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FOREWORD

Garrett Processing Company, Garrett Metals Casting Division (formerly
AiResearch Casting Company), in support of NASA-Lewis Research Center and
coordination with NASA technical project managers J. R. Stephens,

J. A. Misencik, and C. M. Scheuermann, has developed an alloy, designated
NASAAC-1. This is a castable iron-base, high-temperature alloy intended to
replace the more costly strategic alloy Stellite 31 (X-40) used in cylinder and
regenerator housings for the automotive Stirling engine.

The program at Garrett Metals Casting Division was performed by
M. J. Woulds* and S. L. Witter.** Editorial review is by H. E. Simmons.***

The authors wish to acknowledge the significant contributiuns to this
program by Michele Mitchell, Research and Development Contract Administrator at
Garrett Metals Casting Division, and Coulson M. Scheuermann, Technical Project
Manager, NASA-Lewis Research Center.

*Deceased
**No longer at Garrett Metals Casting Division
***Garrett Metals Casting Division, retired. Presently consultant to the
company.
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SUMMARY

The objective of this program is to develop an Fe-base alloy that can
meet the requirements of the automotive Stirling engine cylinders and
regenerator housings. The scope of work was to test various alloys and select
the one best demonstrating the following characteristics:

° It must be a cast alloy, using nonstrategic metals.

° It must withstand stress for a 2500-hr rupture life at 200 MPa/775°C.
° Oxidation/corrosion resistance must be comparable to that of N-155.

° It must be compatible with hydrogen.

° Fatigue properties must be superior to alloy XF 818.

° Cost must be less than or equal to that of 19-9DL.

To meet the program objective, a thorough literature search was conducted
to determine those alloy systems most likely to meet the projected goals.
Supplemental information was obtained by direct contact with people who have had
extensive experience with iron-base superalloys.

Based on findings from these preliminary investigations, the decision was
made to concentrate effort on three specific alloys systems. These were
designated as (a) Group 1 - Nickel manganese (NiMn), (b) Group 2 - Nickel (Ni),
and (c) Group 3 - Manganese (Mn).

Both NASA and Garrett Metals Casting Division personnel realized the
extreme importance of establishing casting parameters to optimize alloy
properties. The overall program must necessarily include both proper alloy
selection and controiled casting procedures.

Therefore, to meet program requirements, major tasks were designed to
include the following:

° Selection, processing, and evaluation of candidate alloys within each
alloy group system.

] Determination of casting parameters.

° Selection of a candidate alloy and establishment of a data base for
this alloy.

In the initial phase of the program designated as Round 1, a series of
alloys representing each alloy system was cast and tested. In all there were 5
alloys of the nickel-manganese Group 1, 13 alloys of the nickel Group 2, and 3
alloys of the manganese Group 3. The aim was to maintain the chemistry of the
major element(s) shown and vary the percentage of other elements to study their
influence.



Results strongly favored the nickel Group 2 system, particularly with
tungsten additions. Group 1 alloys exhibited limited possibility, while Group 3
alloys showed no candidacy and were eliminated from further evaluation.

In the secondary phase of the program, designated as Round 2, emphasis was
placed on the nickel Group 2 system (15 alloys processed and tested). To ensure
that some potential was not overlooked from the nickel-manganese Group 1 system,
five heats with further chemistry adjustments from those of Round 1 were also
processed and tested.

Results confirmed those of Round 1. Certain of the nickel Group 2 alloys
showed strong potential as candidate materials. The nickel-manganese Group 1
alloys were eliminated at this stage from the program.

The direction of the program was now defined. Group 2 alloys exhibiting
the best performance to date would be used. Concurrently, Garrett would pay
close attention to casting parameters and the resultant effects on micro-
structure and stress-rupture life. Further, heat treat potential as a means of
improving alloy capability would be investigated.

The candidate alloys were narrowed down to eight and processed under
controlled casting conditions, with special attention to pouring temperature.
Heat treat cycles were attempted to improve alloy stability and properties.

Results were very favorable, especially for certain of the eight alloys
being compared. Because of the excellent fluidity of this nickel Group 1 alloy
system pouring temperatures could be kept relatively lTow. This reduces metal
shrinkage and thereby improves alloy properties. Further, using a heat treat
cycle of 11770C for 2 hr provides consistency of properties, a highly desirable
characteristic of any alloy.

We now were readily able to establish a recommended composition range for
our candidate alloy. To more closely define and narrow this composition range
three alloys based on the nickel Group 2 system having chemistries within the
range were selected for final processing and testing. Processing was done under
controlied casting conditions, and subsequently all castings and test bars were
heat treated at the aforementioned 1177°C for 2 hr.

A1l work in-the program was performed using investment shell molds. A
trial was made at this point to reduce cost by utilizing Airset sand molds as
well as investment shell molds. There was no change in melting and pouring
procedures. The quality of the sand castings and test bars excised from these
castings was definitely inferior to the quality of the investment shell castings
and test bars, and after discussion with NASA personnel, the investment shell
approach was chosen as the preferred method.

Evaluation of results obtained from this series of tests enabled us to
closely define the chemistry range for our candidate alloy, designated NASACC-1.
A master heat was made to this composition. The heat was melted and poured
under controlled casting conditions previously established and poured into
investment shell molds. A1l castings and test bars were heat treated before
actual testing.



From a practical standpoint, NASACC-1 proved to be an excellent alloy for
casting because it could be melted in air and had good fluidity and fill
characteristics.

The alloy met or exceeded all program goals.

° Stress rupture and low cycle fatigue 1ife was equivalent to that of
X-40.

° Oxidation/corrosion resistance surpassed that of N-155.
° Alloy was compatible with hydrogen.

° As an added dimension -- welding and brazing characteristics are
excellent.

Finally, the cost of NASACC-1 is significantly lower than X-40 but slightly
higher than 19-9DL.



INTRODUCTION

As part of the DOE-funded, NASA Lewis Research Center-managed effort to
transfer Stirling engine technology from USAB in Sweden to the United States and
to develop a competitive automotive Stirling engine, Garrett Metals Casting
Division was awarded a contract to develop a Stirling engine cylinder/
regenerator housing iron-base alloy. This alloy had to have the following
characteristics:

0 It must be a cast alloy.
) It must be made of nonstrategic metals.
) It must withstand a stress of 200 MPa with a minimum rupture life of

2500 hr at 7750C.

. It must have oxidation/corrosion resistance at least comparable to
alloy N-155.

0 It must be compatible with hydrogen.
. Its cost must not exceed that of alloy 19-9 DL.
° It must have fatigue properties superior to alloy XF 818.

This report describes the effort at Garrett Metals Casting Division to
develop such an alloy. A preliminary mechanical property data base is presented
for the alloy considered to have the best combination of properties for this
application. This alloy is designated NASACC-1 and has the following nominal
composition in weight percent: 18.5 Cr, 18.5 Ni, 5.25 Mo, 2.45 W, 1.9 Cb,

1.2 B, 0.55 Si, 0.3 Mn, 0.5 C, balance Fe.



ALLOY DEVELOPMENT

Literature Review

A literature search was performed. The primary aim was to search for
effects of alloying elements on high-temperature strength of Fe-base materials.
Secondary emphasis related to the effect of these elements on environmental
resistance; i.e., oxidation/hot corrosion, and hydrogen embrittliement. These
computer searches were conducted by Defense Technical Information Center (DTIC),
NASA, and Savage Information Services in Rancho Palos Verdes, California
(Covering Metadex, Chemical Abstracts, Scisearch, Weldasearch, Compendex, and
NTIS). A total of 1035 citations was generated, many with abstracts, from which
approximately 40 citations were selected for complete review. In addition,
personal discussions were conducted with Dr. David Sponseller of Climax
Molybdenum Company, Dr. George Aggen of Allegheny Ludlum Steel Company, and Mr.
Fred Hagen of Chrysler Corporation.

Because the primary goal was increased rupture strength--2500 hr life at
7759C under a 200-MPa stress being the actual target--the search concentrated on
alloying for strength with minor emphasis on environmental resistance. In par-
ticular the search concentrated on those factors necessary to develop a sound
basis for selecting the starting chemistries of alloys for the preliminary
stress-rupture screening study.

Alloy Design Philosophy

Extensive literature exists on the philosophy and techniques of designing
metal alloys for high-temperature service. However, this literature can be
reduced readily to a few basic concepts: solid-solution strengthening, precipi-
tation strengthening, composites (dispersion-strengthened, fiber-reinforced,
etc.), and combinations of any of these techniques. For a low-cost application
requiring casting, composites are virtually ruled out as being either not tech-
nically feasible or too complex to fit within cost guidelines. This requirement
points to solid solution and precipitation strengthening as the only viable
approach.

Historically, the development of solid-solution-strengthened alloys for
elevated temperature service under high stresses has progressed from relatively
simple materials containing chromium, nickel, and iron, such as Type 310
stainless steel, through the more complex materials such as Vitallium, N-155,
S-816, etc., to the current relatively simple systems exemplified by materials
such as Hastelloy X, Inconel Alloys 617 and 625, and Haynes 188. Many of the
more complex intermediate alloys contain substantial carbon for additional
strengthening by carbide precipitation. Included in this group is the 19Cr-ONi
series (DL, DX, etc.) based on Type 304 stainless, and many of the casting
alloys. High carbon in high-temperature casting alloys is still practiced
extensively today, as evidenced by materials such as HK (cast Type 310
stainless) and X-40 (HS-31).



As temperature and strength requirements increased, the development of pre-
cipitation-hardenable alloys based on gamma-prime Ni3(Al, Ti) evolved from the
simple upgraded stainless steel (A-286) to the complex cast alloys like IN 738
and IN 792. To drive the precipitation reaction effectively, a considerable
amount of nickel in the alloy is necessary--generally at least 25 percent.*
Further, this level must be increased as the Ti + Al content is raised above
approximately 2 percent. Thus, the stronger alloys are predominantly Ni-based,
with 1ittle iron; as such, they are high in alloy cost compared to the 19-9 DL
target set for this program.

One of the more interesting features of the Ni-based, high-temperature
alloys is the generally negative effect of chromium on high-temperature creep
strength (ref. 1), For years, researchers worked on the tradeoffs of strength
and oxidation/hot corrosion resistance by lowering chromium and adjusting the
A1/Ti ratio. For gas turbine service, especially turbine blades, some form of
coating invariably has been found necessary for the high-strength alloys. A
similar phenomenon exists in stainless steels, e.g., creep strength in the Type
400 ferritic grades decreases as one progresses from an 11 percent Cr alloy
(Type 409), to a 17 percent Cr alloy (Type 430), to a 26 percent Cr alloy, Type
446 (ref. 2). Although a similar parallel is difficult to draw in the austen-
itic Type 300 grades because of the need to increase nickel level simulta-
neously, creep properties of materials like Types 309 and 310 stainless steels,
RA330, and Incoloy Alloy 800 are not markedly different from those of Types 316
and 457 stainless steels, despite the higher alloy content of the former.

Effects of Alloying Elements

Discussion of the function of alloying elements in high-temperature alloys
is pertinent. Because of the cost restraints (cost similar to or less than that
of 19-9DL), the emphasis is necessarily tailored to base materials of relatively
low alloy content, i.e., upgraded stainless steel or downgraded lower-cost
superalloys.

Table 1 shows a generalized rating of individual elements in the types of
base compositions of interest to this Stirling engine program. Apparently, cost
can be controlled only by using a minimum content of elements from the group
nickel, molybdenum, columbium, and tungsten; use of any quantity of either
tantalum or hafnium is costiy. (The effect of boron on cost is not completely
clear because of the sole-source nature of Fe-B and Ni-B additions; this could
require a separate study should a high boron alloy prove promising.) The use of
manganese as a substitute for nickel has shown considerable promise with the
Series 200 stainless steels (ref. 3), and with more highly alloyed materials
such as 21-6-9 and 22-13-5 (now called Nitronic 40 and 50, respectively) (ref.
4). When combined with sufficient carbon/nitrogen, these materials have shown
very good properties in stable austenite structures.

*Alloy compositions are given in weight percent.



TABLE 1

EFFECTS OF ALLOYING ELEMENTS IN HIGH-TEMPERATURE, Fe-BASED MATERIALS

Elements Comments

Chromium Strong ferrite stabilizer--provides oxidation/corrosion
resistance

Nickel Strong austenite stabilizer--improves strength and
corrosion resistance

Mo1ybdenum Strong ferrite stabilizers--provide solid solution

Tungsten strengthening and carbide precipitates; Mo promotes
pitting resistance

Aluminum Ferrite stabilizer--provides oxidation resistance

Tantalum

Columbium Ferrite stabilizers--carbide and nitride forming

Vanadium elements

Hafnium

Manganese Austenite stabilizer--can substitute for nickel on a

: basis of two Mn for one Ni

Silicon Ferrite stabilizer--normally present as a tramp from
deoxidation; reduces oxide scaling tendency; improves
fluidity

Boron Promotes fluidity, improves creep strength, forms borides

Carbon Austenite stabilizers; interstitial; reacts to form

Nitrogen precipitates--carbides, nitrides, and carbonitrides

Iron Base (select scrap)




The structure of the base alloy is worthy of discussion. The nature of the
slip systems is such that the face-centered cubic (FCC) (austenitic) structure
js favored over the body-centered cubic (BCC) (ferritic) structure for high-
temperature service. Although certain systems exhibiting a microduplex struc-
ture of ferrite finely dispersed in austenite have shown very good strength
characteristics, the presence of ferrite is generally undesirable for phase
stability and hydrogen compatibility, as discussed below. Thus, the alloy
composition must be balanced to produce an essentially FCC structure that is
solid solution strengthened and carbide precipitation hardened. If nickel is
used minimally, then manganese, carbon, and nitrogen must be used liberally.

Relative to castability, certain elements have been known to increase metal
fluidity, including carbon, silicon, and manganese. Boron is a known melting-
point depressant, which also may increase castability. Loading of an alloy with
any of these elements will change the casting parameters, and adjustments
undoubtedly will be necessary.

Phase stability, particularly at 775°C, is a major concern. The necessar-
i1y low nickel alloys, probably strengthened with molybdenum, will be suscepti-
ble to both sigma and chi phase formation (ref. 5). This may not be of direct
concern because these phases often can lead to strengthening at high tempera-
tures. The greater concern is in low-temperature ductility (e.g., during winter
in the northern states), where mechanical or thermal shock could cause problems
should a phase change occur. In particular, the austenitic FCC structure must
remain stable to about -500C to prevent martensite formation, which would be
embrittling.

Carbide precipitation also can be embrittling, as is apparently the case
with Hastelloy X in the 6500 to 870°C range. Within a few thousand hours at
7600C, nearly continuous grain boundary networks are found, with tensile duc-
tility at ambient temperature dropping to only a few percent. Any system using
carbide strengthening may need to be balanced so that the carbides precipitate
predominantly within the grains, preferably as a result of heat treatment so the
strength is available for initial service.

Review of Candidate Alloy Systems

Development of alloy candidate systems was conducted extensively in the
post-World War 11 years up to the mid-1950's, when alloys such as A-286 began to
pave the way for the gamma-prime-strengthened, nickel-based superalloys. During
this period, AF-71 was developed by Allegheny Ludlum (ref. 6). It is an
austenitic nickel-free Cr-Mn-C-Fe alloy, further stabilized with nitrogen and
boron, and strengthened with molybdenum and vanadium. Babcock and Wilcox
studied 45 percent Fe-based alloys for replacement of Vitallium (refs. 7 and 8).
These materials were nominally 20Cr-28Ni strengthened with triple additions
selected from the group Ta, Cb, Ti, Zr, Mo, W, and N with Ta-Mo-W and Cb-Mo-W
producing the highest strengths. Cornell Aeronautical Laboratory studied
additions of Ti, B, V, Zr, N, and C to the 18Cr-8Ni austenitic stainless steel
matrix and concluded that titanium/boron were the most effective elements for
increasing hot strength (ref. 9).



In the mid to late 1950's considerable work was conducted at the University
of Michigan, with hundreds of experimental compositions being cast (ref. 10). A
promising series of 18Cr-18Ni iron-based materials based on strengthening by
formation of an Mo-B eutectic from an austenitic matrix was developed (ref. 11);
Sponseller has since carried on this work at Climax Molybdenum's Research
Laboratory, culminating in Alloys XF-818 (18Cr-18Ni-8Mo-0.4Cb-0.8B) and XF-527
(27Cr-30Ni-5M0-0.9B) (refs. 12 through 15). Reference 11 is of particular
importance to this current study in showing the general effects and interactions
of carbon, boron, molybdenum, and tungsten in the 18Cr-18Ni-Fe austenitic
matrix.

Work in the 1960's at Chrysler Corporation during development of the
automotive gas turbine led to a series of four Fe-base casting alloys that
contained 18-24Cr, 5Ni, 5Mn, 1W, and 1Mo, plus 1-2Cb and substantial additions
of carbon and nitrogen (ref. 16). These were designated CRM-6D, -15D, -17D, and
18D. These materials are characterized by low ductility, apparently due to the
high carbon level (ref. 8), which leads to a different microstructural form of
the eutectic than that found in the lower carbon (<0.3 percent) molybdenum-boron
XF-818 and XF-527 (ref. 10).

Oxidation and Hot Corrosion Resistance

Extensive literature is available on the oxidation and hot corrosion resis-
tance of metals, primarily generated by the gas turbine industry (see ref. 1,
for example). Alloys designed for high-temperature oxidation resistance inva-
riably have high-cromium (20 percent and greater), often in combination with a
lesser amount of aluminum. Hastelloy X is one aluminum-free alloy; some manga-
nese is needed in this alloy to assist in CrMnO4 spinel formation on the sur-
face, as opposed to pure Crp03. Of the alloys containing aluminum, Inconel
Alloy 601 and Inconel Alloy 617 (both containing nominally 1 percent Al) are
examples of recent trends in alloy design.

The addition of rare earth metals has proven to be a powerful tool in
enhancing environmental resistance, probably by improving resistance of the
oxide film to spalling. This is demonstrated in Hastelloy S and Haynes 188,
where a few hundredths of a percent of lanthanum are effective. Work on systems
involving the use of yttrium has led to the development of a series of MCrAlY
coatings, where M can be iron, nickel, or cobalt, each in combination with
fairly high chromium, moderate aluminum, and a small addition of yttrium. The
MCrAlY alleys by themselves are not particularly strong; hence, they have
application only as coatings (except for oxide-dispersion-strengthened
materials, e.g., MA-956, which are expensive).

Various studies have been done on silicon additions in combination with
aluminum/rare earth metals. High silicon levels (generally over 1 percent) have
Tong been recognized for reducing the tendency for oxide scaling in austenitic
alloys, e.g., Type 302B stainless steel and RA330. Some recent work in Japan on
nominally 300-type stainless steels (19 percent Cr, 13 percent Ni) with 3 per-
cent Si showed promise of improved resistance to oxide spalling when rare earth
metals/calcium were added to the base metal (ref. 17).



A combination of internal oxides and a defect structure is now generally
recognized as being created beneath the normal protective oxide when the rare
earth metals are added, markedly influencing the behavior of the external scale.

Relative to hot corrosion resistance, the 775°C temperature is within the
range of formation of molten salts (primarily NazS04-NaCl mixtures), which will
flux the normally protective oxide from the metal surface. Accordingly, the
full understanding of fuel composition is important. For example, in the
presence of sulfur, nickel alloys are particularly susceptible to sulfidation
damage, as the nickel-sulfide eutectic can form, causing liquid damage below
6500C (ref. 18). Austenitic stainless steels such as 304 and 347 are suscep-
tible to grain boundary attack in the presence of sodium chloride, even as a
vapor, above about 575°C (ref. 19).

For resistance to grain boundary attack, the general alloy philosophy has
been to increase chromium as high as possible, although, as noted earlier,
higher chromium tends to reduce creep-rupture strength, especially in nickel-
based alloys. Alternatively, coatings have been used, such as diffused alumi-
nides and the MCrAlY types. More recently, combinations of alumide coatings
with thin noble metal barriers have been used. Gaseous aluminizing/chromizing
also may offer a way to provide protection to otherwise poor oxidation/hot
corrosion-resistant alloys. Gaseous treatment can be applied to the finished
assembly (or subassembly) and will reach all surfaces readily. An inexpensive
coating may be necessary to meet the cost restraints imposed on the material.

No problems-are foreseen with ambient temperature or cold corrosion. Mate-
rials that have been engineered for adequate oxidation/hot corrosion resistance
would not be expected to corrode under mild aqueous conditions, with two notable
exceptions: sulfuric acid condensation and chloride salt deposits. Short of
burning high-sulfur fuel, sulfuric acid condensation would not be expected at
2000C and above (ref. 20), and the small amount formed at shutdown should be no
worse than in similar equipment now in operation (e.g., diesel engines and
exhaust systems). Protection against hot sulfuric acid is so difficult that
designers generally keep operating temperatures above the condensation point.

Salt deposits containing chloride ions can lead to pitting if condensed
moisture creates an electrolyte. Again, most high-temperature alloys would
contain sufficient chromium and molybdenum to retard pitting during down peri-
ods, but conditions conducive to pitting should be avoided as much as possible.
As noted above, the presence of chlorides in the engine is also undesirable
relative to hot corrosion problems.

Hydrogen Embrittlement

Hydrogen damage can take two forms: hydrogen can either enter the metal
lattice (charging), or react instantaneously with an advancing crack tip
(crea