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Development of Low Thermal Expansion Superalloys 
K. Sato and T. Ohno 

Alloy 903 and Alloy 909 are well-known Fe-Co-Ni-AI-Ti-Nb alloys with controlled low thermal expan- 
sion, but they have some properties that can be improved. To improve stress-accelerated grain boundary 
oxidation embrittlement of Alloy 903 and instability of the ~" phase of alloy 909, two new alloys with good 
stress-rupture ductility, high creep-rupture strength, high tensile strength at high temperature, and good 
controlled thermal expansion were developed. These property improvements were accomplished by the 
combination of optimizing the Fe-Co-Ni ratio of the matrix and stabilizing the "{' phase with the addition 
of aluminum. 
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1. Introduction 

FOR heat-resistant gas turbine components, superalloys with a 
controlled low thermal expansion coefficient can solve the 
high-temperature problems of thermal stress and clearance. Al- 
loy 903 is a well-known Fe-Co-Ni-AI-Ti-Nb alloy with con- 
trolled low thermal expansion, but it is susceptible to 
stress-accelerated grain boundary oxidation embrittlement 
(SAGBO) above about 500 ~ phenomenon is related 
to notch bar stress-rupture embrittlement in air around 500 ~ 
Alloy 909, which solved the SAGBO problem of Alloy 903, 
was developed by eliminating aluminum, adding silicon, and 
strengthening achieved by additions of niobium and tita- 
nium.[ 3] 

This improvement in strength in Alloy 909 is directly related 
to the presence of a nickel/niobium-rich Laves phase. It pre- 
cipitates during hot working and solution treatment, refines the 
grain size, and modifies the grain boundary structure. [4,51 
However, the lack of aluminum and excessive amount of nio- 
bium in Alloy 909 have negated the advantage of Alloy 903, 
namely a more stable 7 '  phase at high temperature. If strain is 
introduced to the matrix of Alloy 909 between the annealing 
and aging treatments, this instability of the 7 '  phase causes the 
precipitation of the e" phase, (Ni,Co,Fe)3(Ti,Nb) which de- 
creases tensile strength. 16] 

Considering the above characteristics of low thermal expan- 
sion superalloys, the authors tried to develop new alloys that 
would have a stable 7 '  phase like Alloy 903 and a dispersion of 
small nickel/niobium-rich Laves precipitates like Alloy 909 to 
refine the grain size. Furthermore, an effort was made to pro- 
duce superalloys with a lower coefficient of thermal expansion 
and higher elevated temperaiure tensile strength ihan either Al- 
loy 903 or Alloy 909. For heat-resistant alloys, it is useful to de- 
crease the thermal expansion for improved adherence of low 
thermal expansion ceramic coatings like zirconia, and it is also 
advantageous to increase tensile strength to prolong life. 

K. Sato and T. Ohno, Metallurgical Researcb Laboratory, Yasugi 
Works, Hitachi Metals, Ltd., 2107-2 Yasugi, Shimane, 692, Japan. 

2. Experimental Procedures 

The experimental alloys and conventional alloys were 
melted in a vacuum induction furnace and cast into 10-kg in- 
gots. Table 1 gives the chemical compositions of these alloys. 
Heats 6- I and 6-2 are of the same alloy. Heat 6- I was used for 
basic experiments, and heat 6-2 was used for evaluation tests. 
The relationship between heat 7-1 and 7-2 is the same as the re- 
lationship between heat 6-1 and 6-2. Heats 9 and 10 are Alloy 
903 and Alloy 909, respectively. They were melted according 
to the compositions given in Ref6. 

All alloys were homogenized at 1150 ~ for 20 h and forged 
into 30-ram square bars. Specimens except Alloy 903 were heat 
treated as noted in Table 2. Alloy 903 was solution treated at 
930 ~ to retain a fine grain size because it does not contain a 
Laves phase. Aging treatments were conducted at standard 
conditions. The overaging treatment, which simulated an ac- 
tual blazing treatment, was carried out to determine the stabil- 
ity of the , / '  phase. 

Microstructures of these specimens were observed by opti- 
cal microscopy and transmission electron microscopy (TEM). 
Tensile tests and creep-rupture tests were conducted in air us- 
ing ASTM testing methods. Specimens were oriented in the 
longitudinal direction. A specimen with 6.35-mm diameter was 
used for tensile testing. A combination smooth/notched speci- 
men with gage and notch diameters of 4.52 mm was used for 
creep-rupture testing. The coefficients of thermal expansion 
(CTE) were determined from 30 ~ up to 800 ~ by a differen- 
tial thermal expansion testing method. Oxidation tests were 
carried out by using 7-mm diameier x 15 mm long specimens. 
After 100 h at 800 ~ in air, the thickness of the internal and ex- 
ternal oxidation layers was measured using optical microscopy 
techniques. 

3. Development of a Lower Thermal Expansion 
Superalloy 

3.1 Alloy Design 

Heats 1 to 6 in Table I are the experimental alloys used for 
this study. Initially, an attempt was made to raise the Co/Ni ratio 
above those of Alloy 903 and Alloy 909 to decrease thermal ex- 
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Table 1 Chemica lcompos i t ion  of material  tested 

Heat 
No. C Si Ni Co 

1 .................... 0.03 <0.01 26.3 23.2 
2 .................... 0.03 l).02 29.4 19.6 
3 .................... 0.03 0.45 26.4 23.2 
4 .................... 0.03 0.49 29.3 19.6 
5 .................... 0.03 0.44 26.5 23.2 

HRA929 
6-1 ................. 0.03 0.45 29.2 19.6 
6-2 ................. 0.03 0.44 29.3 19.6 

HRA929C 
7-1 ................. 0.(14 0.31 29.5 22.5 
7-2 ................. 0.03 0.33 29.4 22.8 
8 .................... 0.04 0.31 33.4 18.2 

Alloy 903 
9 .................... 0.03 <0.01 37.8 15.0 

Alloy 909 
10 .................. <0.01 0.43 38.2 13.2 

Composition, wt % 
Cr AI Ti Nb Fe B 

... <0.01 1.56 4.72 Bal 0.(104 

... <0.01 1.56 4.74 Bal 0.005 

... <0.01 1.53 4.71 Bal 0.004 

... <0.01 1.64 4.74 Bal 0.005 

... 0.57 1.30 4.08 Bal 0.005 

... 0.55 1.29 4.02 Bal O./)/)4 

... 0.511 1.30 3.99 Bal 0.0(/5 

2.03 0.54 1.30 4.07 Bal 0.004 
1.99 0.53 1.17 4.17 Bal 0.005 
1.51 0.55 1.29 4.07 Bal 0.004 

0.16 0.81 1.47 2.69 Bal 0.006 

0.03 0.06 1.42 4.71 Bal //.(/07 

Table 2 Heat  treating schedule 

Solution treatment 
982 ~ h, AC ... All alloys except Alloy 903 
930 ~ h, AC ... Alloy 903 

Aging treatment 

Slandard ............. 720 ~ h --~ 55 ~ ~ 620 ~ h,AC 
Overaging .......... 750 ~ h --+ 850 ~ h -+ 100 ~ -+ 650 ~ AC 

Table 3 Effect of  nickel  and cobalt on coefficient of  
thermal expansion 

Heat CTE: 30 to 400 ~ 
No. Ni + Co Co/(Ni + Co) x 10 6/~ 

1 ....................... 49.5 0.47 5.99 
2 ....................... 49.0 0.40 5.73 
3 ....................... 49.6 0.47 6.65 
4 ....................... 48.9 0.40 6.3 l 
5 ....................... 49.7 0.47 6.16 
6-1 (HRA929)... 48.8 0.40 5.79 
9 (Alloy 903) ..... 52.8 0.28 7.44 
11) (Alloy 909)... 51.4 0.26 7.69 

pans ion  accord ing  to the r e l a t ionsh ip  be tween  Inva r  (36Ni -Fe)  

and S u p e r  Inva r  (31Ni -5Co-Fe ) .  Addit ional ly,  inc reas ing  the 

Co/Ni  ratio w o u l d  be expec ted  to inc rease  the a m o u n t  of  Laves  

phase  (he lpful  in p r e v e n t i n g  S A G B O  embr i t t l ement )  becausc  

the solubi l i ty  o f  n i o b i u m  in the C o - N b  binary s y s t e m  is l o w e r  

than in the N i - N b  b ina ry  sys tem.  Hea t s  1, 3, and 5 con ta ined  

about  26.4 w t %  Ni and  23.2 wt% Co  (Co/Ni  = 0.88); heats  2, 4, 

and 6 con ta ined  abou t  29.3 wt% Ni and 19.6 wt% Co  (Co/Ni  = 

0.67). By c o m p a r i n g  these  two  g roups ,  the effect o f  the differ-  

ence in Co/Ni  ratio w a s  examined .  Addi t ions  of  a l u m i n u m ,  tita- 

n ium,  and n i o b i u m  for  the Co/Ni  rat io ment ioned  above  were  

then inves t iga ted  to obta in  s table T '  precipitates.  Hea ts  1 to 4 

had the s ame  a m o u n t  o f  t i tan ium and n iob ium as Al loy  909. 

Heats  5 and 6 had the s a m e  a m o u n t  o f  a luminum,  t i tanium,  and 

Fig. 1 Effect of alloying elements on microstructures of speci- 
mens. (a) Heat I. (b) Heat 2. (c) Heat 3. (d) Heat 4. (el Heat 5. 
(f) Heat 6- I (HRA929). 

n iob ium.  A l u m i n u m  conten t  was  higher ,  and t i tan ium and nio- 

b i m n  were  l ower  than Al loy  909. The  effects  o f  a l u m i n u m ,  tita- 

n ium,  and n i o b i u m  conten ts  oll s tabi l i ty  o f  the 7 '  precipi ta t ion 

ha rden ing  phase  and mechan ica l  p roper t i es  were  inves t igated 

by c o m p a r i n g  heats 1 to 4 with heats  5 to 6. The effect  o f  si l icon 

on prec ip i ta t ion  of  Laves  phase  was  next  inves t iga ted  by con>  

par ing  heats  1 and 2 with heats  3 and 4. 
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Table  4 Effect  of  a l loy ing  e l e m e n t s  on  s t r e s s - r u p t u r e  propert ies{a)  at 500  ~  

Heat 
No. Si AI Nb Co/{Ni + Co) 

1 ....................... <0.01 <0.01 4.72 0.47 
2 ....................... 0.02 <0.01 4.74 0.40 
3 ....................... 0.45 <0.01 4.71 0.47 
4 ....................... 0.49 <0.01 4.74 0.40 
5 ....................... 0.44 0.57 4.08 0.47 
6-1 (H RA929)... 0.45 0.55 4.02 0.40 

Stress(b), MPa Lift', Elongation, Reduction 
Initial Final h % of area, % 

784 1078 318.6 10.8 27.8 
784 1029 290.1 Notch ... 
784 1029 26 I. 1 10.6 19.7 
784 [078 322.8 10.3 9.9 
784 1029 375.4 9.5 18.1 
784 1078 323.5 I 1.7 21.7 

Ca) Specimens were aged by standard aging process. (b) After 200 h, stress was increased by 49 MPa every 8 to 16 h. 

Table  5 V i e k e r s  h a r d n e s s  o f  o v e r a g e d  s p e c i m e n s  

Heat 6- I 9 l0 
No. 4 HRA929 Alloy 903 Alloy 909 

Hardness, HV: 319 346 349 317 

Fig. 2 Microstructures of overaged specimens. (a) Heat 4. (b) 
Heat 6-1 (HRA929). (c) Heat 9 (Alloy 903). (d) Heat 10 (Alloy 
909). 

3 . 2  Results' and Discussion 

Table 3 shows the effects of  niobium and cobalt on the coef- 
ficient of  thermal expansion (CTE) at temperatures from 30 to 
400 ~ for the experimental alloys, Al loy 903, and alloy 909 in 
the standard aged condition. The CTE for heats 1 to 6-1 were 
lower than those for Alloy 903 and Alloy 909 by about 1 
• 10-6/~ These results are attributed mainly to the increase of 
Co/(Co + Ni) ratio and partly to a lower  amount of  Ni + Co. 
The different Co/(Co + Ni) ratios of  0.40 and 0.47 for heats 1 to 
6-1 did not significantly affect the CTE. 

The effect of  alloying elements on stress-rupture properties 
for heats 1 to 6-1 are shown in Table 4. All beats, except  for heat 
2, exhibited good creep-rupture strength and ductility. Only 
heat 2 failed at the notch location. Figure 1 shows their micro- 
structures. The spherical particles of  micrometer  dimensions, 
shown at higher magnification in Fig. 4, were identified by 
TEM diffraction patterns as two- and tkmr-layered hexagonal 
Laves phases, the same phase that is formed in Alloy 909. [4] By 
comparing heat 1 with 2, heat 3 with 4, and heat 5 with 6, the 
higher the Col(Co + Ni) ratio, the more the Laves phase was 
precipitated. Heat 2, having a lower silicon content, and a lower 
Co/(Co + Ni) ratio, precipitated the least amount of  Laves 
phase and had the largest grain size among the experimental  
heats. Therefore,  it was found that addition of silicon and in- 
creasing the Col(Co + Nil  ratio increased the amount  of  Laves 

phase precipitates, and the presence of Laves phase was bene- 
ficial for creep-rupture ductility and for obtaining a fine grain 
size. The high affinity of aluminum for oxygen was considered 
detrimental to rupture ductility and S A G B O  embritt lement,  [71 
but a luminum additions in the cases of heats 5 and 6 did not af- 
fect rupture ductility. From these results, it appears that notch 
ductility is improved primarily by the existence of  Laves phase 
and a fine grain size, and the affinity of a luminum for oxygen 
has little influence on rupture ductility if the Laves phase is pre- 

sent. 
Compar ing the Co/(Co + Ni) ratio of  0.40 with 0.47 with 

silicon held constant at 0.45%, there was little difference in 
rupture ductility and thermal expansion. The reason may be 
that increasing cobalt produces only an increase in the amount 
of  Laves phase and does not change the matrix composit ion.  
Because cobalt  is an expensive element and its production has 
been unreliable in the past, the high temperature 7 '  stability ex- 
periment was conducted on heats 4 and 6 (lower cobalt heats). 

Stability of  the 7 '  phase at high temperature was studied by 
overaging heat 4, heat 6, Al loy 903, and Alloy 909. Vickers 
hardness values and microstructures are shown in Table 5 and 
Fig. 2, respectively. A needle-,  or platelet-, shaped phase was 
observed in heat 4 and Al loy 909. These two heats had hardness 
values that were lower than those of  heat 6-1 and Al loy 903. 
The phase is supposed to be the ~ phase, which has a DO 19 hex- 
agonal Ni3Sn-type structure and is optically similar to the 8 
phase in Alloy 718) 4] The phase appears to reduce the amount 
of 7 '  phase and results in lower hardness values. On the other 
hand, no strange phases except  the Laves phase were observed 
in heat 6-1 and Alloy 903, and they had higher hardness values 
than heat 4 and Alloy 909. The reason may be due to the exist- 
ence of  aluminum, which stabilizes the 7 '  phase at high ten> 

peratures. 

As a result of  these experiments,  it was found that heat 6 was 
an alloy with a lower coefficient  of thermal expansion than Al- 
loy 903 and Alloy 909. Heat 6 also exhibited good rupture prop- 
erties and good 7 '  stability at high temperatures. Heat 6 was 
designated HRA929,  and additional evaluation tests were con- 

Journal of Materials Engineering and Performance Vohnne 2(4) August 1993--513 



ductcd (see expanded mechanical properties evaluation sec- 
tion). 

4. Development of a Higher Strength Low 
Expansion Superalloy 

4.1 Alloy Design 

HRA929 has some margin of thermal expansion when com- 
pared to Alloy 903 and Alloy 909. The addition of chromium is 
known to result in a marked increase in thermal expansion for 
Alloy 903, [7] but it is supposed to improve high-temperature 
tensile strength by solid solution strengthening of the g matrix. 
Furthermore, it increases high-temperature oxidation resis- 
tance. Therefore, chromium was added to HRA929 to obtain 
high-temperature strength greater than Alloy 903 and Alloy 
909 while maintaining an equivalent CTE. 

The effect of chromium on mechanical properties and ther- 
mal expansion was studied by evaluating heats 7-1 and 8 in Ta- 

ble 1. Heat 7 had higher chromium and a highcr Col(Co + Ni) 
ratio than heat 8. Both have silicon levels that are less than 
HRA929 because of the expected improvement in SAGBO be- 
havior from the addition of chromium. [7j Both have the same 
amount of aluminum, titanium, and niobium and should pre- 
cipitate the y '  phase. Both were overaged to observe the stabil- 
ity of the Y' precipitates. Mechanical properties and thermal 
expansion were evaluated. 

4.2 Results and Discussion 

Table 6 gives Vickers hardness, rupture properties, and co- 
efficients of thermal expansion for heats 7-1 and 8. These al- 
loys had almost the same level of hardness and thermal 
expansion. The CTE were nearly the same as Alloy 903 and Al- 
loy 909 given in Table 2, in spite of the chromium addition. 
Heat 7-1 exhibited good rupture strength and ductility. Heat 8 
failed in the notch at a lower net section stress than heat 7-1. 
This result is due to the decrease in Laves phase and accompa- 
nying larger grain size for heat 8, as shown in Fig. 3. This figure 
also shows that the y '  precipitation hardening phase in these al- 
loys is stable like HRA929, as shown in Fig. 2. 

As a result of these experiments, it was found that heat 7 was 
an alloy with good high-temperature strength and ductility and 
a CTE similar to Alloy 903 and Alloy 909. Heat 7 was desig- 
nated HRA929C, and additional evaluation tests were con- 
ducted, as discussed in the next section. 

Fig. 3 Microstructures of overaged specimens. (a) Heal 7-1 
(HRA929C). (b) Heat 8. 

5. Expanded Mechanical Properties Evaluation of 
HRA929 and HRA929C 

To characterize HRA929 and HRA929C, a major test pro- 
gram was conducted, which included Alloy 903 and Alloy 909. 

Fig. 4 Mi~rostructures of experimental alloys, Alloy 903, and Alloy 909. IG, intergranular: TG. transgranular. 

514~Volume 2(4) August 1993 Journal of Materials Engineering and Pcrfornlance 



The program evaluated microstructure via TEM; thermal ex 
pansion up to 800 ~ tensile strength at room temperature, 
500, and 650 ~ creep-rupture strength at 649 ~ under con- 
stant stress: and stress-free oxidation at 800 ~ Chemical com- 
positions of HRA929, HRA929C, Alloy 903, and Alloy 909 are 
given in Table 1 and are designated as heats 6-2, 7-2, 9, and 1(), 
respectively. All of the specimens were given a standard aging 
heat treatment. 

5.1 Microstructure 

Figure 4 shows the microstructure of HRA929, HRA929C, 
Alloy 903, and Alloy 909. All alloys except Alloy 903 have a 
fine grain size attributed to the pinning of grain boundaries by 
the Laves phase. Spherical or cubic intergranular precipitates 
approximately 10 nm in diameter are y '  precipitates. HRA929, 
HRA929C, and Alloy 903 have significant amounts of 7'.  Al- 
loy 909 has less 7 '  and a platelet precipitate. This platelet phase 
is supposed to be the e" phase, a (Ni,Co,Fe)3(Nb,Ti) transition 
phase, 141 which is not effective for increasing tensile 
strength. [6] It is believed that the lack of aluminum and excess 
amount of niobium cause the reduction in the amount of 7 '  and 
the precipitation of the s" phase. 
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Fig. 5 Coefficients of thermal expansion of experimental al- 
loys, Alk)y 903, and Alloy 909. 

5 .2  Thermal Expansion 

As shown in Fig. 5, the CTE of HRA929 is 25% lower than 
Alloy 903 and 909 for the temperature range 30 to 400 ~ 
whereas the CTE for HRA929C is almost the same as Alloys 
903 and 909. 

5.3 Tensile Properties 

In Fig. 6, HRA929C exhibits the highest strength at 500 and 
650 ~ because of the chromium addition. Alloy HRA929 has 
a higher 0.2% yield strength than Alloys 903 and 909 at 500 and 
650 ~ The tensile strength of Alloy 909 is lower than that re- 
ported in Ref4, probably becausc an excess amount o fe"  phase 
was precipitated in this heat. HRA929 and HRA929C have 
adequate elongation values. 

5.4 Creep-Rupture Properties 

Figure 7 shows the creep-rupture properties at 649 ~ and 
510 MPa. Alloy 903 is evidently inferior to the other alloys in 
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Fig. 6 Tensile properties of experimental alloys. Alloy 903. 
and Alloy 909. 

Table 6 Effect  of Cr and  Co/Ni  rat io  on Vickers  hardness ,  s tress-rupture propert ies ,  and coeff ic ient  of  thermal  expans ion(a )  

Heat Hardness, 
No. Si Cr Co/(Ni + Co) HV 

7-1 (HRA929C) ..... 0.31 2.03 0.43 352 
8 ............................ 0.31 1.51 0.35 362 

Stress(b), MPa Life, Elongation, Reduction CTE: 30 to 400 ~ 
Initial Final h % of area, % • 10 ('/~ 

784 1078 263.5 13.9 29.3 7.92 
784 784 151.3 Notch ... 7.72 

(a) Specimens were aged by overaging process. (b) After 200 h, stress was increased by 49 MPa every 8 to 16 h. 
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Fig. 7 Stress-rupture properties of experimental alloys, Alloy 
903. and Alloy 909. Test conditions: 649 "C and 510 MPa. 

rupture life and ductility, due to SAGBO embrittlement. The 
percent elongation for HRA929, HRA929C, and Alloy 909 is 
ahnost the same, but rupture lives for HRA929 and HRA929C 
arc nearly one and a half times and three times longer, respec- 
tively, than Alloy 909. HRA929C exhibited the longest rupture 
life, probably due to the chromium addition. 

5.5 Oxidation Res is tance  

The poor oxidation resistance of low thermal expansion su- 
peralloys has been a problem area for this type of alloy. Figure 
8 shows the results of oxidation tests. HRA929C with 2 wt% Cr 
exhibited better oxidation resistance than Alloy 903 and Alloy 
909, whereas HRA929 exhibited almost the same level of oxi- 
dation resistance as Alloy 903 and Alloy 909. 

6. Summary 

Two alloys, HRA929 and HRA929C, were developed, 
which when compared to Alloys 903 and 909 either achieved a 
lower thermal expansion coefficient while maintaining equiva- 
lent tensile strength, or increased tensile strength while main- 
taining an equivalent CTE. For HRA929, an increase in the 
Co/(Co + Ni) ratio produced a finer grain size (grain bounda- 
ries were pinned by Laves phase) and lower thermal expansion 
coefficient. The addition of aluminum did not affect rupture 
ductility, but improved the stability of the 7 '  phase. The combi- 
nation of a high Co/(Co + Ni) ratio and a stable 7 '  phase pro- 
duced a lower thermal expansion alloy compared to Alloy 903 
and Alloy 909, while maintaining good rupture ductility. The 
composition (wt%) is 0.4Si-29Ni- 19.5Co-0.55A1-1.25Ti-4Nb 
(bal Fe). 

For HRA929C, a 2 wt% Cr addition and slight chemistry 
modification of HRA 929 produced an alloy with improved 
high-temperature tensile strength, rupture strength, and oxida- 
tion resistance, while maintaining almost the same level of 
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Fig. 8 Oxidation resistance of experimental alloys, Alloy 903, 
and Alloy 909. 

thermal expansion as Alloy 903 and Alloy 909. The composi- 
tion (wt%) of this alloy is 0.3Si-29.5Ni-22.5Co-2Cr-0.55A1- 
1.25Ti-4Nb (bal Fe). 
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