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ABSTRACT 

Commercially prepared aluminide coatings on Hastelloy X and ·rnconel 617 

substrates were exposed to controlled-impurity helium at 8500 and 950°C for 

3000 h. Optical and scanning electron (SEM) microscopy. electron microprobe 

profiles, and SEM X-ray mapping were used to evaluate and compare exposed 

and unexposed control samples. Four coatings were evaluated: aluminide. 

aluminide with platinum. aluminide with chromium. and aluminide with rho

dium. With extended time at elevated temperature, nickel diffused into the 

aluminide coatings to form ~~phase (Ni3Al). This diffusion was the primary 

cause of porosity formation at the aluminide/alloy interface. Aluminide 

coatings with chromium (HI-15) showed the lowest coating/substrate interface 

porosity and intermetallic phase growth. The presence of excess chromium in 

the HI-15 aluminide-coated Rastelloy X sample is believed to have partially 

compensated for the nickel loss by its diffusion into the nickel-depleted 

coating substrate transition zone. None of the other coating additions had 

an obvious effect on the overall behavior of aluminide-coated Hastelloy X or 

Inconel 617 in the impure helium environment. The exterior of the aluminide 

coatings was not visually affected by the impure helium. Carbide precipita

tion below the coating/substrate interface. resulting from carbon ingress 

from the helium environment. was observed in uncoated control samples. Car

burization of aluminide-coated substrates was less extensive than that of 

uncoated materials and was related to the degree of porosity at the 

coating/alloy interface. . 
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INTRODUCTION 

A primary coolant·. system which 'will. operate above 8000C is critical for 

the use of gas-cooled high~temperature reactors (HTGRs) in h~gh~temperature 

process heat _applications in the 1990s and beyond~. The development of such 

a system is dependent on materials which are compatible with impure helium 
' . ' . 

at temperatures above 800°c. Helium with trace impurities.of H2• co. CH4. 

and H20 is a strong carburizing medium for austenitic .. alloys above 800°c 

(Refs. 1-4). This medium is both carburizing and oxidizing, and carburiza

tion is the dominant cause of property degradation in the metal alloys used 

for HTGR structures. 

This paper su11D11arizes an examination of COllDllercially applied aluminide 

coatings on Hastelloy X and Inconel 617 exposed to controlled-impurity 

helium at 8500 and 950°c. The alloys selected for examination, Hastelloy X 

and Inconel 617. are two of the most promising co11D11ercially available alloys 
. . ', 

for HTGR component applications because of their excellent high-temperature 

strength and fabricability. However, theyboth suffer carburization in sim

ulate4 HTGR helium at >65ooc, which limits their high-temperature usefulness 

(Ref. 5). Thus, these alloys need improvements in the form of additives, 

coatings, or claddings to survive HTGR target oper·ating temperatures. The 

goal of this study was to determine if the CODD11ercial coatings typically 

used to improve the oxidation resistance of nickel-base alloys could also. 

be effective in improving carburization resistance. 

Two types of corrosion barrier coatings were selected for evaluation: 

(1) aluminide and (2) aluminide plus metal. These coatings have been exten

sively used to improve the oxidation resistance of nickel-base alloys for 

high-temperature turbine engine parts. Pack-cementation aluminide and alu

minide coatings with chromium. platinum. or rhodium additions were investi

gated. Fitzer et al. (Ref. 6). Pichoir (Ref. 7). and Govard et al. (Reh. 

8 1 9) show that the effectiveness of aluminide coatings on nickel-base 
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alloys is dependent on the composition of the substrate and the coatings. 

It is also dependent on the processing temperatures used to apply the 

coatings. 

In general. the details of the process conditions for applying 

commercial coatings are proprietary. Therefore. information about these 

conditions. which determine part of the activity of the elements of the 

coatings. is· not available. However. knowing the chemical composition of 

the as-applied coated samples and monitoring the changes in chemical compo

sition across the coating/substrate interface as a function of time enable 

the stability of the elements in this transition region to be qualitatively 

inferred. 
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EXPERIMENTAL PROCEDURES 

The aluminide-coated Hastelloy X and Inconel 617 test samples were 

supplied by commercial vendors as .follows: 

1. RT-21. aluminide coatings by Chromalloy Research and Technology 

Division. Orangeburg. New York. 

2. RT-22. aluminide coatings with platinum by Chromalloy Research and 

Technology Division, Orangeburg. New York. 

3. BB coatings, aluminide coatings with rhodium by Chromizing 

Company, Gardena, California. 

4. HI-15, aluminide coatings with chromium by Alloy Surfaces Company. 

Wilmington. Delaware. 

Table 1 gives the chemical compositions o( the substrate alloys. Disk 

and rod sample geometries were used: the disks were 2.54 cm in diameter and 

0.3 cm thick; the rod samples were ,0.635 cm in diameter and 2.54 cm long. 

All Hamples were surface finished to 16 rms or better prior to coating 

application. Aluminide coatings approximately 30- to 63-µm thick were 

applied to all surfaces. 

The test samples were mounted in alumina' holders (Fig. 1), and 

the holder was mounted in the alumina furnace retort of a once-through, 

controlled-impurity, helium corrosion test system. This system, shown in 

Fig. 2, includes a dew point hygrometer .. for determining H20 concentration 

and a gas chromatograph for determining H2• CO, CH4, and C02 concentrations. 

In this system, nuclear-grade helium is further purified by passing it 

through a SA molecular sieve and activated charcoal at liquid-nitrogen te~

perature (-1960C). Controlled quantities of research-purity H2• CH4, and 
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TABLE 1 
CHEMICAL COMPOSITION OF SUBSTRATE MATERlALS 

Chemical Composition (wt %) (a) Vendor 
Heat Coating 

Material Number c Fe Ni Cr Co ·Mo Al Mn Si p B w Number . 
Hastelloy X Cl6258 0.061 19.84 46.08 21.26 2.11 9.02 -- 0.73 0.005 0.015 0.0034 0.31 RT-21.RT-22.BB.HI-15 

260074774 0.09 19.69 45.55 21.84 2.43 8.47 -- 0.70 0.59 0.016 0.003 0.64 

Inconel 617 XOOA9US 0.07 0.22 54.90 21.99 12.53 9.06 0.98 0.01 0.15 -- -- -- HI-15.RT-21 

Ca>vendor analysis. 
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Schematic diagram of alumina sample holder 
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CO are added through micrometering valves in a mixing manifold, and the 

mixture is supplied to the aging furnace retort at 1000 cm3/min and a pres

sure of 0.165 MPa. The furnaces for the corrosion tests were of the three

zone, ·resistance-heated, horizontal-tube type with a 70-mm-i.d., 910-mm-long 

alumina retort. The average residence time of a gas molecule 

in the retort was about 3 min. 

Samples were exposed to helium containing 50 Pa H2• <0.05 Pa H20, 5 Pa 

CO, and 5 Pa CH4 at 850° and 950°C; the samples were removed at 1000 and 

3000 h. To normalize the ·comparisons of the aluminide coatings, the 3000-h 

test data are compared with those for the as-received control specimens. 
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RESULTS AND CONCLUSIONS 

Helium-exposed. coated and control (uncoated) samples were sectioned 

for metallurgical evaluation. and metallographic mounts were prepared and 

used for scanning electron microscope (SEM). electron microprobe. and metal-. . . 
lographic examination. Most samples were electroplated with nickel pri9r to 

. . . ,. .~ 

mounting to define the compositional variations in the coating surface more 

clearly. 

POROSITY 

Two distinct features were characteristic of .all the aluminide-coated 

Hastelloy X or Inconel 617 samples tested: the development of (1) discrete 

transition layers between the coating and the substrate and (2) porosity 

in the first transition layer between the coatin~ and the· substrate. The 

thickness .of the transit·ion layer and the rate at which it and tqe porosity 

developed were different for each coating/substrate combination. The thick-. 

ness of the transition layer was also different at the two exposure 

temperatures. 

Figures 3 and 4 are photomicrographs of aluminide HI-15 (chromium 

additio~) on Inconel 611 and aluminide RT-21 (no metal addition) on Hastel

loy X samples. The cross sections of the coated samples were compared with 

unexposed. as-received samples from the commercial coating sources, The 

behavior of these samples_ in the 3000-h. 850° and 950°c tests is considered 

typical of the aluminide coatings tested. The as-received aluminide HI-15 

coating on Inconel 617 exhibits porosity at both the interface between the 

coating and the substrate and in the outer surface of the aluminide coating. 

During exposure. the internal porosity grew. but the exterior surface was 

not significantly changed. 
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AS RECEIVED 

(b) 
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I (C) 

AFTER 3000 HOURS AT 95o0 c 

Fig. 3. Optical photomicrographs showing surface conditions and interna l 
microstructure of HI-15 aluminide-coated Inconel 617: (a) as 
received; (b) and (c) exposed for 3000 h in controlled-impurity 
helium at 850° and 9S0°c 
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(a) 

AS RECEIVED 

(b) 

AFTER 3000 HOURS AT 85o0 c 

(c) 

AFTER 3000 HOURS AT 950°C 

Fig. 4. Optical photomicrographs showing surface condition and internal 
microstructure of RT-21 aluminide-coated Hastelloy X: (a) as
received; (b) and (c) exposed for 3000 h in controlled-impurity 
helium at ssoo and 95ooc 
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The exterior surface of the aluminide RT-22 coating on Hastelloy X also 

showed no visual changes after the 850° and 950°C exposures. The porosity 

in this as-received sample was finely divided and uniformily distributed. 

With time at temperature. this porosity and an intermetallic phase diffusion 

zone between the aluminide and alloy surfaces grew like roots into the sub

strate surface. Once the porosity interconnected and a nearly continuous 

gap developed between the coating and the substrate. finger growth porosity 

into the substrate ceased. 

Figure 5 summarizes the coating/substrate interface porosity observed 

in the samples as a percent of the interface surface area. The figure shows 

that the lowest porosity developed in the HI-15-coated Hastelloy X sample. 

This sample had significantly less porosity than the same coating on Inconel 

617. The added chromium content of the HI-15 coating apparently helped 

reduce the porosity of the sample compared with the RT-21-coated Hastelloy X 

sample which contained less chromium in the coating. The addition of plat

inum to the coating. sample RT-22/Hastelloy x. also produced less porosity 

than the aluminide coatings without additives. but the reduction was not as 

large as that observed for the chromium-doped HI-15 coating. Rhodium had 

no apparent influence on the porosity formed at the coating/substrate 

interface. 

The amount of porosity as well as the total thickness of the 

porosity/intermetallic phase diffusion zone (Fig. 6) increased in the 950°c 

aged samples compared with the ssooc aged samples. This indicates that the 

porosity is the result of a Kirkendall differential diffusion process rather 

than trapped gas bubbles. The lack of generated pores at other than the 

coating/substrate interface indicates that the porosity does not originate 

from decreased solubility of gases in the substrate or coating. The lower 

rate of growth of the transition zone of the HI-15/Hastelloy X combination 

shows that the chemical composition of this system slows the development 

of Kirkendall void formation. 
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CARBURIZATION 

Differential interference contrast (DIC) optical microscopy was 

utilized to detect carburization in the helium-exposed test samples. Fig

ure 7 shows the carburization which developed in uncoated Hastelloy X at 

850° and 950°c. Carbon ingress into the alloy accompanied by thermal 

aging during helium exposure produced a near-surface zone of high-density. 

precipitated carbides. The precipitated carbides appeared to be both 

intragranular and intergranular. 

Carbide precipitation in the aluminide-coated samples was not evident 

except where a continuous gap developed between the coating and the sub

strate during the 950°C exposure. This is reasonable. since breaches in 

such coatings would be expected to allow impure helium to reach uncoated 

alloy surfaces. Nevertheless. the carburization observed for coated spec

imens was generally less than that observed for uncoated material. 

COMPOSITIONAL STABILITY OF THE ALLOYS 

Scanning electron microscope and electron microprobe analyses were 

performed to determine the chemical stability of the nickel alloys in con

tact with the various coatings. Figures 8 and 9 are SEM photomicrographs of 

aluminide HI-15 on Inconel 617 as-received samples and after 3000 h at 95ooc 

in impure helium. The compositions of selected areas across the coating/ 

alloy interface are shown. Figures 10 through 12 are typical microprobe 

traces from these tests. These data show that exposure to impure helium 

caused the following compositional changes in the components of the alloys 

and their coatings: 

1. Aluminum. With time at temperature. the aluminum-rich aluminide 

layer at the coating exterior broadens. Because there is no alu

minum resevoir to maintain the as-deposited concentration of alu

minum. the overall aluminum concentration of this layer decreases. 

Aluminum diffusion into the alloy substrate occurs but is 

apparently sluggish. 
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(a) 

(b) 

' 

Fig. 7. Optical photomicrographs showing surface and internal 
microstructure of uncoated Hastelloy X after 3000-h exposure 
in controlled-impurity helium at (a) ssooc and (b) 950°c; 
microstructures show increased carbide precipitation 
(carburization) near surface; white layer above surfac~ 
scale is electroplated nickel 
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Fig. 8. SEM photomicrograph showing surface microstructure and selected
area elemental analysis (EDX) of as-received HI-15 aluminide-coated 
Inconel 617 

16 



9 

2 3 4 

27.275 %AL 97.040 %AL 26.798 %AL 0.000 %AL 
0.293 %SI 0.074 %SI 0.343 %SI 0.070 %SI 
0.206 %MO 0.127 %MO 0.000 %MO 20.028 %MO 
2.396 %CR 0.076 %CR 2.860 %CR 73.519 %CR 
0.000 %FE 0.099 %FE 0.000 %FE 0.056 %FE 
9.958 %CO 0.490 %CO 9.632 %CO 3.008 %CO 

59.869 %NI 2.089 %NI 60.365 %NI 3.315%NI 
0.000 %W 0.000 %W 0.000 %W 0.000 %W 

5 6 7 8 

0.952 %AL 20.656 %AL 0.049 %AL 0.442 %AL 
0.542 %SI 0.107 %SI 0.000 %SI 0.794 %SI 
6.493 %MO 2.200 %MO 4.744 %MO 28.104 %MO 

43.036 %CR 11.681 %CR 88.097 %Tl 0.241 %Tl 
1.758%FE 0.025 %FE 3.668 %CR 58.979 %CR 
6.976 %CO 7.197%CO 0.000 %FE 0.032 %FE 

40,240 %NI 58.131 %NI 0.611 %CO 3.416 %CO 
0.000 %W 0.000 %W 2.828 %NI 7.988 %NI 

9 

0.897 %AL 
0.1!J3 %SI 
7.040 %MO 
0.257 %Tl 

23.380 %CR 
0.131 %FE 

12.837 %CO 
55.261 %NI 

Fig. 9. SEM photomicrograph showing surface microstructure and selected
area elemental analysis (EDX) of HI-15 aluminide-coated Inconel 617 
after 3000-h exposure in controlled-impurity helium at 9S0°c 
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-. 2. Nickel •. Nickel diffuses from the substrate into the aluminide 

coating. This agrees with the observations of Pichoir (Ref. 7 ) •. 

Hickl (Ref. 10), Goward (Ref. 9), and others, who showed that a 

Y-phase (Ni2Al3) layer initially forms during the aluminizing 

process and is gradually displaced by an .£-phase (Ni3Al). This 

also accounts for the observed broadening of the aluminum-rich 

zone and the apparent uniformity of the lowered aluminum content. 

The observed composition of 65 wt % nickel and 10 wt % aluminum 

corresponds almost exactly to the Ni3Al compo.sition of this layer. 

'Next to this outer layer there is a nickel depletion zone from 

which the nickel forming the Ni3Al layer originates. This 

depleted layer forms the voids in the transition zone between 

the alloy substrate and the aluminide coatiµg. The creation of 

Kirkendall voids in the transition zone which are parallel to the 

direction of nickel diffusion is reasonable if one considers the 

lower activation energy required for surface diffusion rather than 

lattice diffusion. 

3. Chromium. Chromium enriches the interface between the alloy and 

the coatings; it also enriches the coating.surface. The chromium 

content of the Ni3Al phase was almost constant at approximately 

3 wt %. In the chromium-rich HI-15 aluminide coating on Hastelloy 

X, the chromium replaced nickel in the ni'ckel-depleted transition 

zone, which apparently inhibited void formation. This may account 

for the lower porosity and transition zone thickness observed in 

this sample. Less chromi\im was measured in· the as-received, HI-15 

aluminide coating on Inconel 617, which would account for the more 

pronounced porosity growth in this coating/substrate combination. 

4. Iron. Iron shows little apparent diffusion into or away from the 

aluminide coatings. For this reason, iron profiles are only shown 

in a few of the microprobe summaries. There is no indication that 

iron inf l~ences the behavior of these coated alloys in impure 

helium at either ssoo or 95ooc. 

21 



5. Platinum·and rhodium. There are no significant differences in the 

behavior in impure.helium of aiuminide' coatings with.or without 

platinum or rhodium·on-Hastelloy·x and Iricortel 617~ Rhodium from 

the coating does diffuse into Hastelloy:x at ·950°c; but there is 

nothing to suggest that this element is beneficial~ 

:6. Molybdenum. Molybdenum enrichment occurs at the coating/substrate 

interface in the as-received altiminide-coated.alloys. The molyb

denum does not significantly migrate into the coating during the 

impure helium 8500 and·95ooc exposures. Molybdenum becomes prom

inent in Hastelloy X grain boundarie's during these tests but is 

otherwise uniform. Molybdenum was not· prominent' in the grain 

boundaries of exposed Inconel 617. 
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SUMMARY 

Hastelloy X and Inconel 617 substrates were coated with commercially 

prepared aluminide coatings. including aluminide with platinum. chromium. 

or rhodium additions. These samples were examined after 1000 and 3000 h of 

exposure in helium containing· controlled amounts of H2• CRJ.. and CO. The 

results of the 3000-h tests are summarized as follows: 

1. Nickel diffusion from both Hastelloy X and Inconel 617 into the 

aluminide coatings caused the formation of Kirkendall porosity 

between the coatings and the alloy substrates. 

2. Excess chromium in the coating slowed the rate of formation 

of porosity and the growth of an intermetallic. transition layer 

between the coating and the substrate. 

3. All aluminide coatings appeared to suppress the carburization 

of the substrate alloys. The exterior surface of the aluminide 

coatings showed relatively little damage from the carburizing 

environment of the impure helium. 

4. Iron and cobalt play no apparent role in the diffusion behavior 

of these alloy/coating combinations. even though their content in 

both Hastelloy X and Inconel 617 is significant. 
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