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Fourteen materials were evaluated in erigine screening tests on full-
size thermal reactors for automobile engine pollution control systems.
Cyclic test-stand engine operation provided 2 hours at 1040° C (1900° F)
and a 20-minute air-cool to T70° C (160° F) each test cycle. Each reactor
material was exposed to 83 cycles in 200 hours of engine testing. On the
basis of resistance to oxidation and distortion, the best materials in=
cluded two ferritic iron alloys (GE 1541 and Armco 18S/R), several commer-
cial oxidation-resistant coatings on A1S1 651 (19-9 DL), and possibly
uncoated AISI 310. The best commercial coatings were Cr-Al, Ni-Cr, and
a glass ceramic.
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EVALUATION OF SOME CANDIDATE MATERTALS
FOR AUTOMOBILE THERMAT, REACTORS IN
ENGINE-DYNAMOMETER SCREENING TESTS -
INTERIM REPORT
by Robert E. Oldrieve

Lewis Research Center

- SUMMARY

Fourteen materials, including iron and nickel-base alloys and several
commercially-applied coatings on AISI 651 (19-9 DL) stainless steel, were
evaluated for use in automobile thermal reactors in 200-hour engine dyna-
mometer screening tests. Full size reactors (cores, liners, and port
tubes) of candidate materisls were subjected to cyclic engine operation
with air injection to the test reactors to promote oxidation of the un-
burned exhaust products. ZEach test cycle consisted of a 2-hour exposure
at a peak measured reactor-core-metal temperature of approximately 10L40° C
(1900° F) and cooldown to less than 70° C (160° F) in approximately 20
minutes before return to maximum temperature., All candidate materials were
subjected to 83 test cycles in 200 hours of engine testing. The reactors
were evaluated on the basis of core weight change, dimensional stability of
reactor components, and coating life. The best of these candidate reactor
materials evaluated in the screening tests were:

Iron Alloys (uncoated)

1. CE 1541 (Fe-15Cr-LA1-1Y)
2. Armco 18S/R (Fe-18Cr-2A1-18i-0.5Ni-0.LTi)
3. AIST 310 (Fe-P0Ni-25Cr)

Coetings on AISI 651 Alloy (19-9 DL stainless steel)

1. Cr-Al, pack cementation (HI-15)
2. NiCr, slurry epplied (NC-9)
3. Glass ceramic, slurry spplied (A-418A)

All of these materials exhibited a maximum of 3 percent weight loss and less
than 9 percent core distortion in the 200-hour screening test. The associated
reactor components of these test materials performed comparably as, the reactor
cores of the same material.

By comparison, a test core of the nickel-base superalloy Hastelloy X
had approximately 1 percent or less change in weight or dimensions. The
liner of Hastelloy X, however, was cracked and penetrated in the areas of
impingement by the hot gases leaving the core. Thus, Hastelloy X appears



to be less satisfactory than the best of the candidate materials in the
gsereening test.
Materials which did not perform as well as those above included:
Cr-Al coated AISI 310 (which grew 10 percent in length and 25 per-

cent at maximum cross-section); S-6100M (coating destroyed), Sermetel J
(hole in core), and NC-630 (excessive weight loss and locallized spall)
coatings on AISI 651 alloy; and uncoated AISI 651 (which lost 6 percent
by weight in 110-hours test exposure).

INTRODUCTION

Thermal reactors have been shown to be an effective means of reducing
exhaust gas pollutants from automobile engines (refs. 1 to L). A thermal
reactor is essentially a close-coupled afterburner (installed in place of
the cast-iron exhaust manifold) into which air is injected to oxidize un-
burned hydrocarbons and carbon monoxide. From the oxidation process, the
core of the reactor reaches temperatures from about 870° to 10L0° C (1600°
to 1900° F) under normel driving conditions. This high temperature oxidiz-
ing environment in combination with high-velocity corrosive constituents
in the exhaust gas presents a severe environment for reactor materials.

Of particular concern has been the inebility of low-cost, abundantly-
available, materials to survive the reactor environment (ref. 3).

The progrem reported herein is-a part of an overall evaluation of
potential materials which may be suitable for thermal reactors. The main
purpose of this work is to determine which materisls can best endure the
gsevere operating conditions encountered in thermal reactors. This report
covers preliminary screening test results on full-size thermal reactors
fabricated from 1k different materials. The materials evaluated included
ferritic and austenitic iron-base alloys, nickel-base superalloys, and
metallic and ceramic coatings on iron-base alloys. The reactors were
subjected to 200 hours of cyclic automobile engine operation on an engine
dynomometer, motoring-engine test stand. Comparison was made of the
effects of short-cycle testing (10 min at peak temperature) and long-cycle
testing (2 hr at pesk temperature). The bulk of the reactor tests were con-
ducted with the long cycle which consisted of 2 hours at a reactor-core-
metal temperature of approximately 10L0° ¢ (1900° F) with a cooldown to less
then 70° C (160° F) for a total time of 20 minutes before return to pesk
temperature each cycle. This test procedure provided 83 cycles in a total
test time of 200 hours of engine testing per reactor. The reactor test
material components were evaluated on the basis of core weight change, dimen-
sional stability, and coating life. Materials with the best performance
are currently being endurance tested under simulated driving conditions
(to be reported st a later date).

This program is being conducted in cooperation with the office of Air
Programs of the Environmental Protection Agency. The reactors were fabri-
cated and tested under a NASA contract with the Teledyne-Continental Motors
Division of Teledyne Industries, Incorporated, Muskegon, Michigan, under the
direction of Mr, L. D. Carufel, Project Manager, and Mr, J. Sykes, Designer
and Test Engineer.



MATERTALS AND PROCEDURE
Materials Evaluated

The fourteen materials selected for this screening phase of the program
were as follows:

1. Armco 18S/R

2, GE 1541

3. AISI 651

L, AIST 310
5. Nimonie 75
6. Hastelloy X
7. AISI 651 + NC-9 coating
8. AISI 651 + NC-630 coating
9. AISI 651 + S-6100 M coating

- 10. AIST 651 + L18A coating
11. Incoloy 800 + Al coating
12, AISI 651 + Cr-Al coating
13, ATST 310 + Cr-Al coating
14, AIST 651 + Sermetel J coating

Compositions of the base alloys by alloy type and nominal values of
major constituents are given in teble 1. The coatings are proprietary and
are listed in table II by nominal composition, application method, amount of
coating deposited (based on core weight and thickness before and after
coating), coating vendor, and trade name, The key designation assigned
to each coating in table II is referenced throughout this report for coating
identification.

Selection of the alloys to be evaluated in this program was made to
include austenitic stainless steels, ferritic alloys, and nickel-base super-
alloys. The material thicknesses (table I) were about 1.6 mm (0.063 in.)
for the ferritic iron alloys and the austenitic iron alloy selected for
coating (AIST 651) and were gbout 1.25 mm (0.0L9 in.) for the other austeni-
tic iron and the nickel-base alloys. The AISI 310 alloy, Hastelloy X, one
of the ferritic alloys (Armco 18 S/R), and Al-coated Incoloy 800 had pre-~
viously been evaluated for automobile thermsl reactors (ref. 3) and were
known to have potential for the application. Nimonic 75 was included as
representative of a conventional high-nickel superalloy with a relatively
simple composition. As representative of & higher aluminum content,
ferritic alloy GE 1541 was selected because of availability in large sheets
required for reactor fabrication.

The selection of materials was based in part on a preliminary survey
of materials properties and performance in nonautomobile high-temperature
epplications and in part on test exposures of coupons exposed in thermal
reactors (refs., 3, 5, 6, and 7)., Consideration was given to alloys more
readily available and/or potentially less-costly than superalloys and to
include alloys with greater hot strength than ferritic iron alloys. Sev-
eral commercially-available coatings generally used only on nickel-base



superalloys were evaluated on austenitic iron-base alloys for their ability
to provide improved oxidation protection of these alloys.

Engine Test Procedures

A1l aspects of the experimental program were directed toward the goal
of obtaining reproducible test conditions for the screening test purposes.
For operation of ideritical engines using identical loads-and test cycles,
insofar as practica ., the principal parameter of concern was the reactor
core temperature. Accordingly, the test reactors were designed and operated
by injection of air to provide control of the pesk-measured material tem-
perature for exposiure conditions provided by engines . on test stands which
were operated using predetermined test cycles. The peak controlled materisal
temperature was eétabllshed at 1040° ¢ (1900° F) for each of two test cycles.
A-description of the parameters of interest in each of several task areas
is provided in tha following subsections. :

Test reacto" design and operatlon. - The test reactors designed and
fabricated for tais study are illustrated in figure 1. Tha reactor core,
liner, and port tubes were fabricated from the materials to be evaluated.
The metallic cores were all febricated by the same vendor, but the coatings
were applied b\ the particular coasting developer, where pos31b1e. The
outer housing | is a casting of Meehanite type SF 60 alloy. Each exhaust
port is ducted to flowing air supplied by the air pump furnished with the
test engine gs well as supplemental air to raise core temperature to the
10Lk0° ¢ (1900° F) specified for the test. At 3200 rpm the combined reactor
injected air was about 16 percent of the engine total air flow with a
12:1 air/fu:l ratio (the air pump alone provided 10 percent). A second
air- ductlng system which would provide sbundant cooling (quench) air to
prevent ovértémperattre was seldom, 1f ever, used..

The "egulstion of the reactor air supplies was an automatic operation.
Input to/a temperature set-point air controller was provided by the highest
of four, spring-loaded thermocouples in contact with the reactor cores at
8 point/ opposite -each exhaust port (fig. 1(b)). In a typical 2-hour uni-
form timperature exposure, it was noted that supplemental air was automatic-
ally fntroduced about 10 to 20 times an hour. With each introduction of
supp1ementa1 air, the temperature climbed steadily until an overtémperature
set 901nt of about 1055°. ¢ (1925° F) interrupted supplemental air flow and
the temperature declined to about 1025° C (1875° F) at the lower set point.
Thé 30° C (50° F) temperature variation in the highest measured core-metal
tﬁmperature was considéred to be acceptable for this type of test. Also, the

emperature variations along the length of the reactor core ranging from
Jebout 940° ¢ (1720° F) to 1050° C (1920° F) were considered acceptable for
this type of test (see fig. 2 for typical temperature distributions in
/ each reactor core). Cyclic test operation (described in the Screening
Test Conditions section) was accomplished by automatically controlling
engine conditions and air flow to the reactors.




Engine-dynamometer test stands. - The automobile engine selected to
provide the test conditions was a 1970 Ford 302 V-8 engine with a 210-
horsepower rating at L4400 rpm. The engines were equipped with an air pump
for injection of air into standard cast-iron manifolds. In place of each
of the two standard manifolds, a test reactor was installed for the reactor
materials evaluation as illustrated in figure 1(b). To provide simulation
of operation under vehicle loading, an eddy-current dynamometer, a clutch,
and & reverse-rotation slave engine (standard 210 horsepower, 302 Ford V-8
marine powerplant) were installed on each of three test stands as shown
in figure 3.

To regulate engine operation for test cycling, a punched paper-tape
controller provided throttle adjustment using pneumstic actuators and clutch
engagement and throttle control for the motoring engine. Automatic re-
cyeling was accomplished by inputs provided by the time-controlled punched
tape. TFor the purposes of the screening tests reported herein, the-engines
were operated using commercially-available leaded gasoline (about 2 to 3
grams tetraethyl lead per gallon and 0.2 theories of phosphorous).

Screening test conditions. - Two types of tests to be used in sequence
were planned to provide screening of materials. Engine operating conditions
were .adjusted to provide the test conditions and peak cycle tempersture for
the two screening tests which are outlined as follows.

Accelerated creep and corrosion (AC/C) test (see fig. L(a)). -

(1) Heat to 1040° C (1900° F) in 5 minutes
) Hold at 1040° C (1900° F) peak core temperature for two hours
) Idle engine 5 minutes with quench air to <200° C (<390° F)

) Continue air cooling with engines off for 15 minutes to
<70° C (<160° F)
(5) Repeat cycle to attain at least 80 cycles in 200 hours of engine
operation
Thermal cyecle (TC) test (see fig. L(b)). -
(1) Heat to 1040° C (1900° F) in 2 minutes or less
(2) Hold at 1040° C (1900° F) for 10 minutes
(3) cut fuel flow
(4) Cool for 3 minutes (with air injection and engine motoring) to
<370° ¢ (<700° F) .

(5) Continue cooling at least 5 more minutes to <150° C (<300° F)

(6) Repeat cycle for up to 200 cycles

The purpose of the sccelerated creep and corrosion (AC/C) tests, as .
the name implies, was to provide sufficient time at temperature each cycle
to allow a significant amount of corrosion and creep to occur. It was
planned that the AC/C test would allow screening of the oxidation resistance
of coated materials with minimum effects from repid cycling. The best
materials which survived AC/C testing would then be subjected to the thermal
cyelic (TC) testing to determine if the candidates were prone to failure in
rapid cyeling. In the course of the program, however, it was determined
that the AC/C test resulted in greater core weight changes, core distortion,
and visuslly-apparent damage than did equivalent test durstions using the
TC test, This is illustrated in figure 5 which compares the weight changes
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of two core materials under both test conditions. For these reasons, use
of the TC test was discontinued. All other test reactors were evaluated
using the AC/C test cycle.

The engine operating parameters which provided the 1040° C (1900° F)
reactor core temperature for the AC/C test cycle are tabulated below:

Engine At pegk cycle At idle

‘parameter Co ' temperature
rpm - - - 3200 © - 800
Dynamometer load 135.58 (100) 40.67 (30)
N-m (ft_lb) :
Ignition timing - ' 6° reterd - 6% .retard
Fuel flow . 20 - 23 (L5-50) _——

kg/hr (1b/hr)

Manifold vacuum 37.1 - L0.5 (11-12) 6Lh.2 (19)
kN¥/m? (in. Hg) '

Reasctor snnulus pressure 1.5 - 2.5 (6-10) 0.5 - 0.75 (2=3)
kN/m? (in. H)0) '

At no time during AC/C testing was spark outage observed. Presumsbly,
even with the injection of excess air (for cooling) by the automatic quench
air system, the reactor core temperatures would climb excessively if an un-
burned fuel/air mixture were injected from one or more exhasust ports.

Reactor Evaluation Methods

The relative performance of the materials evaluated in this screening
test was based on reactor core weight change, dimensional stability of the
core, and visual appearance of coatings for the different coatings evaluated.
A complete metallurgical analysis of the reactors was not included in this
pert of the study but is planned for later work. Test reactor cores were
weighed on a beam balance before test exposure and after approximately 12,
25, 50, 100, 150, and 200 hours of accelerated corrosion and creep testing.
The nominal weight of the cores prior to testing was 950 to 1300 grams.

For reporting purposes, core weights are given to tenths of grams but should
be considered to be significant to about +2 grams. The surface area of all
reactor cores was sbout 1650 cm2. The comparison of alloys and coatings

was based on mg/cm2 weight change. Coating systems were considered to have
failed with a loss of 20 mg/cm2 which exceeds the deposited weight of gll
except the NC-9 and NC-630 nickel-chromium systems (see table IT). Un-
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coated metals were considered to have failed with greater than 36 mg/cm2
loss in the 200-hour test (approximately 5 percent core weight loss in per-
haps 15 percent of the expected reactor life).

Reactor cores were dimensionally measured prior to test and -after
approximately 15, 75, 100, 150, and 200 hours of exposure. -The core diameter
dimension was obtained at right angles at both ends of each core during test
and at the point of maximum deformation at the completion of the test.

RESULTS AND DISCUSSION
Uncoated Reactors

Reactor core weight change data obtained in the AC/C tests for the
uncoated reactors are shown as a function of test time in figure 6. Dimen-
sional changes ©»f the test reactor cores after 100 and 200 hours of testing
are presented in table III along with corresponding weight changes for
these test inte:rvals. Cores of GE 1541, Armco 18 S/R, AISI 310, and Hastelloy X
exhibited adequate oxidation resistance for the 200-hour test. The AISI 651
core showed excessive oxidation in 100 hours and was removed from the test.
The Nimonic 75 alloy reactor also was removed from test at the completion
of 100 hours, since less expensive alloys were shown to be as adequate.

In most cases the weight and dimensional changes of the reactor cores
appear to represent the performance of the material being tested. But for
Hastelloy X, :the lower half of the reactor liner (which surrounds the core)
was found to-be locally cracked at three of four sites where the exhaust
gases impingz on the liner as they leave the core. The largest of these
sites is locally bulged and penetrated, as is evident in figure 7. Part
of the reaccor liner support strip cracked and became detached at the tack
welds, (Tke support strip failure was caused by poor weld penetration for
this particular assembly and is not considered to be a weld problem as-
sociated with the material.) Although the reactor core is not generally
bulged or 'distorted (approximately 1.3 percent maximum after 100 hours
with no subsequent change in the second 100-hour exposure, as indicated
in table,III), the Hastelloy X material is apparently not as satisfactory
for the reactor application as some of the other materials with unaffected
liners,.

Both ferritic alloy cores were found to have excellent oxidation -resis-
tance, but both were somewhat bulged after 200 hours of test exposure (see
fig. &). The GE 1541 ferritic alloy exhibited the least distortion with
about half as much as Armco 18 S/R in the major diameter (teble III)., In-
dentation of the Armco 18 S/R core by the spring-loaded thermocouple (fig. 8(b))
and +the missing "foot" on the GE 1541 core (fig. 8(a)) are minor indicators
of possible strength and weldability deficiencies associated with these fer-
ritic alloys. The L,7 percent diesmetral growth of the GE 1541 core is
considerably less than might be expected, however, and should be fully ac-
ceétable since the end-supported core design used for this program allows
for some growth and sag, as well as loss of "supporit" feet, without re-
sulting in exhaust blockeage.



The 3 percent weight loss of the AISI 310 austenitic iron alloy core
after the 200 hours of exposure (table III) is not excessive if it is con-
sidered that 160 hours of the 200-hour test exposure is at speeds equivalent
to 113 km/hr (70 mph) which might convert to about 10 percent of the 160 000 km
(100 000 mile) lifetime of & typical automobile.

From these screening test results, the GE 1541 alloy appears to be the
best candidate for further evaluation as a reactor material in engine tests
of longer duration. Armco 18 S/R and AISI 310 have potential for use in
reactors and should be considered for further evaluation using heavier gage
sheet. This would tend to minimize distortion of the Armco 18 S/R and to
allow for the greater oxidation rate of the AISI 310.

Coated Resactors

The test results for the coated reactors are discussed by coating
types below and are summarized in figure 9. Core distortion is given in
table IV and is plotted in figure 10. Photographs of the exposed cores
are given in figures 11 to 13. All data are for cores exposed for 200 hours
using 2-hour AC/C cycles at 10L0° C (1900° F). Reactor liners and port
tubes of each of the coated materials evaluated were comparable to the cores
in distortion and visual changes, except as noted in the discussion following.

Aluminide coatings. - The chromium-aluminum coatings on AISI 651 and
ATST 310 stainless steel and the aluminum coating on Incoloy 800 either
gained or lost less than 1 percent of the core weight in the 200-hour expo-
sure. The weight change of these reactor cores is less than 20 percent of
the weight of the deposited coating. Therefore, it is considered to be
probable that none of the aluminide coatings have suffered either general
or localized oxidation failure. '

Of the three aluminide coating systems evaluated, it was noted that the
Al/Incoloy 800 reactor showed blistering (wrinkling) on the exterior of the
core at 150 hours. The blistering did not progress further, however, in the
subsequent 50 hours of test exposure. A photograph of the reactor core is
shown in figure 11(a). The Cr-Al/AISI 310 coated reactor core grew U per-
cent in length and 17.5 percent in diameter after 100 hours of exposure.
After 200 hours of exposure, the length increased T percent and the reactor
distorted elliptically with the core diameter increasing as much as 25 per-
cent (see table IV and figs. 10 and 11). This gross distortion was not
exhibited by either of the two other aluminide-coated systems, which were
on thicker material. In 200 hours, the Cr-A1/AISI 651 coated core grew
3 percent in length and 5 percent in diameter as compared with 2.7 percent
in length and 7 percent in diameter for the Al/Incoloy 800 system. The
Cr-A1/AISI 651 core also had the least general distortion and had the least
net bow (warp of core) as the result of the exposure. Thickness measurements
made at the impingement areas opposite the exhaust ports show no locallized
loss of thickness to indicate coating failure.

It is concluded that the aluminide coatings generally appear to provide
excellent oxidation resistance for the 200-hour test duration and that they
were perhaps 20 percent consumed overall in these tests. A selection was




made of Cr-Al/AISI 651 stainless steel for future endurance testing because
it was equally oxidation resistant and had the least core distortion of
the three gluminide systems evaluated.

Glass-ceramic coatings. - The weight changes of the two glass-ceramic
coatings are plotted against test cycles and time in figure 9. Trom table II,
the nomigal weight of S-6100M coating applied to AISI 651 was about 7 to
12 mg/cm“. The weight loss equivalent to the amount of coating deposited
was exceeded between the 100- and 150-hour inspection after which the reactor
core failed at approximately the same rate as uncoated AISI 651 alloy. The
entire coating appears to be gone except for residual sheen which can be
seen in an area to the right-hand side of figure 12(a). The S-6100M
coated reactor core has distorted into an oval shape in the direction
perpendicular to that observed with the bare metals.

The glass-ceramic developed by the National Bureau of Standards and
designated A418A, was applied to AISI 651 in about the same thickness as
the S-6100M coating. Although this coated reactor lost weight nearly
equivalent to the original coating weight, the core visually appears to
have little or no coating depletion outside and a general change of coating
appearance of the core interior (fig. 12(b)). The coating, which was
originally a glossy bright green, as-fired, (as is the S-6100M coating) had
dulled and turned yellow-green on the reactor core interior except at the
raised surface of the longitudinal weld at the side of the core which is
still bright green (but cannot be seen in fig. 2). Although the coating
had probably partially devitrified; no failed areas were evident. The
interior of the liner surrounding the core provided further encouragement
in that the exposed surface, which was scoured on the S-6100M coated reactor,
was still bright green on the AL18A coated components. Since both coatings
are of glass-ceramic composition, local abrasion and loss of coating are
evident at sites where contact of supporting or chattering parts has oc-
curred (at port tubes, etc.). Because the glass-type coating systems are
potentially the least expensive of the coating-types evaluated here and
the AU18A coating evidenced excellent protection of the substrate and was
free from distortion, it was concluded that an AL18A glass-coated reactor
should be considered for further evaluation.

Slurry-metal coatings. - Other coatings which are relatively inexpen-
sively aspplied are the spreyed or dipped slurry metasllic coatings. Two of
the selected slurry-metal coatings are of nickel-chromium composition while
the third is an aluminum coating conteining approximately 10 weight percent
silicon. The performance of these coating systems is given in table IV and
figures 9 and 10 along with the other coatings data. Photographs after test
exposure are given in figure 13,

The Sermetel J coating on AISI 651 (which might be expected to perform
as well as the aluminum diffusion coatings because of the aluminum content)
lost weight equal to the coating failure criteria in less than 100 hours of
exposure. Between 100 hours and 200 hours exposure, the weight loss rate
was equivalent to bare AISI 651 (slope of curve, fig. 9). The coated
reactor core at the 100-hour inspection was observed to have a hole approxi-
mately 2.5 em (1 in.) by 1.9 em (3/4 in.) which enlarged (see fig. 13(a))
in 200 hours. A second hole along the weld seam, 0.32 cm (1/8 in.) wide
and 2.54 em (1 in.) long, also was observed after 200 hours of exposure.
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Because the holes and the loss of a 10 to 15 gram core support foot cannot
account for the nearly 10 percent weight loss after 200 hours of exposure, it
is tentatively concluded that the Sermetel J coating has suffered general fail-
ure in addition to the failure at local areas.

The NC-630 coating on AISI 651 lost welght after the 200-hour exposure
equivalent to about one-third of the estimated amount of coating deposited.
Such a loss must be attributed to general coating depletion in addition to
losses accountable to small areas of localized spall and subsequent oxidation
of the exposed substrate (fig. 13(b)). By comparison to NC-630, the NC-9
coated material performed with weight loss equivalent to only 20 percent of
the coating deposited. For the NC-9 system, also, general depletion outside as
well as inside of the core appears to be the probable cause of the measured
wéight loss (only one spall area is observable, fig. 13(c)). It should be noted
that both the NC-9 and NC-830 coating systems were heavily deposited with at
least 10 percent of the final core weight consisting of coating. Therefore,
either of these coated reactors might survive considerably longer exposure with
probable progression to local failure only in those areas where spalling is evi-
dent. Such a progression to total penetration of 1.7 mm (0.067 in.) material
was noted at one of the core support feet of the NC-630 coated reactor (see in-
set, fig. 13(b)). The "spot failure" was only 0.32 cm (1/8 in.) by 0.64 cm
(1/4 in.). But this is of some significance to a reactor designer as well as to
the general consideration of using coated materials in a reactor, not because of
the failure of the foot (even uncoated reactors had feet missing). but because
the failure was in a high-temperature stagnation zone, downstream of the exhaust
flow. In such a zone, the coating may spall and the base metal will fail not
only on the foot but on the core beneath the foot (as is evidenced by the crater
in the core material and the penetration of the foot from the underside out-
ward). Thus, a substitution of support materials would probably not have pre-
vented this highly localized initiation of failure of the coated metal core.
Sharp edges, heat concentration, and areas of coating buildup are all to be
avoided in design applications where coated materials are to be used. The oxi-
dation of the NC-9 coating on the core interior of the thermocouple well is
noted in figure 13(c), as an example of heat concentration and deterioration
which has not yet progressed to probable coating spall.

For the conditions of this program, the NC-9 system is the best of the three
metallic slurry coatings evaluated, and it is to be included in further testing.

'FUTURE WORK

Further evaluation of the best materials from the screening tests is
now being started using an endurance .test cycle that simulates driving condi-
tions., Full-size reactors are being used in the engine-dynamometer tests
with the peak reactor temperature controlled at 1040° C (1900° F). In these
éndurance tests, each reactor can be exposed up to 1000 hours with about
45 percent of the exposure to the: péak temperature. " Both ferritic iron alloys,
GE 1541 and Armco 18 S/R, are being tested to obtain additional performance
data on these potentially low-cost materials. AISI 310 will be included in
these tests. Also, the best coatings from the screening tests (Cr-Al,
Ni-Cr, and a glass ceramic) will be further evaluated. And a nickel-base
alloy, probably Inconel 601, will be included to give a further basis for



11

comparative performance. Inconel 601 is lower in cost than the other
nickel-base alloys used in this program and appears to have excellent cor-
rosion resistance for the thermal reactor application based on a related
coupon evaluation study (ref. 7). ~

SUMMARY OF RESULTS

Fourteen materials including iron- and nickel-base alloys and several
coatings were evaluated in full-size thermal reactor screening tests. The
reactors were subjected to 200-hour, cyclic heating on an engine test stand.
Each test cycle consisted of a 2-hour exposure at a peask measured metal
temperature of approximately 1040° C (1900° F) and a cooldown to less than
T0® C (160° F) before return to peak temperature. Although the number of
cycles is low, the reactor exposure results indicate that the test cycle
is severe. The reactor materials were evaluated on the basis of weight
change, dimensional distortion, and coating 1ife. The results are summar-
ized as follows:

1. The best of these candidate reactor materials evaluated in the screen-
ing tests were:

Iron alloys (uncoated)

Type Nominal composition
GE15L1 Fe-15Cr-bA1-1Y
Armco 18 S/R Fe-18Cr-2A1-18i-0.5Ni-0.4Ti
AIST 310 Fe-25Cr-20Ni-0.25C

. Coatings on AISI 651 alloy (19-9DL stainless steel)

Type Designation Nominal composition
Cr-Al (pack) . Cr-Al M(Al1+cr)®
Ni-Cr (slurry) NC-9 Ni-18.5Cr-108i
Glass ceramic AL18A TO(FRIT)-3Crp03-6 Clay
(slurry)

8y = substrate composition

A1l of these materials exhibited a maximum of 3 percent weight loss and less
than 9 percent core distortion in the 200-hour screening test.

2. The performance of two ferritic iron alloys, GE 1541 and Armco
18S/R, was comparable in their oxidation-erosion resistance (both less than
1 percent weight loss) but notably different in core distortion. The GE 15L1
alloy survived the full-term (200-hr) screening test with less than 5 percent
swelling of the core and no elliptical distortion. Armco 18S/R, however, be-
came elliptical in eross section with a -5 percent and +9 percent distortion.
of the major axes.
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3. AISI 310 was the better of two austenitic-iron alloys evaluated with
3 percent weight loss in 200 hours; whereas, the core of AISI 651 (19-9DL)
alloy lost about 6 percent of its weight in only 100 hours of testing.
Neither alloy had excessive distortion, .although the AISI 310 core was 30 per-
‘cent thinner than the core of AISI 651.

L. Of the :several coating systems evaluated on the AISIT 651 substrate,
the Cr-Al pack coating caused the greatest reactor core distortion, The
exposed core (with 1.6 mm thick substrate) grew 4.8 percent in diameter
end 3 percent in length. And the same coating on thinner gage (1.2 mm)

AISI 310 alloy distorted unacceptably: it grew 25 percent in diemeter and
stretched T percent in length., By comparison, an aluminum-coated Incoloy 800
‘alloy reactor of 1.3 mm thickness grew 7 percent in diameter and 3 percent

in length.

5. Cores of both Nimonic 75 and Hastelloy X had less than 1/2 percent
weight change after 100 and 200 hours of test exposure, respectively.
However, the liner of Hastelloy X was found to be cracked and penetrated
in areas of exhaust gas impingement,

6. None of the cores or liners of the best systems or liners of any
materials other than Hastelloy X were penetrated in 200 hours exposure al-
though hot spots were noted at the impingement zones on all liners tested.

T. For comparable test hours, the primary test cycle used in this
study (2 hr at 1040° C (1900° F)) was found to be more severe in terms of
weight loss than a ghort cyecle with only 10 minutes at 1040° C (1900° F).
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TABLE I. NOMINAL COMPOSITIONS OF ALLOYS FUALUATED
IN THERMAL RFACTOR SCREEN/NG TFSTS.

Allouj . M-?:::!S;\ess Alloywo Elements , Weiht 7 A//ay
Desgoation 5 T nes fe [Cr (N (Mo IW |72 1AL 1C 1M | 5i [Other | Vendor
Armea B3R |75 0069 | Ba\. /801050 | — |- |040]2.0]005 050|s0 | — [rmeste
GE /54{ |60 [0063|Bal. [4.5|0.05 - [~ | — [45 |000Z] — |— VOHmm Sl
4l5] 651 |65 |0065|Bal |18.5 [9.0 |14 .35 [0.25] — [032]1./5 [0.6 [o4{avT)| evevel
Als| 310 |22 |0048| Bal [25.0l200|— | — | = | - |025]z0 |15 — |[=everal
Incoloy £00 1,37 (0051 46 20532 | = | = |04 |04 jaod | — | — | — |"ameelt
Nimomc 75 115510053 50 119.5|Bal. | — | — |04 | = |0/0 |0 |0 {o5cu [nfsrress:
Hastelloy X |/2510049/8.5 121.8 |Bal. | 9.0 (0.6 | - | = |o10(l0 |0.5]|45¢ [e=o .




TABLEIL .— COATING SYSTEMS LIVALUATED IN REACTOR SCREENING TESTS.

Coating | .y, |Apphcatiorn | Amounl Leposited _ |
Systems Comp ositia Method ~|on Reactor Core C"C“i;z/‘% Vende

nal
Key \Subslrite [nomma) /inex | cove | Am "% @ 7 name
GAL 45 651 | Mo AN® _[pock Jrack T76.2 25,6 [ 97 [Pt ugeees

GeAl aisi 310 1 M(ee-p)®) [k [pack 108 137.6 | 17.0 | Mo ey <"

Al |incoloyB800 M(A|)(37 pack |pack | 55.8117.1 |19,7 A“‘Z%f;"‘,g_f‘f;;'w

— e,

COOMIASI €51 | i AEEAT) [opy |dp 198, |12:2 | 6.7 | St D goon)

A‘ﬂBA AlS\ 651 @’) 4 &) " Ziycormma Dw.Avco

et """"8 il 89 spray [l [40.6 | 8.5 | 2.9 | “Tune aduighs
Mi-19Ce-5i3 B spray |sprasy 1636 |455 |28 | “(uivooal . 8) _

NC630 HAISI 651 [MIT8n ST Ispray Lspray [228.6 [67.0 (cot |9 ol a0)

(NMicrocoat

51\"\"1&—‘ . . :
~ Al {51 JAI-55¢ SP\"Mj dwp 254 | 86 .8 [7e %Z?V:;t,fgc‘.))
Notess y @MIX BE 30 parts G0
¢ , + ° parts LpC3
() based on thickness f:i MmtA - E)Ft A ronarts o TPt B
. pav > Fn -2 3 ——
(Z)basea on appare 'f' 10 pavts TLO F_"O_?\"\ekara, Feit B (vy weiaht 72)
Wﬁ‘ah chaPzn " ;;&ftt? ?(rng 6 gon ;t;nsocao 44 5&0 - 38 51:0;’
: i 8 NO Oz ,MgO ’ , - -
B) M= substpate. Lot (00> |20 Bub,zn0 || 2 Er0e 5%
constifuents 6 pavts Clay + olher (ZnD-/ Al O
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TABLE I — DIMENSIONMAL AND WEIGHT CHANGE OF UNCOATED
THERMAL REACTOR CORES SUBSECTED 70 THE
ACCELERATED CREEP AND CORROSION 7EST CYCLEL

Thermal Origmnal Cove Reactov Coves after /00 and 200 hours of Zesl
: —1 ch n [Chanae ' |Chanae A Maxsmwwm /
Regclor  [Longlh [Werpt [ 06| madi s [t 7 Jod T | i o Remars
Matevial cm. gme em. | 00 | 200| /00| 200 100 (200 % n 200 hrs.
_ Grouw L. Feeritic Ivon Alioy%
©.2\7 04815 |+1.7 | +9.0
‘ 47/77(0 /g‘gl/q 4326{ //778 g%-o_ +0.30+0.30 1044 048 .3 /ol = 5.4 j;;oer'h'on
GE /54| |4z344d |/069.8|525  |4007+0.13 (4006 \-068 1040 102 | +4.76 port
Gyvoup 2. Austenitic [rom Aliays
4.335 1 105 EXCE5tY
AlS) 651 |4243) |1206.0|555% |02 53] — 1222 | — vt loos
6.29 v
A\ 310 (42342 | 9017 |35 |t010p026) -5 ) 30 HILATO8 | ko Lulse
Grewp 3. Mekel -Laze Allogs » '
' ‘ 6.30%4 i 1410/ ;
Nimonmic. 15 |42.278 /045.7 Z.5177 +O'/4 — 4048 — 060 — S éf;gogﬁf |
y 6.292 _ i +0.,25 ! 41.30 Reactor, |
ﬂﬁéfelloyx 7228\ | 9513 (2225 [HOI3 010 HOTHOAB T TOIOIG, | ReeE
] pev Hasfﬁ\\o&jl( :
Fe,ne‘tr&ted.%

0) Cyche exposure s 2 hrs. at /040°C #sflowed b
20 min. farced coo/fng Zo £70°C ard Smin. vefurn
to lo40°C each cycle.



 TABLE IU. - DIMENSIONAL AND WEIGHT CHANGE OF COATED
THERMAL REACTOR CORES SUBJECTED 70 THE
ACCELERATED CREEP AND CORROSION 7£ST CYCLE."

Caaflhg

Original Core

Cove aftex 200 test hours

. Chonge in |Chanae n {Change (n (Maximum
5absfra{‘e; Zen9 th W€I9kt Ecﬁ'imét:\, «éer;fh W:{t?hfm end 2{\'&\. mai:{'m:m/él'a.,
cm. oms. cwn. % % pA % ,(ocd‘dn
GroupX- Aluminide coatings
6.299 _ 12,2 Ty
Cllfr ooy | 92-271 12228 |E22 | 4294 | -026 | 222 (448,
. \. ~0 " Tween
CAl s a0 |42291 | 9203| &282 | 4775 | +0.10 | X112 ;zqe";f&
6.299 _ +3.3 + 76  3"from
A%)cologgoo 42.08% /050.5 2290 ""2.74 0.24 :"‘"'2'_’\\' _—219—; ‘end
Groue Xl Glass-cevamic coa?ings
- 6.284 — +0.6\ | —5.0 pt
S-6looM/ 51 | 42.329| 12176 | 2522 | +0.12 | -8%3 Laes | 55 ’;ﬁi‘;
£.3365 _ . 6 | |
A‘//GAAM ¢5] 42.268 /1210.8 2 294 +0.3] 0.6l :&:\278A ANo bulge
Group Il  Slurry -metal coatings
- 6,327 ~0.24 .
NCY i 651 | 42.228| /2490 T509 | +022 | -0.64 = +°e‘;j’\>°«t
NC-6307 o) | 42367 | 115.0| 222D | 4028 |-2.36 | £2B | No bulge
S 6-2\7 _ +1.33 | —_ hole
um% o1 | 42.329| 1208.8| S35, | 4082|-927 | 535 | 7 ave.

() Cyche exposuves 2 hrs. at /0%0°C followed i)
20 min. forced coo/fnﬂ Zo £70°C and Smin. yélaen
4o /040 °C each Cnﬁcle-
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THERMOCOUPLES

#

THERMOCOUPLE *%

ANNULUS

temperalure ., C(°F) (nowt and left bank veacors)||xhaust Zemp. T ()

ZMNE | Reaclov cov d |
RPM._\H ZEFT |*1 RIGHT|[#2 LEFT_ |*2 REATI*3LEFT. [#3 RIGHT|* 4 LEFT P9 RIGHT|*5 ZEFT |75 RGHT
3200 (965 _|/040 || 940 |/00 /030 |/050 |/040 |/O/5 “ 990 |o/5
a770) | (1900) | “0720)| (/845) | 1890) | (r9z0) | (1900) | (1860 | C12/0) | 860
soo | 140 | 775 /35 /00 — o e “ 2 | &2
290)| z#0) | (275) | (215) | (190) (z05)| 180)

/'79”"3 2- Fartial section of reactor 540“//;79 Z‘empemfure a//.s'fr/'éuzl/on
for accelevated creep and corrosion (%C/c) test cyc/e-

eddy-current dynamometer, and test engine with reactors installed.

Figure 3. - Typicai engine-dynamometer test stand instailation showing siave-engine,
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o Support strip
; partly failed
/

Figure 7. - Hastelloy X reactor components after 200 hours accelerated
creep and corrosion testing (83 test cycles).

Thermocouple
indentation

(b) Armco 18 S/R reactor core.

Figure 8. - Ferritic iron alloy reactor cores of GE 1541 and Armco 18 S/R after exposure to 83 accelerated
creep and corrosion test cycles (200 hours total exposure).
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(b) Cr-Al-coated AIS| 310 reactor core after 200 hours test exposure. X1/3.

Figure 11. ~ Aluminide-coated Incoloy 800 and chromium-aluminide-coated AISI 310 reactor cores after
exposure to 83 accelerated creep and corrosion test cycles (200 hours total exposure).

(b) Type A418A coated AlSI 651 reéctor core after 200 hours test exposure,

Figure 12, - Glass-ceramic type S-6100M and type A418A coated AISI 651 reactor cores after exposure
to 83 accelerated creep and corrosion test cycles (200 hours total exposure).
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(a) Type Sermetel J coated AIS] 651 reactor core after 200 hours test exposure,

= Crater ®

(b) Type NC~-630 coated AIS] 651 reactor core after 200 hours test exposure.

Oxide at thermo-
couple well location

(c) Type NC-9 coated AIS1 651 reactor core after 200 hours test exposure.

Figure 13. - Slurry metal types Sermetel J, NC-630, and NC-9 coated AISI 651
reactor cores after exposure to 83 accelerated creep and corrosion test cycles
(200 hours total exposure).,




