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16. Abstract 

Cas t  B-1900 tes t  specimens with nominal additions of 0-, 0.5-,  and l - w t %  Si  were  tested in  oxi- 
dation, thermal  fatigue, sulfidation, tension, and s t r e s s  rup tu re  and were  a l so  extensively stud- 

ied metallographically. Alloy B-1900 modified with 0 .6 -  or 1 .2-wt% Si  exhibited oxidation re- 
s i s tance  equivalent t o  that of aluminide-coated B-1900 during cyclic,  high-gas-velocity oxidation 
t e s t s .  Res is tances  to thermal  fatigue and sulfidation were  improved by the S i  additions, but 
aluminide-coated B-1900 is definitely super ior  in  both r e spec t s .  S t ress - rupture  t e s t s  a t  1000° C 
of specimens given the s tandard heat  t rea tment  to s imulate  an  aluminide coating cycle  showed Si 
to  be detr imental .  However,  application of another heat  t rea tment  increased the rupture  life of 
the alloy with 0 .6-wt% Si  to that of the unmodified B-1900 given the s tandard heat  t rea tment .  
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EFFECTS OF SILICON ADDITIONS ON OXIDATION AND MECHANICAL 

BEHAVIOR OF THE NICKEL-BASE SUPERALLOY B -1900 

by Robert V. Miner, Jr., and Car l  E. Lowell 

Lewis Research Center 

SUMMARY 

Previous studies at this laboratory showed that small  silicon additions greatly im - 
proved the oxidation resistance of Ni3Al (gamma prime) and a high-fraction-gamma- 
prime superalloy, B-1900. The present work was done to confirm the  improved oxida- 
tion resistance of B-1900 with silicon added in high-gas-velocity tes ts  and to evaluate 
i ts  behavior in sulfidation, tensile, and stress-rupture tes ts .  

equivalent to that of aluminide-coated B-1900 during cyclic heating to l l O O o  C in a 
Mach 1 burner exhaust. Resistance of B-1900 to thermal fatigue cracking in t h i s  test  
was improved by the addition of silicon, but resistance of the aluminide-coated B-1900 
was definitely superior.  

Sulfidation tests at  900' C in the burner facility also showed an improvement due to 
the silicon additions, but aluminide-coated B-1900 showed much less  attack. 

Stress-rupture testing of the alloys given the standard heat treatment to  simulate - 
the aluminide coating cycle, 1080° C for 4 hours plus 900' C for 10 hours, showed the 
silicon additions to have produced a considerable reduction in 1000° C rupture life. It 
w a s  possible, however, to increase the 1000° C rupture life of all the alloys by employ- 
ing high-temperature solution treatments. After a heat treatment of 1200' C for 4 hours 
plus 900' C for 10 hours, B-1900 with 0.6-wt% silicon had a 1000° C rupture life equiv- 
alent to that of B-1900 given the standard heat treatment. However, the life of B-1900 
with 1. l -wt  % silicon could not be increased to t h i s  level. 

The effect of silicon on high-temperature rupture life can be explained by marked 
changes in microstructure. Silicon causes more gamma prime to be precipitated as 
massive nodules during solidification rather than from the matrix on subsequent cooling. 
A Laves phase, essentially Mo(Ni,Si)2, was  also promoted by the silicon additions. The 
heat treatments which improved rupture properties provided some refinement of the 
gamma -prime distribution . 

Alloy B-1900 modified with 0.6-  or 1.3-wt % silicon exhibited oxidation resistance 



INTRODUCTION 

The present investigation of the effects of silicon additions to  the complex nickel- 
base superalloy B-1900 s tems from earlier studies at t h i s  laboratory. These studies 
of the oxidation behavior of simple alloys were intended to show the effects of some 
individual elements on the major phases in nickel-base superalloys and their  oxidation- 
resistant coatings (refs.  1 and 2).  The effects of three elements which form very stable 
oxides, silicon (Si), chromium (Cr), and titanium (Ti), were studied in three phases in 
the nickel-aluminum (Ni-A1) system: (1) gamma (the Ni-rich solid solution); (2) gamma 
prime (Ni3A1), which is the basis of the major strengthening phase in Ni-base super- 
alloys; and (3) beta (NiAl) , which is the basis of aluminide coatings. A great improve- 
ment in  the oxidation resistance of the gamma-prime phase was produced by the re- 
placement of 1- or 3-at.% A1 with equal quantities of Si. The alloy Ni-24A1-1Si (at. %) 
was as oxidation resistant as the beta phase (NiAl) . 

Based on these promising results a study was undertaken to determine if Si addi- 
tions would also provide large improvements in the oxidation resistance of a superalloy 
with a high fraction of gamma prime. Alloy B-1900, a currently used turbine blade 
alloy, was chosen as the basis for this study (ref. 3). I t  contains about 60-vol% gamma 
prime. The addition of l - w t %  Si to B-1900 resulted in a marked improvement in oxida- 
tion resistance.  During thermal cycling from room temperature to either l l O O o  or 
1200' C in static air, the B-1900 + l - w t %  Si samples were still increasing in weight a t  
a low steady rate. Under these conditions the oxide scale on the B-1900 samples spalled 
severely, producing a rapidly increasing rate of weight loss .  

In the present investigation the resistance of the B-1900 + l -w t% Si alloy to cyclic 
oxidation in high-velocity gas and i ts  mechanical properties were studied to learn if it 
might be suitable for turbine blades without requiring a coating for additional oxidation 
protection. An alloy not requiring a coating might, besides providing an opportunity for 
cost savings, be more reliable in te rms  of oxidation resistance.  A less oxidation- 
resistant alloy protected by a coating may still suffer local damage beneath any imper- 
fections in the coating. 

Cast B-1900 specimens with nominal additions of 0-, 0.5-, and 1.0-wt % Si were 
obtained from a commercial vendor of castings for turbine engines. An alloy with 
0.5-wt% Si (l-at. % Si) w a s  obtained, as well as an alloy with l-wt% Si (2-at.% Si) as 
tested previously in oxidation (ref. 3).  Addition of l-at. % Si had previously been shown 
as effective a s  3-at. % Si in improving the oxidation resistance of Ni3Al (refs. 1 and 2). 
And it was expected that the lower Si concentration of 1 at. % in the B-1900 modification 
might be less detrimental to mechanical properties. Although the exact reason is not 
apparent in the literature, it is known that maximum Si concentrations of about 0.2 wt% 
a r e  generally specified for advanced cast  Ni-base superalloys. 
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The alloys were evaluated in oxidation, including cyclic oxidation testing at l l O O o  C 
in a Mach 1 burner exhaust to simulate engine conditions. Sulfidation resistance w a s  
evaluated in the same burner facility with synthetic sea salt injected into the burner.  In 
these tes ts ,  B-1900 specimens with a commercial aluminide coating were  run for com- 
parison. Since the temperature was cycled in the l l O O o  C burner facility oxidation test, 
it was also a very severe thermal fatigue test .  Other mechanical testing, tensile and 
stress-rupture,  was performed on the alloys that had been given various heat treat- 
ments. And, finally, the effects of Si on the microstructure of B-1900 were determined 
by extensive microscopic, X-ray diffraction, and chemical analyses. 

. 

MATERIALS AND PROCEDURES 

Materials 

Alloy B-1900 and two modifications containing nominally 0.5- and 1 .O-wt% Si were 
cast  by an aircraf t  gas turbine engine manufacturer's approved vendor of B-1900 cast-  
ings. Each alloy was cast  into clusters  of mechanical test bars  and clusters of static- 
air oxidation specimens and high-gas-velocity oxidation specimens. It was  intended that 
all specimens be cas t  from the one master heat qualified by the engine manufacturer, 
with Si additions added during remelting to make the modified alloys. However, due to 
mold breakage during casting, the desired number of mechanical tes t  ba r s  was  not ob- 
tained. Since no more of the first master heat remained, a second qualified master 
heat was  used to make more mechanical test bars  of each nominal composition. 

The vendor's analyses of the two master heats are presented in table I together with 
the nominal composition of B-1900 (ref. 4).  The vendor's analyses for Si concentration 
in  each casting a r e  given in  table 11. Al l  are close to aim except for castings 1-0 and 
1-6. Note that the static-air and high-gas-velocity oxidation specimens for each com- 
position were cast  in the same cluster mold. 

Al l  the mechanical test  specimens were  examined by fluorescent dye penetrant, and 
a few were etched for grain-size determination. Silicon did not affect the grain size of 
the castings. Grain s izes  ranged from 0 .8  to 1 . 5  mm. L. 

Heat Treatment 

Some mechanical test specimens and all oxidation test  specimens were given the 
standard heat treatment which is employed by the  principal user  of B-1900 to simulate 
the effect of an aluminide coating diffusion cycle and subsequent aging treatment when 
evaluating castings (private communication from S. S. Blecherman, Pratt & Whitney 
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Aircraft). This consists of 4 hours a t  1080' C, followed by an air cool, and then aging 
for 10 hours at 900' C. The other mechanical test specimens were heat treated by using 
higher temperatures for the initial treatment and the same aging treatment of 10 hours 
a t  900' C. These heat treatments a r e  identified, together with the resultant mechanical 
properties, in the section RESULTS AND DISCUSSION, 

Static-Air Oxidation Tes ts  

Isothermal. - Cast ba r s  of the three alloys, about 10.2 cm by 2 .5  cm by 0 .6  cm,  
were cut into specimens about 1 . 3  cm by 2.5 cm by 0 . 6  cm.  A 0.25-cm hole was  
drilled in each specimen for a thin quartz suspension rod. Al l  surfaces were glass-bead 
blasted, and immediately before testing the specimens were cleaned ultrasonically in 
trichloroethylene. 

Isothermal oxidation tests were performed at l l O O o  and 1200' C in static air for 
100 hours. The apparatus used is described in reference 1. A continuous-recording 
electrobalance was  used to measure weight change of the oxidizing specimens to a pre- 
cision of *O. 1 mg. Above the hot zone of the furnace a platinum wire connected the 
quartz suspension rod to the  balance. The temperature was continuously monitored and 
found to be constant to *2O C. 

diffraction. Actual use temperatures for B-1900 a r e  probably no higher than about 
1000° C. However, in testing at l l O O o  C the accelerated oxidation allows differences 
among alloys to become observable in a practical length of time. The ranking of the 
alloys should be basically the same as for testing a t  1000° C.  

A few specimens of the alloys were oxidized isothermally for short  times in a furn- 
ace and studied by electron diffraction in an attempt to determine any effects of Si on the 
initial stage of oxidation. 

Cyclic. - The apparatus used to study oxidation during cyclic heating in static air 
is fully described in reference 5 and briefly here.  A multitube furnace allowed testing 
of six specimens simultaneously. Samples were automatically cycled in and out of the 
furnace by means of a pneumatic cylinder controlled by t imers  operating solenoid 
valves. The apparatus was used with spa11 collector cups automatically positioned under 
the samples during the cooling portions of the cycles. At the conclusion of the test  the 
samples were weighed to determine weight change, and the spalled and in-situ oxides 
were analyzed by X-ray diffraction. 

Specimens were cycled between l l O O o  C and approximately room temperature for 
total heating times of 200 hours. A variety of cycles were used, as shown in table III. 
Heating and cooling curves for a typical sample are shown in figure 1. 

Af ter  the tests the oxides on the specimens and their spalls were identified by X-ray 
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High-Gas -Velocity Oxidation Tests  

High-gas-velocity oxidation was  studied by cyclically heating specimens to l l O O o  C 
in a Mach 1 burner exhaust and then cooling them to near room temperature in a Mach 1 
cool-air s t ream. Je t  A fuel was used in the burner.  The cycle consisted of 1 hour of 
heating and 3 minutes of cooling. The specimens reached temperature on heating in 
about 1 minute. Tes ts  were run to  a total of 300 hours of heating time. 

The test  apparatus and specimen configuration a r e  completely described in ref-  
erence 6 and only briefly herein. Eight specimens can be fitted into a specimen holder, 
which is rotated a t  900 rpm to maintain the same temperature for all the specimens. 
The specimens a r e  automatically cycled from burner exhaust to cool-air s t ream. The 
temperature of the specimens when in the burner exhaust can be controlled to k.15' C .  

The specimen configuration is 0.64 cm by 2.54 cm by 10.16 cm and has flat parallel 
sides except for a tapered leading edge. This configuration and localized heating in the 
center of the specimen make the tes t  a severe one for thermal-fatigue resistance as well 
a s  for oxidation resistance.  For estimation of specific weight loss  an effective speci- 

2 men surface area of 30 cm is assumed (ref.  6).  
Besides the specimens cast  for this program, aluminide-coated B-1900 specimens 

were tested for comparison. A l l  the specimens were cast  to size.  The bare  specimens 
were glass-bead blasted, and then all were cleaned ultrasonically in trichloroethylene 
before testing. They were weighed at the beginning of the test  and were subsequently 
removed from the apparatus a t  20-cycle intervals to be weighed and visually inspected 
for thermal fatigue cracking. A t  the conclusion of the test  the oxides formed were an- 
alyzed in situ by X-ray diffraction. And finally, the specimens were sectioned for mi- 
croscopic examination. 

tion of 5-ppm, ASTM specification D-1141-52, Formula A synthetic sea salt was  used 
in the burner exhaust. The specimens were cycled to 900' C for 200 hours of total heat- 
ing time. Otherwise, the test was conducted as previously described for the  high-gas- 
velocity oxidation tes ts .  

Another set  of specimens was  tested for resistance to hot corrosion. A concentra- 

P 

Mechanical Testing 

The specimens for tensile and stress-rupture testing had 0.6-cm diameter and 
3.2-cm gage length. Al l  tes ts  w e r e  performed in air and in accordance with ASTM rec -  
ommended practice. Elongation w a s  determined by dividing the specimen elongation 
measured from punchmarks on the specimen shoulders by the length of the reduced 
section. 
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Metallography and Phase Analyses 

Metallographic examination was performed on all alloys after the various heat 
treatments employed. The etchant used was 33 parts each of nitric acid, acetic acid, 
and water plus 1 part  of hydrofluoric acid. Quantitative electrolytic phase extractions 
were performed by the methods of reference 7 on alloy samples given the standard heat 
treatment and also on samples additionally exposed for 1500 hours a t  870' C to test their 
phase stabilities. The phases present in the extracted residues were determined by 
X-ray diffraction. The gamma-prime phases extracted from alloy samples given the 
standard heat treatment were also chemically analyzed by the methods of reference 8. 
The compositions of some individual phases were also determined qualitatively in si tu by 
electron microprobe and by energy dispersive spectroscopy. 

RESULTS AND DISCUSSION 

Static-Air Oxidation Tes ts  

Isothermal. - The resul ts  of the 100-hour isothermal oxidation tests are shown in 
figure 2. Parabolic oxidation kinetics were not observed and were not expected for such 
complex alloys. A t  1200' C the effect of Si concentration was obvious. A s  Si concentra- 
tion increased, the oxidation ra te  decreased. This trend also appears in the l l O O o  C 
data, but the differences among the curves a r e  not much greater than the scatter usually 
observed for this tes t .  

The oxides found on these specimens and in their spalls were the  same as those 
found by Garlick and Lowell (ref. 9): A1203, spinels, tapiolite, and NiO on some speci- 
mens. The only differences among the alloys were a higher fraction of A1203 and less 
spinels and NiO with increased Si concentration in the alloys. 

Reflection electron diffraction studies of specimens oxidized for less  than 1 minute 
at 1200' C showed no obvious differences among the initial oxides formed on the three 
alloys. The oxides found on these specimens were essentially the same as those on the 
specimens oxidized for 100 hours except that Cr203 was also found and A1203 was not 
identified, Thus, many oxides are present even in  the earliest stages of oxidation. 

The effect of Si on the oxidation behavior of A1203-forming Ni-base alloys has re- 
ceived some prior study at t h i s  laboratory (refs. 1 to 3). However, its effect on Cr203- 
forming, Ni-2OCr alloys has received considerable study (refs. 10 to 14). The addition 
of Si to Ni-2OCr greatly improved its oxidation resistance.  The following mechanisms 
have been proposed to explain this effect: 

sistance to spalling. 
(1) Si promotes keying of the oxide scale into the base metal and thus improves re- 
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(2) The Si02 which forms at  the metal-oxide interface re ta rds  metal ion diffusion to 
the surface, though the Si02 may be amorphous when formed a t  temperatures of l l O O o  C 
and below. (Crystalline Si02 has never been observed in the present study,) 

The view of the effect of Si on Cr203-forming alloys taken by one of the authors 
(ref.  13) does not support either of these mechanisms. This view is also felt to apply 
generally to the effect of Si in B-1900, although it is an A1203-forming alloy, and is 
summarized here. The electron diffraction studies previously referred to lend support 
to the  view that many oxides are nucleated locally i n  the initial stages of oxidation, not 
just the oxide that would be predicted thermodynamically from the bulk composition of 
the alloy (refs. 15 and 16). The later composition of the scale is then determined by the 
kinetics of the many reactions involved. The role of Si in t h i s  process appears to be to 
reduce the rate of NiO formation on Ni-base alloys. Since NiO formation competes with 
that of the sesquioxides, Si additions allow more complete coverage by the more protec- 
tive sesquioxides on Ni-Cr and Ni-A1 alloys and thus lower oxidation ra tes .  

Reduced ra tes  of NiO formation attributed to Si additions have been observed for 
Cr203-forming Ni-20Cr alloys (ref. 13) and for alloys forming only NiO (ref. 17). The 
present study and the work on Ni-2OCr alloys also show a reduction in spinels in the 
scales  (formed by solid-state reaction of NiO and the sesquioxide) . 

form thinner scales) a r e  more resistant to spalling during cyclic oxidation (ref. 18). 
Indeed, the resul ts  reported in the following sections show that the Si additions were 
very beneficial to cyclic oxidation resistance.  

The weight changes shown were determined after 200 hours of total heating time for 
cycle periods of 100, 10, 1, and 0 . 1  hours. The specimens were heated to l l O O o  C .  
The data show that the alloys with Si added have markedly improved resistance to cyclic 
oxidation compared with the unmodified B-1900. Alloy B-1900 shows a regular increase 
in weight loss due to oxide spalling with increasing cycle frequency (decreasing period). 
The alloys with Si added show no significant change. However, the alloy with 1.3-wt % 
Si does appear to be slightly improved with respect to the 0.6-wt %-Si alloy. 

It is true, in general, that alloys with lower isothermal oxidation rates ( i . e . ,  which 

Cyclic. - The resul ts  of the cyclic oxidation tes ts  in static air a r e  shown in figure 3 .  

High-Gas-Velocity Oxidation and Hot Corrosion Tests  

In order to more closely simulate gas turbine engine service conditions, Mach 1 
burner facility testing was performed. For  comparison, B-1900 specimens with a com- 
mercial aluminide coating were tested at  the same time. The specimens were cycled 
between l l O O o  C and ambient temperature with l-hour heating and 3-minute cooling per- 
iods for a total of 300 hours of heating. The resul ts  a r e  shown in figure 4. In brief, 
B-1900 with 0.6- o r  1.3-wt % Si showed markedly improved high-gas-velocity oxidation 
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resistance relative to the unmodified B-1900 and had the same oxidation resistance as 
the aluminide-coated specimens. 

ance, but neither of the Si-modified alloys were as effective in this respect as the 
aluminide-coated B-1900, which never cracked in these tes ts .  Cracks were first ob- 
served on the B-1900 + l.3-wt%-Si specimens a t  100 cycles. The B-1900 and 
B-1900 + 0 6-wt%-Si specimens were cracked a t  60 cycles. But cracking was less ex- 
tensive in the B-1900 + 0.6-wt %-Si specimens a t  the end of the test  and still l e s s  exten- 
sive in the B-1900 + 1.3-wt%-Si specimens. 

raphically. Figure 5 shows the microstructure of B-1900 and B-1900 + 1.3-wt %Si 
specimens after the 300-hour test .  Both specimens show t h e  usual A1 depletion zone 
(e. g .  , see ref. 19), but i t  is about 50 percent thicker in the unmodified B-1900. 

tes ts  with 5-ppm sea salt  injected into the burner. The cycle was the same as for the 
oxidation tests except that the specimens were heated to 900' C, which is in the temper- 
ature regime where sulfidation attack of B-1900 is most severe according to Walters 
(ref.  20). 

ance of B-1900 but that the aluminide-coated B-1900 clearly has the best resistance.  
N o  attempt was made to estimate specific weight losses  (mg/cm ) because the a rea  of 
attack was very irregular.  Also, the most severe attack did not occur in the 900' C hot 
zone as expected from Walters' data, but in the lower temperature areas of the speci- 
mens. A t  least  two explanations are possible: (1) the hot-zone temperature was some- 
what above the approximately 950' C upper limit for attack reported by Walters, or 
(2) the upper temperature limit for attack is actually somewhat lower than 900' C.  

Increasing Si concentration provided some improvement in thermal-fatigue res i s t -  

Af te r  testing, the burner facility samples were sectioned and examined metallog- 

Sulfidation tests were performed in the same burner facility used for the oxidation 

The weight change data in figure 6 show that Si does increase the sulfidation resis t -  

2 

Mechanical Properties Af ter  Standard Heat Treatment 

S t ress  rupture.  - Specimens of each casting were given the standard heat treatment 
consisting of 1080° C for 4 hours, to simulate an aluminide coating diffusion cycle, fol- 
lowed by an aging treatment of 900' C for 10 hours. Specimens were tested in stress 
rupture at 1000° C and 152 MN/m and in tension at room temperature and 650' C .  

castings given the standard heat treatment a r e  presented in table IV. The average lives 
of the castings a r e  shown as a function of Si concentration in figure 7. The effect of Si 
is seen to be deleterious and very much the same in both master heats. The effect of 
1.0-wt % Si is indicated to be about a 60 percent reduction in rupture life. This would 
correspond to an approximate 20' C decrease in allowable use temperature. A reduction 

8 

> 

2 
2 The stress-rupture lives at 1000° C and 152 MN/m for specimens from all the 



of about 20 percent in rupture life, or about a 5' C decrease in use temperature, is in- 
dicated for 0.5-wt % Si. 

It will be shown, however, that another heat treatment can be applied which in- 
creases  the rupture life of the alloy with 0.6-wt % Si, made from the second master 
heat, to nearly that of unmodified B-1900 given the standard heat treatment. 

Silicon is seen to have no marked effect on rup twe  elongation or  reduction of area. 

ment (private communication from s. s. Blecherman, Pra t t  & Whitney Aircraft) are 
given for all the mechanical property tests conducted in this program (tables IV and V) . 
It can be seen that the properties of the specimens of all the alloys cast  for t h i s  pro- 
gram, including the two master heats without Si added, a r e  somewhat low compared to 
the typical data. 

Tensile. - Single specimens of each alloys cast  from the first master heat and given 
the  standard heat treatment were tested in tension a t  room temperature and a t  650' C, 
about the temperature at which B-1900 exhibits greatest  tensile strength. The data are 
presented in table V and a r e  shown as a function of Si concentration in figures 8 and 9 .  

temperature or 650' C .  

ed about 7 percent at room temperature and 9 percent at 650' C .  But with 1.0-wt % Si, 
ultimate tensile strength was  not decreased a t  either temperature. The yield strength 
of B-1900 with 1.0-wt% Si was  decreased a t  room temperature, about 9 percent, but 
not at  650' C .  

Ductility decreased with the addition of Si, particularly at 650' C .  The alloys with 
0.8- and 1.0-wt % Si had 1 .0  and 1 . 5  percent elongations as compared with about 2 . 8  
and 6 .3  percent for the specimens from the two castings of the base alloy. B-1900 typi- 
cally h a s  5 percent elongation at  650' c .  

The tensile properties of all three alloys given the standard heat treatment, includ- 
ing B-1900 without Si added, were lower then typical values for B-1900 given the same 
heat treatment. Typical properties are presented in table V for comparison. 

Data for rupture elongation and reduction of area a r e  a lso presented in table IV. 

"Typical" data for cast-to-size test bars  of B-1900 given the standard heat treat- 

Silicon does not have a great effect on yield or ultimate tensile strength a t  room 

For example, the ultimate tensile strength of B-1900 with 0.8-wt% Si was decreas- 

Effects of Heat Treatment on Rupture Life 

A s  is discussed in the next section, Metallography and Phase Analyses, the primary 
effect of Si on the microstructure of B-1900 is to  increase the degree of segregation 
during solidification. This leads to the formation of large eutectic gamma-prime nod- 
ules at grain boundaries and in the interdentritic regions and reduced volume fraction of 
fine gamma-prime precipitated in the matrix. In an attempt to  dissolve the large 
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gamma-prime nodules and reprecipitate them in a finer form,  specimens were given 
high-temperature solution treatments followed by the standard aging at 900' C for 
10 hours. These specimens were then tested in  stress rupture.  

Figure 10 shows the average rupture lives at 1000° C and 152 MN/m as a function 
of Si concentration for the alloys prepared from the second master heat and given four 
different heat treatments. Reduction in a rea  is shown in figure 11 to indicate the effect 
of Si on ductility. Elongations could not be measured on the specimens from casting 2-3 
given the standard heat treatment because of accidental damage during removal f rom the 
test grips.  Al l  the rupture data are presented in table IV. The solution treatments em-  
ployed were 1200' C for 2 hours, 1230' C for 24 hours, and 1260' C for 24 hours. Data 
for the specimens given the standard coating cycle and aging heat treatment are also 
shown in figures 10 and 11 for comparison. 

The average rupture life of the alloy with 0.6-wt % Si was 73.0 hours, a s  compared with 
54.8 hours for t h i s  alloy given the standard coating cycle simulation. The 73.0-hour 
average life is very nearly that of the alloy without Si added given the standard heat 
treatment. The 1200' C-solution-plus-aging treatment improved the rupture life of all 
three alloys, but even so the average life of the 1. l-wt %-Si alloy was only 39.9 hours. 
None of the heat treatments used increased the life of the 1. l-wt  % Si alloy to near that 
of the alloy without Si added and given the standard heat treatment. 

The higher solution temperatures of 1230' and 1260' C did not improve rupture 
properties over those for the 1200' C solution treatment for the alloys with Si added. 
Ductility was substantially reduced after these higher heat treatments for the 0.6-wt %-Si 
alloy as well a s  for unmodified B-1900. 

Both the 1200' C/2 hr and 1230' C/24 hr solution treatments improved the ductility 
of the 1.1 -wt %-Si alloy, even though there w a s  a possible indication of incipient melting 
at 1230' C. Definite incipient melting, however, occurred at 1260' C, and this may 
have caused the great reduction in ductility in the l , l -wt%-Si  alloy shown in figure 11. 

mained, some of those prepared from the first master heat. These specimens were 
given the 1200' C/2 hr  solution treatment plus the 900' C aging and then tested in 

2 stress-rupture at  760' C and 648 MN/m . 

to assess because of the large scatter in the data for the specimens without Si added. 
On the basis of average life - 49.9, 16.8, and 35.0 hours for  the base, and 0.8- and 
1.1-wt%-Si alloys, respectively, there appears to be a minimum in rupture life as a 
function of Si concentration. Similar resul ts  were shown for tensile strength at room 
temperature and 650' C for these same alloys given the standard heat treatment. How- 
ever,  two of the three specimens of the base alloy had short  lives, 29.3 and 12. l hours; 
thus, based on these limited data, it cannot be stated with confidence that Si has reduced 

10 
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The most successful of the heat treatments was the 1200' C/2 h r  solution treatment. 

A t  the completion of the heat treatment study just described a few specimens re- 

The effects of Si concentration on rupture life at these test conditions are difficult 



rupture life. It does appear, though, that the Si additions have lowered the reduction 
of a rea .  Elongation, which was  low even for the base alloy specimens (2.1 percent), 
was  not greatly affected by the  Si additions. 

Metallography and Phase Analyses 

Standard heat treatment. - The addition of snlall amounts of Si to B-1900 has a 
marked effect on its microstructure. The primary changes a r e  an increase in the 
amount of massive gamma-prime nodules formed during solidification and the formation 
of a M o ( N ~ , S ~ ) ~  Laves phase, both of which could be responsible for the decrease in 
stress-rupture life. 

B-1900 and B-1900 with 0.6- and 1.3-wt% Si,  respectively. They are from castings 
1-4, 1-5, and 1-6, which have been given the coating cycle heat treatment. 

Most apparent in these micrographs is the  great increase in the amount of massive 
gamma-prime nodules with increasing Si concentration. These a r e  the dark grey mas- 
ses present in the interdendritic areas and at grain boundaries. There is a small vol- 
ume fraction of these in the B-1900 specimen, though none is visible in figure 12 .  

The increase in gamma-prime nodules and the Laves phase formation are due to 
increased segregation during solidification. Sittner (ref. 21) discusses segregation 
caused by ternary Si additions to binary alloys of N i  with Co, C r ,  and Mo, respectively. 
Silicon is concentrated in the last liquid to solidify, while the second element of each 
ternary alloy is concentrated in the dendrite centers.  The degree of segregation of the 
second element decreases in  t h e  order Co, Cr ,  and Mo. The increased coring due to 
Si can be readily seen by comparing figures 1 2  and 14 .  

It was attempted to determine the amounts of the minor phases and gamma prime 
in castings 2-1, 2-2, and 2-3 by the electrolytic extraction methods of reference 7 and 
also to determine the composition of the gamma prime by analysis of the extracted resi- 
dues. The results of these experiments a r e  presented in table VI. 

X-ray diffraction analyses of the alloys' minor phases, which were extracted by 
using the HC1-methanol electrolyte, revealed only an MC-type carbide in the unmodified 
B-1900 and a Laves phase a s  well as the carbide in the alloys with Si added. The MC in 
all three alloys had a lattice parameter of about 0.437 nm. Identification of the Laves 
phase in the alloys with Si added is discussed la ter  in this section. Although there is 
probably an M3B2-type boride in the alloys (ref .  22), no diffraction lines not attributable 
to the MC or  Laves phases were found. 

The amounts of the minor phases w e r e  1.5,  2.4, and 3 .2  wt % in the nominal 0-, 
0.5-, and l-wtO/o-Si alloys, respectively. The increasing amount was probably due to 
the formation of the Laves phase, which was promoted by the Si additions. 

Shown in figures 12 to 14 are secondary electron photomicrographs of unmodified 

m 
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The material extracted from the alloys by using the ammonium sulfate - citric acid 
electrolyte appeared to contain only the gamma-prime and MC phases. The decreasing 
amount of gamma prime plus MC as a function of increasing Si concentration in the 
alloys may well not indicate an actual decrease in  the amount of gamma prime. It may 
merely mean poor recoveries in the extraction process because of the presence of the 
Laves phase in the alloys with Si added. Other work at this laboratory and elsewhere 
(ref. 7) has  shown the  recovery of gamma prime by t h i s  electrolytic extraction method 
to be low when intermetallics such as sigma, mu, and Laves a r e  present in the alloy. 

could not be determined by the electrolytic extraction method. The fraction of gamma 
prime determined for the unmodified B-1900 should be valid, however, and does com- 
pare  well with the value of Kriege and Baris  (ref.  23). 

electrolyte was chemically analyzed by emission spectroscopy for  all the elements listed 
in table VI except Si. Atomic absorption spectroscopy w a s  used to determine Si by the 
method of known additions. The bulk alloys were also analyzed for Si by this method to 
provide comparable data. 

trolyte. The Laves phase could not be detected in these extracts el’ther by X-ray dif- 
fraction or energy dispersive analysis. All the particles analyzed by energy dispersive 
spectroscopy had the composition expected for either gamma prime or a tantalum (Ta)- 
r ich MC. Thus, if it is assumed there was no Laves in  the ammonium sulfate - citric 
acid extracts,  their Si concentrations should have been nearly that of the gamma prime 
alone. The presence of the MC had little effect, since the  amount of MC is less than 
3 wt % of the extracted gamma prime plus MC and also the MC contains very little Si. 
Electron microprobe analyses of the alloy with nominal l -wt% Si confirmed the MC to 
be essentially TaC. 

The Laves phase formed by segregation of Si to the interdendritic areas is essenti- 
ally the Mo(Ni,Si)2 phase in the Ni-Mo-Si ternary system (refs .  24 and 25). It appears 
in figures 13 and 14 as a shade of grey intermediate between those of the gamma and 
gamma-prime phases. I t  is most readily seen in figure 14(b). Several elongated parti- 
c les  begin at the black void and stretch diagonally across  the photomicrograph along a 
grain boundary. 

Finer Laves particles form a necklace on some grain boundaries a s  can be seen in 
figures 14(c) and (d), particularly in the Mo X-ray ras te r  scan. The basic composition 
of these Laves particles was confirmed by electron microprobe analysis. 

The Laves phase was identified in X-ray diffraction patterns of the extracted minor 
phases from the alloys with Si added. I ts  structure is hexagonal, with 
a = 0.47320*0.00002 nm and c = 0.76654kO. 00003 nm in the alloy with 1.1-wt % Si. 

Thus, t h e  effect of the Si additions on the total amount of gamma prime in the alloys 

The material extracted from the alloys by using the ammonium sulfate - citric acid 

Intermetallics are generally dissolved in the ammonium sulfate - citric acid elec- 

1 
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Other _. heat treatments. - The heat treatment which was most beneficial to  the 
stress-rupture life and ductility of all the alloys, 1200' C for 2 hours plus 900' C for  
10 hours, had only subtle effects on their microstructure. Figure 15 shows the alloy 
with 1. l-wt '% Si after this heat treatment. There has been only slight dissolution of the 
massive gamma-prime nodules. The only change which would be judged beneficial is the 
refinement in the gamma-prime distribution in the vicinity of the grain boundaries. The 
Laves phase appears to have been only somewhat coarsened. 

Si, but any effects on the alloy without the Si added were not obvious. Possibly the 
1200' C solution treatment allowed precipitation of more fine gamma prime in the ma- 
trix between the larger cuboidal precipitates during the aging treatment. If so, this 
could not be resolved in the scanning electron microscope. 

The heat treatments employing the higher solution temperatures of 1230' and 
1260' C did dissolve more of the massive gamma-prime nodules in the alloys with Si 
added. They also provided the same zone of refined gamma-prime distribution in the 
vicinity of the grain boundaries seen in  figure 15. However, as the solution temperature 
was increased a necklace of coarse gamma prime developed immediately at  the grain 
boundaries. The beginnings of this  necklace formation can be seen in the alloy with 
1. l-wt % Si after the standard 1080' C-plus-aging heat treatment (fig.- 14(a)) and after 
the 1200' C-plus-aging heat treatment (fig. 15). This necklace also formed in the 
B-1900 control specimens after the 1230' and 1260' C solution treatments, but it did not 
reach the same degree of continuity as in the alloys with Si added. 

prime around the original MC carbides, probably indicating they were undergoing de- 
composition. This film occurred in the alloys with and without Si added. Finally, in the 
1. l-wt %-Si alloy, definite incipient melting around the massive gamma-prime nodules 
occurred at 1260' C and possible at 1230' C also. 

Al l  these factors were likely to have been responsible for the general decrease in 
rupture life with increased solution temperature above 1200' C for the alloys with Si 
added. Why the rupture life of the B-1900 without Si added continually increased with 
increasing solution temperature was not obvious from examination of the microstruc- 
tures. 

Phase stability. - X-ray diffraction studies of the electrolytically extracted minor 
phases from alloys exposed for  1500 hours a t  870' C showed that no sigma-related 
phases had formed. Only the expected reactions of the MC to form M6C and some 
M23C6 carbides were observed (refs. 22 and 26). The Laves phase was still present 
as a large percentage of the minor phases in the alloys with Si added. 

The effects of this heat treatment were generally the same on the alloy with 0.6-wt% 

The highest-temperature solution treatments also produced a thick film of gamma 
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CONCLUDING REMARKS 

The markedly beneficial effect of Si additions on the oxidation resistance of B-1900 
has been confirmed by cyclic heating in high-velocity gas.  B-1900 + 0.6-wt% Si is as 
oxidation resistant as aluminide-coated B-1900. Also, it appears that 
B-1900 + 0.6-wt% Si given a heat treatment of 1200' C for 4 hours plus 900' C for 
10 hours has stress-rupture properties not greatly different from those of B-1900 given 
the standard heat treatment. 

These resul ts  a r e  felt to be very promising in that an inherently oxidation-resistant 
alloy not requiring a coating for additional oxidation protection could offer cost savings 
and increased reliability from oxidation damage. However, sulfidation and/or thermal 
fatigue may well limit the life of turbine blades cas t  from B-1900 + 0.6-wtO/o Si as com- 
pared with aluminide-coated B-1900 blades. Further work would be necessary to de- 
velop a viable alloy to operate without a coating. 

superalloys could be very useful even if a coating were necessary to increase resistance 
to sulfidation and thermal fatigue. Some advanced engine designs anticipate metal tem- 
peratures high enough that oxidation could be a problem in internal blade cooling pas- 
sages,  which a r e  difficult to coat. Improved oxidation resistance of the base material 
would certainly be beneficial in such an application. 

Since i t  h a s  been shown that Si greatly improves the oxidation resistance of gamma 
prime (refs. 1 and 2) and of a high-fraction-gamma-prime superalloy, B-1900, there is 
reason to expect this effect might occur in other advanced Ni-base superalloys. Thus, 
it seems that higher Si concentrations than usually specified should be investigated in 
future development of Ni-base superalloys. 

However, allowing higher Si concentrations than currently specified in nickel-base 

SUMMARY OF RESULTS 

Cast specimens of the nickel-base superalloy B-1900 with nominal additions of 0-, 
0.5-, and l-wt % silicon were tested together with aluminide-coated B-1900 specimens 
for oxidation and sulfidation resistance during exposure to a Mach 1 burner exhaust. 
The alloys were also tested in tension and s t r e s s  rupture after various heat treatments, 
and extensively studied metallographically. The major resul ts  of this study are as 
follows : 

1 .  The addition of small concentrations of silicon to alloy B-1900 markedly im- 

2. A silicon concentration of 0.6 w t %  was nearly as effective as 1.3 wt% in im- 
proved resistance to oxidation during cyclic heating in static air and high-velocity gas.  

proving cyclic oxidation resistance. 
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3. The high-gas-velocity oxidation resistance of B-1900 with 0.6-wt % silicon was 

4. The improvement in  oxidation resistance was associated with an increased f rac-  
equivalent to that of B-1900 with a commercial aluminide coating. 

tion of A1203 in t h e  scale, which was  a lso thinner and more resistant to spalling. This 
appeared to happen because Si reduced the rates lif formation of the less protective ox- 
ides, NiO and spinel, which compete with A1203 formation. 

5. The onset of thermal fatigue cracking in the cyclic high-gas-velocity oxidation 
test appeared to be delayed by the silicon additions, but the aluminide-coated specimens 
were definitely superior to all the uncoated alloys. 

6. The silicon additions improved sulfidation resistance, but the aluminide-coated 
specimens were definitely superior.  

7. The addition of silicon reduced 1000° C rupture strength for specimens given the 
standard heat treatment of 1080' C for 4 hours plus 900' C for 10 hours to  simulate a 
commercial aluminide-coating cycle. 

8. A heat treatment of 1200° C for  4 hours followed by 900' C for 10 hours im- 
proved the 1000° C rupture strength of all three alloys studied. The rupture strength of 
the alloy with 0.6-wt% silicon was  equivalent to that of unmodified B-1900 given the 
standard heat treatment. 

the l . l - w t %  Si alloy to that of the unmodified B-1900. 

large nodules during solidification. 

9. None of the heat treatments applied increased the 1000° C rupture strength of 

10. Silicon additions to B-1900 cause much of the  gamma prime to  precipitate as 

11. A Laves phase, essentially Mo(Ni,Si)2, appeared in the silicon-modified alloys. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, March 5, 1975, 
505-01. 
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TABLE I .  - CHEMICAL ANALYSIS OF B-1900 

~~ - - 

Specimen type 

MASTER HEATS 

Master Master 
heat 2 heat 1 1 

Concentration, 

Mastei 
heat - 

Element 

Aluminum 
Carbon 
Cobalt 
Chromium 
Molybdenum 
Tantalum 
Titanium 
Zirconium 
Boron 
Iron 
Sulfur 
Manganese 
Silicon 
Tungsten 
Niobium 
Bismuth 
Lead 
Nickel 

~ 

0.10 
1.0 

10.0 
100.0 

~ 

6 .0  

10.0 
8.0 
6.0 
4.2 
1.1 

.094 

.095 

.020 

.06  
,007 

< .02  
< .05 
< .05 
< .05 
< .00005 
< .0001 
Balance 

0.15 
.67 
.67 
.67 

6 . 2  

10 .1  
8.0 
6 . 1  
4 . 1  
1.1 

.12 

.071 

.015 

.06 

.006 
< .02 
< .05 

.07 
< .05 
< .00003 

,00007 
Balance 

aRef. 4 

TABLE 11. - SILICON ANALYSIS OF ALLOY CASTINGS 

cast  in€ 

Mechanical test  specimens I 1-7 
1-8 
1-0 
1-2 

Oxidation specimens, static 1-4 
air and high gas velocity I 1-5 

Mechanical test  specimens I 2-1 

1-6 
-~ ~ 

Silicon concentration, 
wt 76 

<O. 05 
<. 05 

. 5  
1.0 

<0.05 
. 5  

1 .0 

<0.05 
. 5  

1.0 
_ -_  

<O. 05 
<. 05 

.80 
1.02 

<0.05 
.61  

1 . 3 1  

~ _ _  

<0.05 
.58 

1.09 
._ 

B-1900 
(nominal)a 

w t %  

6 . 0  
.10 

10.0 
8.0 
6.0 
4.0 
1.0 

.10 

.015 

TABLE 111. - CYCLIC 

FURNACE SCHEDULE 

Time per cycle, hr 
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TABLE I V .  - STRESS-RUPTURE DATA 

Standard heat treatment 

Tes t  
nditions 

.oooo c; 
2 2 m / m  

- 
760' C; 

48 m / n  

Master 
heat - 
:asting 

1-1 

1-8 

1-0 

1-2 

2-1 

2-2 

2-3 

aB-1901 

2-1 

2-2 

2-3 

2-1 

2-2 

2-3 

2-1 

2-2 

2-3 

1-7 
1-8 
1-8 

1-0 

1-2 

'B-19C 

Specimen 
condition 

3 . 2  

1.6 
2.4 

(b) 
1.6 

1.6 
1.6 
3.2 

1.6 
1.6 

0 .8  
2.4 

--- 

tandard heat treatment, 
080' C/4 hr/air cooled 
900' C/10 hr/air cooled 

15.2 
~ 

4 . 8  

3.2 
4.0 

2.0 
1.6 

3.6 
3.2 
5.6 

1.6 
1.6 

1 .2  
2.4 

-_-- 

1200' C/2 hr/air  cooled 
+ 900' C/10 hr/air coolec 

- .  

1230' C/24 hr/air cooled 

1260O C/24 hr/air  cooled 
+ 900' C/10 hr /a i r  coole 

1200' C/2 hr/air cooled 
+ 900' C/10 hr/air coole 

Silicon 
sncentration, 

wt w 
<O .05 

<0.05 

0.80 

t .02 

<O .05 

0.58 

- 

1.09 

<0.25 

<0.05 

0.58 

1.09 

<0.05 

0.58 

1.09 

<0.05 

0.58 

1.09 

<0.05 

0.80 

1.02 

<0.25 

63.6 

15.7 

i2.7 
i4.9 
10.6 

#7.5 1 

k8. 4 
22.6 

55.4 

i1.2 
58.4 

21.3 
30.7 

00 

83 .1  
05.5 
82.5 

68.0 
77.9 

52.4 
27.3 

05.0 
9 9 . 1  

42.6 
89.0 

42.9 
40.0 

16.3 
85.51 

52.51 

24.91 

69.0 

39.5 

29.3 

108.2 

23.3 

90 1 

percent 

-- 

- 
4.8 
5.6 
4.0 

4.8 
4.8 
4.8 

4.0 

(b) 

7.2 
6.4 

7.2 
7.2 

6.4 

(b) 

(b) 
(b) 

- 

- 

- 

- 

- 

- 
--_ 

5.6 
7 . 2  
6.4 

(b) 
4.8 

8.8 
9.6 

(h) 
3.2 

4 .0  
3.2 

(b) 
8.0 

- 

- 

- 

- 

Reduction 
of a rea ,  
percent 

5 . 2  
5.6 
4.9 

4.8 
4.9 
4.3 

7.7 
7.0 

7.6 
9.7 

10.3 
9 .2  

8.4 
9 . 1  

11.9 
8.4 

__-- 
14.2 
10.7 
13.2 

10.2 
4.8 

13.4 
15.1 

10.3 
4.8 

4.8 
~ 4.8 

17 .8  

aTypical properties of cas t  test b a r s  given the standard heat treatment (private communication 

bElongatinn was not measured when for some reason the broken halves of the specimen would 
f rom S. S. Blecherman, Pra t t  & Whitney Aircraft). 

not f i t  together well. 
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TABLE V .  - TENSILE TEST DATA FOR ALLOYS GIVEN STANDARD HEAT 

TREATMENT (1080' C/4 HR/AIR COOLED + 900' C/10 HR/AIR COOLED) 

Silicon 
concentration, 

wt% 

<0.05 
<.05 

.80 
1.02 

<0.05 
<.05 

.80 
1.02 

Master 

casting 

Room 

Yield strength 
at 0 .2  percent 

offset, 
MN/m2 

755 
772 
72 5 
69 6 

800 

76 3 
76 1 
758 
799 

80 7 
- 

1 1-8 
1-0 
1-2 

aB-1900 

6 50 I 

Ultimate 
tensile 

strength , 
M N / ~ ~  

1-7 
1-8 
1-0 
1-2 

aB-1900 

818 
84 5 
777 
82 8 

903 

883 
842 
784 
86 4 

910 

Elonga - 
tion, 

percent 

2.4 
3.6 
2.0 
1.8 

8 

6.3 
2.8 
1.0 
1.5 

5 

of a rea ,  
per cent 

5.3 
6 .4  
2.9 
4.0 

--- 

5 . 1  
4.3 
1.7 
2 .1  

--- 
'Typical properties of cast  test  bars  given the standard heat treatment (private communi- 

cation from s. s. Blecherman, Pra t t  & Whitney Aircraft). 
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TABLE VI. - ANALYSES OF PHASES EXTRACTED ELECTROLYTICALLY FROM 

B-1900 ALLOYS WITH VARIOUS SILICON CONCENTRATIONS 

Alloy silicon concentration, a wt % 
Minor phases extracted 
Amount of minor phases extracted, 

Amount of gamma prime plus MC 

Amount of gamma prime in alloy, 

Elemental concentrations in gamma 

b 

wt% 

extracted, wt % 

wt% 

prime plus M C , ~  wt%:  
Silic ona 
Aluminum 
Cobalt 
Chromium 
Molybdenum 
Tantalum 
Titanium 
Nickel 

aDetermined by atomic absorbtion. 

Master heat - casting 

2-1 

<0.05 
MC 

1.5 

64 

62 

0.046 
7.2 
6.1 
2.6 
3.8 
5.7 
1.4 
73.2 

2-2 

0.49 
dC + Laves 

2.4 

62 

---. 

0.46 
6.9 
6.2 
2.5 
3.7 
6.2 
1.4 
72.6 

2-3 

0.91 
VlC + Laves 

3.2 

58 

---- 

0.92 
7.1 
6.3 
2.8 
3.9 
5.9 
1.4 

71.7 

Kriege and 
Baris (ref. 23 

bX-ray diffraction analysis of material extracted in HC1-methanol. 
‘Determined by extraction in HC1-methanol as per ref. 7. 
dDetermined by extraction in ammonium sulfate - citric acid a s  per ref. 7. 
eAll  elements except Si determined by emission spectrochemical analysis method of ref.  8. 
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Figure 1. - Heating and cooling curves for 
B-1900 i n  cyclic furnace. Sample size, 
2.54 cm by 1.27 cm by 0.64 cm. 
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Figure 2. - Effect of temperature and silicon concentration on isothermal 
oxidation of 8-1900. 
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8-1900 t 1. fwt % Si  t . 5  - 
8-1900 + 0. bwt % S i  
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Figure 4. - Effect of silicon concentration o n  resistance of 8-1900 to 
cyclic oxidation in Mach 1 burner exhaust a t  ll00O C compared 
with aluminide-coated 6-1900. Cycle time, 1 hr. 

F i iure 3. - Effect of cycle period and silicon concentration on cyclic fur- 
nace oxidation of 8-1900 at llO@ C for 200 hours. 



(a) 8-1900. 

(b) B-1900 + 1.3-wt % silicon. 

FiFure 5. - Depletion zone after 300 hours in a Mach I burner exhaust a t  1100" C. Cycle time, 
1 hr; etched samples. 
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Figure 6. - Effect of sil icon concentration o n  resistance 
of B-1900 to sulfidation in Mach 1 burner  exhaust with 
5-ppm salt at 908 C. compared with aluminide-coated 
B-1900. Cycle time. 1 hr; specimen weight, - 120 g. 

Figure 7. - Effect of sil icon concentration on average 
stress-rupture l i fe at lCWo C and 152 MN/m2 of alloys 
given the standard heat treatment (1088 C14 h r la i r  
cooled + 90a°C/10 h r la i r  cooled). 
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Figure 8. - Effect of sil icon concentration on  room-temperature tensile prop- 
erties of alloys from master heat 1 given standard heat treatment (1080° Cl 
4 hr la i r  cooled t 9 0 8  CllO hr la i r  cooled). 
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Figure 9. - Effect of silicon concentration on  6 5 6  C tensile properties of al- 
loys from master heat l given standard heat treatment CloSOo C14 hr la i r  
cooled + 9 0 6  CllO hr la i r  cooled. 



Heat treatment 
0 l o S 8  C14 hrlair cooled t 900' CllO hrlair cooled 
0 1 2 d  Cl2 hrlair cooled t 900' Cl10 hrlair cooled 
0 12300 Cl2 hrlair cooled t 9000 CllO hrlair cooled 

12600 Cl24 hrlair cooled t 908 CllO hrlair cooled 
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Figure 10. - Effects of various heat treatments on rup- 
ture life at 1008 C and 152 MNlm2 of alloys from 
master heat 2. 

Heat treatment 
0 lOe8 C14 hrlair cooled t 900' CllO hrlair cooled 
0 1 2 d  Cl2 hrlair cooled + 900' CllO hrlair cooled 
0 12300 Cl24 hrlair cooled + 908 CllO hrlair cooled 

1268 Cl24 hrlair cooled t 908 CllO hrlair cooled 
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16 P 

14 

0 . 2  . 4  . 6  .8 1.0 1.2 
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Figure 11. - Effects of various heat treatments on rup- 
ture reduction of area of alloys from master heat 2. 



Figure 12. - Scanning electron photomicrographs of unmodified B-1900, casting 1-4, given standard heat treatment (1080" C/4 hr/ air 
cooled + 900°C/10 hr/air cooled). 

Figure 13. - Scanning electron photomicrographs of E-1900 + 0 . 6 4  % silicon, casting 1-5, given standard heat treatment 
(1080" C/4 hr/air cooled i- 9000 C/10 hv'air cooled). 
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(a) Secondary electron image showing massive gamma prime. (b) Secondary electron image showing massive gamma-prime and 
Laves phases. 

(c) Secondary eiectron image showing fine-Laves-particle 
necklace on grain boundary. 

[d) Molybdenum X-ray raster scan showing fine-Laves-particle 
necklace on grain boundary. 

Figure 14. - Scanning electron phoEomicrographs of 8-1900 -L- 1.3-Wt % silicon, casting 1-6, given standard heat treatment 
(1080" C/4 hr/air cooied + 9000 C/10 hr/air cooied). 

29 



Figure 15. - Scanning electron photomicrograph of B-1900 + 
1.1-wt % silicon, casting 2-3, given heat treatment of 
1200° C/2 hr/air cooled + 9000 C/lO hr/air cooled. 
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