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CYCLIC FURNACE OXIDATION OF CLAD WI-52 SYSTEMS AT 10400 AND 10900 C 


by Michael  A. Gedwill 


Lewis Research Center  


SUMMARY 

Cyclic furnace testing was  used primarily to characterize the protective potential of 
three claddings on WI-52 and to compare their oxidation resistance to that of a commer
cial aluminide coating presently used on cobalt materials in gas  turbine engines. The 
claddings were Ni-SOCr, Fe-25Cr-4A1, and Ni-20Cr-4Al. They ranged in thickness 
f rom 0.051 to 0.254 millimeter. WI-52 specimens were clad with these alloys on all 
surfaces by diffusion bonding and were tested a t  1040' and 1090' C for as long a s  
400 hours employing 1- and 20-hour exposure cycles. 

The Ni-30Cr and Fe-25Cr-4Al claddings were equally protective on WI-52 at  
1040' C ,  while the Ni-20Cr-4Al claddings were much l e s s  protective. At 1090' C,  the 
Ni-30Cr claddings appeared to be slightly more protective than the Fe-25Cr-4Al clad-
dings of equivalent thicknesses. A t  both temperatures, however, the protective ability 
of the l a t t e r  two claddings was equal to, or better than, that of a widely used commer
cial pack aluminide coating. 

Depending on temperature and time, the test  results indicated that the oxidation r e 
sistance of all three clad systems was influenced to varying degrees by interdiffusion. 
Cobalt, tungsten, and/or manganese from the WI-52 diffused readily through the clad-
dings and apparently had an  effect on spinel formation, at  least on the Ni-30Cr and 
Fe-25Cr-4Al claddings. 

INTRODUCTION 

Cobalt superalloys such as WI-52 a r e  used as stator vane materials for a i rcraf t  gas 
turbine engines. While they have strength potential for use to approximately 1050' C ,  
oxidation l imits their use in the uncoated condition to about 900' C. To increase allow
able use temperatures,  and thus engine efficiency, and/or to  extend service life, current 
WI-52 vanes a r e  aluminide coated. In this condition, they can be satisfactorily used to 
about 980' C but even then they can experience rapid attack when uneven combustion 



produces hot spots of about 1090' C (ref. 1). For this reason, alternate protection sys
tems with higher -temperature and longer -life potential are being sought. 

In a previous study (ref. 2), the feasibility of protecting WI-52 with diffusion-bonded, 
highly oxidation resistant alloys was explored. These alloys were nickel - 30-weight
percent chromium (Ni-30Cr) , nickel - 20-weight-percent chromium - 4-weight-percent 
aluminum (Ni-2OCr -4A1), and iron - 25-weight-percent chromium - 4-weight-percent 
aluminum (Fe-25Cr-4Al). Claddings (0.127 mm thick) of all three alloys protected 
WI-52 in cyclic furnace tests (20 hr per cycle) for 200 hours in air at 1040' C.  The 
Ni-30Cr and the Fe-25Cr-4Al also were about equally protective for 200 hours a t  
1090' C ,  while the Ni-20Cr-4A17 at the thickness studied, was much less protective. 

The prime purpose of the present study was to  further characterize the protection 
potential of varying thicknesses of the three claddings on WI-52 in extended cyclic fur
nace oxidation and to  compare their oxidation resistance under the same conditions to 
that of a widely used commercial aluminide coating on WI-52 (ref.  1). To accomplish 
this,  several thicknesses of each cladding (0.254, 0.127, or in some cases  0.051 mm) 
were diffusion bonded to  WI-52 and oxidized for  as long as 400 hours at 1040' and 
1090' C. Cycle frequencies of 1- and 20-hour exposures per cycle were employed. The 
l-hour cycles were used to  accentuate the tendency toward protective oxide spalling a s  
has been observed to  occur in aluminide-coated WI-52 (ref.  1) and to more closely ap
proximate the cyclic operation anticipated in engine service.  A second purpose of this 
study was to select the most protective cladding for advanced testing in a simulated gas 
turbine environment. 

Clad system evaluation and comparisons of cladding and aluminide coating oxidation 
behavior were primarily based on gravimetric (weight change) and metallographic 
analyses. Supplemental analyses , including X-ray diffraction, X-ray fluorescence, and 
electron microprobe a s  well a s  limited tensile tes ts ,  were also made on the clad s y s 
tems.  

EXPERIMENTAL PROCEDU RES 

Mater ia ls  and Specimen Preparation 

Table I lists typical chemical analyses of cast  WI-52 and of the cladding materials 
used in this study: Tophet 30(Ni-Cr), GE 2541(Fe-Cr-A1), and DH 245(Ni-Cr-A1). The 
WI-52 was cast  to 50.8-millimeter by 25.4-millimeter by 2.5-millimeter coupons. The 
cladding materials were from a single heat of each alloy and were procured commer
cially in the forms of foils 0.051 (except Fe-Cr-Al), 0.127, and 0.254 millimeter thick 
and 2.5-millimeter plate. Clad thickness variation was in the range of &5percent to  
*20 percent from the nominal thickness. 
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Completely clad WI-52 coupons and similarly shaped clad cladding-alloy (cladding 
foil applied to cladding-alloy plate) specimens were fabricated by gas  pressure bonding 
at 1090' C and a helium pressure of 103 meganewtons per square meter (15 000 psi) for 
2 hours. Clad cladding-alloy specimens, processed under the same conditions, were 
used to provide baseline oxidation data in the evaluations of the claddings on WI-52. A 
more detailed description of test specimen preparation is given in reference 2. A s  
described in reference 1, WI-52 coupons were also coated with a widely used, proprie
tary,  pack aluminide coating. The coating was deposited to a thickness of about 0.056 
millimeter. Figure 1presents the microstructures of the three 0.127-millimeter-thick 
claddings and the aluminide coating on WI-52 in the as-bonded and as-coated conditions. 

Cycl ic Oxidation Testing 

Specimens were cyclic oxidation tested at 1040'and 1090°C for a s  long a s  400 hours 
in furnaces controlled to *5O C. Some specimens were laid across  alumina boats in a 
horizontal alumina multitube, silicon carbide resistance-heated furnace. These were 
manually withdrawn at 20-hour intervals and allowed to cool to room temperature before 
being lightly brushed and weighed. During testing, filtered air was passed (0.05 m3/hr) 
through the alumina tubes. Other specimens, individually suspended from platinum 
wires in a vertical, alumina multitube, wire-wound, resistance- heated furnace were 
automatically withdrawn at l-hour intervals and cooled to about 100' C before being 
automatically reinserted. During this testing natural convection maintained the airflow 
through the alumina tubes. A t  various times these specimens were also cooled to room 
temperature, lightly brushed, and weighed. Generally, a single specimen of each ma
terial combination was tested for each oxidizing condition reported herein. Although not 
determined, it was felt that the oxidizing environments in the horizontal and vertical 
furnaces were similar;  and data from both types of tests a r e  compared in this report. 

Addit ional Evaluations 

1 Cross -sectional metallographic analysis was made on the as-oxidized specimens a t  
magnifications to X750 by using bright field and polarized light illumination. In order to 
better understand the oxidation behavior X-ray diffraction (XRD) and X-ray fluores
sence (XRF) analyses were performed on specimens after oxidation. XRD was per
formed on either in-situ or  as-scraped scales and on naturally spalled scales,  whereas 
XRF was performed only on the in-situ scales.  Summaries of XRD and XRF analyses 
a r e  presented in appendix A .  
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Also, to increase understanding of the degradation process,  electron microprobe 
(EMP) analyses were made on selected 0.127-millimeter-thick-clad WI-52 and cladding-
alloy specimens before and/or after oxidation. Three EMP techniques were used. The 
most widely used technique consisted of taking X-ray r a s t e r  scan micrographs (at X500) 
for selected elements on the cladding-substrate c ros s  sections. The second technique 
consisted of taking uncorrected concentration line scans ac ross  the specimens, generally 
for the major elements only. The third technique, employed on only one specimen, in
volved a partial spectral scan and a point analysis within an a rea  of interest. Sum
maries  of the EMP ras te r  And concentration line scans are given in appendix B. 

Some tensile tests were made on the most oxidation resistant systems (Ni-Cr and 
Fe-Cr-A1 clad WI-52). A completely clad WI-52 specimen of each system was cyclic 
oxidation tested for 400 hours a t  1090' C before being machined into two tensile speci
mens of the design shown in figure 2 .  The tensile specimens were tested a t  a crosshead 
speed of 1.27 millimeters per minute at 1090' C in argon. 

RESULTS AND DISCUSSION 

The Ni-Cr and the Fe-Cr-A1 claddings on WI-52 were found to be very protective i n  
cyclic furnace oxidation for as long a s  400 hours at 1090' C when applied in thicknesses 
of 0.127 millimeter or more.  Only the thickest (0,254 mm) Ni-Cr-A1 cladding, how
ever ,  offered 200-hour protection at  1090' C in this study. The details of the test  r e 
sults and their implications a r e  presented in the following sections for the systems in 
the order of their decreasing oxidation resistance. 

Ni-Cr Clad WI-52 

Figure 3 shows the effects of cladding thickness and cycle frequency on the oxida
tion weight change behavior of WI-52 clad with Ni-Cr . A t  1040' C ,  even the thinnest 
cladding offered greatly improved oxidation resistance when compared to unprotected 
WI-52. A t  this temperature, cycle frequency and cladding thickness differences ap
peared to  exert  only a minor influence on weight change. After about 300 hours of 
l-hour cyclic testing, the 0.051-millimeter-thick cladding began to slowly lose weight 
a s  a consequence of some spalling of the surface oxides - Cr203,  NiCr20q, NiO, and 
Si02 (appendix A ) .  

A t  1090' C, the oxidation resistance was directly related to cladding thickness and 
cycle frequency. Here, the 0.051-millimeter-thick clad was not very protective; and, 
in the more severe l-hour cyclic tes ts ,  the 0.127-millimeter-thick cladding began to 
spa11 after 280 hours. Even a t  400 hours, the latter did not, however, show a net weight 
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loss. The 0.2 54-millimeter -thick cladding showed only gradual weight gains, reflecting 
continued good protection. The Ni-Cr clad Ni-Cr (not shown in fig. 3) performed very 
nearly the same as WI-52 clad with 0.254-millimeter-thick Ni-Cr. 

Representative photomicrographs of c l a d d i n g m  -52 cross  sections show the influ
ence of exposure conditions and a r e  presented in figure 4 (1040' C) and figure 5 
(1090' C). In each figure, the photomicrographs are arranged in order of increasing 
Ni-Cr cladding thickness from left to right and in order of increasing exposure time 
from top to bottom. Several of these photomicrographs show evidence of pullout and 
slight differences in etching attack. However, they generally show that, in the 1040' to 
1090' C temperature range, temperature has a strong influence on cladding degradation 
(compare fig. 4(a) with 5(a) or fig. 4(b) with 5(b)). Increasing cladding thickness ap
pears  beneficial at both temperatures (compare fig. 4(a) with 4(b) or fig. 5(a) with 5(b) 
and 5(c)). Cycle frequency effects in these furnace tests appear negligible even at  
1090' C (compare fig. 5(e) with 5(f)). This is somewhat in contrast to the spalling ob
served between 300 and 400 hours on the l-hour-cycled specimen, as shown in figure 
3(b). Except for the thinnest cladding, exposure time between 200 and 400 hours a t  
1090' C also exerts only a minor influence on the cross-sectional microstructures 
shown in figure 5. 

X-ray fluorescence and electron microprobe data (appendixes A and B) suggest that 
within 200 hours at both temperatures generally cobalt, tungsten, columbium, and per
haps manganese rapidly diffused from the WI-52 into the Ni-Cr cladding. Nickel also 
appears to diffuse inward from the cladding. These changes in the cladding composition 
apparently affected the composition of the oxide scale and, thus the oxidation behavior, 
to some degree. Primary oxides formed were, as noted, Cr203,  NiCr204, and prob
ably Si02 (appendix A ) .  However , once NiO was observed in the scale or in the spalled 
oxide, failure (i.e . ,  rapid weight loss) was  imminent. 

In summary, the weight change data combined with metallographic data indicate that, 
as might be expected, temperature (within the range studied) is the overriding factor in 
determining the oxidation behavior of Ni-Cr clad WI-52. Electron microprobe analyses 
(appendix B) confirm that temperature exerted a very large influence on the interdiffu
sion of substrate and cladding elements. Such interdiffusion is believed to be the major 
reason why only the thicker claddings (0.127 and 0.254 mm) offer over 400 hours of pro
tection a t  1090' C. This is because the thicker claddings suffer less dilution due to sub
strate element interdiffusion near the oxide -cladding surface than do thinner claddings . 
Thus, the thicker claddings perform similarly to Ni-Cr clad Ni-Cr (ref. 2). 
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Fe-Cr-AI Clad WI-52 

In  comparison to  Ni-Cr clads, the Fe-Cr-A1 clads on WI-52 were equally protective 
at 1040' C and only slightly less protective at 1090' C. 

The effects of temperature, cycle frequency, and cladding thickness (here, only 
0.127- and 0.254-mm claddings were tested) on the weight change of Fe-Cr-A1 clad 
WI-52, Fe-Cr-A1 clad Fe-Cr-Al, and bare WI-52 a r e  depicted in figure 6 for as much 
as 400 hours of oxidation. The data presented are for tests a t  1040' C (fig. 6(a)) and at 
1090' C (fig. 6(b)). For  the clad thicknesses examined at 1040' C,  cladding thickness 
and even the more severe 1-hour cycling had little effect on the good oxidation protec
tion afforded WI-52. Both thickness claddings showed light spalling of the oxide scales 
which contained alpha alumina (aA1203), (Cr ,  Fe)203, and a spinel (appendix A). A t  
1090' C, cycle frequency had a definite effect on the weight change behavior of the 
0.127-millimeter-thick cladding after about 340 hours of testing. The weight losses ob
served were due to moderate spalling of the same oxides observed a t  1040' C. The 
1-hour cycles did not markedly affect the 0.254-millimeter-thick cladding even after 
400 hours although some light spalling did occur. The 20-hour-cycled 0.127- and 0.254
millimeter -clad WI-52 performed similarly to  Fe-Cr -A1 clad Fe-Cr-A1 tested in 
20-hour exposures, but the la t ter  showed no visual evidence of spalling. 

Figure 7 contains c ross  -sectional photomicrographs of 0.127-millimeter -clad 
WI-52 specimens after testing to show the effects of temperature,  t ime, and cycle f r e 
quency. The 1090' C oxidation resulted in more oxide penetration and internal oxidation 
(compare fig. 7(a) with 7(c)), while increased exposure time (compare fig. 7(c) with 
7(d)) and cycle frequency (compare fig. 7(d) with 7(e)) had only moderate degrading ef
fects,  a s  anticipated from the weight change data in figure 6. The thicker claddings 
(not shown) showed even l e s s  attack. However, for claddings of both thicknesses tested 
a t  1090' C using 1-hour cycles, large local multioxide penetrations were observed (see 
the left side of fig. 7(e)). These penetrations, as shown in figure 8, almost extended to  
the WI-52 substrate in the 0.127-millimeter-clad specimens. Under polarized light 
illumination, the penetrations a r e  a mixture of charcoal grey and brown oxides (prob
able spinels), while the protective scale consists mainly of white (alpha alumina) and 
red-green oxides ((Cr, Fe)203). Based on XRD lattice parameter measurements 
(table 11), these spinels a r e  probably chromites. 

X-ray fluorescence and electron microprobe data (appendixes A and B) suggest that 
within 200 hours a t  both temperatures generally cobalt diffused rapidly, and perhaps 
tungsten and manganese also diffused, from the WI-52 into the Fe-Cr-A1 claddings. Iron 
appeared to diffuse into the WI-52 from the cladding. The scales on the Fe-Cr-A1 clad-
dings were primarily alpha alumina and (Cr,Fe)203 with considerable spinel, probably 
CoCr204, developing within 200 hours or l e s s  at both temperatures. Spalling of the pro
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tective alumina film and a significant increase in spinel formation is believed to be re
lated to extensive interdiffusion and to correspond with the losses  in oxidation resistance 
described above. 

The evidence presented here indicates that in the 1040' to  1090' C range, the life
time of Fe-Cr -A1 claddings on WI-52 is also greatly influenced by exposure temperature 
and moderately influenced by cladding thickness and cycle frequency. A t  1040' C y  both 
the 0.127- and 0.254-millimeter-thick claddings offered more than 400 hours of protec
tion; at 1090' C, claddings at least 0.254 millimeter thick are probably required for the 
same degree of protection. 

Ni-Cr-AI Clad WI-52 

Of the three systems studied, the Ni-Cr-A1 clad WI-52 system showed the least oxi
dation resistance a t  the two test  temperatures. The furnace oxidation weight change 
data, for 20-hour exposure cycles only, a r e  presented in figure 9 for the 1040' C (fig. 
9(a)) and the 1090' C (fig. 9(b)) tes ts .  The post-test photomicrographs a r e  presented in 
figure 10. 

Taken together , the weight change and metallographic data show that at 1040' C ,  
Ni-Cr-A1 claddings must be 0.127 millimeter thick or thicker to  protect WI-52 since the 
0.051-millimeter -thick cladding w a s  almost completely oxidized within 200 hours. The 
weight gain behavior for the latter cladding thickness reflects merely an almost complete 
retention of the heavy oxide scale, and not good oxidation resistance.  A t  1090' C ,  the 
0.127-millimeter -thick cladding showed surface and internal oxidation and was rapidly 
attacked; the 0.2 54-millimeter -thick cladding showed a weight change turnaround after 
100 hours, reflecting spalling of the heavy oxide scale. Due to  its poor performance, 
no l-hour cyclic tes t s  were conducted on this system. 

The weight change and metallographic resul ts  combined with the electron micro-
probe analyses (appendix B) suggest that rapid interdiffusion occurs between Ni-Cr -A1 
and WI-52. This interdiffusion results primarily in a decrease in aluminum concentra
tion in the cladding, which is probably the reason for its poor oxidation resistance. 
Without a suitable diffusion bar r ie r  to  prevent aluminum loss  and substrate element dilu
tion, cladding thicknesses in excess of 0.254 millimeter appear necessary for more than 
200 hours of protection, at least  at 1090' C .  

Tens ile Test Results 

Tensile data were obtained on the two most oxidation resistant clad WI-52 systems 
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(Ni-Cr clad WI-52 and Fe-Cr-A1 clad WI-52) t o  determine the effects of oxidation and 
interdiffusion on mechanical properties. Duplicate tensile specimens of each system, 
both as clad and as oxidized for  400 l-hour cycles at 1090' C, were machined as  shown 
in figure 2.  For  purposes of comparison, two unprotected (bare) WI-52 specimens were 
given a duplex thermal treatment in argon to  simulate the bonding and oxidation exposure 
cycle temperatures and t imes.  These were then also machined into four tensile speci
mens. The average tensile data for  these specimens tested at 1090' C are given in fig
ure  11. The strengths given in this figure for the clad specimens are based on the ap
proximate cross-sectional areas of the WI-52 substrates before bonding, and thus they 
include the interdiffusion zones. In either the as-clad or  the as-oxidized condition, the 
tensile strengths of the Fe-Cr-A1 clad WI-52 were 8 to 27 percent higher than those of 
Ni-Cr clad WI-52. Also, the strengths of Fe-Cr-A1 clad WI-52 decreased about 6 per
cent during 400 hours of oxidation, as compared to  about 18 percent for Ni-Cr clad 
WI-52. 

Some of the losses  in strength, as well as in elongation, during oxidation could be 
attributed to interdiffusion. The tensile properties to  both oxidized systems were lower 
than those of thermally treated, bare WI-52; however, the 1090' C tensile strengths of 
WI-52 were retained to a greater extent with the Fe-Cr-A1 cladding. Therefore, these 
comparisons suggest that, based on high-temperature-strength considerations, the 
Fe-Cr-A1 claddings a r e  a better choice than the Ni-Cr claddings. 

Comparison of Ni -Cr  and Fe-Cr-AI Clad Systems w i th  

AI um inide-Coated W 1-52 

The 1090' C weight change data obtained from reference 1 fo r  a widely used, pro
prietary, pack-cementation, aluminide coating (about 0.056 mm thick) on WI-52 a r e  
compared in figure 12  with those obtained in this study for WI-52 clad with 0.051- and 
0.127-millimeter -thick Ni-Cr and 0.127-millimeter-thick Fe-Cr-Al. Data for consid
erably thicker aluminide coatings a r e  not available because such coatings a r e  not pro
duced commercially since they do not have optimum properties; that is, resistance to 
impact and to thermal-stress-induced spalling. 

Figure 12  shows that for the same thickness and cycle frequency, the Ni-Cr cladding 
performs the same a s ,  or slightly better than, the aluminide coating. While a direct com
parison is not possible, since thicker aluminide coatings a r e  not available and the 0.051
millimeter-thick Ni-Cr was not tested a t  1090' C using l-hour cycles, the figure shows 
that the sensitivity of the coating to  more rapid cycling is greater  than that of the thicker 
claddings. Also, while the 0.127-millimeter-thick claddings a r e  only twice a s  thick as 
the aluminide coating, in l-hour cyclic tes ts  they perform a t  least eight t imes better. 
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Figure 13 shows that, after ten 20-hour cycles a t  1090' C,  the aluminide coating is 
completely consumed while the Ni-Cr cladding still has some useful remaining life. The 
l-hour-cycled coating (ref. 1)was similarly consumed after only 50 hours or  less of 
testing. Figures 5(f) and 7(e), however, show that the 0.127-millimeter -thick claddings 
of both Ni-Cr and Fe-Cr-A1 are still intact after 400 l-hour cycles at 1090' C. 

Thus, the results of furnace oxidation tes t s  on Ni-Cr and Fe-Cr-A1 claddings on 
WI-52 indicate that they a re  more protective than a widely used, commercial, pack 
aluminide coating. Advanced evaluation of both these systems in more realistic simu
lated engine environments therefore appears warranted. 

SUMMARY OF RESULTS 

A study was conducted to characterize the cyclic furnace oxidation resistance of 
Ni-30Cr, Fe-25Cr-4A1, and Ni-20Cr-4Al claddings (0.051 to  0.254 mm thick) on WI-52 
for times to 400 hours using 1- and 20-hour exposure cycles at both 1040' and 1090' C 
as well as to compare the better systems to a commercial aluminide coating. A second 
purpose of the study was to select the most promising cladding for advanced evaluation 
in simulated turbine engine environments. The results of this study are summarized a s  
follows : 

1. The Ni-Cr and Fe-Cr-A1 claddings of 0.127 millimeter and thicker offer more 
than 400 hours of furnace oxidation protection for WI-52 at 1040' C .  For 400-hour pro
tection at 1090' C, Ni-Cr claddings of the same thickness a r e  satisfactory, while 0.254
millimeter -thick or thicker Fe-Cr -A1 claddings a re  required. Ni-Cr -A1 claddings must 
be thicker than those studied to provide similar protection. 

2 .  When compared to the furnace oxidation resistance of a commercial aluminide 
coating on WI-52, Ni-Cr and Fe-Cr-A1 claddings were sufficiently better as to warrant 
advanced testing in a simulated turbine environment. Some of the apparent superiority 
of the clads is probably attributable to their greater thickness. 

3 .  Within 200 hours a t  both temperatures, cobalt diffused rapidly from the WI-52 
through the three claddings; tungsten and manganese also diffused through the Ni-Cr and 
Fe-Cr-A1 claddings. Interdiffusion of these and other cladding and substrate elements 
appeared to affect the oxide scale composition and apparently had at least an indirect ef
fect on spinel formation. Thus interdiffusion influenced oxidation resistance. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, January 3, 1972, 
134-03. 
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APPENDIX A 

X-RAY DIFFRACTION (XRD) AND FLUORESCENCE (XRF) ANALYSES 

Table I1 summarizes the XRD and XRF analyses on retained oxide scales  and spalls 
for Ni-Cr, Fe-Cr-Al, and Ni-Cr-A1 clad WI-52. 

In the Ni-Cr clad WI-52 system, Cr203 was the major oxide in the scale.  The 
NiCr204 spinel was also present in considerable quantities after 1040' C exposure and 
t o  a lesser  extent after 1090' C exposure. (Spinels on the oxidized Ni-Cr clad Ni-Cr 
specimens were observed only by metallographic examination under polarized light. ) No 
crystalline Si02 was detected by XRD, but XRF indicated the presence of silicon in large 
quantities so  that amorphous silica is probably present. NiO was detected in the spa11 
and/or on the scales of specimens immediately prior to rapid weight loss  and provided 
an indication of cladding degradation. In addition to silicon, XRF data showed that in
creased amounts of tungsten, cobalt, manganese, and columbium were detected at the 
surfaces of the oxidized Ni-Cr clad WI-52. Since these four elements a r e  primarily sub
strate  elements, this indicates that they must have diffused through the cladding from 
WI-52. This is in agreement with the electron microprobe data (appendix B). 

XRD and XRF data on Fe-Cr-A1 clad WI-52 in table I1 generally showed the surface 
oxides to be cllA120Qand (Cr,  Fe)203,  similar to  the scales formed on Fe-Cr-A1 clad 
Fe-Cr-Al. Spinels, probably CoCr20q, were also detected by XRD on or  in the spalls 
from the 400-hour-tested clad WI-52 specimens. The increase in these spinels was ac
companied by a decrease in alumina and was observed with both increasing exposure 
time and cycle frequency. (Spinels were neither detected by XRD nor observed metallo
graphically under polarized illumination on any of the oxidized Fe-Cr -A1 clad Fe-Cr -A1 
specimens.) XRF data indicated that cobalt and tungsten diffused into the claddings a t  
both temperatures; a t  1090°C, manganese also was  observed to be concentrated near the 
cladding surface. A s  in the case of the Ni-Cr clad WI-52, interdiffusion may have in
fluenced the oxides formed in the scale and thus indirectly affected cladding oxidation r e 
sistance. 

In the Ni-Cr-A1 clad WI-52 system, spinels and NiO were the major scale consti
tuents, which is consistent with those detected on the oxidized Ni-Cr -A1 clad Ni-Cr-A1 
specimens. Initially, the major spinel was probably NiA1204; but after longer exposure 
t imes at both temperatures, NiCr204 was more dominant. Minor amounts of Cr203 
were detected only on the clad WI-52 specimens. XRF detected silicon, aluminum, co
balt, and columbium in significant amounts. Compared to the Ni-Cr-A1 clad Ni-Cr-Al, 
cobalt and columbium a r e  elements which must have diffused from the WI-52 to dilute the 
Ni-Cr-A1 cladding. The XRF data and the electron microprobe results (appendix B) indi
cated that amorphous Si02 was also present on all the oxidized Ni-Cr-A1 clad specimens. 
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APPENDIX B 

ELECTRON MICROPROBE ANALYSES (EM P) 

EMP analyses of raster micrographs and line concentration scans for selected clad 
cladding-alloy specimens and for 0.127-millimeter-thick claddings on WI-52 a r e  sum
marized in table III. Pertinent data are presented in figures 14 to 16. 

A t  both exposure temperatures,  the scales on Ni-Cr clad WI-52 were observed to  be 
r ich in chromium, silicon, manganese, and aluminum and also contained some nickel, 
as shown in figure 14(a). (The scales on the oxidized Ni-Cr clad Ni-Cr were r ich only 
in Cr  and Si.)  The small  amount of aluminum in the cladding ( 0 . 3  percent, table I) ap
pears  both in the scale and in the internal oxidation products of the Ni-Cr clad WI-52. 
The manganese in the scale was primarily a result  of diffusion from the WI-52. After  
400 hours a t  1090' C ,  the presence of cobalt and tungsten was also detected near the 
cladding-oxide interface in the ras te r  and/or line scans.  Within the cladding, a 
chromium-rich, nickel-deficient phase exists which outlines the grain boundaries and 
also is concentrated a t  the cladding-substrate interface. This appears to be a chromium 
carbide. 

In figure 14(b), two sets of line scan data a r e  presented for nickel, cobalt, and 
chromium. One (fig. 14(b-1)) shows the effect of exposure time on the as-bonded ma
terial  and after 200 and 400 hours of testing a t  1090' C using 20-hour cycles. The sec
ond (fig. 14(b-2)) shows the effect of exposure temperature after ten 20-hour cycles. 
For the major elements analyzed, this figure i l lustrates,  by thelengths of the bars ,  the 
depths of regions whose concentrations a r e  different from that of the cladding o r  the 
WI-52. The numbers at the left  of each bar represent first approximations of weight 
percentages for these elements. Since these data a r e  in the form of relative X-ray in
tensity measurements, they a r e  semiquantitative. The data in this figure indicate that, 
while the cladding was not completely penetrated by cobalt from the WI-52 after 
200 hours a t  1040' C,  it was completely penetrated in the 1090' C tests. In the latter 
test an additional 200 hours of oxidation resulted in only a minor increase in thickness 
of the diffusion-affected part within the WI-52. 

In the case of Fe-Cr-A1 clad WI-52, as shown in table 111 and figures 15(a) and (b), 
it a lso appears that cobalt rapidly diffused through the 0.127-millimeter-thick cladding 
within 200 hours at both temperatures.  Interdiffusion in this system, however, was very 
extensive after bonding. From the ras te r  scans,  tungsten and manganese also diffused 
through the Fe-Cr-A1 cladding within 400 hours at 1090° C. The oxide scales were r ich 
primarily in chromium and aluminum. The scales formed a t  1090' C were also r ich in 
manganese. (The scales on the Fe-Cr-A1 clad Fe-Cr-A1 specimens were rich in iron, 
chromium, and aluminum after 1040' C oxidation, and r ich only in aluminum after 
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1090' C oxidation.) In the cladding itself, the light-colored grains observed in figure 7 
were determined by point scans to be chromium carbides containing small amounts of 
iron, tungsten, and cobalt. These carbides formed during bondingalong the bond inter
face, and this interface remained nearly continuous during oxidation. The internal 
oxides in the cladding were determined to be rich in aluminum (probably aluminum 
oxide). 

The Ni-Cr-A1 clad WI-52 and Ni-Cr-A1 clad Ni-Cr-A1 specimens exhibited scales 
rich in nickel, chromium, aluminum, silicon, and manganese after oxidation at both 
temperatures. The 0.127-millimeter -thick cladding, too, was readily penetrated by 
cobalt even at 1040' C, as  shown in figure 16. The oxide particles within the claddings 
and those along the bond interfaces (see fig. 10) were very rich in aluminum, and thus 
were probably oA1203. 
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TABLE I. 

Element WI-52 Ni-Cr (Tophet 30) 1 Fe-Cr-A1 (GE 2541) Ni-Cr-A1 (DH 245) 

c o  61.24 
Ni .55 
Fe 2.24 
C r  21.42 
A1 a<.001 
Si .95 
T i  
Mo 
W 11.09 
Cb I .  a7 
Mn .40 
Y 
C .45 

aNot detected; l e s s  than the l imi t s  of detection. 
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System Nomlwl  Oxidation X - r a y  f luorescence  ana lys i s  - X-ray  diiir:iction analb'sis of rel:iinrd scales :ind spnl l s  Probable spinel 

cladding e lements  shuwing a s 1 g n i I ~ - compositionb 

thick- Length c:lnt change Ln Intensitv :lt Per- Major rrmstiluents M~norrwstituents Trace rnnsti tucnts 

n e s s ,  	 n u n - of each timr. tl,p ,,,, surfaces f l ~ m r d  
b e r u i  cycle.  hr on 

111111 
cycles h r  I n r r c a s e  DCCI.P:IW 

- r ~ 

10 "2'3 

400 
C r 2 0 3  *Spinel(ao -8 .3%0.02A)  

Spall C r 2 0 3  ~ S l i i n e l ( n o  8.32*0 .02A)  

10 20 I 200 ICb In  Slt" C r 2 0 3  +Spinel(ao 8.35r0.02 A )  

1 
-

'e-Cr-AI 0.127 10 20 
:lad WI-52 

.127 400 1 

.254 10 20 

254 400 

Vi-Cr-A1 0 , 0 5 1  10 20 
clad WI-52 , 1 2 1  10 20 

254 10 20 

Ni-Cr clal 0 .051  5 20 
WI-52 ,051  10 I

127 3 

1 5 
10 
20 b. 

,127 400 1 

,254 10 20 

.254 400 1 

Ni-Cr-AI 0.127 2 20 
clad WI-52 ,127 6 20 

,254  IO 20 

200 	IW.CO - --..... Ill s i t u  
I I n  s i t u  

400 W , C o , M n  ........[ 
Spall 

200 c o  --.... In s, tu 

Spmel(ao 8.30+0.02A) ( C r .  FeI2O3 c o c r 2 0 4  

200 Al ,S i ,Co,Ch,W C r , F e , M n  Scraping Spinel(:lu :8.32t0 .02A)  + N i O + C r 2 0 3  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  (Ni, Co)Cr204 
200 A ~ . S I . C ~ I , C ~  I n  situ Spin? l (an  8 . 4 0 + 0  0 2 A ) + N t O d  C r 2 0 3  _____......._.____________NiCr204 
200 F e  A I . S i  In s i t u  Spin?l(:iO 8 .35tO.O2AI+NiO ______...___........________C r 2 0 3  NiCr204 

-
1090" c I~xld; l l l lm 

100 W.Cn.  Mn.Cb 
200 W , C o .  Mn. Cb 
60 Ni ,Cb 

100 Ni ,Co.Cb 
200 C0.Cb 
400 W.Co, Mn,Cb 

400 W.C<>.Cb 

200 ______-____..-

400 Ch,Ma 

40 A l , S i , C o , C b  S c r a p t i i ~Spinel (e, 8.15+0.02A)+NiO C r 2 0 3  nAl2O3 NiA1204 
120 AI .S i .Cb Srr:ipins Spinr l  (:I,, 8 .35*0 02A)  i N i O  c r 2 0 3  __........______..._______(Ni. Co)Cr204 
200 A l , S i , F e  --.--... In  s i t u  Spincl(ao 8 . 3 5 t 0 . 0 2 A ) r N t O  _._______._...._..__________'=Z03 NiCr204 

'Based on intensity change coniparcd l o  data obtained on clad rladdung-alloy sIir?LnIrns oxidizrd a t  same 1emper:tlure for lrn 20-hr cycles (data in ref. 2 ) .  F o r  verv low sensit ive e lements  (W, AI. and Si), an in-
ofc r e a s e  of -50 percent and a d e c r e a s e  of '33 percent.  For  :illo t h r r  rlements, ,111 ~ n c r c : ~ s c  -200 prrcrnt  :ind :I tlecrr.isc ni ~ 66 percent.  

bBased on X-ray fluorescence ana lys i s  and'or lattice par:inicters. 

'a denotes latt ice parameter. 

dNOot repor ted  i n  r e i .  2 .  Fur ther  ana lys i s  indicated that tlic N i 0  linrs 'wpre sugrriinposecl or  in  juxtaposition wit t i  ttwse ai ttie spinel.  


VI-52 
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TABLE 111. - SUMMARY OF ELECTRON MICROPROBE ANALYSES ON CLAD CLADDING-ALLOY 

AND WI-52 SPECIMENS AFTER CYCLIC OXIDATION 

[Original cladding thickness, 0.127 mm. ] 

System Oxidation X-ray r a s t e r  micrographs 

cycles 

Ni-Cr clad Ni-Cr 
Ni -Cr clad WI -52 

Fe-Cr-AI clad Fe-Cr-A1 
Fe-Cr-A1 clad WI-52 

Ni -Cr -A1 clad Ni -Cr -A1 10 
Ni-Cr-A1 clad WI-52 10 

Ni-Cr clad Ni-Cr 10 
Ni -Cr clad WI -52 3 
Ni-Cr clad WI-52 10 
Ni-Cr clad WI-52 20 

Fe-Cr-AI clad Fe-Cr-A1 10 
Fe-Cr-A1 clad WI-52 10 
Fe-Cr-AI clad WI-52 20 

Ni -Cr -A1 clad Ni -Cr -A1 10 
Ni-Cr -A1 clad WI-'52 2 
Ni-Cr-A1 clad WI-52 6 

Total Elements analyzed 
t ime, 

hr 

200 Ni,Cr,Si,Mn 

200 Ni, Cr ,Si, Mn, Co, W, Cb, C ,  Fe ,A1 


Fe ,  Cr  , A I ,  Co, Cb, W,  C 

20 200 Ni ,Cr ,Al ,S i ,Mn,Fe  
20 200 Ni, Cr  , A l ,  Si,Mn, F e ,  Co, W, Cb 

20 200 Ni ,Cr ,S i ,Mn ,Fe  
20 60 Ni, C r ,  Si, Mn, Co, W, Cb, C 
20 200 N i ,  Cr ,Si, Mn, Co, W, Cb, C,A1 
20 400 Ni ,Cr ,  Si, Mn, Co, W ,  Cb, C,A1 

20 200 Fe ,Cr ,Al ,Ni ,Co  
20 200 Fe ,  Cr , A l ,  Co, Cb, W, C ,  Mn 
20 400 Fe ,  Cr ,Al ,  Co, Cb, W, C, Mn 

20 200 Ni, Cr ,Al, Si, Mn, Fe  

Elements definitely 
present in oxide 

scales 

Cr ,Si 

Ni, C r ,  Si, Mn,A1 


Fe ,  Cr,A1 

C r  ,AI 


Ni, C r  ,A l ,  Si, Mn, F e  

N i ,  Cr  ,A l ,  Si, Mn 


Cr  ,Si 

Cr  ,Si,Mn 

N i  ,C r  ,Si, Mn, A1 

N i ,  Cr  ,Si, Mn, A1 


A1 

Fe ,  Cr  , A l ,  Mn 

Cr  ,Al ,  Co, Mn 


Ni, Cr  ,A l ,  Si, Mn 

Line (concentration) 
scans  - elements in 

oxide scale 

Ni, C r
(b) I dB' 

Fe ,C r  

(b) (b) 
Ni, Cr  c o  

(b) (b) 
(b) (b) 

Ni, Cr  c o *  
Ni ,Mn co* 

(b) (b) 
F e , C r , C o  
F e , C r , C o  

(b) (b) 
(b) (b) 

Ni,Cr ,Al ,Mn Co* 
20 40 Ni, Cr ,Al ,S i ,  Mn, Fe ,  Co, W, Cb, Mo Ni, Cr ,  A l ,  Si, Mn 
20 120 Ni, Cr  , A l ,  Si, Mn, F e ,  Co N i ,  C r  ,A l ,  Si, Mn 



-. .._ . . -

(a) Ni -Cr  clad WI-52. (b) Fe-Cr-AI clad WI-52. 

I , 

(c) Ni-Cr-AI clad WI-52. (d) Aluminide-coated WI-52 ( f rom ref. 1). 

F igure 1. - Microst ructures of as-clad and as-coated WI-52. Nominal  cladding and coating thicknesses, 0.127 and 0.056 mil l imeters, respectively. 
Etched. 
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E 

ic -50.8 mm -1 -2.8mm 

127-mm-th ick c lad (on l y  
// on  ma jo r  sur faces)  

'L2. 5-mm-th ick subst rate 

F igu re  2. - T e n s i l e  specimen design. Scale, 211. 

--4--	 Bare WI -52  
0,051-mm-clad WI-52 -0. 127-mm-clad WI -52  

-0.254-mm-clad WI-52 

Open symbols denote 20-hr  exposure cyc les 
Sol id symbols denote 1-hr exposure cycles

+2r 

(a) Test temperature,  1MP C. 

5 +2 
._" 
a 
v, 

+ l  

0 

-1 


- 2 1  'p I I I I I I IIII 

0 40 80 120 160 2M) 240 280 320 360 400 

Exposure t ime, hr 

(b) Test temperature,  1 0 9 8  C. 

F igu re  3. - Effect of cladding th ickness,  cyc le  f requency,  and  tempera tu re  o n  ox idat ion 
of  N i -Cr  c lad WI-52. 
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(a) After ten 20-hour  exposures: or ig ina l  cladding thickness, 0.051 (bl After ten 20-hour  exposures; or ig ina l  cladding thickness, 0.127 
mil l imeter. mi  Ilimeter. 

(GIAfter  400 1 -hour  exposures; or ig ina l  cladding thickness, 0.051 
mi  Ilimeter. 

F igure 4. - Effect of 1040" C cycl ic furnace oxidation on Ni -Cr  clad WI-52. Etched. 
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. . .  .L 

(a) A f te r  t e n  20-hour  exposures; o r i g i n a l  c ladding (b) Af te r  t e n  20 -hour  exposures; o r i g i n a l  c ladding ( c )  Af te r  t e n  20 -hour  exposures; o r i g i n a l  
thickness, 0.051 mi l l imeter .  th ickness,  0.127 m i l l ime te r .  c ladding th ickness,  0.254 m i l l ime te r .  

(d) A f te r  t h i r t e e n  20 -hour  exposures; o r i g ina l  clad- (e) A f te r  twenty 20 -hour  exposures; o r i g ina l  clad
d ing  th ickness,  0.051 m i l l ime te r .  d ing  th ickness,  0.127 m i l l ime te r .  

.. ._' 
. . . , .  

( f )  A f te r  400 l - h o u r  exposures; o r i g i n a l  c ladding (g) A f te r  400 l - h o u r  exposures; o r i g ina l  c ladding 
th ickness,  0.127 m i l l ime te r .  th ickness,  0.254 mi l lmeter .  

F i g u r e  5. - Effect of 1090' C cycl ic f u r n a c e  ox idat ion o n  N i -Cr  c lad WI-52. Etched. 
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a, 

L 

c 

-0.127-mm-clad WI-52 
-D- 0.254-mm-clad WI-52 
--&-- Clad Fe-Cr-AI 

+2 - Open symbols denote 20-hr  exposure cyc les 
So l i d  symbols denote 1-hr exposure cyc les - Y c 

- - e -

I ,-Bare W1-52, 2 - h r  exposure
cycles ( re f .  1) 

1 I - I 1 1 1 I 
(a) Test temperature,  10400 C. 

N*E -1 
E" 
Ls1 


u 

c 

S.-
a, + 2  

a, 


.-E 
+1 

a 

m 

0 


,-Bare WI-52, 20-hr  


-1 'iexposure cyc les 


-2  I I I I I 1 


20 


I 

I 



. .  , 

(a1 After ten 20-hour exposures at 1040" C. (b )  After 400 1-hour exposures at 1040" C. 

(c) After ten 20-hour exposures at 1090" C. (d l  After twenty %hour exposures at 1090" C. (el After 430 1-hour exposures at 1090" C. 

Figure 7. - Microstructures of Fe-Cr-AI clad WI-52 after cyclic furnace oxidation at 1040" C and 1090" C. Original cladding thickness, 0.127 millimeter. Etched. 



I 

F igu re  8. - Photomicrograph show ing  a deep, local ized oxide penetrat ion formed i n  Fe-Cr-AI  c lad WI-52 

specimen d u r i n g  cyc l ic  oxidation at 1090 C f o r  400 1 - h o u r  exposures. Or ig ina l  c ladding th ickness,  0.127 

m i  I I i meter. Etched. 
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m 

c 

._ 
a, 

f 

--4--	 Bare WI-52 
0,051-mm-clad WI -52  -0.127-mm-clad WI -52  -0.254-mm-clad WI -52  

- - o - - C l a d  N i -Cr -A i+3 r 
+2 

+1 

0 

N -1 
,E, 
E 

-2  
a

mc (a) Test temperature,  1M@C. 
c 

2 +3 r.-	m 
a, 

:+2 
E
" a 


+1 

0 


~--3 I I I I 
0 20 40 60 80 100 120 140 160 180 200 

Exposure time, hr  

(b) Test temperature,  1 0 9 8  C. 

-1 

-2  

F igu re  9. - Effect of  c ladding th i ckness  and  tempera tu re  o n  cyc l i c  f u r n a c e  ox idat ion of  
N i C r - A I  c lad WI-52. Length o f  each cycle, 20 hours .  
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(a) A f te r  t en  23-hour  exposures at 1040" C; o r i g ina l  cladding (b) After t en  20-hour  exposures at 1040" C; o r i g ina l  c ladding (c)  A f te r  t e n  20-hour  exposures at 104" C; o r i g ina l  
thickness, 0.051 mi l l imeter.  th ickness,  0.127 mil l imeter.  c ladding thickness, 0.254 mi l l imeter .  

(d) A f te r  six 20-hour  exposures at 1090" C; o r i g ina l  c ladding (e) A f te r  t en  20-hour  exposures at 1090' C; o r i g ina l
th ickness,  0.127 mi l l imeter.  c ladding thickness, 0.254 mi l l imeter .  

F igu re  10. - M ic ros t ruc tu res  of N i -Cr -A I  clad W I - 5 2  af ter  cyc l i c  f u rnace  oxidation at 1040" C and 10%' C. Etched. 



0Nonoxidized N i - C r  c lad WI -52  

As-oxidized N i - C r  c lad WI -52  (400 1-hr cyc les at 1098 C)a Nonoxidized Fe-Cr-AI c lad WI-52 

A m x i d i z e d  Fe-Cr-AI c lad WI -52  (400 1-hr cyc les a t  1 0 9 8  C )  

Therma l l y  treated bare WI -52  (one 2 - h r  cyc le  p l u s  o n e  
400-hr  cyc le  a t  109@ C in a rgon)-

_ 

Ul t imate tens i l e  Y ie ld  s t reng th  Elongation 
s t reng th  

F igu re  11. - Compar ison of  t ens i l e  proper t ies of  c lad WI -52  at  1 0 9 8  C before and  
a f te r  oxidation. 

0.127-mm F e C r - A I+3r clad on WI-52  
N I ( f rom fig. 6(b))-.

__-----

0.051-mm N i - C r  c lad o n  WI-52, 
1-hr cyc les (ref .  11 WI-52, 20 -h r  cyc les 20 -h r  cyc les 	( f rom fig. 3(b) l

IU 
0 40 80 120 160 200 240 280 320 360 400 

Exposure t ime, hr  

F igu re  12. - Compar ison of cycl ic f u r n a c e  ox idat ion effect o n  weight  change at  1 0 9 8  C 
of  a lumin ide-coated WI-52 a n d  N i -Cr  c lad a n d  Fe-Cr-AI c lad WI-52. 
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la )  Aluminide-coated WI-52; or ig ina l  coating thickness, -0.056 (b) Ni-Cr  clad WI-52; or ig ina l  cladding thickness, 0.051 mil l imeter. 
mil l imeter. (From ref. 1.) 

Figure 13. - Microst ructures of aluminide-coated and Ni-Cr clad WI-52 after cycl ic furnace oxidation at 1090" C for  MO hours  in 20-hour  cycles, 
Etched. 
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Interface 

Not A I 1  
determined 

(a-'l) As bonded. 
Oxidation 

procedure 

Ten lir 1 1 I I [TTcycles 
~ 

(a-2) 1040' C oxidation. 

.'* 

(a1 Schematics of raster micrographs. (An increase in  X-ray intensity is represented by a corresponding increase In darkness. I -Bond interface
+Oxide scale+-.Cladding +--Substrate 

,-As bonded 

Concentration, 1 
As oxidized after 
twenty 20-hr cyclesJ 

I \  
Concentration of elements 

in metal matr ix directly 
below oxide scale, w i  70: 

Composition of Twenty Ten 
Ni-Cr. 20-hr 20-hrwt % cycles cycles 
68 Ni 56 68 

-0 co  10 11 

29 Cr _. 22 

-

0 Ten 20-hr cycles at 1040° C
~ 

Twenty 20-hr cycles at 1090' 

Ten 20-hr cycles at 1O9O0C 

C 
composition of 

W 1-52, 

-0 N i  

61 CO 

21 Cr  (Cr concentration 
at bond interfaces after 
bonding and after 200 h r  
oxidation, 25 and 53 wt %) 

-0 N i  

61 C O  

L I I L I 1 1 - I I , I 

Oxidation temperature, 
1090' C 1040' C 

68 Ni 68 68 

-0  c o  11 -0 

21 Cr  (Cr concentration 
29 Cr  22 29 at bond interface after 

lM@ and 1090' C oxi-
dation, 35 and 53 w i  70) 

I 1 I 1 1 I I L ..u 
12x102 10 8 6 4 2 0 2 4 6 8 10x102 

Distance from apparent bond interface, mm 
(b-2) Effect of maximum oxidation temperature. Maximum temperatures, 1040' and 1090' C; ten 20-hour Cyclic exposures. 

(b) Line scan data. (Concentrations in metal matrix, except for N i  which is based on pure element standard, are based on element 
concentrations in unaltered substrate i.e., uncorrected X-ray intensity data normalized to analyzed chemical composition of WI-52.1 

Figure 14. - Schematics of electron microprobe raster micrographs and extent of in ter -
dif fusion of major elements of Ni-Cr clad WI-52 after bonding and oxidation. 
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Interface 

Oxidation 
I ' (a-11 As bonhed. 

I I I 

procedure 

I I 

t I I I 

I 

(a-3) 1090' C oxidation. 
la) Schematics of raster micrographs. (An increase in X-ray intensity is represented by a corresponding increase in darkness. I 

Bond interface 
+Oxide s c a l e + C l a d d i n g b  Substrate- c; 

61.-

Concentwt % coion/:; 

Concentration of elements 

twenty 20-hr cycles 

e


in metal matr ix directly 
below oxide scale, wt 70: 

Composition of 
Fe-Cr-Ai , Twenty Ten 

w t %  ' 20-hr 
cycles 

20-hr 
cycles 

-0 c o  19 17 

71 Fe 53 54 

25 Cr 17 15 

- 1 

Oxidation temperature, 
1O9O0C 104OoC 

-0 c o  17 16 1 

71 f e  54 51 I 

25 Cr 15 12 I 

(7-	Ten 20-hr cycles at 1040' C 

Twenty 20-hr cycles at 1090' 

Ten 20-hr cycles at 1090° C 

I 

(b-11 Effect of exposure time on  1090' C oxidation. 

c o  

I 
Fe 

1 &g.?&&gC_r ._ .. 

, I I I J I # A +  I I 

C Composition of 
W 1-52, 
wt 7 0  

61 Co 

21 Cr (Cr concentration 
at oona interfaces after 
bonding, and after 200 h r  
and 400 hr oxidation (39. 
42, and 29wt %I 

61 Co 

2 Fe 

21 Cr (Cr  concentration 
and. in9oo cafter 1040~ ~ 

oxidation, 57 and 42 wt %I 

81 0 ~ 1 0 - ~  6 4 2 0 2 8 10 1 2 ~ 1 0 - ~  
Distance from apparent bond interface, mm 

lb-2) Effect of maximum oxidation temperature. Maximum temperatures, 1040' and 1090° C; ten 20-hour cyclic exposures, 
( b l  Line scan data. (Concentrations in metal matrix, except for Fe which is based on pure element standard, are based on element 

concentrations in unaltered substrate, i. e., uncorrected X-ray intensity data normalized to analyzed chemical composition of WI-52. j 

Figure 15. - Schematics of electron microprobe raster micrographs and extent of in ter -
dif fusion of major elements of Fe-Cr-AI clad WI-52  after bonding and oxidation. 1 
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Oxidat ion 
(a-1) As  bonded. 

procedure: 

I 
Ten 20 -hour  , f-r 
cyc les 

(a-2) 1040' C oxidation. 

Two 20 -hour  
cycles 

Six  20 -hour  
cyc les 

1 I 
(a-3) 1090' C oxidation. 

(a)  Schemat ics of ras te r  micrographs.  (An increase in X- ray  i n tens i t y  i s  represented 
by a co r respond ing  increase in darkness. )  

Bond in te r face  
Substrate-

Concent  ra t  ion, 
w t %  c o  ' 

.- -~ 

Concen t ra t i on  of e lement  in 

metal ma t r i x  d i rec t l y  below 0 Ten 20 -h r  cycles at 1040' C 


~ ~ of ~ ~ ~ i t~ oxide scale, wt 70, at ox idat ion i ~ ~ As bonded Composit ion of 
N~.C-.AI, tempera tu res  of -

S ix  20 -h r  cycles at 1090' C 
w t %wt 70 1G9ooc 104ooc 

-0 c o  8 3 61 Co 

75 N i  65 74 -0 N i  

L l I I 1 , 

1 2 ~ 1 0 - ~10 8 6 4 2 0 2 4 6 8 10 1 2 ~ 1 0 . ~  
Dis tance f rom apparent bond interface, m m  

(b) L i n e  scan data. (Concen t ra t i ons  in metal matr ix ,  except fo r  N i  w h i c h  i s  based on  p u r e  e lement  standard, 
a re  based o n  e lement  concen t ra t i ons  in una l te red  substrate, i.e., unco r rec ted  X-ray i n tens i t y  data n o r 
mal ized to analyzed chemica l  composi t ion of WI-52. ) 

F igu re  16. - Schemat ics of  e lec t ron  microprobe ras te r  m ic rog raphs  a n d  extent  of i n t e r -
d i f f u s i o n  of majo r  e lements of N i -Cr -A I  c lad WI -52  af ter  bond ing  and oxidation. 
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