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SUMMARY

CABOT alloy No. 214 is a wrought, Ni-Cr-Al-Fe-Y alloy developed for
high-temperature applications. Because of the formation of an adherent
Alp03 protective scale, formed during high—temperature exposure, the
alloy exhibits the best oxidation resistance of commercially available
wrought alloys to 2400°F (1315°C). This alloy also exhibits excellent
carburization and chlorination resistance.

In addition to the above mentioned properties, CABOT alloy No. 214 retains
good strengths at high temperatures as a result of precipitation of NijAl
gamma prime precipitates. The present paper deals with the mechanical
properties and the microstructural features of the alloy exposed at
temperatures up to 2150°F (1180°C). The thermal stability of the alloy
exposed at temperatures 1800°F (980°C) for times up to 1,000 hours is
presented in terms of changes in tensile properties as a function of
exposure temperature and time. The results are correlated with
microstructural observations made using transmission electron microscopy.
A brief description of the high temperature oxidation resistance and the
industrial applications of the alloy is also included.

CABOT is a registered trademark of Cabot Corporation



Introduction

There is an ever increasing need for high temperature alloys which can
survive service temperatures as high as 2200°F or above. Acceptable
strengt't levels, oxidation resistance, and resistance to corrosive attacks
by the surrounding environments such as carburizing and chlorine
contaminants are frequently desirable characteristics for alloys intended
for such high temperature applications.

Chromium is the basis for high-temperature oxidation resistance of most
of the commercial alloys ranging from stainless steels to nickel and
cobalt-base alloys. Chromium is an active and readily oxidized element
which forms Cr)03 or NiCr904 protective scales (1) at high
temperature. However, at temperatures above 1000°C, chromium tends to be
oxidized to form volatile CrO3 (2). For this reason, the protectiveness
of chromium-rich oxide scales such as Crp03 or NiCrp04 that form on
most of the conventional high-temperature alloys is limited to only short
periods of time above 2000°F (1090°C).

It has been known for many years that Al9p03 scales formed on alloys
such as Ni-15Cr-5A1 are more stable and more protective than Crj03
scales against oxidation attack (3). Addition of yttrium to a Ni-15Cr-5A1
alloy has been shown to improve the adherence of AlypO3 scales (3,4).
However, the basic Ni-15Cr-5A1 alloy with yttrium suffers from a serious
hot workability problem. The commercialization of wrought Ni-Cr-Al-Y type
alloys with good fabricability and inherent capability of producing a
tenacious Alp03 film at high temperatures has been successfully
achieved in CABOT alloy No. 214.

CABOT alloy No. 214 is a newly developed nickel-base wrought alloy with
a nominal composition of 15-17% Cr, 4-5% Al, 2-6% Fe (all wt%) and a small
but effective amount of yttrium. The present paper deals with the
oxidation resistance, mechanical properties and microstructural features of
this alloy. The performance of CABOT alloy No. 214 was compared with Type
310 stainless steel and some of the commercial Ni-Cr-Fe alloys, such as
INCONEL® alloy 601 and alloy 800H, which mainly depend on CrpO3 type
scales for protection.

Experimental Procedures

The nominal compositions of the alloys investigated are listed in Table
I. Oxidation test samples (approximately 0.10 to 0.15cm x 2.2cm x 2.2cm)
obtained from annealed sheet materials were ground to a 120-grit surface
finish. Coupons of the four alloys were simultaneously exposed at 1095°C
(2000°F), 1150°C (2100°F), and 1205°C (2200°F) in flowing air with a flow
rate of about 3.3 litres/minute in a 4.5cm I.D. alumina tube heated by a
resistance heating furnace. The coupons were cooled to room temperature
once a week (168 hours) during the exposure test. Prior to testing, the
coupons were measured, cleaned, and weighed. All the samples were also
turned and rotated before putting back in the furnace every week.
Following exposure, coupons were weighed, electrolytically descaled, and
weighed again for determination of the coupon's metal loss (mils per side
of the specimen). The descaled coupons were then sectioned and examined
metallographically for the depth of continuous oxide penetration. The
total oxide penetration is a sum of metal loss and continuous penetration.

INCONEL is a registered trademark of International Nickel Company
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Mechanical property measurements both in the annealed and annealed plus
aged conditions were made on sheet materials exhibiting typical grain sizes
in the range of ASTM 3.5 to 6.5. Thin foil specimens for transmission
electron microscopy (TEM) were prepared by electropolishing in a twin jet
polisher using a solution of 307 nitric acid in methanol at -20°C. The
thin foils were examined using a Philips EM300 electron microscope operated
at 100KV.

Results and Discussions

Oxidation Resistance. The results of the oxidation tests for the four
alloys investigated are shown in Table II. These results clearly indicate
that alloy 214 exhibits outstanding oxidation resistance of the alloys
tested up to 1205°C (2200°F). 1In particular, at 1205°C (2200°F) oxidation
resistance of alloy 214 is an order of magnitude better than alloy 601.
Preliminary oxidation test results obtained at 1315°C (2400°F) for 24 hours
showed that alloy 214 had an attack of less than 10 micron (0.4 mil) per
side of total oxide penetration depth while other alloys suffered
noticeably higher depths of penetration.

In other tests, where samples were exposed at 1150°C (2100°F) and cyled
to room temperature once per day, alloy 214 exhibited 100 to 400 times less
oxidation than that for alloy 601 on the basis of scaling rate, i.e.,
weight loss per unit of surface area for each hour of exposure.

The extent of oxidation damage at 1095°C (2000°F) and 1205°C (2200°F)
for the four alloys are shown in Figures 1 and 2. These photomicrographs
were obtained by viewing the cross sections of the oxidized samples after
descaling. As can be seen from these micrographs, alloy 214 essentially
did not suffer any subscale attack after long exposures at 1205°C (2200°F)
and 1095°C (2000°F). The other alloys, namely 601, 800H and 310SS samples
suffered severe oxidation attack which included metal loss, intergranular
oxidation, and internal voids. X-ray diffraction analysis of the thin
oxide scale on alloy 214 removed by descaling showed Al903 which is
believed to impart outstanding oxidation resistance to the alloy.

A number of carburization tests performed in gas mixtures containing 5%
Hy, 5%C0, 5% CHy, and a balance Ar (by volume 7%) at temperatures up to
980°C (1800°F) revealed that alloy 214 is the most resistant to
carburization of many commercial heat resistant alloys tested (5).
Chlorination tests conducted in an oxidizing atmosphere of Ar + 20% 0y +
2% Clp, and in reducing environment of Ar + 47 Ho + 4% HC1 (6,7) at
900°C (1650°F) for 8 hours indicate that alloy 214 is also most resistant
to attack by this corrosive media. The formation of the Aly03 scale on
alloy 214 has been thought to significantly minimize the
chlorine-accelerated oxidation attack.
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alloy 214 alloy 601

310 Stainless Steel alloy 800H

Figure 1: Optical photomicrographs (all 50X) showing comparative
static oxidation attack after 1008 hr. exposure at
2000°F (1095°C). The arrow indicates position of the
original surface.



alloy 214 alloy 601

310 Stainless Steel alloy 800H

Figure 2:

Optical photomicrographs (all 50X) showing
comparative static oxidation attack after
1008 hr. exposure at 2200°F (1205°C) The
arrow indicates position of the original
surface.



Mechanical Properties and Microstructures

CABOT alloy 214 is age-hardenable similar to the Ni-Cr-Al alloys (8).
The effect of thermal aging on the room temperature tensile properties of
alloy 214 is presented in Table III. A typical microstructure of the alloy
in the annealed condition is shown in Figure 3a. Figure 3b shows the
microstructure of alloy 214 aged at 1010°C (1850°F) for 8 hours. As can be
seen from this micrograph, aging the alloy at 1850°F for 8 hours results in
no significant precipitation.

Aging alloy 214 at temperatures below about 1800°F results in the formation
of gamma prime precipitates. The gamma prime phase is based on the
intermetallic compound NijAl which has the fcc L1y type superlattice
structure. Typically overaging occurs within 100-1000 hours in the
815-980°C (1500-1800°F) temperature range. Figure 4 shows the large gamma
prime precipitates present in the alloy aged at 900°C (1650°F) for 100
hours. This gamma prime is characteristic of the over—aged condition of
the alloy. The data in Table III show that these coarse gamma prime
precipitates formed at 900°C (1650°F) do not effectively strengthen the
alloy. Aging at 800°C (1472°F) resulted in an observable increase in
strengths accompanied by a slight decrease in ductility. This was
attributed to relatively smaller sizes of gamma prime precipitates formed
at 800°C (1472°F) aging temperatures. The typical microstructure of alloy
214 aged at 800°C (1472°F) for 100 hours is shown in Figure 5. Much finer
gamma prime precipitates were developed during aging at lower temperatures
such as 650°C (1200°F).This is shown for the case of 100 hours at 650°C
(1200°F) in Figure 6. The finer size distribution of gamma prime
precipitates were generally associated with higher tensile strength
properties.

Elevated temperature strength levels of alloy 214 are much higher than
alloy 601, 800H and 310 type stainless steels, at least up to 1750°F. This
is illustrated in Figure 7 which shows the tensile yield strengths of the
four alloys in their annealed condition (ASTM grain sizes 3-1/2 to 5).
Strength levels of alloy 214 at and above 1095°C (2000°F) compare favorably
with the other three alloys. The higher strength levels of alloy 214 at
temperatures below about 1750°F is attributed to the gamma prime
precipitation in the alloy. Thermal stability of these four heat resistant
alloys, as indicated by the residual room temperature tensile elongations
after aging in air for 1000 hours at 650°C (1200°F), 760°C (1400°F), 871°C
(1600°F), and 981°C (1800°F) temperatures, is presented in Figure 8. This
diagram illustrates the good post—aged ductility of alloy 214 after
long-term high temperature exposures. This property is an important one
for long-term elevated temperature service.

Conclusions

The Ni-Cr—Al-Fe-Y alloy, CABOT alloy 214 discussed in this paper,
possesses superb oxidation resistance up to 1315°C (2400°F), as compared to
commercially available wrought alloys. An alloy of this composition also
exhibits superior corrosion resistance in carburizing and high temperature
chlorine-contaminated environments. These observed properties in hostile
high temperatures are attributed to the formation of thin Al1703 scale
on alloy 214, as compared to Crp03 and Fej03 type scales in
Ni-Cr-Fe and Fe-Ni-Cr alloys.



TABLE III

Room-Temperature Tensile Properties
of Annealed and Annealed + Aged CABOT alloy 214

Condition 0.2% Offset Ultimate Elongation

°F (°C) Yield Strength Tensile Strength  in 2-in (50.8mm)
ksi MPa ksi MPa %

Solution Annealed 77.1 532 134 921 40

at 2050°F(1120°C)

Aged 1650°F 77.9 537 131.8 909 39

(900°C) 8 h

Aged 1650°F 69.4 479 128.4 885 40

(900°C) 32 h

Aged 1650°F 70.1 483 127.3 878 40

(900°C) 100 h

Aged 1650°F 61.2 422 124 855 42

(900°C) 1000 h

Aged 1472°F 95.4 658 148.9 1027 30

(800°C) 8 h

Aged 1472°F 89.2 615 149.3 1029 25

(800°C) 32 h

Aged 1472°F 103.3 712 144 .4 996 16%
(800°C) 100 h

Aged 1472°F 82 565 145.4 1002 27%
(800°C) 1000 h

Aged 1200°F 103.8 715 157 1082 28
(650°C) 1000 h

* Qualitative results, sample broke in gage marks
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Optical photomicrograph showing the
microstructure of CABOT alloy No. 214

Figure 3a:
in the annealed condition

Figure 3b: TEM photograph showing essentially a éingle—
phase structure of CABOT alloy No. 214 after
aging at 1010°C for 8 hours.



Figure 4: Bright field transmission electron micrographs showing
gamma prime precipitates formed in CABOT alloy No. 214
after aging at 900°C (1650°F) for 100 hours.



Figure 5:

TEM photograph showing the typical gamma prime
precipitates obtained in CABOT alloy No. 214 after
aging at 800°C (1472°F) for 100 hours. Dark field
micrographs taken with (10T) gamma prime reflection.



Figure 6: Dark field electron micrograph, taken with (110) gamma
prime reflection, showing fine gamma prime precipitates
present in CABOT alloy No. 214 aged at 650°C (1200°F)
for 100 hours.
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Alloy 214 also exhibits much higher tensile strengths up to 1750°F and
reasonably good post—aged ductility after long—term exposures to elevated
temperatures. Precipitation of gamma prime phase after thermal aging and
the variation in size of gamma prime precipitates appears to be the major
factor responsible for the observed tensile properties and thermal
stability of the alloy. The above mentioned unique properties of alloy 21
makes it a prime candidate for applications such as furnace racks,
fixtures, baskets, radiant tubes, heat exchangers and recuperators, and
many other components in metal and ceramic manufacturing and heat treatmen
industries.
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