22 2L
Positi-n-2500°F L 77 32 12 n 32 2k L9 27 20
Cxidation Test 3 70 22 12 L 23 2l 7% 26 2k
6 8 25 12 56 1k 2k 65 22 2L
D-43 Alloy - 1 L7 28 6 58 23 11 50 2 7
Top Retort ? 73 13 6 50 1L 12 52 26 12
Position-2500°F 2 53 10 6 la 20 9 L8 13 12
CGxidation Test L L9 29 6 L8 20 12 B 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 - i 8 L L L 1 8 3 1 8
Middle and 2 8 3 n 6 1 8 5 2 8
Bottom Retort 3 5 1 L 8 2 8 6 2 8
Position=-2 700°F L 11 1 L 6 2 8 6 5 8
Oxidation Test 5 10 6 L 8 L 8 8 L 8
6 1 6 L 7 3 8 6 3 8
D-L3 Alloy - 1 5 0 2 2 0 L 2 1 L
Tcp Retort 2 6 0 2 S 2 u 5 1 L
Position-2700°F 3 3 0 2 L 1 L 6 3 L
Oxidation Test L 11 5 2 L 1 L 5 S L
5 £ 2 2 5 L L 5 L U
6 6 0 2 5 3 L 2 1 U

(1) Processing Condition A - Cr-Ti 10 hours at 23509F, Silicon 6 hours at 2100°F
Processing Condition B - Cr-Ti 8 hours at 2300°F, Silicon 6 hours at 2100°F
Processing Comdition C - Cr-Ti 8 hours at 2300°F, Silicon L hours at 2000°F
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TARLE 28 (Contimued}

Values of Mean Protective Life and Standerd Deviation for
Bach Specimen Batch for 2900 and 2700®F Oxidation Tests

Process Process Processi

Alloy and Batch Condition% Cowitionuf 1)  Condition gﬁ)

Sample Lot No. Y s N Y s Y s

Yours Hours Hours

B-66 Alloy - 1 8¢ 28 12 72 33 21 78 28 20
Middle and 2 106 32 12 93 26 18 100 27 2,
Bottom Retort 3 8 1 12 80 29 21 7% 27 2}
Position-2500°F l % 33 12 88 34 19 67 3 2
Oxidatian Test 5 90 17 12 53 25 1L 82 Lo 2k
6 102 23 12 72 29 2l 83 30 2L
B-66 Alloy - 1 S1 1L 6 Ll 24 12 37 16 12
Top Retort 2 60 20 6 76 32 12 LS 12 12
Position-2500°F 3 51 2 6 64 3% 12 57 17 12
Oxidation Test L 63 26 6 56 26 1z 36 16 12
S 78 23 6 61 29 12 66 22 12
6 57 1 6 60 19 12 60 18 12
2-66 Alloy - 1 S 1 N 3 1 8 2 1 8
Middle and 2 L 1 N 5 1 8 b 1l 8
Bottom Retort 3 11 5 L L 1 8 5 ] 8
Position-2700°F L 7 1 L L 1 8 5 3 8
Oxidation Test S L 1 L L 2 8 [ L 8
6 3 1 L 3 1 8 L 1 8
B-66 Alloy - 1 5 0 2 2 0 L 2 1 L
Top Retort 2 L O 2 3 2 L 2 0 b
Position-2700°F 3 5 3 2 L 2 L 3 2 L
Oxidation Test L kL 1 2 3 1 kL 2 1 L
5 L 1 2 3 1 L 32 L
[ 3 0 2 3 1 L L 1 L

(1) Processing Condition A - Cr-Ti 10 hours at 2350°F, Silicon 6 hours at 2100°F
Processing Condition B - Cr-Ti 8 hours at 2300°F, Silicon 6 hours at 2100°F
Processing Condition C - Cr-Ti 8 hours at 2300°F, Silicon L hours at 2000°F
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TABLE 29

Summary of the Mean Protective Life and Standard
Deviation for 2500 and 2700°F Oxidation Tests

Alloy
D-L3
D-43
B-66
B~66

Alloy
D-43
D-L3
B-66

Middle and Bottom Retort Positions

Oxidation Test

Temperature-°F X S N
2500 67 2L 3L5
2700 1 3 120
2500 83 31 326
2700 L 2 120

Top Retort Position

Oxidation Test

Temperature-°F X S N
2500 53 20 168
2700 b 3 60
2500 56 2L 180
2700 3 1 60
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2) the life at A is determined by
X -K(8) « A (% + K(8) = A if A were to the right of X) (6)

wheres the value of K {or Py is obtained from a tahle of
"Percentiles of Normal Distribution®

3) at this point Py and A are known, the level of confidence
of P} is determined by establishing the confidernce interval
for X by

* / 8
‘< (1) 7
where N is the total number of tests involved and K, corresponds
to the percentile value of the desired confidence leve' (99%
confidence level - K = 2,33)

4) the true mean (M) for an infinite population will lie within the
confidence interval established for ¥ and the upper and lowe-
probability limits are set by the values of K pgiven from

x v Ke .‘r] (s) = A (8)
x-xc ﬁ_]-xbu‘ « A (9)
solved to

x + K¢ )
s

Kp =

D Kc(?ﬁ")}‘ (11)
-]

5) the percentile values corresponding *o Kq and ¥} fall above and
below P, respectively, and establish the probability limits
for P) at the desired level >f confidcnce for a given life
value of A.

Table ¥ preasents the reliability analysis of the >500°F protective life data
for Cr-Ti-Si coated D-43 and BR-66 ailoys in terms of protective life probability
at & 997 confidence level. A sizilar reliability analysis of the >X0°F protective
life data for ths two Cr-Ti-Si coated alloys in terms of protective life probability
at 8 9% confidencye level is given in Tatle 31.
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TABLE 30

Cr-Ti-Si Coating Protective Reliability fo Cyclic Oxidation at 2500°F

99% Confidence Luvel

Cr-Ti-Si Coated D-L3 Alloy

Middle and Bottom Retort Positions Top Retort Position
" Probability Life-Hours Probabllity  Lile-Hours
97.510.5% 20 97.5t1% 1k
95+1% 28 95¢2.5% 20
go+2% 35 70%3.5% 27
75+L% 51 75+6% 39

Cr-Ti-Si Coated B-66 Alloy

Middle and Bottom Retort Posiiions Top Retort Position
—Probabllity  Life-Hours Probabllity  Lile-Hours
37.5%0.5% 2¢ 37.5+1% 9
9511% 32 35t1. 5% 17
70t2% L3 20138 25
75tL% 52 7513.5% 30
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TABLE 31

Cr-Ti-5i Coating Protective Reliability for Cyslic Oxidation at 2700°F

99% Confidence Level

Cr-Ti-31 Coated D-L3} Alloy

Middle and Bottom Retort Positions Top Retort Position
“Provability Life-Hcurs Probability  LiZ%e-Hours
97.541% 1 75+11% 2
9512% 2
90+3% 3
752658 5

Cr-Ti-5i Coated B-66 Alloy

Middle and Bottom Retort Pecsiticns Top Retort Position
~ Probabliily  Life-Rours Probability  Life-Hours
9523.5% 1 901, 5% 1
90, 5% 2 7547% 3
75¢7% 3
136
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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-43 alloy piece Cr-Ti
coated utilizing the process parameters included in this study. It should be noted
that the 1ife-hour expectancy listed in the tables for & 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
vere 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 protentive capability at a particular test
temperature could be achieved by ad justment of the process rarameters and associated
coating composition.

8. REDUCED 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 atmcsphere, Very little data are presently available concer:
ing the effect of reduced pressure oxidaticn on the protective capabilities of
refractory metal coatinga, Limited data have been obtained from work carried out
at Lockheed involving testing of silicide coated molybdenum under reduced pressure
conditions simulating those of a radiatiun cooled leading edge structure «f a
hypothetical glide res-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 sprlications., Degradation cf silicide
coating protective carabilities has been rroduced by low pressure exposure, result-
ing from the deterisration of the normally prctective glassy Si0O, layer by the
volatization of silicon monoxide (SiO'.

The primary objective of this phase of the program was that of elucidating the
protective prorerties and stability of the Cr-Ti-Si coating for a range of reduced
Fressure-elevated temperature exposure conditicns.

The rrogram was originally planned to include low pressure ¢xposure temperature
of 2500 and 2600°F &nd pressure levels {air! of from 107 to 50 mm. However, initia
test rosulis indicated the ~3-zn of r—~rgures of primary interest to be 102 to 5 mm
Thus, the rrogram was modiified to provide a comparison of the effects of the followi
variables:

-

a} exposure pressures of 1072, 1071 and 5 mmn

b) exposure temperatures of 2500 and 26N0°F

¢} exposure times of 1, 2 and 4 hours

d'  initial specimen conditions of (1) as coated, (2) pre-oxidized 1 hour

at 2500°F at 1 atmosphere and (3) pre-oxidized 4 hours at 2000°F at
] atmosrhere.
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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 expcsure. In additioa, cyclic post-oxidation tests at 1800 and 2500°F were
utilized tc determine the post-cxidation protective characteristics of specimens
exposed at reduced pressure as compared to the cyclic oxidation protective proper-
tiegs cf as coa*ed specimens.

The low pressure facility constructed for this work is shown in cross section
in Figure &i. The horizontal high purity alumina tube (2.0" I.D.)} is externally
Kea yd by iour glober elements., Water cooled copper fixturing is attached to each
and of the refractory tube with wax vacuum seals., A vacuum tight push rod assembly
1s ttached tc one end of the vacuum chamber for manipulating a high purity alumina
sye .men tray in and out of the hot zone. The hot zone is 12" overall length and
per (t3 uniform heating of a 6% long specimen boat. Temperature measurements are
mpde with an optical pyrometer through a sight port and correlated with measurements
wihin the tube using a Pt-FPt+10% Rh thermocouple. A McLeod type vacuum gage is
utiiized for pressure measurements, This unit has been evacuated to approximately
1 micron pressure {10-3 mm) at 2600°F. The design of this furnace permits simul-
tanecus testing of several ccuted coupons, and has provisions for thermal cyecling
for visusl inspection, At the higher operating pressures air is bled through the
system and the gas flow ratas mevered.

Initially, difficulty with the test apparatus was encountered because of
cracking of the refractory alumina tubes. This problem was discussed with the
refractory tube suprliers, and as a result several modifications were made in the
furnace hearth and tube support designs. Ir addition to design modifications,

Mullite MV-3C tubes (supplied by McDanel Refractory Porcelain Co.) were installed

to replace the high purity alumina tubes. The apparatus was successfully orerated

at pressures to 10-3 mm (1 micrcn) up to 2600°F. One mullite tube cracked af*er
several hours operation; a second was installed and successfully operated in excess

of 100 hours. However, excessive tube breakage was again encountered with the rresent
epparatus, and it was concluded that additional testing was not economically feasible,
All testing was completed, with the excertion of tests scheduled at 26C0°F, at 5 mm
pressure, It is felt that the test apparatus can be improved to eliminate the

tube breakage problem,

Cr-Ti-51 coated D-14 columbium alloy sheet vas utilized exclusively for this
portiond the investigation. The courons were Cy-Ti-Si coated in five separate
batches. All coupons, however, were coated by utilizing identical coating para-
meters. The coating was applied from a 5S0Cr-50Ti pack in € hours at 2300°F using
0.5 w/o KF activation and & pressure of 1.5 mm ( blanked off system). The siiicon
cycle énvolved 4 hours at 2050°F using 1.0 w/o KF activation and a system pressure
of 10-< mw,

At 2500°F a wide range of pressures were investigated. These included 10-<,
101 y 1, 9 ard 50 mm utilizing exposure times cf 1, 2 and 4 hours. As coated
specimens were exrosed at each rressure level, and in addition pre-oxidized
specimens (1 hour at 25C0°F - one atmosphere and 4 hours at 2000°F - one atmosghers)
were exposed at 10-2 , 10-1 and $ mm. The testing conducted at 2600°F included
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only pressures of 10-2 and 10-1 sm. 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 from 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 mm vere obtained by controlling the pumping
rate to the system. The higher operating pressures of 1, 5 and 50 mm were obtairad
with a controlled air bleed into the system., Air flow rates required to produce the
desired operating pressures were metsred 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°PF, the average air velocity in this portion of the tube would be increased
by a fector 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 same
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 stmosphere was used for all oxidation tests at
one atmosphere, Cr-Ti-Si coated srecimens similar to those exposed to reduced
pressures were cyclic oxidation tested for baseline data for evaluation of the effect
of the reduced rressure exposure on the rrotective capability of the coating.

Table 33 1lists the results of the post-oxidation tests conducted on all specimens
exposed to low pressure environments,

8,1 Susmary of Low Pressure Behavior

Exposure of as coated specimens at 10-° mm at 2500°F did not cause loss of
protective capsbility at 1800°F, 2500°F exposure at 10-1 mm of specimens pre-
oxidized 4 hours at 2000°F likewise did not effect the 1800°F one atmosphere pro-
tective capability .f the coating. This was also true of all conditions involving
exposure at 250C°F at pressures greater than 10-1 mm, Pre-oxidized specimens
exposed at 2500°F at 10-2 mm sufferend some loss of lovw temperature capability.

As coated and fre-oxidized (1 hour at 2500°F at one atmosphere only) specimens
exposed at 10~ mm also showed some loss of 180C°F one atmosthere protective life.
A1l exposure conditions investigated at 2600°F caused loss of subseauent 1800°F one
atmosphere protective capability of the Cr-Ti-Si coating.

Some degradation of the 2500°F one atmosphere protective life was upparent

for all reduced rressure exposure conditions at 2500°F involving pressures of less
than 5 mm. 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 mm at 2500°F, Exposure
for less than 4 nours at this rressure caused only a minor decrease in r.otective
life. Oxidation at one atmosphere prior to exrosure at 10-2 mm at 2500*F resulted
in serious loss of ?500°F protective properties. Exposure at 2600°F at 10-2 mm or
at either 2500 or 2600°F at 10-1 rm caused loss of 2500°F one atroschere protection
repardless of initial specimen condition., Reduced pressure exposure 2t 1 mm at
250°F also caused a reduction in 2500°F ore atmcsphere protective properties,
although lesc serious than exrvosure at 10-1 mn at 2500°F. Exrzcsure tou reduced
Fressure environments at 2500°F at pressures of 5 and 50 mm caused no recuction of
2500°F one atmosphere protective characteristics. In fact, an apparent improvement
in the high temperature protective capability of the Cr-Ti-Si coating was observed as
a result of exposure at 50 mm.

8.2 Low Pressure Behavior at 10-2 rm

Figure 65 shows photomicrographks of the Cr-Ti-Si coated srecirmens expcsed for
1 and £ hours at 10~2 mm (2500°F) in comparisor. with similar specimens exrosed at
one atmosphere at 2500°F. 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, a%t one atrmcsrhore these pockets hecame
filled with a protective oxide layer., This figure, at 500X, comrares the changes
that occur in coating structure during exrosure in air at one atmosrhere and at 10-2
mm for 4 hours at 2500°F. All other photomicrcgraphs of srecimens exposed tc 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
102 (2500°F) is shown again in Figure 6¢. This layer is thought to be titanium
silicide resulting from cnromium depletion of the coatirg, The oxide which formed
on these specimens upon subsequent post-oxidation was yellowish-brown in color,
characteristic of the oxide which forms on titarnium silicide. Chromium loss during
the reduced pressure exposure was evidenced as a deposit of green chromium oxice on
the walls of clean alumina boats during exposure. In general, the coating thickness
was relatively unchanged by this particular reduced pressure exrosure. The major
micrcstructural change was the formation of the distinct surfaze 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 luyer, Figure 67 is a photograph of this
crack pattern, This condition apparently is cuaused by preferential volatilization
of the coating constituents (probably chromium) from these localized recesses.

A coupon weight loss of approximately 6 mg/hour occurred during exposure
(2500°F) at 10-2 mm, and it was cbvious 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 reduced jressure oxidation treatment.

Chromium was, in fact, evaporated in small amounts from the Cr-Ti-Si coating at

one atmosphere during oxidation testing at ?500°F and above. For increasing exposure
times at low pressure, decreasing quantities of chromium vere observed tc be lost
from the coatings during oxidation test at one atmosphere at 2500°F. The weigh*
changes recorded for low pressure exposure at 2500°F are presented graphically in
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1 Hour - 250C°F 1 Hour
1 Atmosrhere 10™
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1 Atmoschere 1072 mm

Fipure 65 Cr-Ti-Si Coated L-14 Alloy After 1 and 4 Hour Exposures in
Air at 250C°F, at both 1 Atmcsphere and 102 mm 500X
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1 Hour - 2500°F 2 Hours - 2500°F
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, Hours - 2500°F
10-2 mm

Figure 66 Cr-Ti-Si Coated D-14 Alloy After 1, 2 and 4 Hour Exposures in
Air at 250C°F at 102 mm 250K
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L Hours - 2500°F - 102 rm 10X

4 Hours - 2500°F - 10-2 mm  Folarized Light 100X

Figure 67 Cr-Ti-81 Coated D-14 Alloy After 4 Hours :xiosure in Air at
2500°F at 10-2 wm Showing Surfcuce Craze Cracking
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Figgggo§g. Figure 69 shows the weight changes recorded for low pressure exposure
a .

The specimen weipght loss of 6 mg/heur reported above corresponds to aprroxi-
mately 1.8 mg/em?/hour based on the total specimen area (1/2" x 1/2% x 0.040")
or approximitely 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
perfunit area was therefore somewhat greanter than the above vnlue for the exposed
surfaces. _—

Figures 70 and 71 show photomicrograrhs of specimens oxidized at 2500°F for
1 hour_and 2000°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 cnused the greater reduction in 1800°F protective capability, Both pre-
oxidation treatments resulted in more serious loss of 2500°F 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 2000°F. The coating remaining on the pre-oxidized speci-
mens is seen to be much thinner than on as coated specimens exposed at 102 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 pre-oxidized specimens, particularly
those pre-oxidized at 2500°F and exposed 4 hours at 10-2 mm (2500°F). The oxide sur-
faco 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
subzequent low pressure exposure compared to the as coated initial specimen condition,
Apparently the formation of a denre glassy layer during the 2500°F pre-oxidation
treatment served to lower the rate of chromium vaporization from the coatings. The
oxide formed at 2000°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 ;‘ccorded 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 mm oxidation at
2500°F. At 1800°F a protective oxide is observed to have formed at ohe atmosphere
on the chromium depleted surface layer of the specimen exppsed‘at,}obz,nq. This
oxide provided protection equivalent to that of the oxide formed on the as coated
Cr-Ti-S1 couting, based on the time 1imit of the test. However, at 2500°F this
unidentified depleted layer exhibited relatively poor protection as compared to
the as coated apecimen, Deterioration of the coating is observed after 6 hours
oxldation at one atmosphere on an individual coupon after a 4 hour exposure at 2500°F
and 10-2 mm. Only alight degradation of the one atmosphere 2500°P protective life

—~——
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Pigure 68 Weight Change of Cr-T1-8i Coated D-14 Alloy as a Function of Time
for Various Reduced Preagure Treatments at ’SOC°F
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1 Houwr - 2500°F - 1 Atm 1 Hour - 2500°F 1 Atm
1 Howr - 2500°F - 102 mm 2 Hours - 2500°F - 10~ mm

1 Hour - 2500°F - 1 Atm
4 Hours - 2500°F - 10-2 mm

Figure 70 Cr-Ti-Si Coated D-14 Alloy After Pre-Oxidation in Air at 250C°F
at 1 Atmosphere and Exposure in Air at 2500°F for 1, 2 and 4
Hours at 1072 mm 250X
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. Hours - 2000°F-1 Atm
4 Hours - 2500°F - 10-2 mm

Fieure 71 Cr-Ti-Si Coated D-14 Alloy After Pre-Oxidation in Air at
2000°F at 1 Atmcsphere and Exposure in Air at 2500°F for
1, 2 and 4 Hours at 10-2 mm 25
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1 Hour - 2500°F - 10-2 mm 4 Hours - 2500° F-10-< mm

+ +
200 Hours - 1800°F - 1 Atm 200 Hours - 1900°F - 1 Atm

200 fours - 1800°F - 1 Atm

Mguwe 72 Cr-Ti-81 Coated D-14 Alloy After 1800°F Oxidation in Air of As
Coated and Reduced Pressure Exposed (2500°P) Specimens 250X
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resulted from the 1 and ? hour low pressure treatments, apparently bccause of the less
significant alteration in the coating compoeition,

Figures 74, 75 and 76 depict the microstructure of the Cr-Ti-Si couting after
exposure at 10-é mm at 2600°F, All three initial specimen conditions are represented,
A similarity between the as coated material exposed at 102 mm at 2600°F and at 2500°F
is obvicus, No appreciable surface oxide layer is formed at cither temperature, The
titanium silicide layer formed during low pressure exposure at 250C°F, while also
observed at 2600°F at 10-2 mm, 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 drubt due to the higher vapor pressure of the
coating elementsat the higher test temperature,

The reduction in 2500°F protective capability (one atmosphere post-oxidation)
attributed to reduced pressure exposure at 102 mm at 2500°F (as coated specimens)
was greatly magnified as the exposure temperature was increased 100°F, Whereas,
the low temperature (1800°F) rrotective properties were unaffected by the 2500°F
exposure, a drastic reduction in 18*0°F one atmosprhere protective capability occurred
at a reduced pressure test temperature of 2600°F., This was, in fact, true for all
specimens cxpcsed at 2(00°F at 1C-?2 mm, The photomicrographc of the pre-oxidized
specimens exposed at 2600°F at 10-2 mm accentuate the Cr-Ti-Si coating behavior
observed at this pressure level at 250C°F, While there was essentially no difference
in the protective capability of the coating exposed at 2600°F and 10-2 mm with regard
to initial specimen condition, there was a significant 'ifference in micrcstructure.
Pre-oxidation at 2500°F at one atmosphere resuited 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 snriched
diffusion zone, was noted. Pre-oxidation at 2000°F at cne atmosrhere, on the other
hand, did not significantly alter the microstructure from that observed for as
coated specimens exposed to these condi*ions, Apparently, at the higher pre-
oxidation temperature the amount of oxygen which reacts with the couting tc form
the S102 layer at one atmosphere is sufficiently greater than that reacted at
2000°F to account for the difference ir micrcstructurzl effects,

8.3 Low Pressure Behavior at 10-1 mm

Figure 77 shows Cr-Ti-Si coated specimcrs expcsed 1, 2 and 4 hcurs at 2500°F
at 1001 ma. A surface oxide layer is ohserved to have formed at thi- rressure,
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 contaminastion is obrerved after 2 and 4 howrs exposure,
indicating a substantial loss in the protective characteristics of the coating.

The severity of coating degradation resulting from exposure at 10-1 zm as compared
with exposure at 102 mm is most probably due tc the fact that at 10-2 mm insuffi-
cient oxygen is present to cause formation of a protective oxide laye-, At 10-2

mm the principal mechanism involved in micrcstructural changes is chromium evapora-
tion, At 10~ mm, however, sufficient oxygen is present in the atmosghers %o psrmit
reaction vith the silicide layer. Degradation then results from vaporization of
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1 Hour - 2600°F 2 Hours - 2600°F
102 mm 10-2 mm

, Hours - 2600°F
102 mm

Figure 7, Cr-Ti-81 Coated D-14 Alloy After 1, 2 and 4 Hour Exposwes in
Alr at 260C°F at 102 mm 250X
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1 Hour - 250C°F - 1 Atm 1 Howr - 2500°F - 1 Atm
1 Hour - 2600°F - 10-2 mm 2 Hours - 2600°F -~ 10-2 mm

1 Hour - 250C°F - 1 it
L Hours - 2600°F - 10-2 mmn

Figure 75 Cr-Ti-S! Coated [-14 Alloy After Fre-Oxidstion in Alr at 29507°F at
1 Atmosphere and Exposure in Air at 2600°F for !, 2 and 4 Hours
st 1072 m 257X
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L Hours - 2000°F - 1 Atm L Hours - 2000°F - 1 atr
T Hour - 260C°F - 1072 mr 2 Hours - 260C°F-10-2 mm

i, Hours - 2000°F - } u .
L Hours - 2ON0°F - 1077 e

Figure 7t Cr-Ti-Si Conted "-14{ Alloy afver Pia-OCxidation in Air at 2000°F
at 1 Atmosphere ard Ixposure in div at 260C°F for 1, 2 e:d 4
Kours 1t 10-¢ 250X
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1 Howr - 2500°F 2 Hows - 2500°F
191 mm 10-1 mm

, Hours - 2500°F
10-1

Figure 77 Cr-Ti-Si Coated D-14 Alloy After 1, 2 and 4 Hour Exposwres in
Air at 2500°F at 101 m 250X

160




the silicon mcnoxide ($10) ir addition to loss of chromium. In a dyramic system such
as utilized for these tests surface reaction products would be removed, allowing
ccntinuous formation and volatilization of S10 and thus a continuous lcas of the
silicide layer.

One group of specimens was pre-oxidized at 2500°F (one atmosphere) for 1
hour prior to exposure at 10~1 mm at 2500°P. Figure 78 shows photomicrcgraphs of
these specimens after 1 and 2 hours exposure to the reduced pressure environment.
This pre-treatment Aid not significantly alter the reduction of the post-oxidation
protective properties of the coating. Micrcstructurally there was no essential
difference between specimens vhich were pre-oxidized and those which were mot. An
adherent glassy surface layer was formed on ths specimens during the one atmosphere
oxidation treatwent  lowever, the mechanism of coating degradation by volatilisation
of S10 and chr ium appeared to be unaffacted by this pre-treatment. A second grour
of specimcns were pre-c.idized at 2000°F (one atmosphers) for 4 hours prior to
exposture (2500°F) at 101 am and photomicrcgraphs of these specimens, after reduced
pressure exposure, are shown in Figure 79. Again, there was little microstructural
difference after low [ressure exposure between the pre-oxidized specimens and those
whick were not. lNo glassy surface layer was formed at this lower pre-oxidation
temperatur2, The protective capability of this group of coupons was nearly identical
(or siightly improved) as compared to specimens directly exposed in the as coated
concdition,

Weight losses of specimens which were directly exposed at 101 mm were com-
paraiale with those observed at 10-2 mm, although different effects on the coating
microstiucture were noted. Deviations in weight loss measurements may be readily
attributed to oxygen pick-up during exposure. FExamination of the microstructure of
specimens exposed at 10-1 mm clearly shows evidence of oxygen pick-up (Figure 77),
wvhereas specimens exposed at 10-2 mm (Figure 66) do not indicate substantial con-
tamination. A considerably greater weight loss was incurred with syecimens exposed
at 10-1 mm after pre-oxidation for 1 hour at 2500°F at one atmosphere. This may be
associated with vaporization of Si0 from the glassy surface layer which was formed
during pre-oxidation. In addition, spelling of the swrface oxide layer was observed
upon cooling the specimens to room temperature. The weight changss recorded for
coupons pre-oxidized at 2000°F'one atmosphere were equivalent to those recorded?or
as coated material exposed at 10-1 mm at 2500°F.

Figures 80, 81 and & are photomicrographs of coupons exposed at 2600°F at
10-1 me, both in the a3 coated conditior and after pre-oxidation at cne atmosphere.
Expusure of as coated specimens under these conditions resulted in serious loss of
both low and high temperature one atmosphere protective characteristics. Micro-
structurally, a surface oxide layer vas observed, increasing in thickness with
increasing exposure time. Also, vcids were observed at the coating-base metal
interface probably resulting from (a) chromius vaporization at the surface and (D)
rapid chromium diffusion to the surfsce. Specimens pre-oxidized at 2500°F at one
atmosphere showed a characteristic denss surface oxide layer (glassy), increasing
in thickness with increasing low pressure exposure time. The protective capability
of coatings exposed to this pre-oxidation treatment was superior to as coated
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1 Howr - 2500°F - 1 Amn 1 Hour - 2500°F - 1 Ata
1 Howr - 2500°F -~ 101 m 2 Hours - 2500°F - 10~1 mm

Figare 78 Cr-Ti-Si Coated D-14 Alloy After Pre-Oxidation im Aiy at 2570°F
at 1 Atmosphere and Exposure in Air at 2500°F for 1 and 2 Hours
at 10-1 mm 250

162




4 Bours - 200’F - 1 itm 4 Hours - 2000°F - 1 Atm
1 Hour - 2%00°F - 10-1 mm 2 Hours ~ 2500°F - 10-1 s;

4 Hours - 2000°F - 1 Ata
4 Hours - 2500°F ~ 10-1 ma

Figure 79 Cr-Ti-3i Coated D-14 Alloy Aftexr Pre-Oxidation in Air at
2000°F at 1 Atmosphere and BExposure in Air at 2500°F for
1, 2 and { Hours at 10-1 mm 250K
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Pigue 80 Cr-Ti-8i Coated D-14 Alloy After 1, 2 and 4 Hours Exposures
in Alr at 2600°F at 10-1 m 250X
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1 Hour - 2500°F -~ 1 Atm 1 Hour - 2500°F - 1 Ata
1 Hour - 2600°F - 10-1 mm 2 Hours - 2600°F - 10-1 ma

1 Hour - 2500°F - 1 Ata
4 Hours - 2600°F -~ 101 mm

Figure 81 Cr-Ti-Si Coated D-1i Alloy Alter Pre-Oxidation in Air at
2500"F at 1 Atmosphere and Exposurs in Air at 2600°F for
1, 2 and 4 Hours at 10-1 mm 250x
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4 Hours - 2000°F - 1 Ata 4 Hours - 2000°F ~ 1 Atm
1 Hour - 2600°F - 10~1 mm 2 Hours - 2600°F - 10~1 mm

Figure 82 Cr-Ti-Si Coated D-14 Alloy After Pre-Oxidation in air at 2000°F
at 1 Atmosphere and Fxprsure in Air at 2600°F for 1 and 2 Hours
at 10~1 ma 250X




specimens exposed to the same 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:sight changes corresponding to this series of exposures nearly approximates
the weight changes recorded at 10~2 mm. At both pressures (10~1 and 10-2 mm) the
sreatest weight loss was sustained by specimens pre-oxidized at 2500°F. Pre-ex:osure
at 2000°F did not significantly alter the weight loss patiern from the as coated
specimen starting condition. '

8.4 Low Pressurv Behavior at 1, 5 and 50 mm

Exposure at 2500°F at 1 mm (Figure 83} did not cause loes of 1800°P one atmoschere
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 S10 would be expected at
1 mm pressure; in fact, this should result upop exposure at 2500°F at sll pressures
below 2 mm as determined from equililrium Jata 5). There was no obvious formation of
a glassy surface layer at 1 mm, substantiating the evidence of volatilization of S10,
A white porous deposit was observed on the specimen face which was adjacent to the
alumina boat after exposure at 1 mm 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 Si0 in the absence

of oxygen(5).

Figures 84, 85, 86 and 87 show photomicrographs of syecimens exposed at 5 and
50 mm at 2500°F. A much less significant alteration in coating microstructure = .
obererved at these higher pressures. A glassy adherent oxide surface layer was
formed at both test pressures. No appreciable difference in microstructure exists
between specimens exposed at these two pressures. Weight change measurements were
comparable 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 specimens
exposed at any reduced pressure indicating some loss of ccating constituents due to
volatilizatiorn.

Substantially more internal contamination was observed in the substrates of
coated specimens pre-oxidized at 2500°F and one atmosphere prior to exposure at
5 mm as compared with material directly exposed at 5 mm. Also, exposure at 50 mm
resulted in incraased internal penetration as compered with the 5 sm exposure of
28 coated specimens. This contamination has not bteen observed in the substrates of
{r-T1-81 coated coupons oxidised at one atmosphere at 2500°F for comparable times,
while it has been observed to varying degrees at all reduced pressure levels.
Microstructural an’ protective capability differences between material exposed to
reduced presswe (5-50 mm range) as compared vith material exposed only at one
atmosphore are minimal. However, all data indicate that the Cr-Ti-81i coating is
somevhat permesble with respect to oxygen at all reduced pressures studied,
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3 Howr - 2500°F 4 Hours - 2500°F
lm lmm

Pigure 83 (- ;. i C.ated D-14 Alloy After 1 and 4 Howr Exposures in
wir . 2500°F at 1 mm 25(x
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1 Hour - 2500°F
5 om

4 Hours - 2500°F
Smm

Fiauro& Cr-’rtéi Cooud D-14 Alloy After 1, 2andl.llownxpomrn
- in Air at 2500°F at 5 mm
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1 Hour - 2500°F - 1 ata 1 Houwr - 2500°F - 1 atm
1 Hour - 2500°F - 5 mm 2 Howrs - 2500°F - 5 mm

1 How - 25C0°F - 1 Ata
4L Hours - 2500°F - S mm

Pigwe 35 Cr-Ti-81 Ccated D-LL Alloy After Pre-Oxidation in Air at 2500° ¥
at 1 Atmosphere and Exposure in air at 2500°F for 1, 2 and 4

Hours at S = 25
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4 Hours - 2000°F - 1 Atm , Hours - 2000°F - 1 Atm
1 Hour - 2500°F - 5 mm 2 Hours - 2500°F - 5 mm

L Hours -~ 2000°F - 1 Ata
4 hours - 2500°F - S mm

Pigure % Cr-Ti-Si Coated D-14 Alloy After Fre-Oxidation in air at 200C°F
at 1 Atmosphere and Exposure in Air at 250C°F for 1, 2 and 4
Hours at 5 mm 250K
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1 Howr - 2500Q°F . 2 Hours - 2500°F
50 mm EG

4, Hours - 250C°F
50 mm

Fi are 87 Cr-Ti-Si Coated D-14 Alloy After 1, 2 and 4 Houwr Exposures
in Air at 2500°F at 50 mm 250X
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8.5 Analysis of Low Pressure Behavior

Although the phencmena of substrate contamination and loss of the Cr-Ti-Si
coating resulting from low preasure exposure has not been thorcughly analysed
thermodynamically, an explanatior is theorized. In the simplest case, the basic
reactions which occur at the coating surface between the surrounding atmosphere
and the Cr-Ti-81 coating outer layer are:

S1+0p =5 S0 {12)
51+ 05 == 2510t (13)
s10f « 0 == 2810, (14)

Since exposure at one atmosphere at 2500°F cdoes not cause internal contaminatic
14 is felt that equation{12) applies and that the resulting glassy protective layer
(S105 or modified S107) i3 thermodynamically stable. Penetration of oxygen into the
substrate is blocked by the reaction with the silicide layer for form stable Si0»
and the slow diffusicn through the silicide layer.

Exposure of the Cr-Ti-Si csating at reduced presaures, even t!'.c .gh sufficient
oxygen is present tn form 510y, results in varying degrees of intei:nal contaminatio:
This is apparently due to the thermodynamic instability of Si0) at low pressures
according tc the following composite enuation:

Si + 0p —» S10p == siot + [0 (15)

Apparently the S10, layer decomposes to some degree to form SiO (gas) and oxygen.
The S10 is removed and the oxygen diffuse® through the silicide layer and into the
substrate. Evaporation of chromium at a relatively fast rate during reduced pressu
exposure (as compared with one atmosphere exposure) may cause wicroscopic voids or
channels to form within the cilicide layer. The presence of inter-connected voids
(chanrels) would reduce the effective coating thickness and the distance required
for oxygen diffugsion into the substrate. Assuming the above to be true, the degree
of intern:. contamination would be dependent upon both the rate and amount of Si0jp
decomposing and the extent of micro-porosity within the coating silicide layer,

A reduction in the system pressure (50 to 5 mm range) - uld obviously decrease
theamount of avajlable oxygen and thus reduce the rate of Si02 rormation on specime:
exposed in the as coated condition. The supply of atomic oxygen would also decreas:
resulting in less internal contamination, even though the extent of micro-porosity
due to chromium vaporization should increase, The use of the pre-oxidation treatme
would contribute to increased internal contaminztion, since the source of oxygen
from the decomposition of S105 would be increased, This is consistent with what is

observed metallographically.

Further reductions in system pressure %o 1 mm or less would, in the instance ¢
as coated material, restrict the amount of oxygen available for reaction with silic
thus causing formation of Si0 (Eq.l3 rather than 5i07 (Bg.12) resulting in the
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ybserved coating recession (Si0 removed). Again, pre-oxidation at one atmosphere
sould cnly provide an Si02 layer which apparently decomposes, thus increasing the
‘egree of internal contamination.,

In an oxygen poor atmosphere, such as exists at 10-2 mm, the reaction batween
~he silicide and oxygen proceeds at a significantly reduced rate and the primary
>beerved microstructural change results from chromium vaporisation. The slight
amount of internal contamination which was observed after 4 hours exposure (initial
condition - as coated) at 10-2 mm probably resulted from the presence of microscopic
voids in the coating.

At a pressure of 10-1 mm vhere the coating performance was poorest, all the factors
contributing to the destruction of the protective characteristics of the cosating were
idditive, These factors wern:

a) rapid volatilization of chromium

b) instability of S103 - increasing Si0 formation and internal
contamination

¢) competing reaction of oxygen and silicon to form S10 directly -
increasing silicon loss from the coating leaving a non-protective
oxide scale.

“re-oxidation at one atmosphere again provided an Si0> layer which, upon decomposition,
orovided a source of atomic oxygen fesulting in increased internal contamination.
Jowever, at an exposure temperature of 2500°F the dense oxide layer formed during pre-
>xidation at 2500°F acted to restrict chromium vaporization and associated reduction
>f coating thickness, apparently by acting as a barrier layer. The oxide formed

at 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
sarrier lsyer,

Weight change determinations were made during post-oxidation at one atmosphere
>f specimens exposed at reduced pressures. In general an initial weight increase
a8 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
st be associated wvith oxygen pick-up. In the few instances whero initial weight
‘nee~3 wvere recorded, spalling ol the surface oxide scale was observed.

'e6 Low Pressure Exposure Study at 2800 and 000°F

Several Cb-752 alloy specimens were Cr-Ti-Si coated for reduced pressure
xidation testing at elevated temperatures. These specimens were falricated from
. small amount of CH-752 all:'y sheet supplied by the Alir Force. These specimens
:ere heated by self resistance to 2800 and J000°F for 1 and 2 hours in a water
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cooled chamber maintained at 1 mm pressure. Chamber pressure was controlled by
throttiing 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
vith an optical pyrometer, utilizing both surface emittance and sight glass tempera-
ture correstions. The emittance correction was based on the observed melting point
(at 1 mm pressure} of columbium oxide. Comparative optical temperatures wvere
simultanecusly 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 2800-3000°F the emittance of the oxidized-uncoated
columbium alloy surface wvas nearly equivalent to that of the oxidized Cr-Ti-Si
coating, Aadditional Cb-752 alloy coupons were also Cr-Ti-Si coated for comparative
exposures at one atmosphere at 2800 ard 300°F in an air furnace.

At 3000°F and 1 mm 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 1/2 howr 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 2500°F at one atmosphere. No coating failures and apparently no oxide melting
occurred within 2 hours oxidation of similarily cocated coupons exposed directly at
one atmosphere at 3000°F in an air furnace. Figure 88 shows the structure of the
Cr-Ti-Si coating on (b-752 alloy in the as coated condition, Figure 89 shows this
material after 1 and 2 hour exposures at 3000°F both at one atmosphere and at 1 mm
preassure. 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 heawy surface oxide scale formed during this exposure. Thus
the coating prevented visible columbium oxide growth but did not completely prevent
oxygen leakage., ixposure at 1 mm at J000°F caused complete coating failure and
permitted oxygen penetration completely through the substrate,

At 2800°F and 1 mm pressure localized areas apparently melted or spalled from
the coating surface after 1 and 2 hours of reduced pressure exposure. Upon 25C0°F
post-oxidation these pre-exposed coatings were still protective after 7 hours of
cyclic oxidation, Hewever, the tesis were terminated due to oxide growth from the
end sections of the specimens damaged by the electrode gripe during reduced pressure
testing. The cyclic oxidation protective life of this Cr-Ti-Si coating on Cb-752
alloy, exposed directly at one atmosphere, ranged from 4 to 10 hours at >0°F,
Figure 90 shows these coatings after 1 and 2 hour exposures at 2800°F at hoth one
atmosphere and 1 mm, The ccatings were not significantly affected by exposure at
one atmosphere, the major microstructural change being the formation of a glassy
surface oxide layer, One hour exposure at 1 mm also caused little microstructural
change; however, 2 hours exposure resulted in loss of nearly all of the coating
through vsporization and oxide formation with substantial oxygen penetration into
the substrate,

9, APPLICATIONS OF THE Cr-Ti-81 COATING

9.1 Application of the Cr-Ti-Si Coating to Simple Joint Configurations

Fractical application of columbium alloy materials to aercspace systems must
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Figure 88 Cr-Ti-Si Coated Cb-752 Allocy
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Firure 3 {r-Ti-51 Coated Cb-752 Alloy after 1 and 2 Howr Exposures
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Figure 90 Cr-Ti-Si Coated Cb-752 Alloy After 1 and 2 Heur Fxposures at
2800°7 at 1 Atmosphere and 1 sm Pressure 250
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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 wvas conducted ap & part of this program. Three types of joints were
considered: (a) spot welded, (h) fusion welded and (c) riveted. It should be noted
that the object of this invesiigation was only to study protection of joints and did
not include studying the fastening procedures themselves. Therefore, the quality

of the joints wvas not always optimm, however, they were considered adequate to study
the factors involved in join% protection. The investigative effort, therefore, vas
primarily concerned with determination of the effects of various combinations of pro-
cessing steps in falricating and coating of joints, i.e¢., falricate and coat or coat
and then falricate, etc. The combinations investigated were:

a) butt veld + Cr-Ti-Si coat

b) spot weld + Cr-Ti-Si coat

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

d) rivet + Cr-Ti-Si coat

e) Cr-Ti coat (both rivets and sheet) + rivet + silicon coat
f) Cr-Ti-8i coat (both rivets and sheet) + rivet

Since the object of the investigation wvas to determine the effect of falricaticn
procedures, only one sheet alloy, D-43, was utilized in the study. It wvas 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 Prezcsed Steel.

The evaluation techniques employed for this investigation included metallographic
examination and cyclic oxidation tests at 2000°P and 2500°P,

The butt welds were made by the electron beam process and were felt to be typical
of cu -ent state of the art quality velds. The spot wvelds on uncoated sheet vere also
felt to be typical quality. The spot velds made on Cr-Ti coated sheet were of suffi-
cient quality to demonstrate the effect of this method of Jjoint fatrication on pro-
tective characteristica, as wvere the rivet joints of uncoated sheet.

The rivaet joints produced with Cr-Ti coated sheet and riwets may nct be typical of
commsrcial joints in viév of the method empl in their fatrication. It wvas neces-
sary to heat the rivets to approximately 1000°'F in order to effect an upsel end some
surface contamination wvas obeerved after riveting. (Reating was dove in an inert at-
mosphere, but riveting was dore in air). The surface contamination vas removed by
etching, and obviocusly some of the Cr-Ti coating vas remcved during etching. Thus, the
protective capadility of these joints may be somsvihet loss than could bde expected from
commercial quality joints. The joints produced from rivets and sheet Cr-T4.Si coated te-
fore riveting are also considsred to be represeutative of vhet could be expscted from
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this procedure. Some coating damage was caused on the rivets by ursetting. 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 jointe is shown in
Mgure 91. Photomicrographs of coatings formed over the butt weld zone are seen to
be identical to those formed on base metal sheet (see FPigure 92). Photomicrographs
are also shown of coatings formed on spot welded apecimens.

A schemstic representation of the appearance of the various joints is shown in
Figure 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).

As seen in the schematic dravings no coatings were formed bestween the two layers
of sheet (either riveted or spot welded) if the coating was applied after joint
fabrication, Joints fabricatled after Cr-Ti coating had only a contimuous Cr-Ti coat-
ing layer after silicon coating, the silicon laysr forming only on exposed surfaces.
The Cr-Ti-Si coating was seriously damaged on the rivet surfaces by upsetting after

coating.

The rssults of the cyclic oxidation tests are given in Table 34. The proteciive
capability of the joints is presented as a percentage of the protective capability
of coatings formed on uncoated sheet., Coating protective efficiency was 1(0 percent
for the butt welded joints at both test temperatures. Specimens spot welded prior
to coating failed after only a few hours cf testing due to the lack of a protective layer
in the unfused arsa between the sheets. Cr-Ti coating prior to spot welding imprcved
the performance of the joint measurably. 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 imgrove the protective

‘11fe of the joint as in the case of spot welded joints. However, it is felt that

the Cr-Ti alloy may have been damaged as s result of the riveting operation; as rre-
viously explained. Damage to the coating on the rivets during upseiting is reflected
in the poor life of riveted joints Cr-Ti-Si coated prior tu riveting., The rivets
vare destroyed lty axidation but the sheat itself was protected for the duration of
the tust.

9.2 Applicatior of the Cr-Ti-Si Coating to Columbiug Hardware

Much of the information gained from the Air Porce sronsored Cr-Ti-Si crating
development programs has been utilized in the application of the "r-Ti-Si coating to
colusbium alloy harduars, Initially, the scale yp of the vacuum pack process {rom
a purely laboratory bench scale to a rilot scale oreration vas undertaken %0 jrove
feasibility., However, this scale up soon became a matter ~f meeting the requira-
ments of the Air Force contractors neoding colupbium coatings {nr structure
development programs. The first requirement came with the Air Farce-McDonnell .
Aireraft columdium alloy fin and rudder atructures program (AF 33{616) -6573; which
required costings on several thousand threaded fa~teamrs and can;:onent. too large

~ for the sasll labdberstory size coating furnsce. On th: lasis of sclely development

information, the vacuum pack process was sciled up from a 1* diameter x 3% high
pack retort to & 7-1/2* disseter x 18" high pack retort. The vacixs pack [rocscs

. for this size retort and fwrnace vas further improved and optimized for the Air

Force-McDonnell Aircreft ASSET program (AP 33(616)-8104) . is lhe roquirements for
larger parts ca the ASSEY u and on the Air Forse-Martin urazed hLoneycombd

panel program (AP 33{657} - became aprarent the vacuux pack process wvas again
scaled up to a pack retort liu of 2 x 2 x 8 inches and the transition made from
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imuction to resistance element heating.

The following figures illustrate typical columbium alloy hsrdware components
Cr-Ti-81 coated by TRW:

Figure 93 Leading edges ~ ASSET Program

Pigure 94 Nose cone bdulkhead assembly - ASSET Program
Figure 95 Threaded fasteners - ASSET Program

Pigure 96 Brazed homoycomb structursl panels

Figure 97 PBrazed honeycomt curved heat shield panels
Figure 98 Folded and welded sheet vanes (turbine prototype)

Table 35 lists typical experimental purts Cr-Ti-Si1 coated Yty TRW,

The successful application of the Cr-Ti-Si coating to these variocus columblum
alloy components demorstrates 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 controclled to achieve reliasility have been
Jetermined, at least within the range of variables investigated in this program.

10, CONCLUSIONS

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

1

?)

3

5)

B et

The Cr-Ti alloy layer comprising the first step in formation of

the Cr-Ti-Si coating can best be formed from either a 50Cr-50Ti or a
60Cr-i0Ti alloy metallic pack. A system pressure of 1.5 mm for the

3" diameter x 8° high retort and 10~2 mm for the 7-1/2" diameter x 18*
higk retort provides a Cr-Ti coating which when alloyed with silicon
provides useful protective life over the temperature range 1800 to 250C°F.

Silicon coating from a silicon pack at 2100°F for 6 hours at 10~2 mm
system pressure provides a Cr-Ti-S1 coating with useful protective life
over the temperature range 18°0-2500°P.

System pressure, temperature and Cr-Ti alloy pack composition are the
ma jor factors influencing the verformance of Cr-Ti-3i coatings formed
by the vacuum pack process.

Temperature gradients within scaled up furnaces and retorts four coating
large parts must be minimized to maintain coeting thickness and composi-~
tional uniformity.

Three basic characteristics of all reliably protective Cr-Ti-Si coatings

are: (1) & distince titanium enriched diffusion sone of (.5-1.0 mails in
thickness, (2) sufficient chromium diffusion into this titanium enriched

18,
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TARE 35

Columbius Alloy Experimsntal Parts and Componsnts
Cr-Ti-81i Diffusion Alloy Coated
by the Vacuum Pack Process

Parts and Components

1.

Leading Bdge Sections, Back-up
Structures and Nose Cone

Bulkheads - (flight hardware

for i vehicles)

Fasteners (bolts, muts, washers,

rivets and pins) - To Date in

Bxcess of 8,000 Parts

. Pressure Sensing and Thermocouple

Protection Tubes - (for L vehicles)

Prototype Fastoners (bolts, muts,
splines and rivets) - To Dats in

Excess of 2,000 Parts)

Small Structursl Panel (L* x 6%)

(6" x 6" x 18%)

Structural Pansls (18¢

x 18%)

. Prototype Leading Edge Section

. Brased Honeycomb Heat Shield and

Test Turbine Biades and Nossle
Vanss (forged blades and forged
and welded sheet vanes)

19

Organisations

McDonnell (ASSET-AF)

McDonnell (ASSBT-AF)

McDonnell (ASSET-AF)

Republic (AT Pastensr Program)

Bell Aerosystems
Martin-Denver

Martin-Baltimore (AF)

Pratt & Vhitosy Aircraft




6)

8)

9)

10)

1)

12)

13)

region to form the chromium rich intermetallic phase as a continucus
interface laysr betweon the overlay and the substrate, (3) a continuous
0.3-0.5 mil Cr-Ti overlay coating, diffusion alloyed with the columbium
subatrate and (/) a continuous 1,0-1.5 mil Cr-Ti-Si overlay coating,
diffusion alloyed with the Cr-Ti layer.

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
0.5 probability at a 998 confidence level of a 150 hour protective
life.

The reliability analysis conducted on 345 Cr-Ti-Si coated D-43 alloy
specimens indicated for a mean 1ife value of 67 hours a 95 1%
probability at a 99% confidence level of a 28 houwr protective life

in the 2500°F cyclic oxidation test. For a mean 1ife value of 83
hours a 95 £ 1% probability at a 99% confidence level was attained for
a R hour protective life for 326 B-66 alloy specimens in the same
test.

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
200°F cyclic axidation test. For a mean life value of 4 hours a 95 ¢
3.5% probability at a 99% confidence level was attained for a 1 howr
protective life for 120 B-66 alloy specimens in the same test.

Protective reliability at 2500 and 2700°F 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.

The Cr-Ti-Si coating is capable of rroviding oxidation protection for
up to 4 hours for a variety of reduced ;ressure-elevated temperature
environments.

Coating degradation and loss of post-oxidation protective life are
greatest for reduced rressure exposure at 10~1 mm., Both coating
element vaporization (chromium) and decomposition of Si02 to form
S10 and atomic oxygen contribute to coating degradation.

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

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