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SUMMARY 

A program is currently under way at PNL to develop a 90SrF2-fueled radioisotope heat 
source that can be licensed for terrestrial use under current federal and international regu
lations. By DOE directive, the new heat source design is to be a combination of the Hastel
loy C-276 inner capsule from the WESF 90SrF2 storage capsule and a new Hastelloy S or 
Hastelloy C-4 outer capsule. The Hastelloy C-276 inner capsule serves as the primary contain
ment for the 90srF2 , while the outer capsule provides the structural strength needed to 
meet the licensing requirements. 

In addition to the licensing requirements set forth by the cognizant regulatory agencies, 
PNL and DOE have defined additional safety requirements that the source must meet. These 
include the following: 

• The heat source outer capsule must be sufficiently resistant to air oxidation to ensure 
that heating in air at temperatures of up to BOOoC for times of up to 10 yr will not 
degrade the tensile strength of the outer capsule to the point where the heat source can
not meet licensing requirements. 

• The heat source outer capsule must be sufficiently resistant to seawater corrosion to 
ensure that accidential exposure to seawater for up to one year will not degrade the cap
sule tensile strength to the point where the heat source cannot meet licensing 
requirements. 

This report summarizes the results of oxidation and seawater corrosion tests carried out at PNL 
to show that a heat source outer capsule fabricated from Hastelloy S or Hastelloy C-4 is cap
able of meeting the requirements defined above. 

The oxidation of Hastelloy Sand Hastelloy C-4 was studied at temperatures of 6000 , 7000 , 

and 8000C for periods up to 10,000 hours. Oxidation rates for the two alloys were determined 
using a discontinuous gravimetric procedure. Tensile specimens of each alloy were oxidized 
under similar conditions, and then tension-tested at room temperatures. Other tensile speci
mens were heated in vacuum to serve as controls. 

Both alloys form adherent oxide layers that serve to protect the underlying metal. Over
all, the oxidation rates are very slow at 6000 to 8000C. The results show that the oxidation 
of Hastelloy Sand Hastelloy C-4 in air follows parabolic rate relationships, except for ini

tial deviations, for exposures of up to 5000 hours. Longer exposures lead to negative 
deviations from the parabolic relationships. There was no evidence of breakaway spalling or 
cracking of the oxide layer during oxidation. Spalling only occurred when the test specimens 
cooled. 

The parabolic rate constants were determined for each alloy. The rate constant for 
Hastelloy S varied from about 1.6 x 10-6 to 5.B x 10-5 mg2/cm4_h as the temperature increased 
from 6000 to 8000C. The rate constant for Hastelloy C-4 varied from 1.9 x 10-5 to B.2 x 10-5 

mg2/cm4_h over the same temperature range. The values are lower than the values published for 
many oxidation-resistant nickel alloys and indicate the good oxidation resistance of the two alloys 
at 6000 to BOOoC. The temperature dependence of the parabolic rate constants for Hastelloy S 
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and Hastelloy C-4 adhere to the Arrhenius equation. In the case of Hastelloy S, however, the 
data show a distinct break in the Arrhenius plot, indicating the possibility that different 
reactions are controlling the oxidation at different temperatures. The activation energy for 
oxidation of Hastelloy C-4, as determined from the Arrhenius equation, is 16.8 kcal/mol. The 
activation energies for Hastelloy S, calculated from the high- and low-temperature sections of 
the Arrhenius plot, are 21.0 kcal/mol and 44.2 kcal/mol, respectively. 

The tensile specimens used in the oxidation tests had a reduced section dia of 0.113 inch. 
The specimens were tension-tested at room temperature at a strain rate of 0.02 in./inch. 
Evaluation of the test data showed there were no significant differences between the tensile 

strengths of the specimens oxidized in air and the control specimens heated in vacuum. Metal
lographic examination of the various test specimens showed that the oxidation reactions 
affected the underlying metal to depths of up to 0.002 inch. For a 0.113-in.-dia tensile 
specimen, this means that the unaffected cross-sectional area could be as low as 93% of the 
total area. Even this degree of attack did not affect the tensile strength of the specimens 
significantly. Extrapolation of the test data showed that oxidation of Hastelloy Sand Hastel
loy C-4 in air at 6000 to BOOoC for up to 10 yr would not adversely affect the tensile 
strength of an outer capsule fabricated from either alloy. The data show either alloy could 
be used for the outer capsule, and selection of the capsule material can be based on consid-

erations other than oxidation resistance. 

The seawater corrosion tests were carried out in a small, covered plastic tank using 

unfiltered seawater taken from Sequim Bay. The tank was located outdoors, and the test tem
perature varied between ~100C and 2SoC. The seawater flowed through the tank at a rate of 

4 L/hour. In addition'to the testing done with standard corrosion coupons, tests were also 
performed using tensile specimens and prestressed specimens. 

The test specimens were completely immersed in the flowing seawater. The tests lasted 
for up to 10,000 hours. Average corrosion rates were determined by weighing the test coupons 
before and after testing. 

The results show that corrosion of Hastelloy Sand Hastelloy C-4 in seawater at 100 to 2SoC 
is extremely low. All of the coupons exhibited some slight discoloration, which appeared to 
be due to a combination of corrosion products and marine fouling. The discoloration was easily 
removed using detergent and a soft bristle brush. There was some slight indication of local
ized attack. Limited isolated pitting to a depth of 3 ~m (~0.12 mils) was observed with 
coupons that had been exposed to seawater for 10, 000 hours. The corros i on data were qu ite 
erratic, making it difficult to determine average corrosion rates. The maximum rates were 
estimated to be O.OOB Ilm/yr and 0.20 Ilrn/yr (0.0003 mils/yr and 0.008 mils/yr) for Hastelloy S 

and Hastelloy C-4, respectively. 

Microscopic examination of the prestressed specimens exposed to seawater for up to 
10,000 h showed that stress-corrosion cracking was not a problem with either Hastelloy S or 
Hastelloy C-4. 
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The tensile specimens exposed to seawater were tension-tested at room temperature at a 
strain rate of 0.02 in./inch. Evaluation of the results obtained showed that exposure of the 
specimens to seawater for periods of up to 7500 h had no significant effect upon the tensile 
strength of the specimens as compared to unexposed specimens. Specimens exposed for 10,000 h 
exhibited a marked increase in tensile strength (~10%). The reasons for the increase have not 
been identified. 

Evaluation of the seawater corrosion data shows that an outer capsule fabricated from 
either Hastelloy S or Hastelloy C-4 could meet 'the seawater corrosion requirement. Even 
allowing for the increase in corrosion that might result from the effects of the 90Sr radia
tion field and increased marine fouling and erosion, corrosion of the outer capsule should not 
be a problem. Since Hastelloy S exhibits a lower corrosion rate in seawater than does Hastel
loy C-4, it is the preferred material for the outer capsule; however, Hastelloy C-4 could be 
used if other considerations so dictate • 

v 



.. 



• 

CONTENTS 

SUMMARY 

1.0 INTRODUCTION 

1.1 LICENSING REQUIREMENTS FOR A 90SrF2 HEAT SOURCE TO BE USED IN 
TERRESTRIAL APPLICATIONS . 

1.2 SUPPLEMENTAL REQUIREMENTS FOR THE 90SrF2 HEAT SOURCE AS DEFINED 
BY DOE AND PNL 

2.0 OBJECTIVES 

3.0 OXIDATION OF HASTELLOY SAND HASTELLOY C-4 IN AIR 

3.1 EXPERIMENTAL 

3.2 RESULTS AND DISCUSSION 

3.2.1 Oxidation Rates 

3.2.2 Oxide Composition 

3.3.3 Effects of Oxidation on Tensile Properties 

3.2.4 Estimates of Long-Term Oxidation 

3.3 CONCLUSIONS 

4.0 CORROSION OF HASTELLOY SAND HASTELLOY C-4 IN SEAWATER 

4.1 EXPERIMENTAL 

4.2 RESULTS AND DISCUSSION 

4.3 CONCLUSIONS 

FIGURES 

REFERENCES 

ACKNOWLEDGMENTS 

vii 

iii 

1 

2 

3 

5 

7 

7 

9 

10 

14 

16 

18 

19 

21 

21 

22 

25 

27 

61 

63-



FIGURES 

1 The Oxidation of Hastelloy S in Air at 6000C 

2 Long-Term Oxidation of Hastelloy S in Air 

3 Long-Term Oxidation of Hastelloy C-4 in Air 

4 Temperature Dependence of the Parabolic Rate Constant for the Oxidation of 
Hastelloy S in Air . 

5 Temperature Dependence of the Parabolic Rate Constant for the Oxidation of 
Hastelloy C-4 in Air 

6 Micrographs of Hastelloy S Specimens Oxidized in Air at 6000 C 

7 Micrographs of Hastelloy S Specimens Oxidized in Air at 7000 C 

8 Micrographs of Hastelloy S Specimens Oxidized in Air at 8000 C 

9 Micrographs of Hastelloy C-4 Specimens Oxidized in Air at 6000 C 

10 Micrographs of Hastelloy C-4 Specimens Oxidized in Air at 7000C 

11 Micrographs of Hastelloy C-4 Specimens Oxidized in Air at 8000 C 

12 Micrographs of a Hastelloy S Specimen Aged in Air at 8000C for 10,000 
Hours--Showing the Oxide Scale and Disappearance of the Intergranular 
Precipitates in the Affected Metal Zone. 

13 Elemental Analysis of the Oxide and Underlying Metal of a Hastelloy S 
Specimen Aged in Air at 8000C for 10,000 Hours 

14 Elemental Distribution Micrographs of the Oxide and Metal Substrate of a 
Hastelloy S Specimen Aged in Air at 8000C for 10,000 Hours 

15 SEM Micrographs of Hastelloy S Specimens Aged in Air for 10,000 Hours 

16 Elemental Analysis of the Oxide and Underlying Metal of a Hastelloy S 
Specimen Aged in Air at 6000C for 10,000 Hours 

17 Elemental Analysis of the Oxide and Metal Substrate of a Hastelloy S 
Specimen Aged in Air at 7000C for 10,000 Hours 

18 SEM Micrographs of a Hastelloy C-4 Specimen Oxidized in Air at 8000C for 
10,000 Hours 

19 Elemental Analysis of the Oxide and Underlying Metal of a Hastelloy C-4 
Specimen Aged in Air at 8000C for 10,000 Hours 

20 Elemental Distribution Micrographs of the Oxide and Metal Substrate of a 
Hastelloy C-4 Specimen Aged in Air at 8000C for 10,000 Hours 

21 SEM Micrographs of Hastelloy C-4 Specimens Oxidized in Air for 10,000 
Hours 

22 Elemental Analysis of the Oxide and Underlying Metal of a Hastelloy C-4 
Specimen Aged in Air at 6000C for 10,000 Hours 

23 Elemental Analysis of the Oxide and Underlying Metal of a Hastelloy C-4 
Specimen Aged in Air at 7000C for 10,000 Hours 

24 Room-Temperature Tensile Data for Hastelloy S Aged at 6000C 

vii i 

27 

27 

28 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

46 

47 

• 

• . . 

• 



25 Room-Temperature Tensile Data for Hastelloy S Aged at 7000C 

26 Room-Temperature Tensile Data for Hastelloy S Aged at 8000C 

27 Room-Temperature Tensile Data for Hastelloy C-4 Aged at 6000C 

28 Room-Temperature Tensile Data for Hastelloy C-4 Aged at 7000C 

29 Room-Temperature Tensile Data for Hastelloy C-4 Aged at 8000C 

30 Effect of Aging Temperature on the Room-Temperature Tensile Properties of 
Hastelloy S 

31 Effect of Aging Temperature on the Room-Temperature Tensile Properties of 
Hastelloy C-4 • 

32 Micrographs of Failed Tensile Specimens That Had Been Tested in the 
Solution Heat-Treated Form 

33 Micrographs of Failed Hastelloy S Tensile Specimens That Had Been Heated in 
Air or Vacuum for 7500 Hours 

34 Micrographs of Failed Hastelloy C-4 Tensile Specimens That Had Been Heated 
in Air or Vacuum for 7500 Hours 

35 Estimates of the Long-Term Oxidation of Hastelloy S in Air • 

36 Estimates of the Long-Term Oxidation of Hastelloy C-4 in Air 

37 Estimates of the Depth of Metal Affected When Hastelloy Sand Hastelloy C-4 
are Oxidized in Air at 8000C 

38 Stressed Specimens Used in the Seawater Corrosion Tests 

39 Sketch of the Equipment Used in the Seawater Corrosion Tests 

40 Corrosion of Hastelloy S in Flowing Seawater at Ambient Temperatures 
(100 to 25 0C) 

41 Corrosion of Hastelloy C-4 in Flowing Seawater at Ambient Temperatures 
(100 to 250C) 

42 Hastelloy S Coupons Exposed to Flowing Seawater at Ambient Temperatures 
(100 to 25 0 C) 

43 Hastelloy C-4 Coupons Exposed to Flowing Seawater at Ambient Temperatures 
(100 to 25 0C) 

ix 

47 

48 

48 

49 

49 

50 

51 

52 

53 

54 

55 

55 

56 

56 

57 

57 

58 

59 

60 



TABLES 

1 Schedule for the Oxidation Tests 

2 Compositions and Mechanical Properties of the Alloys Studied 

3 The Oxidation of Hastelloy S in Air at 6000 C, 7000C, and 8000 C 

4 Oxidation of Hastelloy C-4 in Air at 6000 C, 7000 C, and 8000 C 

5 Parabolic Rate Constants for the Long-Term Oxidation of Hastelloy Sand 
Hastelloy C-4 in Air 

6 Parabolic Rate Constants for the Oxidation of Various Metals in Air 

7 Depth of Metal Affected When Hastelloy Sand Hastelloy C-4 Specimens Are 
Oxidized in Air at 6000 to 8000C 

8 Room-Temperature Tensile Data for Hastelloy S Specimens Aged in Air or 
Vacuum at 6000 to 8000C 

9 Room-Temperature Tensile Data for Hastelloy C-4 Specimens Aged in Air or 
Vacuum at 6000 to BOOoC 

10 Schedule for the Seawater Corrosion Tests 

11 Corrosion of Hastelloy Sand Hastelloy C-4 in Seawater at Ambient 
Temperatures 

12 Corrosion of Nickel-Base Alloys in Seawater • 

13 Room-Temperature Tensile Data for Hastelloy Sand Hastelloy C-4 Specimens 
Exposed to Flowing Seawater at Ambient Temperature (100 to 250C) 

x 

7 

8 

10 

11 

12 

13 

15 

17 

17 

21 

23 

24 

25 



• 

1.0 INTRODUCTION 

A program is currently under way at the Pacific Northwest Laboratory (PNL) to develop the 
data and technology needed to permit the licensing of 90SrF2 as a radioisotope heat source fuel 
for terrestrial applications. A secondary objective of the program is to design and qualifi
cation-test a 90SrF2 heat source that will meet current federal and international licensing 

requirements. The program is currently funded by the Advanced Nuclear Systems and Projects 
Division (ANSP) of the Department of Energy (DOE). 

The interest in 90SrF2 as a heat source fuel arises from the fact that substantial quan
tities of the material are being produced at Hanford through the DOE program for disposing of 
stored high-level radioactive wastes. These wastes resulted from the reprocessing of spent 
fuel from the now deactivated defense production reactors at Hanford. As part of the DOE waste 
management program, strontium is recovered from the stored wastes, purified, and converted to 
SrF2, which is then doubly encapsulated in metal canisters. The encapsulated 90SrF2 is stored 
in a water basin on the Hanford Reservation. The 90SrF2 preparation, encapsulation, and stor
age takes place in the Waste Encapsulation and Storage Facility (WESF), which is operated for 
DOE by Rockwell International (RHO). The stored 90SrF2 represents a readily available, eco
nomically attractive source of radioisotope heat if the fluoride fuel form can be licensed for 
use. 

The WESF 90SrF2 storage capsule consists of a Hastelloy C-276 inner capsule (2 in. 1.0. x 
19 in. long) and a 316L stainless steel outer capsule (2-3/8 in. 1.0. x 20 in. long). By DOE 
directive the 90SrF2 heat source now being developed at PNL is to use as much of the existing 
WESF storage capsule as possible to eliminate the need for complete reencapsulation of the 
90srF2 • Unfortunately, preliminary experimental tests and theoretical calculations show that 
the WESF storage capsule is incapable of meeting current licensing requirements for heat 
sources that are to be used for terrestrial applications. Therefore, the DOE decision was to 
develop a new heat source design that would retain the existing WESF Hastelloy C-276 inner cap
sule and replace the current WESF outer capsule with a new outer capsule capable of meeting 
current licensing requirements. The design philosophy was that the Hastelloy C-276 inner cap
sule would serve as a containment barrier for the 90srF2, while the new outer capsule, without 
support from the inner capsule, would provide all of the structural strength needed to meet the 
licensing requirements. 

The qualification-test requirements for licensing of a 90SrF2 heat source for terrestrial 

use are spelled out in various NRC and IAEA regulations, including the USAEC Regulatory 
Guide 6.3 (United States 1974), IAEA Safety Series No. 33 (IAEA 1970), and 10 CFR Parts 20 and 
71 (Anon. 1979). The pertinent licensing requirements are summarized in Section 1.1. In addi
tion to the licensing requirements imposed by the cognizant regulatory agencies, DOE and PNL 
have placed additional requirements on the 90SrF2 heat source to improve the usefulness and to 
enhance its ultimate safety. These additional requirements are summarized in Section 1.2. The 
most critical requirement imposed by DOE and PNL is that the outer heat source capsule must 
be able to meet the licensing requirements given in Section 1.1 in the post-service as well as 
the as-fabricated condition without support from the inner capsule. This means that the outer 
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capsule must be able to meet the licensing requirements despite the degradation in properties 
the capsule material undergoes during service due to corrosion (i.e., air oxidation) and 10ng
term thermal aging react.ions that affect its mechanical properties. 

Based on a number of factors, Haste110y S was selected as the outer capsule material. 
Haste110y C-4 was selected as a backup material in case the Haste110y S had to be rejected for 
any reason. This report summarizes the results of studies carried out to determine the effects 
of both air oxidation at heat source operating temperatures and seawater corrosion on the ten
sile properties of the outer capsule materials. Similar studies are under way to determine the 
effects of oxidation and seawater corrosion on the impact properties of the two alloys, and the 
results of these studies will be covered in a separate report. 

1.1 LICENSING REQUIREMENTS FOR A 9OSrF2 HEAT SOURCE TO BE USED IN TERRESTRIAL APPLICATIONS(a) 

In order to be licensed for use in terrestrial applications by the cognizant regulatory 
agencies, the 90SrF2 heat source must be capable of meeting the following qualification test 
requirements: 

1. The heat source capsule shall not leak at a rate greater than 10-8 em3/s after being sub-. 
j ected to an external pressu re of 14,500 ps i (lOoo bar). 

2. The capsule shall not leak at a rate greater than 10-8 em3/s when dropped from a height 
of 9 m (approximately 30 ft) onto a steel plate at least 1.25 em (approximately 1/2 in.) 
thick that has been wet-floated onto a concrete block with a mass of at least 10 times 
that of the capsule and set on firm soil. The steel plate shall be flat and horizontal 
and the capsule shall be dropped in such a manner that the maximum possible damage will 
result. 

3. The capsule shall not leak at a rate greater than 10-8 em3/s after being struck by the 
flat face of a 2.5-cm-dia (approximately I-in.) steel billet with an impact energy equiva
lent to 7 kg-m (approximately 50 ft-1b). The billet edges shall be rounded off to a 
radius of not less than 3 mm, and the capsule shall rest on a lead sheet equal to or less 
than 25 mm thick with a Brine11 hardness of 3.5 to 4.5. The lead sheet shall cover a 
greater area than the capsule and shall rest on a smooth, solid surface. A fresh lead 
sheet shall be used for each test, and the capsule shall be struck in such a manner that 
the maximum possible damage will result. 

4. The capsule shall not leak at a rate greater than 10-8 cm3/s after being heated to its 
maximum operating temperature of SOOoC and held at SOOoC for 30 minutes. 

5. The capsule shall not leak at a rate greater than 10-8 cm3/s after being heated to its 
maximum operating temperature of SOOOC and then plunged into a water-ethylene glycol solu
tion at 320F (OoC). The capsule shall remain for one hour in the circulating solution, 
which shall at no time exceed 410F (SoC). 

(a) Based on current NRC and lAEA regulations as defined in USAEC Regulatory Guide 6.3 and IAEA 
Safety Series No. 33. 
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6. The capsule shall pass a test (experimental and/or thermal analysis) such that the capsule 
remains capable of fuel containment during and after a 30-min fire at 147SoF (S02oC). 
The outer capsule shall contain either a standard WESF 90SrF2 inner capsule or the equiva
lent fuel (as SrF2) contained in the WESF inner capsule, whichever condition is worse, 
and shall receive no supplemental cooling after the fire. The test (or calculation) shall 
be continued until no further material damage due to increasing temperature and/or accel
erated fuel/encapsulation material reactions at elevated temperature is possible. 

1.2 SUPPLEMENTAL REQUIREMENTS FOR THE 9OsrF2 HEAT SOURCE AS DEFINED BY DOE AND PNL 

In addition to the qualification requirements given in Section 1.1, the 90SrF2 heat 
source must be able to meet the following requirements: 

1. The outer capsule of the 90SrF2 heat source must meet the qualification test requirements 
given in Section 1.1 in both the as-fabricated and post-service conditions, without sup
port from the inner capsule. 

2. The outer capsule of the 90SrF2 heat source must be sufficiently oxidation-resistant that 
oxidation occurring during the normal service life of the heat source will not degrade the 
properties of the capsule to the extent that it cannot meet the qualification requirements 
defined in Section 1.1. The oxidation requirement for the capsule is based on the condi
tions that: 

a. the outer capsule surface temperature will not exceed SOOoC 
b. the service life of the heat source will not exceed 10 years. 

The ability of the capsule to meet the oxidation requirement may be demonstrated by extra
polation of reliable short-term oxidation data using established procedures. 

3. The outer capsule of the 90SrF2 heat source must provide sufficient resistance to seawater 
corrosion such that accidential exposure of the source to seawater for a period of one 
year will not degrade the properties of the capsule to the extent that it cannot meet the 
qualification requirements defined in Section 1.1. This requirement is based on the 
assumption that a heat source which is accidentally exposed to a seawater environment 
will be retrieved from the environment within a period of one year.(a) 

(a) It is anticipated that the material chosen for the outer capsule will be very resistant to 
seawater corrosion, and that the capsule will be able to withstand exposure to seawater 
for periods much in excess of one year without suffering a serious degradation of proper
ties. If, ho~ever, the heat source is to be used in undersea service, additional protec
tion against seawater corrosion may be required. 
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2.0 OBJECTIVES 

The 90SrF2 heat source now being developed at PNL utilizes a Hastelloy S (or Hastelloy C-4) 
outer capsule having a 0.5-in. wall thickness to contain the Hastelloy C-276 inner capsule. 
The objectives of the studies summarized in this report were twofold: 

1. Show that air oxidation of the outer capsule that occurs during heat source service would 
not degrade the tensile properties of the outer capsule material to the point that the 
capsule could not meet the licensing requirements given in Section 1.1, and 

2. Show that corrosion resulting from the accidental exposure of the heat source to seawater 
for a period of one year would not degrade the tensile properties of the outer capsule 
material to the extent that the capsule could not meet the licensing requirement given in 
Section 1.1. 

The 90SrF2 heat source being developed is intended for general-purpose use. In most uses the 
source would be contained in a sealed system and air oxidation would not be a problem. With 
some system designs, however, the source could be exposed to air and oxidation would occur. 
In the absence of a specific design, it is difficult to define what actual service temperature 
profiles the heat source would encounter. Compatibility considerations dictate that the heat 
sources must be designed so that the interface -temperature between the 90SrF2 fuel and the 
Hastelloy C-276 inner capsule does not exceed 8000C at any time. Allowing for a reasonable 
temperature drop between the inner and outer capsules, the maximum surface temperature of the 
outer capsule during use should not exceed about 7750C, and depending on the service, may be 
substantially lower. Therefore, the oxidation tests were carried out at 6000 to 8000C to cover 
the range of temperature the outer capsule might be expected to encounter in service. 

In normal service the heat source would not encounter an ocean environment. Under acci
dent conditions it is possible that the outer capsule could be exposed to seawater. The sup
plemental heat source requirements defined in Section 1.2 assume that in the case of accidental 
exposure to seawater the heat source would be recovered within a period of one year. 
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3.0 OXIDATION OF HASTELLOY SAND HASTELLOY C-4 IN AIR 

3.1 EXPERIMENTAL 

The oxidation of Hastelloy Sand Hastelloy C-4 in air was studied using a discontinuous 

gravimetric procedure. The tests were carried out in accordance with the general practices 

recommended in ANSljASTM Specifications G54-77 (Anon. 1978). The procedure consisted of heat
ing preweighted specimens in a muffle furnace for the required time, removing the specimens 
from the hot furnace, and reweighing after cooling to room temperature. Replicate specimens 

were tested for each time period. Oxidation rates were calculated from the weight-gain mea
surements. The tests were carried out at 6000e, 700°C, and BOOoC and lasted for up to 
10,000 hours. Oxidation coupons, tensile specimens, and control tensile specimens were tested 
according to the schedule given in Table 1. The control tensile specimens were doubly encap

sulated in evacuated quartz envelopes to prevent oxidation during testing. 

TABLE 1. Schedule for the Oxidation Tests 

Number of S~ecimens Tested (b~ Type) 
Test Haste 11 o~ S Haste 11 o~ C-4 

Temp~rature, Corrosion Teflsile Control Corrosion Tensile Control 
C Ex~osure2 h Cou~ons S~ecimens Tensile a) Cou~ons S~ecimens Tensile a) 

600 140 4 2 
300 4 2 
528 4 2 
994 4 4 2 2 

2,500 4 4 2 2 2 2 
5,000 4 4 2 2 2 2 
7,500 4 4 2 2 2 2 

10,000 4 4 2 2 2 2 

700 140 4 2 
300 4 2 
528 4 2 
994 4 4 2 2 

2,500 4 4 2 2 2 2 
5,000 4 4 2 2 2 2 
7,500 4 4 2 2 2 2 

10,000 4 4 2 2 2 2 

. 800 140 4 2 
300 4 2 
528 4 4 2 2 
994 4 4 2 2 2 2 

2,500 4 4 2 2 2 2 
5,000 4 4 2 2 2 2 
7,500 4 4 2 2 2 2 

10,000 4 4 2 2 2 2 

(a) The control tensile specimens were doubly encapsulated in evacuated quartz envelopes. 
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The Hastelloy Sand Hastelloy C-4 test specimens were fabricated from solution heat
treated alloy as received from the vendor. The compositions and mechanical properties of the 
different heats of the two alloys used in the tests are given in Table 2. All specimens of a 
given type and alloy were prepared from a single piece of the alloy. 

The corrosion coupons used in the oxidation tests were cut from sheet that had been solu
tion heat-treated at 19500F and air-cooled (Hastelloy S) or rapid-quenched (Hastelloy C-4). 
The Hastelloy S coupons were 1 in. x 3 in. x 0.065 in., while the Hastelloy C-4 coupons were 
1 in. x 3 in. x 0.125 inch. The specimens were deburred, sanded with 400-grit paper to remove 
the mill scale, and thoroughly cleaned before being tested. 

The tensile specimens used in the oxidation tests were machined from 0.5-in.-dia bar stock 
that had been solution heat-treated at 19500F. The specimens were fabricated according to 

TABLE 2. Compositions and Mechanical Properties of the Alloys Studied(a) 

Hastello~ S Haste 11 o~ C-4 
0.065-in. Sheet 0.5-in.-dia Bar 0.125-in. Sheet 0.5-in.-dia Bar 

Alloy (Solution Heat- (Solution Heat- (Solution Heat- (Solution Heat-
Chracteristics Treated z 19500F} Treated z 19500F) Treated z 19500F} Treated z 19500F) 

Com!;!osition z wt% 

Al 0.17 0.15 
B 0.004 0.003 
C 0.007 0.007 0.003 <0.002 

Co 0.61 0.63 0.44 0.18 

Cr 16.07 16.49 15.75 15.77 

Cu 0.06 0.05 
Fe 1.83 1.89 1.10 0.50 
La 0.016 0.015 

Mn 0.63 0.69 0.08 0.10 

Mo 14.59 14.23 15.25 15.19 
Ni Bal Bal Bal Bal 
P <0.005 <0.005 0.008 0.016 
S <0.005 <0.005 0.007 0.007 
Si 0.34 0.29 0.02 0.02 
Ti 0.23 0.19 
W 0.22 0.26 

Tensile Pro!;!erties 
and Units 

Ultimate, MPa 893 879 769 779 
Vie ld, MPa 479 456 358 331 

% Elong., in 2 in. 49.0 58.0 
% E long., in 4 D 49.6 65.3 

(a) Based on the Certified Reports of Chemical Analysis and Mechanical Tests supplied by the 
vendor. 
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ASTM Specification EB-7B (Anon. 197B) and had a reduced section dia of 0.113 inch. The speci
mens were thoroughly cleaned before being tested. 

The oxidation tests were carried out in air-atmosphere muffle furnaces. The corrosion 

coupons and tensile specimens were held in impervious alumina crucibles (Coors AD 99) within 
the furnaces. Each furnace was equipped with a solid-state proportioning controller and 
Platinel II thermocouple capable of maintaining the temperature within ~20C of the set point. 
Each furnace was also equipped with a second calibrated thermocouple, either Platinel II or 
Pt/Pt-13% Rh, whose output was monitored continuously with a calibrated strip-chart recorder 
and periodically with a calibrated digital millivoltmeter. The second thermocouple was posi
tioned in the furnace chamber as close to the control thermocouple as possible. In addition, 
each furnace and controller was equipped with thermocouple break protection and two separate 
and independent overtemperature protection circuits to prevent overheating in case of control
ler failure. The two circuits were set to shut off power to the furnace if the temperature 
exceeded the control temperature by more than 100C. 

Before testing was begun the temperature profile of each furnace chamber was determined 
using a calibrated Chromel-Alumel thermocouple. At a control temperature of BOOoC the maximum 
deviations observed were +90C and -SoC. The deviations were slightly less at 6000C and 7000C. 
During the oxidation tests the metal samples were placed as close to the control thermocouple 
as possible to reduce the effects of temperature variations within the furnace chamber. 

The oxidation tests were carried out as follows. After fabrication, the physical dimen
sions of the test specimens were determined to 0.001 in., and they were thoroughly cleaned. 
The clean specimens were weighed on a semi-microbalance (O.Ol-mg sensitivity), placed in the 
alumina crucibles, and inserted into the furnace. All of the specimens to be tested at a 
given temperature were placed in the furnace at one time. Each set of replicate coupons and 
tensile specimens were held at temperature for the required time and then removed from the hot 
furnace. After cooling to room temperature, the coupons were weighed and their physical dimen
sions determined. The coupons and the alumina crucibles were then examined visually for evi
dence of spalling of the oxide layer. Selected coupons were sectioned and subjected to metal
lographic examination, electron microprobe analysis, and scanning electron microscopy. The 
tensile specimens, including the control specimens, were tension-tested at room temperature at 
a strain rate of 0.02 in./inch. Failed sections from a number of the tensile specimens were 
also subjected to metallographic examination. 

3.2 RESULTS AND DISCUSSION 

When heated in air at 6000 to BOOoC, Hastelloy Sand Hastelloy C-4 initially form 
adherent oxide layers that serve to protect the underlying metal from attack. Some spalling 
of the oxide layer was observed in some tests, but it occurred when the specimens were removed 
from the furnace and cooled to room temperature. The spalling appeared to be caused by dif
ferences in thermal expansion between the oxide layers and metal substrates. There w,as no evi
dence that breakaway spallings of the oxide layer occurred during oxidation. The spalling on 
cooling was more pronounced with specimens oxidized at 600 0 e and 7000 e than with those tested 
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at 8000e. Th i ckness measul'ements on the spec imens before and after test i ng showed no d i scern
ible differences in thickness resulting from formation of the oxide layers. 

3.2.1 Oxidation Rates 

The oxidation rates for Hastelloy Sand Hastelloy e-4 in air at 6000 to 8000e were deter
mined using the discontinuous gravimetric procedure described in the previous section. The 
primary interest was in determining the effects of long-term exposure. 

The oxidation results obtained with Hastelloy Sand Hastelloy e-4 (based on the weight 
gain measurements) are summarized in Tables 3 and 4. Substantially different results were 
obtained between replicate specimens in most of the tests, as the data in the tables indicate. 
Evaluation of the test results show that the two alloys follow parabolic rate relationships 
during the early stages of oxidation. The parabolic relationship is expressed by the equation 

where 

!::'w2 = kpT + e, 

!::,w = weight gain per unit area, mg/cm2 

T = time, h 
kp = rate constant, mg2/cm4_h, and 

e = constant, mg2/cm4. 

When !::'w2 is plotted against time a straight line indicates adherence to the parabolic rela
tionship, with the rate constant kp given by the slope of the line and e by the intercept with 
the y axis. 

The results obtained at 6000e with Hastelloy S are presented in Figure 1.(a) The data 
show that, except for an initial deviation, the oxidation of Hastelloy S follows a parabolic 

TABLE 3. The Oxidation of Hastelloy S in Air at 6000C, 7000 e and 8000e 

Mean S~ecimen Weight Gain l (a) mg/cm2 

Ex~osurel h 6000e 7000e 8000e 

140 0.0709 + 0.0038 0.104 + 0.0080 0.193 + 0.0213 
300 0.0732 + 0.0097 0.121 + 0.0054 0.206 + 0.0143 
528 0.0775 + 0.0048 0.139 + 0.0175 0.241 + 0.0159 
994 0.0818 + 0.0073 0.174 + 0.0095 0.293 + 0.0239 

2,500 0.0956 + 0.0065 0.253 .:t. 0.0166 0.413 + 0.0223 
5,000 0.114 + 0.0075 0.265 + 0.0227 0.519 + 0.0493 
7,500 0.100 + 0.0246 0.256 + 0.0343 0.635 + 0.0327 

10,000 0.117 + 0.0254 0.279 + 0.0286 0.719 + 0.0334 

(a) Mean value at the 95% confidence level based on the testing of 
four replicate specimens. 

(a) All figures are presented in sequence immediately following the text of this report. 
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TABLE 4. Oxidation of Hastelloy C-4 in Air at 6000C, 7000C, and 8000C 

Mean S~ecimen Weight Gain l (a) mg/cm2 

Ex~osurel h 6000C 7000C 8000C 
140 0.401 + 0.101 0.469 + 0.189 0.531 + 0.044 
300 0.407 + 0.114 0.481 .:!:. 0.126 0.554 + 0.140 
528 0.387 + 0.060 0.485 + 0.019 0.548 .:!:. 0.184 
994 0.422 + 0.089 0.516 + 0.090 0.595 + 0.064 

2,500 0.451 + 0.051 0.548 + 0.108 0.690 + 0.025 
5,000 0.500 + 0.089 0.558 + 0.193 0.746 + 0.214 
7,500 0.479.:!:. 0.105 0.542 + 0.244 0.900 + 0.284 

10,000 0.438 + 0.183 0.579 + 0.332 0.912 + 0.396 

(a) Mean value at the 95% confidence level based on the testing 
of duplicate specimens. 

relationship for exposures up to 5000 hours. Longer exposures lead to negative deviations from 
the parabolic rate. The negative deviations are apparently the results of two factors: 

1. When the specimens are removed from the furnace and cooled, spalling occurs because of 
differences in thermal expansion of the oxide and metal. It will be shown later (Sec
tion 3.2.2) that the oxide scale consists of two layers with porosity between layers, and 
spalling of the outer layer occurs when the specimen cools. 

2. Long-term exposures lead to increasing porosity between the oxide scale and the metal sub
strate. The increased porosity decreases diffusion of cations into the oxide scale, thus 
decreasing the rate of oxide formation. 

Examination of the specimens and crucibles as they were removed from the furnace showed 
no indication of spalling of the oxide layer during testing. Once the specimens had cooled, 
however, the crucibles containing specimens that had been heated for 7500 h and longer did con
tain traces of oxide scale. This indicated that the spalling had occurred as the specimen 
cooled. 

In general, the test results show that oxidation of Hastelloy Sand Hastelloy C-4 at 6000 

to 8000C follows parabolic rate relationships (except for initial deviations) for exposures of 
up to 5000 h; this is shown in Figures 2 and 3. Longer exposures lead to negative deviations 
for the reasons discussed above. None of the specimens tested exhibited any indication of 
breakaway scaling during testing. 

Constants for the parabolic rate equations were determined from the experimental data 
using regression analysis, and the values obtained are given in Table 5. Of special interest 
are the large values obtained for the constant "C." The magnitudes of the constant--especially 
those for Hastelloy C-4--shows that relatively rapid reaction occurs during the initial stages 
of ox i dat i on (up to 140-h exposure). A 1 imited number of short-term tests at 8000C showed that 
the initial oxidation stage is dependent upon the surface preparation the specimens had 
received. The initial rapid oxidation did not occur to any degree with specimens that had 
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TABLE 5. Parabolic Rate Constants for the Long-Term Oxidation of Hastelloy S and 
Hastelloy C-4 in Air 

Material Tem~eraturel °c !PI mg2/cm4_h CI mg2/cm4 

Hastelloy S 600 1.64 x 10-6 0.00498 
700 2.26 x 10-5 0.00767 
800 5.73 x 10-5 0.0277 

Hastelloy C-4 600 1.92 x 10-5 0.154 
700 3.34 x 10-5 0.221 
800 B.19 x 10-5 0.271 

not had the mill scale removed. With sanded or polished specimens the initial oxidation occur
red at a rapid rate that appeared to be linear with time. 

The temperature dependence of the parabolic rate constants for the long-term oxidation of 
Hastelloy Sand Hastelloy C-4 can be expressed by the Arrhenius equation 

where 

kp = Ae-Q/Rt , 

A = constant 
Q = activation energy 
R = gas constant, and 
t = temperature, oK. 

When log kp is plotted against l/t, a straight line shows adherence to the Arrhenius equation, 
and the slope of the line equals -Q/R. Figure 4 shows the temperature dependence of the para
bolic rate constant for the oxidation of Hastelloy S in air. The data show a distinct break 
in the line, indicating the possibility that different reactions are controlling the oxidation. 
The activation energies calculated from the high- and low-temperature sections of the line are 
21.0 kcal/mol and 44.2 kcal/mol, respectively. 

Figure 5 shows the temperature dependence of the parabolic rate constant for the oxidation 
of Hastelloy C-4 in air. The calculated activation energy is 16.2 kcal/mol. 

The long-term oxidation of Hastelloy Sand Hastelloy C-4 in air at 6000 to BOOoC is quite 
slow. Comparisons with other oxidation-resistant alloys is difficult, because most of the data 
reported in the literature are for short-term exposures «100 h). Table 6 lists the parabolic 
rate constants that have been published for a number of oxidation-resistant materials. Compar
ing the measured rate constants for Hastelloy Sand Hastelloy C-4 with those reported in 
Table 5, it is apparent that the oxidation resistance of the two alloys should be better at 6000 

to BOOoe than that of any of the materials listed. 

Micrographs of the Hastelloy S specimens oxidized at 6000e, 7000 C, and SOOOC for varying 
times are shown in Figures 6 through S. Aging of Hastelloy S at 6000C results in an A2B 
(Ni 2CrMo) long-range ordering reaction and precipitation of boride (M3B2) and carbide (M6C) 
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TABLE 6. Parabolic Rate Constants for the Oxidation of Various Metals in Air 

Material Temperature, °c k mg2/cm4_h 
-p' Reference 

Nickel 700 0.037 (Fueki & Ishibashi 1961) 
800 0.094 (Douglas 1968) 
800 0.16 (Fueki & Ishibashi 1961) 
850 0.28 (Gulbransen & Andrew 1949) 
900 0.46 (Douglas 1968) 
900 0.44 (Fueki & Ishibashi 1961) 

1000 1.1 (Douglas 1968) 

Ni-lO% Cr 800 0.19 (Douglas 1968) 

Chromium 750 4.0 x 10-4 (Mortimer & Post 1968) 

Fe-50% Cr 750 6.1 x 10-4 (Mortimer & Post 1968) 

Fe-59.5% Cr 800 6.8 x 10-3 (Whittle & Wood 1968) 

Fe-25% Cr 700 4.7 x 10-4 (Felten 1961) 
800 1.1 x 10-3 (Felten 1961) 

Fe-30% Ni 600 4.6 x 10-3 (Foley 1962) 
700 5.3 x 10-2 (Foley 1962) 
800 0.31 (Foley 1962) 

Fe-78% Ni 600 2.6 x 10-3 (Foley 1962) 
700 1.1 x 10-2 (Foley 1962) 
800 6.1 x 10-2 (Foley 1962) 

Udimet 700 871 2.3 x 10-3 (Wlodek 1964) 

phases (Matthews 1976). The A2B ordering reaction does not occur at 7000C and 8000C, but bor
ide and carbide phases precipitate in the grains and grain boundaries. The oxide scale formed 
at 600°C is porous, with voids occurring at the site of grain boundaries in the metal sub
strate. This leads to intergranular attack of the metal substrate. The oxide scale produced 
at 700°C forms a continuous protective layer. There is isolated pitting of the metal sub
strate, as well as a narrow surface zone in which the normal alloy precipitates are largely 
depleted. The oxide scale formed at 8000C is very similar to that formed at 7000C. Pitting 
of the underlying metal is more prevalent and occurs to greater depths than at 7000C, and the 
zone where the normal alloy precipitates have disappeared is much broader. 

Micrographs of the Hastelloy C-4 specimens oxidized at 6000C, 7000C, and 8000C for various 
times are shown in Figures 9 through 11. Aging of Hastelloy C-4 at 6000 and 7000C apparently 

produces an ordering reaction that does not occur at 800 0C. Titanium nitride precipitates are 
present at 6000C, as are Mu-phase precipitates at higher temperatures (Matthews 1976). Oxide for
mation is quite simil ar to that observed with Hastelloy S, although the oxide scales are much 
thicker on the Hastelloy C-4 for corresponding times and temperatures. At 6000C the oxide 
scale formed on Hastelloy C-4 has some porosity, with the voids forming primarily at the grain 
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boundaries at the metal surface. This resulted in intergranular attack of the underlying 
metal. At 7000C the oxide formed a continuous protective cover. Some pitting and grain bound
ary attack occurred at isolated points. At 8000C the oxide formed a continuous protective 
layer, although the scale contained some internal porosity. Pitting and subsurface void forma
tion was more prevalent than at lower temperatures. 

The depth of metal affected by the oxidation reactions is much greater than one would pre
dict based on the weight gain measurements. An attempt was made to determine the depth of metal 
affected by the oxidation reactions as a function of exposure time for each alloy. 
Because of the limited reaction that occurs, even at 8000C, it is difficult to obtain reliable 
estimates of the depth of metal affected,and the values given in Table 7 should only be 
regarded as approximations. 

The data presented in Table 7 are so erratic that it is impossible to determine which type 
of rate equation applies for each alloy at the different temperatures. The best estimate that 
can be made is that the rate in each case is much less than linear and is probably closer to 
parabolic or exponential. 

3.2.2 Oxide Composition 

The Hastelloy Sand Hastelloy C-4 specimens that had been oxidized in air at 6000 to 8000C 
were subjected to scanning electron microscopy (SEM) and electron microprobe analysis in an 
attempt to determine the nature of the oxide layers that formed and the reactions involved. 
The photomicrographs of the Hastelloy S specimens shown in Figures 6 through 8 indicate sub
stantial differences in the character of the oxide that forms at the different temperatures. 
Electron microprobe analysis of the specimens indicates, however, that the oxides formed at the 
different temperatures are quite similar in makeup and composition. The data show that the 
oxide forms on Hastelloy S as a double layer. Higher temperatures and longer exposures lead 
to a more pronounced stratification of the oxide layers and compositional differences. Fig
ure 12 shows the oxide that had formed on Hastelloy S after 10,000 h at 8000C. The outer layer 
of the oxide film is discontinuous, and shows evidence of spalling. It was apparently portions 
of the outer layer that spalled away from the specimen as it cooled after being removed from 
the furnace. The inner layer is dense and nonporous, and forms a protective cover for the 
underlying metal. There is considerable porosity between the inner and outer oxide layers as 
well as between the inner oxide layer and the underlying metal. Figure 13 shows the elemental 
concentrations in the oxide and metal substrate as determined by microprobe analysis. Fig-
ure 14 shows elemental distribution micrographs of the same area. The data show that the outer 
oxide layer is composed primarily of oxides of nickel, chromium, and manganese. A small amount 
of iron is present, but molybdenum, cobalt, and silicon are absent. The inner layer consists 
almost entirely of chromic oxide with very small amounts of nickel and manganese. The under
lying metal is depleted in chromium and manganese to a depth of about 50 ~m (2 mils). An 
unusual feature is the high concentration (1.1%) of silicon in a very narrow band about 1 to 
2 ~m thick at the interface between the oxide and metal. The normal boride and carbide grain 
boundary precipitates are completely absent in the metal substrate zone where the chromium and 
manganese are depleted. 
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TABLE 7. Depth of Metal Affected When Hastelloy Sand Hastelloy C-4 Specimens 
Are Oxidized in Air at 6000 to 8000C 

°c 
De2th of Metal Affected, ~m(a) 

Tem2erature! Time! h Hastelloy S Hastel oy C-4 
600 140 13 8 

300 15 12 
528 17 15 
994 14 10 

2,500 18 16 
5,000 20 18 
7,500 26 23 

10,000 30 30 

700 140 7 6 
300 8 8 
528 10 13 

994 10 8 
2,500 18 18 
5,000 15 20 
7,500 20 20 

10,000 18 25 

800 140 14 10 
300 16 12 
528 20 13 
994 16 16 

2,500 23 23 
5,000 30 15 
7,500 42 36 

10,000 50 40 

(a) Estimated from photomicrographs and SEM. 

Layering of the oxide was less obvious in the Hastelloy S specimens oxidized at 6000C 
and 700oC, as seen in Figure 15, but microprobe analysis showed there was definite stratifica
tion of the oxide scale. Figures 16 and 17 show the elemental analyses of the oxide and metal 
substrate of specimens oxidized at 600°C and 700°C. In each case the oxide consists of an 
outer layer very rich in nickel and an inner layer containing chromium and nickel. The data 
show that longer exposures and higher temperatures produce an increase in the chromium content 
of the outer oxide layer and a decrease in the nickel content of the inner layer. Porosity 
between the two layers also increases with increasing temperature and longer exposures. 

With the limited data available it is difficult to accurately determine how the oxide is 
formed, but formation appears to take place in the following manner. A thin film of NiO forms 
on the metal surface, initially. This is followed by formation of a layer of Cr203 between 
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the metal and the NiO. Continued exposure leads to a buildup of the Cr203 layer, with diffu
sion between the NiO and Cr203 to form an oxide mixture or possibly a spinel. Continued expo
sure produces increasing porosity between the oxide layers and between the oxide and metal. 
This serves to decrease diffusion of cations into the oxide scale, resulting in a decrease in 
the rate of oxide formation. Douglas (1968) studied the oxidation of NiCr alloys and reported 
similar results. 

Oxidation of Haste110y C-4 at 6000 to 8000C proceeds in a manner that is similar to the 
oxidation of Haste110y 5, which is not surprising, considering the similarity in composition 
of the tw~ alloys. The oxide forms on the Haste110y C-4 as a double layer, with increasing 
temperature and longer exposures producing greater stratification of the oxide layers. Fig
ure 18 shows 5EM micrographs of a specimen oxidized at 8000C for 10,000 hours. Figure 19 shows 
the elemental analysis of the oxide scale and underlying metal of the specimen and Figure 20 
shows elemental distribution micrographs of the principal elements. The oxide consists of an 
outer layer of NiO and an inner layer of Cr203• There is considerable porosity between the two 
oxide layers and some porosity between the metal and oxide. Grain boundary voids are evident 
in the metal substrate to a depth of about 40 ~m (1.6 mils). 

Figure 21 shows 5EM micrographs of specimens oxidized at 6000C and 7000C for 10,000 hours. 
Figures 22 and 23 show the concentrations of principal elements, as determined by microprobe 
analysis, in the oxide scale and underlying metal of the two specimens. The double-layer 
nature of the oxide scale is readily apparent in each case. The outer layer is NiO, while the 
inner layer is principally Cr203 with some NiO. The inner layer also contains substantial 
amounts of molybdenum, which was not present in specimens oxidized at 8000C. There was exten
sive porosity between the oxide layers and between the oxide and metal. Higher temperatures and 
longer exposures reduced the nickel content of the inner layer, but did not appear to produce 
diffusion of Cr203 into the NiO layer as had occurred with the Haste110y 5 specimens. 

As was the case with Haste110y 5, oxidation of Haste110y C-4 appears to proceed by the 
formation of a film of NiO on the metal surface followed by the formation of a layer of 
Cr203 between the metal and NiO. It has not been determined why the Cr203 did not diffuse into 
the NiO, as had occurred with Haste110y 5. 

3.2.3 Effects of Oxidation on Tensile Properties 

The tensile specimens that had been heated in air or vacuum at 600oC, 7000C, and 8000C 
were tension-tested at room temperature and at a strain rate of 0.02 in./inch. The results 
obtained with Haste110y 5 are given in Table 8 and Figures 24 through 26, while the Haste1-
loy C-4 results are shown in Table 9 and Figures 27 through 29. Evaluation of the Haste1-
loy C-4 data indicates there are no significant differences in the room-temperature tensile 
properties between the specimens heated in air and the control specimens heated in vacuum. 

A cursory examination of the Haste110y 5 data seems to indicate a slight decrease in the 
tensile strength of the specimens aged in air for long times as compared to the control speci
mens aged in vacuum. A statistical analysis of the data, however, which allows for the varia
tion in results obtained with replicate specimens, shows no significant differences between 
specimens aged in air and the control specimens aged in vacuum. 
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TABLE 8. Room-Temperature Tensile Data(a) for Hastelloy S Specimens Aged in Air or 
Vacuum at 6000 to 8000C 

Tempsrature, 
C 

(As Rec) (b) 

600 

700 

800 

Time, 
h 

o 

994 

2,500 

5,000 
7,500 

10,000 

994 
2,500 
5,000 
7,500 

10,000 

994 

2,500 

5,000 

7,500 

10,000 

Ultimate Tensile 
Strength, MPa 

VaculJII Air 

938 

1,019 

1,252 
1,180 

1,194 

907 

882 
927 
900 

957 

912 
876 

902 

923 

903 

(880) 

903 

1,042 

1,176 

1,166 
1,172 

879 
889 
911 

895 
897 

892 

870 

885 
864 

878 

Yield 
Strength, MPa 
VaculJ11 Air 

504 

617 

772 

723 

747 

462 
424 
479 
453 

470 

441 

408 

420 

457 

395 

(469 ) 

541 

598 

748 
701 

723 

442 
457 
470 
434 

458 

421 

408 

422 

394 

410 

Elongation, % 
Uniform Total 

VaculJII Air Vacul.JTI Air 

50.4 

44.3 

33.6 
35.8 

38.5 

53.8 
55.5 
47.6 
50.6 

51.2 

53.2 

54.9 

50.9 

47.7 

56.9 

(51. 5) 

50.8 

44.4 

36.5 

37.8 
38.2 

55.4 

47.9 
48.1 
50.0 

50.5 

54.9 

54.4 

49.3 
54.0 

57.8 

56.0 

48.8 

37.1 

39.8 
39.5 

60.0 

62.6 
53.4 
57.2 

56.5 

59.5 

62.7 

59.1 

53.2 

62.5 

(60.8) 

56 .1 

48.3 

41.4 

41.0 
41.2 

61.8 

54.1 
53.7 
57.0 

55.8 

63.6 

62.1 

58.2 
62.0 

62.9 

(a) Average values for four replicate specimens aged in air and duplicate specimens aged in 
vacuum. Specimen dia = 0.113 inch. 

(b) Solution heat-treated alloy as received from the vendor. 

TABLE 9. Room-Temperature Tensile Data(a) for Hastelloy C-4 Specimens Aged in Air or 
Vacuum at 6000 to 8000C 

Temp~rature, 
C 

(As Rec)(b) 

600 

700 

800 

Time, 
h 

o 
2,500 
5,000 

7,500 
10,000 

2,500 
5,000 
7,500 

10,000 

2,500 
5,000 
7,500 

10,000 

Ultimate Tens i 1 e 
Strength, MPa 

VaculJTl Air 

1,257 
1,240 

1,229 
1,210 

847 
850 
867 
861 

794 
829 
829 
846 

(834) 

1,236 
1,243 

1,230 
1,219 

820 
843 

874 
872 

801 
818 
823 
851 

Yield 
Strength, MPa 
VaculJTI Air 

714 

704 

719 
692 

419 
384 
400 
397 

334 

358 
343 
325 

(379) 

683 
736 
701 
711 

372 
385 
396 
411 

343 
348 
347 

339 

Elongation, % 
Uniform Total 

VaculJTI Air VaculJTI Air 

38.7 
39.3 
41.2 
43.8 

55.3 
58.7 
58.9 

56.3 

63.8 
60.1 
62.9 
70.3 

(60.9) 

42.0 
41.2 
39.5 
41.0 

63.9 
63.3 
58.3 
56.9 

63.2 
59.6 
60.7 
64.5 

43.6 
46.5 

47.4 
50.8 

61.6 

65.6 
66 .3 

63.0 

69.1 
69.5 
71.7 
79.2 

(71.5) 

48.6 
46.2 

45.1 
44.8 

64.1 
72.7 
66 .2 

63.6 

72.3 
67.4 
68.7 

73.4 

(a) Average values for duplicate specimens. Specimen dia = 0.113 inch. 
(b) Solution heat-treated alloy as received from the vendor. 
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It was shown in a previous section that the oxidation reactions that occur with Hastel
loy Sand Hastelloy C-4 at 6000 to 8000C affect the underlying metal to a considerable depth 
(up to 50 ~m after 10,000 h at 800oC). For a tensile specimen having a reduced section dia of 
0.113 in. this means that the metal area affected by the oxidation reactions represents a sub
stantial fraction of the total cross-sectional area of the specimen (up to 7%). Since the oxi
dized tensile specimens do not show a degradation in tensile strength, it appears that the 
reactions that occur in the metal substrate due to oxidation are not measurably deleterious to 
the tensile properties of the alloys. 

The effects that aging at 6000 to 7000C for extended periods of time has on the micro

structures of Hastelloy Sand Hastelloy e-4 was discussed in a previous section (3.2.1). The 
microstructural changes that occur produce marked changes in the tensile properties of the two 
alloys. Figure 30 shows how the yield strength and ultimate tensile strength of Hastelloy S 
varies as the alloy is aged at temperatures between 427 0e (8000F) and 8710e (1600oF). The 
data shown are for specimens aged for 7500 to 8000 h (longer aging times result in only slight 
differences in the tensile properties). The maximum increase in tensile strength occurs when 
the alloy is aged at about 5250 to 5500C. 

Figure 31 shows the effects of aging temperature on the tensile properties of Hastel
loy C-4. Again, the data are for specimens aged for 7500 to 8000 h, and longer aging times 
produced no major changes in the values. As was the case with Hastelloy S, the maximum 
increase in tensile strength of Hastelloy C-4 occurs when the alloy is aged at 5250 to 5500 C. 

The data presented in Figures 30 and 31 show that if the heat source outer capsule is 
maintained at a temperature of 7000C or higher during its service life, aging reactions will 
have little effect upon the tensile properties of the capsule material. If the outer capsule 
service temperature is between 4250C and 7000C, the tensile strength of the capsule material 
should increase somewhat during service. The increase in tensile strength would be accom
panied, however, by a corresponding decrease in ductility and impact strength (Matthews 1976). 

A number of failed tensile specimens were subjected to metallographic examination. Fig
ure 32 shows photomicrographs of failed specimens that had been tested in the solution heat
treated form. Figures 33 and 34 show specimens that had been aged for 7500 h at various tem
peratures. The micrographs clearly illustrate the reduced ductility of specimens aged at 
600oe, as compared to the specimens aged at 7000e and 8000e and the solution heat-treated 
specimens. No significant differences were apparent between the specimens aged in air and the 
control specimens aged in vacuum. 

3.2.4 Estimates of Long-Term Oxidation 

The oxidation requirement defined in Section 1.2 necessitates that the outer capsule of 
the heat source must be resistant enough to oxidation to withstand 10 yr of oxidation in air 
at temperatures of up to 800°C without suffering a significant degradation in tensile 
strength. It is necessary, therefore, to estimate the following from the data obtained in this 
study: 1) the extent to which oxidation of Hastelloy Sand Hastelloy C-4 will occur when the 
alloys are heated in air at 6000 to 8000C for 10 yr, and 2) the effect that the oxidation will 
have on the tensile properties of the alloys. 
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Conservative estimates of the long-term oxidation of the two alloys can be made using the 
parabolic rate constants given in Table 5. This has been done, and the results obtained are 
shown in Figures 35 and 36. The estimates show that even after 20 yr of oxidation at 8000C the 
maximum weight gain exhibited by the two alloys would be less than 4 mg/cm2. The estimates 
given in Figures 35 and 36 represent maximum oxidation rates for the alloys, and are valid as 
long as breakaway spalling is avoided or cracking of the oxide layer and resulting exposure of 
the metal substrate does not occur during oxidation. In the oxidation tests lasting up to 
10,000 h there was no indication of breakaway spalling or cracking of the protective oxide 
film. Data reported in the literature on the oxidation of nickel-base alloys indicates that 
fracture and spalling of the oxide layer generally does not occur until the thickness of the 
oxide is much greater than the thickness of the oxide that would form on Hastelloy S or Hastel
loy C-4 after 20 yr at 600° to 800°C. Therefore, the curves shown in Figures 35 and 36 should 
provide realistic estimates of the maximum long-term oxidation of the two alloys. 

It is more difficult to make reliable estimates of the depth of metal that would be 
affected by the long-term oxidation of the two alloys. This arises from the fact that the 
metal attack observed in the oxidation tests did not adhere to any of the normal rate equa
tions. A very conservative estimate of long-term attack ca~ be made if one assumes the rate 
is linear with time. This has been done for an oxidation temperature of 8000C using the data 
shown in Table 7. The results obtained are presented in Figure 37. 

The estimates show that Hastelloy S oxidized in air for 10 yr at 8000C would be affected 
to a depth of about 335 ~m (13 m~ls). Hastelloy C-4 oxidized under similar conditions would 
be affected to a depth of 270 ~m (10 mils). It is necessary to estimate what effect this 
degree of attack would have on the tensile strength of the outer capsule: the tensile speci
mens used in the oxidation tests had a reduced section dia of 0.113 inch. The Hastelloy S 
specimens oxidized at 8000C for 10,000 h exhibited oxidation effects to a depth of 50 ~m 
(~0.002 inch). This means that the unaffected cross-sectional area of a specimen was approxi
mately 93% of the total cross-sectional area. The tensile data obtained showed that this 
degree of attack had no significant effect upon the tensile strength of the specimens. 

The heat source outer capsule has an I.D. of 2.375 in. and an 0.0. of 3.375 in., giving a 
cross-sectional area of 4.52 square inches. Oxidation of a Hastelloy S capsule for 10 yr at 
8000C would affect the metal to an estimated depth of 0.013 inch. This means that the 
unaffected cross-sectional area of the capsule would be 4.38 in. 2, or 97% of the total area. 
Since the unaffected area of the oxidized capsule would be proportionally greater than that of 
the oxidized tensile specilnens, it indicates that the oxidation should not have a significant 
effect upon the tensile strength of the capsule. Similarly, oxidation at 6000C and 7000C would 
not adversely affect the Hastelloy S capsule. The same reasoning also shows that the tensile 
strength of a Hastelloy C-4 capsule would not be affected by oxidation at 6000 to 8000C for 
periods of up to 10 years. 

3.3 CONCLUSIONS 

The test data show that the oxidation of,Hastelloy Sand Hastelloy C-4 in air at 6000 to 
8000C proceeds at very low rates. Both alloys form adherent oxide layers that serve to protect 
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the underlying metal. Alloy specimens oxidized for periods of up to 10,000 h exhibited no evi
dence of breakaway spalling or fracture of the oxide layer during oxidation. The metal sub
strate of the test specimens were affected to considerable depths by the oxidation reactions 
(up to 50 ~m). However, evaluation of the tensile test data showed no significant difference 
in the room-temperature tensile strength between the specimens heated in air and the control 
specimens heated in vacuum. Extrapolation of the test data showed that oxidation of the two 
alloys at 6000 to 8000C in air for periods up to 10 yr would have no significant effect upon 
the tensile strength of an outer capsule fabricated from either alloy. Therefore, an outer 
capsule fabricated from either Hastelloy S or Hastelloy C-4 should be able to meet the oxida
tion requirement defined in Section 1.2. 

The test data show.that Hastelloy S oxidized at a slightly slower rate than did Hastel
loy C-4 at 6000 to 8000C, but the oxidation reactions affect the Hastelloy S to a greater depth 
than they do the Hastelloy C-4. Since the oxidation that occurs at 6000 to 8000C would not 
affect the tensile strength of an outer capsule fabricated from either alloy, either could be 
used, and the final selection can be based upon considerations other than oxidation resistance. 
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4.0 CORROSION OF HASTELLOY SAND HASTELLOY C-4 IN SEAWATER 

4.1 EXPERIMENTAL 

Experiments to study the corrosion of Hastelloy Sand Hastelloy C-4 were conducted at 
PNL's facility at Sequim, Washington. The tests were carried out in a small tank using unfil
tered seawater taken from Sequim Bay. Average corrosion rates for the two alloys were deter
mined by exposing test coupons to the flowing seawater and measuring the weight loss as a 
function of exposure time. After testing, the corrosion coupons were subjected to metallo
graphic examination to determine the extent of localized attack. Some stressed specimens of 
each alloy were also tested to determine if stress-corrosion cracking was a problem. In addi
tion, tensile specimens of each alloy were tested to determine if seawater corrosion was seri
ous enough to affect the tensile strength of the specimens. The corrosion tests lasted for up 
to 10,000 h and the testing schedule is given in Table 10. 

The corrosion coupons and stressed specimens were fabricated from the same solution heat
treated alloy sheets that were used in fabricating the coupons used in the oxidation experi
ments. The Hastelloy S coupons were approximately 3 in. x 5 in. x 0.065 in., while the Hastel
loy C-4 coupons were about 3 in. x 3 in. x 0.125 inch. The maxilnum coupon size was determined 
by the capacity of the semimicrobalance used to weigh the coupons. A 3/4-in.-dia hole was 
drilled in each coupon to serve as a means of support. The coupons were sanded to remove the 
mill scale, polished, and thoroughly cleaned before they were weighed. 

The stressed specimens were cut from the alloy sheets in both the transverse and longi
tudinal directions. Figure 38 shows sketches of the U-Bend stressed specimens that were fab
ricated in accordance with ASTM Specification 630-72 (Anon. 1978). Machined Lucite blocks were 
used to hold the specimens in the stressed position. 

The tensile specimens used in the seawater corrosion tests were 0.113-in.-dia subsize 
specimens similar to those used in the oxidation tests. The specimens were machined from 1/2-
in.-dia solution heat-treated bar stock in accordance with ASTM Specification E8-78 (Anon. 
1978). 

TABLE 10. Schedule for the Seawater Corrosion Tests 

Number of SEecimens Tested (bl TlEe) 
Exposure, Hastellol S Hastellol C-4 

h Corrosion Tensile Prestress Corrosion Tensile Prestress 
250 4 3 
500 4 3 

1,000 4 4 1L + 1T(a) 3 4 lL + IT 

2,500 4 4 1L + IT 3 4 1L + lT 

5,000 4 4 1L + IT 3 4 lL + IT 

7,500 4 4 lL + IT 3 4 lL + IT 
10,000 4 4 lL + IT 3 4 1L + IT 

(a) Specimens cut from the alloy sheet in longitudinal and transverse directions. 
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The corrosion tests were carried out at ambient temperature in a small,covered polyethyl
ene tank located outdoors on a pier overlooking the bay. A sketch of the equipment is shown 
in Figure 39. Unfiltered seawater from the bay was pumped to a large outdoor holding tank. 
From the holding tank the seawater flowed by gravity feed at a controlled rate to the testing 
tank. Overflow from the testing tank discharged into the bay. The flowrate of the seawater 
was approximately 4 L/h, and the capacity of the testing tank was 240 L--givin9 a holdup time 

of about 60 hours. The velocity of the seawater in the testing tank was about 0.03 cm/second. 
A perforated baffle at the inlet of the tank served to distribute the incoming seawater. 

All of the test specimens were completely immersed in the flowing seawater during testing. 
The corrosion coupons were supported on Lucite rods, while the stressed specimens were sus
pended from the Lucite rods using nylon thread fastened to the Lucite blocks holding the speci
mens. The tensile specimens were suspended from the rods using nylon thread and small sections 
of surgical tubing slipped over the ends of the specimens. All specimens to be tested for a 
given time period were supported from a single Lucite rod. Sufficient spacing was maintained 
between specimens to prevent accidental contact. All parts of the system in contact with the 
seawater (including the holding tank) were made of nonmetallic materials--except for the test 
specimens themselves. 

No attempt was made to control the temperature of the seawater in the test tank. Because 
of the large holdup capacity of the holding tank (~10,OOO L) the temperature of the seawater 
in the test tank was approximately the daily mean temperature of the area. At Sequim during 
the period of the tests the daily mean temperature varied from about 100 to 250C. 

The corrosion tests were carried out in the following manner. The corrosion coupons were 
sanded and polished and their physical dimensions obtained. The coupons were cleaned and 
weighed on a semimicrobalance, then immersed in the seawater and tested for the required time. 
After testing, the coupons were first washed with distilled water and then scrubbed with deter
gent solution and a soft bristle brush. After a final wash with distilled water, the coupons 
were dried and weighed. The thickness of the coupons was then determined, after which the cou
pons were sectioned and samples subjected to metallographic examination. Testing of the ten
sile and stressed specimens were carried out in a similar fashion, except that no attempt was 
made to determine weight change of the stressed specimens. After corrosion-testing, the ten
sile specimens were tension-tested at room temperature, while the stressed specimens were sub
jected to Illicroscopic examination (up to 100X) to determine if cracking had occurred. Sections 
of the failed tensile specimens were subjected to metallographic examination, as were sections 
cut from the stressed specimens. 

4.2 RESULTS AND DISCUSSION 

All of the test results show that the corrosion of Hastelloy Sand Hastelloy C-4 in slowly 
moving seawater at ambient temperatures (100 to 250C) for periods of up to 10,000 h is 
extremely low. All of the test coupons exposed to seawater exhibited some surface discolora
tion, which appeared to result from a combination of marine fouling and nonadherent corrosion 
products. The discoloration, which was rust-like in appearance, was easily removed when the 
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coupons were cleaned with the detergent solution and soft bristle brush. Visual examination 
of the coupons after cleaning showed no indication of corrosion, and the coupons looked as 
polished as they had before testing. Metallographic examination of the coupons indicated very 
slight localized attack (isolated pitting) in some specimens tested for 1000 h or longer. 
Thickness measurements before and after testing showed no discernible changes in the thickness 
of the coupons. 

Most of the coupons did exhibit very slight weight losses after exposure to seawater and 
subsequent cleaning. Weight losses for the Hastelloy C-4 coupons were many times greater than 
those for the Hastelloy S coupons, but were still very low. The test results for the two 
alloys, based on the weight-change measurements, are summarized in Table 11 and Figures 40 and 
41. Widely different results were obtained with replicate specilnens (Table 11). In addition, 
substantial fluctuations in results were observed with coupons tested for various times. At 
least two factors contribute to the erratic results obtained: 

1. The corrosion rates themselves are extremely low; very small random weighing errors and/or 
incomplete cleaning of the test coupons would therefore have very pronounced effects on 
the results. For example, each Hastelloy S coupon weighed about 125 g and had a surface 
area of approximately 195 cm2, yet the maximum weight l~ss observed after 10,000 h of 
exposure amounted to only 1.9 mg--corresponding to a weight loss of~0.0016% 

2. Marine fouling, which can have a significant effect upon localized attack of many nickel
base alloys, varied widely between replicate specimens and between specimens tested for 
different times. This could result in substantial variations in localized attack among 
the various coupons. 

Photomicrographs of coupons tested for various times are shown in Figures 42 and 43. None of 
the Hastelloy S coupons tested for 5000 h or less exhibited any evidence of localized attack. 

TABLE 11. Corrosion of H~stelloy Sand Hastelloy C-4 in Seawater at Ambient 
Temperatures(a) 

Exposure, CouEon wei~ht Change z mg/cm2 

h Hastelloy S(b Hastelloy C_4(c) 

250 -0.0038 + 0.0013 -0.070 ~ 0.0097 
500 -0.0066 ~ 0.0016 -0.047 + 0.014 

1,000 +0.0034 + 0.0004 -0.089 + 0.029 
2,500 -0.0021 + 0.0010 -0.125 + 0.008 
5,000 -0.0038 + 0.0010 -0.180 + 0.046 
7,500 -0.0057 ~ 0.0012 -0.156 ~ 0.052 

10,000 -0.0074 ~ 0.0021 -0.174 + 0.026 

(a) 

(b) 
(c) 

Temperature varied from 100 to 250C with 
spheric conditions. 

atmo-

Average value for four test coupons. 
Average value for three test coupons. 
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Some isolated pitting to a depth of 2 ~m (~0.08 mils) was observed with the coupons tested for 
7500 hand 10,000 hours. It is interesting to note that the Hastelloy S coupons tested for 
500 h suffered apparent weight losses almost as great as the coupons tested for 10,000 h, yet 
the photomicrographs of the 500-h coupons showed no indication of localized attack. Some 
localized attack (isolated pitting) occurred with the Hastelloy C-4 coupons tested for 1000 h 
and longer. The maximum depth of the pitting was about 3 ~m (~0.12 mils) for the coupons 

tested for 10,000 hours. 

Microscopic examination (up to 100X) of the stressed specimens showed no evidence of 
cracking with either the Hastelloy S or Hastelloy C-4. Metallographic examination of sections 
from the stressed specimens tested for 10,000 h showed that localized attack (pitting) was very 
similar to that observed with the unstressed specimens. 

Because of the very low corrosion rates and the erratic nature of the results obtained, 
it is difficult to estimate long-term corrosion of the two alloys in seawater with any degree 
of certainty. In addition, marine fouling and erosion, which were not especially significant 
in the tests under discussion, can have a very marked effect upon corrosion rates--especially 
localized attack caused by fouling. It is possible, however, to estimate average corrosion 
rates for the Hastelloy Sand Hastelloy C-4 and to compare these with data reported in the 
literature for other nickel-base alloys. This has been done, and the results are summarized 
in Table 12. The results indicate that the average corrosion rates for the Hastelloy Sand 
Hastelloy C-4 are much lower than the rate for Hastelloy C, which is reported to possess excel
lent resistance to seawater corrosion. Even allowing for the differences in testing proce
dures, and for the pitting and erratic nature of the results obtained with the Hastelloy Sand 
Hastelloy C-4, it appears that the resistance of the two alloys to seawater attack, especially 
the Hastelloy S, should be at least as good as the resistance of Hastelloy C. 

TABLE 12. Corrosion of Nickel-Base Alloys in Seawater 

Average Corrosion Localized 
Exposure, Rate! Attack 

Material h ~ rrnils7.vr} ~m li!illil Reference 
Hastelloy S 10,000 0.008 (0.0003) 2 (0.08) 
Hastelloy C-4 10,000 0.20 (0.008) 3 (0.12) 
Hastelloy C(a) 87,600 2.5 (0.1) (Anon. 
Hastelloy C(b) 87,600 13 (0.5) (Anon. 
Inconel 625(a) 8,760 <2.5 «0.1) nil (Anon. 
I ncone 1 625 (c) 8,760 <2.5 «0.1) nil (Anon. 
Incoloy 825(d) 26,280 2.5 (0.1 ) 25 (1) (Anon. 

(a) Specimens immersed in quiet seawater. 
(b) Specimens exposed to aeration and turbulence from seawater moving at 20 fps. 
(c) Specimens immersed in seawater flowing at 2 fps. 
(d) Specimen immersed in quiet seawater, severe fouling. 
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The Hastelloy Sand Hastelloy C-4 tensile specimens exposed to seawater were tension
tested at room temperature, and the results obtained are presented in Table 13. Evaluation of 
the test data shows that exposure of the two alloys to flowing seawater for periods up to 
7500 h had no effect on the tensile properties of the specimens. This is to be expected, con
sidering the very low corrosion rates observed with the two alloys. Significant changes in 
tensile data were observed, however, with the specimens exposed to seawater for 10,000 hours. 
In the case of the Hastelloy S the specimens exhibited marked increases in ultimate tensile 
strength and elongation, and a decrease in yield strength. The Hastelloy C-4 specimens tested 
for 10,000 h exhibited sharp increases in yield strength and ultimate tensile strength, and 
decreases in elongation. No explanation for the differences have been identified. Metal 10-
graphic examination of the failed tensile specimens provided no indication of microstructural 
changes in the two alloys that could account for the differences in the tensile properties of 
the 10,000-h specimens. 

TABLE 13. Room-Temperature Tensile Data for Hastelloy Sand Hastelloy C-4 ~pecimens 
Exposed to Flowing Seawater at Ambient Temperature (100 to 250C) 

Ultimate Tensile Yield Elongation! % 
Materal Ex~osure! h Strength! MPa Strength II MPa Uniform Tota1 

Hastelloy S (As Rec.)(a) (880 :. 20) (469 :. 31) (51. 5 :. 2.3) (60.8:, 2.9) 
1,000 889 + 18 487 + 33 53.3 + 1.7 61.7 + 2.0 
2,500 872 + 8 479 + 39 53.2 :. 3.5 62.1 + 1.4 
5,000 878 + 22 469 + 19 51.3 + 3.1 61.1 + 3.2 
7,500 870 + 22 470 + 8 51.9 + 4.1 60.8 + 5.3 

10,000 942 + 4 434 + 21 59.3 + 1.4 68.0 + 1.9 

Hastelloy C-4 (As Rec.)(a) (834 :. 10) (379 :. 12) (60.9 :. 3.2) (71.5:, 5.3) 
1,000 852 + 11 390 + 20 59.7 + 3.8 69.7 + 4.4 
2,500 831 + 9 366 + 6 58.9 + 0.9 69.1 + 0.6 
5,000 833 + 8 365 + 8 59.3 + 1.0 69.5 + 1.4 
7,500 840 + 8 376 + 12 57.5 + 1.8 66.8 + 2.1 

10,000 924 + 66 492 + 53 52.5 + 2.3 62.4 + 3.5 

(a) Solution heat-treated alloy as received from the vendor. 

4.3 CONCLUSIONS 

All of the test results show that the corrosion of Hastelloy Sand Hastelloy C-4 in sea
water is very low. Some very slight localized attack (in the form of isolated pitting) was 
observed, but did not present a serious problem. Neither alloy exhibited a susceptibility to 
stress-corrosion cracking. Evaluation of the test data shows that a 9OsrF2 heat source, uti
lizing an outer capsule of Hastelloy S or Hastelloy C-4, could easily withstand an exposure to 
seawater of one year without having the structural strength of its outer capsule significantly 
degraded. Even allowing for the adverse effects of a radiation field and increased marine 
fouling and erosion, the corrosion should not be problem. Therefore, a 9OsrF2 heat source 
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using a Hastelloy S or Hastelloy C-4 outer capsule would be able to meet the seawater corrosion 
requirement defined in Section 1.2. Since the Hastelloy S exhibits a lower corrosion rate in 
seawater than does Hastelloy C-4, it is the preferred material for the outer capsule; neverthe
less, Hastelloy C-4 could be used if other considerations so dictated. 

Because of the erratic nature of the corrosion data, it is difficult to accurately esti
mate the effects of long-term exposure of the two alloys to seawater. However, the data indi
cate that the resistance of Hastelloy Sand Hastelloy C-4 to seawater corrosion approaches that 
of Hastelloy C. Therefore, one would expect an outer capsule of Hastelloy S or Hastelloy C-4 
to be able to withstand many years of exposure without being seriously corroded. 
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FIGURE 18. SEM Micrographs of a Has t elloy C-4 Specimen Oxidized in 
Air at 8000e for 10,000 Hours. (Bars on Micrographs 
Represent 10 )J m. ) 
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FIGURE 20. Elemental Distribution Micrographs of t he Oxi de and Metal Substrate of a 
Hastelloy C-4 Specimen Aged in Ai r at BOOoC f or 10,000 Hours. (Bars on 
Micrographs Represent 10 IJ m. ) 
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FIGURE 21. SEM Mi crographs of HastelloyC-4 Specimens Oxidized in Air for 10,000 Hours. 
(Bars on Micrographs Represent 10 )lm.) 
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FIGURE 22. Elemental Analysis of the Oxide and Underlying Metal 
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FIGURE 23. Elemental Analysis of the Oxide and Underlying 
Metal of a Hastelloy C-4 Specimen Aged in Air at 
7000 C for 10,000 Hours 
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FIGURE 34. Mic rographs of Failed Hastelloy C-4 Tensile Specimens That Had 
Been Heated in Air or Vacuum for 7500 Hours - 40X 
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