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ABSTRACT A systematic study of the effects of Ti, Ta and Nb on the hot corrosion behav-
ior of alloy system Ni-16Cr-9A}-2W-1Mo-4Co-(0 ~4)Ti-(0 ~4)Ta-(0 ~4)Nb (at%) was conduct-
ed. The results showed that, in certain compositional regions, the hot cormrosion resistance in
75% NazS04+25% NaCl molten salt of the experimental alloys was similar to that of IN738LC
alloy. The hot corrosion property balances with other properties, which provides the basis for
selecting alloy compositions to develop single crystal superalloys of high performance hot corro-
sion resistance.
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HIGHER temperature capability of the blade materials in gas turbines is one of the impor-
tant requirements to attain higher turbine inlet temperatures for improving thermal effi-
ciency and specific power. The wrought or conventional cast superalloys currently used
could not satisfy the requirements, since the corrosion environment encountering in marine
turbines and low-grade fuels used in industrial turbines cause severe hot corrosion prob-
lems. Thus the proper balance between hot corrosion resistance and mechanical property
must be emphasized in alloPl design and development. Up to now, only few results in
this field have been reported 1)

The alloys studied in this project were selected from the hot corrosion resistant alloy
system determined by the d-electrons alloy design theory[“]. The alloy design method
was developed based on the DV-X, cluster calculation of the electronic structures of the
alloying elements in a certain alloy matrix" . The electronic parameters Md and Bo (d-or-
bital energy level and bond order of alloying metals) are employed as the key factors
controlling the phase stability and properties. The details of this alloy design concept can
be found elsewhere” . For an alloy, the average values of Md and Bo are defined by
taking the compositional average as,

Mdt = ZX,(Md)x

. } (1
Bot = Y X(Bo),
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where X, is the atomic fraction of component i in the alloy, (Md), and (Bo), are the Md

and Bo values for component i, respectively.

Based on the widely used hot corrosion resistant superalloy IN738, the high Cr
content hot corrosion resistant alloy' system Ni-16Cr-9A1-4Co-2W-1Mo-(0 ~ 4)Ti-(0 ~ 4)
Ta-(0 ~ 4)Nb (at%) was selected for the study by the d-electrons alloy design concept
and considerations of the alloying features of the single crystal and hot corrosion resistant
superalloys™™). The results of the study of this alloy system show that, in certain composi-
tional regions, the alloys have the desired balance of the properties including microstruc-
ture stability, solidification behavior, single crystal castability as well as hot corrosion resis-
tance. These alloys are promising for further characterization. The result of effects of Ti,
Ta and Nb on the hot corrosion resistance of this alloy system is reported here.

1 EXPERIMENTAL

Figure 1 shows the distribution of the exper-
imental alloys in a Ti-Ta-Nb compositional
triangle in which the alloys distributed homo-
geneously. Table 1 shows the compositions

Ti
o TI5%

N Ti— TIr

of the alloys selected for this study. The <Y o
compositional triangle is similar to the & " .,,@,
common ternary phase diagram, in which /le—— T /Tlo\ As
each line parallel to one of the bottom

lines represents a contour line of the L x 16
element on the corresponding top. The 2 / \ / / \
cross-point of two contour lines will deter- Ta § 1 o 23_ T32_— T41°
mine the composition of an alloy with Nb, at%

another condition of the total content of Ti, Fig.1 Distribution of the designed alloys

Ta and Nb being 4at%. The_contour lines (Ni-16Cr-9A1-4Co-2W-1Mo-Ti-Ta-Nb(at%))

of three ‘important parameters Mdt,Bot and in the Ti-Ta-Nb compositional triangle

p (density) for the alloy design process are

given in the Ti-Ta-Nb compositional triangle , in which the Mdt , Bot and p are changed
in the ranges of 0.977 ~ 0.983, 0.705 ~ 0.728 and 8.3 ~ 8.9 (g/cm®), respectively. The
Mdt and Bot values are calculated following the equations!”:

Mdt = 0.717Ni + 1.142 Cr + 1.90 Al + 1.655 W + 1.55 Mo + 0.777 Co + 2.271 Ti+

2224 Ta+2117Nb

Bot = 0.514 Ni+ 1.278Cr+0.533 A1+ 1.73 W + 1.611 o + 0. 679 Co + 1.098 Ti+ @)
1.67 Ta + 1.594 Nb

where the compositions are given in atomic percent. The Mdt values are changed within
the limit of the phase stability boundary condition (Mdr < 0.991)®' | which wi
guarantee a stable microstructure.

High pure metals were used for the experimental alloys. Button size samples (about
10 g) were made by a tri-arc furnace in purified argon atmosphere. The electrodes were
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Table 1 Compositions of the alloys studied (%)

Alloy Ti Ta Nb Al Cr W Mo Co Ni
Tl 006 000 630 4.11 14.09 623 1.63 399 63.65
T2 000 3.02 465 4.05 1389 6.14 1.60 393 62.71
T3 0.00 595 306 399 1369 6.05 158 3.88 61.81
T4 000 880 151 394 1349 569 156 3.82 60.93
T5 0.00 11.57 000 3.88 1i3.30 588 1.53 377 60.07
T6 082 000 476 415 1420 628 1.64 401 64.14
T7 081 304 3.13 408 1399 6.19 161 396 63.19
T8 079 600 154 402 1379 601 157 385 6137
T9 078 886 0.00 397 1359 6.01 157 3.85 61.37
T10 1.65 000 320 418 1431 633 1.65 4.06 64.64
T11 162 307 157 416 1410 623 1.63 399 63.67
T12 1.60 604 0.00 405 1389 6.14 1.60 394 62.74
T13 249 000 161 421 1442 638 1.66 4.09 6514
T14 245 3.09 000 4.15 1421 628 164 4.03 64.16
T15 335 000 0.00 424 1454 643 168 4.12 6565

IN738 340 1.70 090 340 16.00 260 170 850 61.80

water-cooled tungsten. Alloy melting was conducted in water-cooled copper crucible with
a melting voltage of 80 V and a current of 40 A. The molten samples rotated within the
crucible because of the electromagnetic action of the three electrodes and the surface
tension of the meit, which was beneficial to compositional homogenization. Each button
was turned over and remelted five times to achieve homogeneity and complete dissolution
of refractory metals. Mass losses were always less than 1% after the five remelis.

According to the DTA results, the alloys were divided into three groups for heat treat-

ment:
(1) 1260 C /4 h/AC+1050 C /16 h/A C+850 C /48 h/AC (for T3, T4, TS5, T7, T8, T9,
T1l, T12 and T14 alloys); (2) 1230 C /4h/AC+1050 C /16 h/AC+850 C /48 h/AC (for
T2, T6, T10, T13 and TI15 alloys); (3) 1120 C /2h/AC+850 C /24 W/AC. (for T1 and
IN738LC alloys).

The specimens after heat treatment were employed for hot corrosion experiment with
the crucible method. The test pieces were polished down to #1000 dry abrasive papers.
The composition of mixed salts was 75 Na:SO4+25 NaCl (volumic fraction). The selection
of such composition of molten salt was based on the consideration that such salt mixwre
usually showed strongly aggressive to the Crz0; type scale!'”, while in the alloys studied,

the contents of Cr were high and the Cr:03 scale wouid be formed during hot corrosion

tests, so that a possible severe test medium was selected. Figure 2 shows the hot corro-
sion experimental arrangements. The specimens were held in the molten szit at 900 C for
24 h and then the mass loss (mg/cm?) was determined after descaling. The corrosion prod-
ucts on the surfaces of the specimens were descaled in two steps:

(1) To be boiled in a solution of KMnOu«(5 g)+NaOH(8 g)+distilled water (77 g) for
30 min and be washedwith ultrasonic; (2jTo be boiled in a solution of (NH4)2HC6_H507)
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(5 g)tdistilled water (45g) for 20

min and be washed with ultrasonic. SIS __ -2%'
After fully dried, the mass of TN - - - - density (g/cm?)

each specimen was measured and the
mass loss was calculated. The
constituents of the corrosion products
in the surface scale were determined
by X-ray diffraction. The microstruc-
tures of the alloys were studied by
optical, SEM, EPMA and imaging
analyzer. Before the observation, the
specimens were polished and etched
by a solution of CuSO4(20 g)+HCIl (100 Nb, at%

ml)+H>0(80ml) +H,SO (5 ml). Fig.2 Contour lines of the parameters Adt,
Bot and p considered in the alloy design in
the Ti-Ta-Nb ecompositional triangle

2 RESULTS AND DISCUSSION

The results of hot corrosion experiments are summarized in a Ti-Ta-Nb compuosiiional trian-
gle (Fig.3). In the Ti and Nb-rich corners, the alloys show better hot corrosion resistance
than those in the Ta-rich cormer, with alloy T6 showing the best hot corrosion resistance
(mass loss =7.08 mg/cm?) and alloy T9 showing the poorest behavior (fluxed during test).
In general, Ta can improve the high temperature mechanical properties as well as the hot
corrosion resistance of superalloys with low Cr contents!!'~'*! | While in the alloys with
high Cr contents, the effect of Ta on hot corro-
sion resistance changed in this study.It deterio-
rated the hot corrosion resistance of the alloys,
and caused the most severe hot corrosion
attack around the Ta-rich comer (Fig.3). As
for the effect of Ti on hot corrosion resistance
of the designed alloys, it was similar to those
reported in the literature, i.e., it improved the
hot corrosion resistance of the nickel-based
superalloys!'* '*! | At present no unanimous
conclusions have been drawn for the effect of
Nb on hot corrosion resistance of superalioys!'S!.
Sims, et al''! showed the unfavorable effect of
Nb on hot corrosion resistance. While, alloy
S-816 with up to 4% Nb showed a satisfied
hot corrosion resistance at 870 C ¥ Another
example should be noficed is that in the well-
known hot corrosion resistant superalloy IN738,
about 1% Nb was added. So the effects of

Fig. 3 Summary of the hot corrosion
tests (crucible method, 900 C /24h in a
molten  salt  75% Na:SO4+25% NaCl).
The numbers in the graph represent
the mass loss (mg/cmz)
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alloying elements on hot corrosion resistance will change greatly according to the alloy
system and the actual experimental conditions, even conversed results could be gotten.
Analysis of the results should be done according to the actual situation. Cr is unani-
mously believed to be beneficial to improve the hot corrosion resistance of superalloys
and it is the most effective and important alloying element for this purpose!" . Al is
also generally beneficial to improve hot corrosion resistance of superalloys.

Table 2 gives the results of the major corrosion reaction phases identified by X-ray
diffraction with powders taken from the surface layers. It is not difficult to identify the
differences of hot corrosion products and microstructures of the scales in the typical alloys.
The formation of the corrosion scale will be discussed in the following paper.

Figure 4 shows the dependence of hot
corrosion resistance upon corrosion time
of a typical experimental alloy T7 and the

Table 2 Phases identified by XRD

reference alloy IN738LC up to 300h at  —oee T8 LEMN— L
900 C. Similar behavior for the two Simple  NiO N0 NiO
alloys was obtained. It should be pointed oxide ALOs ALOs ALOs
out that in this study, polycrystalline speci- Cr.0s Cn0;  CnOs
mens were used in the hot corrosion tests, (Cr20s)  (Cr205)  (Cr205)
which usually show lower corrosion resis- TiOs
tance compared to the single crystal speci- (T1:0s)
mens. If single crystal specimens were
used, the hot corrosion resistance would Complex NaAlO; NaAlO: NaAlO:
be at the same level as IN738LC, which oxide (NaNiOz) (NaNiO;) (NaNiO2)
was proved in a related investigation®!], NaxCrOs  NaxCrOs  NaxCrOs
As summarized in Fig.5, the promising CrWO,
compositional ranges are determined, in AIWO,
which most of the important factors consid-
ered in alloy development are included Sulfide  NbS: CnSs Cr3Sa
except the mechanical properties. The

alloys in these promising ranges have the
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Fig.4 Dependence of hot corrosion Fig. 5 Summaries of the properties of

resistance on corrosion time the experimental alloys, in which the
shadowed

balanced

regions show promising

comprehensive  properties
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excellent comprehensive properties including single crystal castability, microstructural stabili-
ty, hot corrosion resistance and density. Promising compositions can be selected within
the regions for further evaluation. The results have been published elsewhere*'].

3 CONCLUSIONS

From the results of characterization of the hot corrosion resistance of the alloy system
Ni-16Cr-9A1-4Co-2W-1Mo-Ti-Ta-Nb(at%), following conclusions could be drawn: In Ti
and Nb-rich comers, the alloys show satisfying hot corrosion resistance; while in Ta-rich
corner, poor hot corrosion results have been gotten. In a certain compositional region,
hot corrosion resistance of the experimental alloys is near the level of IN738LC alloy.
The hot corrosion property balances with other the properties, which provides the basis
for selecting alloy compositions to develop high performance hot corrosion resistant single
crystal superalloys.
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