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The Effect of Protective Coatings on
the Mechanical Properties of

Superalloys

COATINGS PROTECT the surface of tur-
bine blades from damage caused by high-tem-
perature corrosion and thus preserve the struc-
tural shape of blades and their mechanical
properties for the required time.

There are many papers in the technical liter-
ature that deal with experimental studies of heat
resistance, fatigue strength, and thermal fatigue
of coated superalloys. However, the connection
between the physical and mechanical properties
of protective coatings and their effect on the me-
chanical properties of turbine-blade superalloys
has not been studied sufficiently well. For thin
diffusion coatings, this can be explained by the
complexity of the task, both in reproducing the
correct composition and in testing the coatings
separately from the alloy. However, for these
coatings, information on their physical and me-
chanical properties is necessary for their proper
application and for accurate calculations of
coated-blades service lives.

The effect of coatings on mechanical prop-
erties of superalloys is a combination of several
factors:

e Coating deposition alters superalloy surface
stresses.

e The coating can be damaged under action of
static or alternate stresses; the cracks nucle-
ating in the coating may accelerate the super-
alloy damage process.

e The mechanical properties of superalloys
may be affected by the coating deposition
thermal cycle.

e The coating changes the surface layer micro-
structure of a superalloy, and this effect is
boosted as high-temperature exposure time
increases.

The efficiency of revealing the effect of coat-
ings on superalloy properties depends on the
testing methods employed. Cooled blades are es-
sentially thin-walled constructions, and the ef-
fect of the coatings increases as the mismatch
between the coating thickness and the blade-
wall thickness rises. Thus, to correctly determine
the properties of blades protected with coatings,
the specimens preferable for mechanical testing
should have the ratio of the coating thickness
and the specimen cross section close to those of
the blades in use.

Mechanical and physical properties of NiAl
and NizAl aluminides, which form diffusion
coatings, are dealt with in numerous publica-
tions (Ref 1, 2). Such aluminide properties as
ultimate strength, yield strength, and elongation
values depend to a considerable extent on their
structure set by the process of test-specimen fab-
rication and their heat treatment.

Table 7.1 refers to the test results presented
in one of the earliest publications that dealt with

Table 7.1 Properties of Ni,Al and NiAl
intermetalide-base cast alloys at tensile tests
at 20 °C

Aluminum Ultimate Yield

content, strength (o), strength (o,,), Elongation
wt% MPa MPa ®), %
133 205 86 1.1
14.0 280 110 1.0
25.0 163 - 0

28.0 162 0

30.0 103 0

315 102 0

Source: Ref 3
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research into aluminide features (Ref 3). Me-
chanical properties of NiAl compound versus its
test temperatures are shown in Fig. 7.1 (Ref 3,
4). Despite different elongation values for the
NiAl samples reported by different authors, they
agreed that, in fact, elongation-temperature re-
lation yielded quite the same patterns. At a cer-
tain temperature dependent on a NiAl compound
composition, it experiences ductile-brittle tran-
sition that is typical of all the materials with
body-centered cubic lattice.

Research into the high-temperature strength
of NiAl and Ni;Al compounds has revealed that
their high-temperature strength is not so high as
that of superalloys. It can be improved by alloy-
ing and by forming directional or single-crystal
structures (Ref 5). The previously mentioned
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Flg. 7.1 Mechanical properties of NiAl compound of stoi-

chiometric composition at different temperatures. 1,
Ultimate strength; 2, yield strength; 3 and 4, elongation. Source:
Ref 3, 4
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Flg. 7.2 Ductile-brittle transition temperatures for diffusion

coatings ~50 pum thick with different aluminum
contents of their outer layer. 1, Coatings on JS-type superalloys;
2, coatings on nickel. Source: Ref 7, 8

patterns of aluminide mechanical properties var-
iations can be taken into consideration as a cer-
tain approximation in the research into the be-
havior of diffusion aluminide coatings on
superalloys.

Reproducing aluminide compositions identi-
cal to numerous diffusion coating modifications
is not a simple task. It is as difficult as their
testing, because a sample thickness is compa-
rable with a coating thickness. That is why the
ductile-brittle transition temperature (DBTT) of
a diffusion coating is recommended as its ser-
vice life criterion under static and cyclic loading
(Ref 6). The fact that aluminides experience
ductile-brittle transition is crucial for many dif-
fusion coatings characteristics and their effect on
superalloy properties.

As an example, Fig. 7.2 demonstrates test re-
sults for diffusion coatings 50 um thick (Ref 7,
8). The increase in aluminum content of the
coatings results in the increase in their ductile-
brittle transition temperature. For coatings in-
cluding 16 to 17% Al, the DBTT is below 0 °C,
while for coatings including 36% Al, the DBTT
is ~800 °C. Ductile-brittle transition tempera-
tures of the diffusion coatings on superalloys are
higher than those of the coatings on nickel.

Thermal Expansion Coefficients and
Elasticity Modulus of Coating Alloys

The mismatches between the thermal expan-
sion coefficients (TEC) and the elasticity mod-
ulus of coatings and superalloys determine the
level of stresses that arise on the blade surfaces
after coating deposition, heat treatment, and un-
der their service conditions. Thermal stresses on
the surface have an effect on all the mechanical
properties of coated superalloys.

For the Ni-Cr-Al and Ni-Co-Cr-Al systems,
TEC studies were carried out on samples made
by extruding cast billets. The Co-Ni-Cr-Al sys-
tem samples are studied as-cast. To study TEC,
the 0.5 to 1.0 mm thick condensates deposited
by the electron beam (EB) method were also
used. Before dilatometric analysis, all the sam-
ples were subjected to vacuum annealing at 1100
°C for 2 h followed by slow cooling down. The
structure and phase compositions of the ex-
truded samples are close to those of overlay
coatings with the same chemical composition.
Although the cast alloys feature larger structural
constituent sizes, their phase composition is also
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similar to that of the coatings of the same chem-
ical composition.

Studies of TECs were carried out using a
quartz dilatometer of 1500 N (made by Sincu-
Rico) equipped with an induction transducer as
a sensor. Sample elongation and temperature re-
cording were carried out with the interval of 2
°C. In combination with high sensitivity of the
induction transducer, it allowed detection of
phase changes and transformations that cause
relative variations of the sample length as small
as 0.001%. The total error at measuring mean
TEC was (0.25 to 0.35) - 107°, deg™ ! assum-
ing confidence coefficient (P) level of P = 0.95.
However, in the case of measuring elongation of
flat samples made of condensates, the error was
as high as 5 to 10%.

Dynamic modulus of elasticity was deter-
mined using the Elasomat instrument and cylin-
drical cast samples that were 120 mm long and
8 mm in diameter. Flat samples made of con-
densate with the dimensions of 100 by 10 by 2
mm were also tested. Relative errors of measur-
ing elasticity modulus for cast samples and flat
samples were 1% and 10%, respectively.

Ni-Cr-Al Alloys. The TECs for the Ni-Cr-Al
system are given in Table 7.2. (Regression equa-
tions derived from statistics-based processing of
the experimental data on TECs are given in the
Appendix.)

Thermal expansion coefficient values for the
alloy group under study are determined in each
alloy by the volume ratio of its basic phase com-
ponents, such as 7y-solid solution, 7y’-phase

(Ni;Al), B-phase (NiAl), and a-Cr. Each of these
phases has TEC monotonically rising as the tem-
perature increases, whereupon its absolute value
is less for the phases with greater aluminum con-
tents. By the mean TEC values in the tempera-
ture range of 20 to 1000 °C, the phases of the
system under consideration are ranged as fol-
lows: v (19.8 - 1075, K™, Ni;Al (16.7
1076 K1), NiAl (16.3 - 107° K1), and a-
Cr(9.6 - 1075 K™

The increase in the aluminum content of the
alloy and, hence, a greater number of aluminum-
rich phases (NiAl) cause reduction of the TEC
mean values in the range of 20 to 1000 °C. More
chromium in the alloy produces an effect similar
to that of aluminum, because it leads to an o-Cr
volume increase. The said general features of the
effect of aluminum and chromium on the TECs
of multiphase alloys of the Ni-Cr-Al system are
effective up to about 600 °C; in a higher tem-
perature range, phase transformations lead to
sudden TEC variations. On consideration of the
TEC effect on the coating-alloy system proper-
ties, it is not the absolute value of this charac-
teristic that is really important but its relative
value while comparing it with superalloy TECs.
The Ni-Cr-Al-system alloys and superalloys are
much the same in their thermal coefficients.

When overlay coatings interact with superal-
loys while being high-temperature tested, cobalt
diffuses from the superalloys into the Ni-Cr-Al-
system coatings, and after about 100 h at tem-
peratures higher than 1000 °C, its content
reaches the average cobalt content of a super-

Table 7.2 Thermal expansion coefficients, «, of Ni-Cr-Al alloys
- 10% K™!
20-100  100-200  200-300 300-400  400-500 500-600 600-700 700-800 800-900  900—1000

Alloy(a) °C °C °C °C °C °C °C °C °C °C
Nil4Cr3AlY 13.7 14.4 15.1 15.9 16.2 17.9 19.9 203 19.4 20.4
Nil8Cr5AlY 133 13.9 15.0 153 16.0 17.2 19.1 212 23.0 28.6
Ni20Cr6AlY 127 13.4 14.4 14.7 15.4 17.1 15.1 19.0 252
Nil6Cr9AlY 12.4 12.9 13.6 14.4 15.1 16.3 17.7 15.8 13.2 26.5
Ni21Cr9AlY 12.0 12.7 13.4 14.4 14.7 15.2 16.3 14.9 10.6 21.6
Ni22Crl1AIY(b) 117 12.6 13.2 14.6 14.8 15.5 17.2 16.9 18.7 31.0
Ni7Cr12A1Y 13.1 13.7 14.4 15.4 15.7 16.9 18.6 18.6 18.6 19.7
Nil9Cr12A1Y 12.0 12.7 13.4 14.0 14.8 143 16.1 15.0 16.2 31.1
Ni8Crl5AlY 11.8 12.6 13,5 14.0 143 14.6 17.6 153 15.6 17.0
Nil8Crl6AlY 12.2 12.8 133 13.8 14.6 132 15.1 113 19.3 39.1
Ni8Cr18AlY 11.6 12.6 13.4 14.4 13.7 18.4 16.1 12.0 19.7
Ni5Cr25A1 13.8 14.4 15.4 16.5 16.3 9.8 19.6 19.6 18.6 19.5
Ni31Al 13.4 13.9 143 13.0 133 13.9 14.4 14.5 14.6 14.8
Nil9Crl0AlY(c) 118 12.7 13.4 14.4 14.7 15.4 17.1 15.1 9.0 252
CMSX-4(d) 12.1 12.7 133 13.9 14.4 15.0 16.4 17.4 19.1 215

(a) Alloy chemical compositions are presented in Table 4.10. (b) In the range of 1000 to 1100 °C, « = 28.0 - 107° K~ in the range of 1100 to 1200 °C, a = 22.6
- 107° K~ (c) Condensate: nickel base, 18.5% Cr, 10.4% Al, 0.01% Y. (d) In the range of 1000 to 1100 °C, o = 25.6 - 107 K~ ' in the range of 1100 to 1200

°C,a =314 - 1074K!
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alloy. Therefore, when analyzing coating TEC,
especially if the coatings are intended for long-
term service, it is worth using the TEC values
of the Ni-Co-Cr-Al system.

The results of elasticity modulus measure-
ments for the Ni-Cr-Al alloys are given in Table
7.3. Information on statistics-based processing
of experimental data is presented in the Appen-
dix.

The value of the alloy elasticity modulus is a
result of the combined elasticity modulus of the
phases that form it. The NiAl (Ni8Cr18AlY)-
base alloy features the lowest value of elasticity
modulus, wherein, with a temperature raising to
800 °C, the modulus value does not actually
change. The maximum elasticity modulus is
demonstrated by the alloys whose phase com-
position corresponds to y-solid solution
(Nil15Cr3AlY) and y’-phase (Ni7Cr12A1Y) with
the low chromium content. The value of elastic-
ity modulus for all the alloys (except for those
with the NiAl structure) monotonically de-
creases as the temperature rises. The absolute
value of elasticity modulus for the said group of
alloys is lower than that for nickel-base super-
alloys with an equiaxial structure.

Ni-Co-Cr-Al Alloys. To determine TECs of
the Ni-Co-Cr-Al alloy major phases, these
phases were extracted electrochemically and
their TECs were determined by high-tempera-
ture x-ray diffraction methods. As for the Ni-Cr-
Al system, their mean TEC in the temperature
range of 20 to 1000 °C decreases as the alumi-
num content of the phases increases: y (17.2 -
107% K1), NisAl (15.2 107% K1), and
NiAl (13.8 - 1076, K™,

The experimental TEC data for the Ni-Co-Cr-
Al-system alloys are given in Table 7.4 (Ref 9).
The statistics-based processing of the experi-

Table 7.3  Elasticity modulus, E, of Ni-Cr-Al alloys

mental TEC data for the Ni-Co-Cr-Al alloys was
conducted in different temperature ranges. In the
temperature range of 100 to 400 °C, the influ-
ence of cobalt, chromium, and aluminum on
thermal effects of TEC variations was consid-
ered. In the range of 900 to 1000 °C, the effects
of TEC variations during phase transformations
were discussed; in the range of 100 to 1000 °C,
the effect of alloying on the mean TEC values
was determined. The regression equations are
given in the Appendix.

A cobalt-content increase from 10 to 30%
causes an increase of the maximum TEC level
for the Ni-Co-Cr-Al alloys in the temperature
range of 100 to 400 °C (Fig. 7.3a). Alloying the
alloys with 8 to 14% Co reduces TEC. In this
case, with the chromium content raised from 15
to 30%, TEC values do not actually vary.

Aluminum, chromium, and cobalt exert a cru-
cial effect on alloy TEC in the temperature range
of 900 to 1000 °C (Fig. 7.3b). A cobalt content
increase from 10 to 30% results in the reduction
of the maximum TEC level. The increase in alu-
minum and chromium contents of the alloys
causes TEC reduction too, which is mainly as-
sociated with an increase in NiAl and a-Cr vol-
ume fractions. If the aluminum, chromium, and
cobalt contents of the alloys are at their maxi-
mum levels, a region with comparatively low
TEC values of « < 20 - 107° K™!, appears.
The TEC behavior in the temperature range of
900 to 1000 °C is well correlated with variations
of the NiAl-Ni;Al ratio, depending on alloying.
The more NiAl is in the alloy, the lower the level
of TEC.

The results of the research into Ni-Co-Cr-Al
alloy elasticity modulus are given in Table 7.5.
Due to statistics-based processing of test results,
a regression equation is derived that links the

E - 102 MPa

Alloy 20 °C 200 °C 300 °C 400 °C 500 °C 600 °C 700 °C 800 °C
Nil4Cr3AlY 1784 1714 1657 1601 1536 1469 1431 1354
Nil8CrSALY 1743 1681 1614 1564 1500 1431 1361 1304
Nil6Cr9AlY 1665 1599 1565 1510 1469 1429 1379 1348
Ni21Cr9AlY 1571 1517 1477 1438 1393 1352 1305 1270
Ni22Crl11AlY 1696 1672 1644 1612 1580 1530 1481 1441
Ni22Cr11AlIY(a) 1670 1440
Ni7Cr12AlY 1806 1749 1696 1656 1609 1545 1488 1446
Nil9Cr12A1Y 1596 1615 1602 1575 1545 1515 1486 1462
NiSCrl15ALY 1424 1370 1346 1329 1315 1283 1249

Nil8Crl6AlY 1624 1604 1599 1579 1552 1523 1495 1469
NiSCr18ALY 1079 1065 1092 1091 1085 1072 1062 1047

(a) Condensate from Ni22Cr11AlY alloy
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elasticity modulus value with alloying element ~ num content is high. The influence of both ele-
contents of the Ni-Co-Cr-Al alloys in the tem- ments is explained by a rise in atom interaction
perature range of 20 to 800 °C. Calculation data energy when the nickel-base y-solid solution is
available from the equations for alloy elasticity  alloyed with these elements.

modulus at the temperatures of 20 and 800 °C Elastic modulus values determined for the va-
are given in Fig. 7.4(a, b). Aluminum reduces por-deposited samples are close to those deter-
the value of elasticity modulus mainly due to a ~ mined for cast alloys (Table 7.5). These simi-
higher volume of NiAl in the alloys. The cobalt larities are caused by measurement errors in thin,
effect is much stronger, especially if the alumi- flat samples and by differences in the composi-

Table 7.4 Thermal expansion coefficients, o, of Ni-Co-Cr-Al alloys

a - 105 K!
100-200  200-300  300-400  400-500  500-600  600-700 700-800  800-900  900-1000

Alloy(a) °C °C °C °C °C °C °C °C °C

Nil0Col5Cr8Al 132 13.9 15.0 155 16.7 199 215 253 29.5
Ni30Co15Cr8Al 13.6 14.4 153 16.0 178 207 238 257 283
Nil0C030Cr8AI 13.0 138 14.6 150 157 18.1 218 252 299
Ni30C030Cr8Al 133 13.6 14.6 15.4 16.6 19.0 19.7 193 20.1
Nil0Col5Cr14Al 133 142 14.6 16.7 16.7 19.1 219 237 28.4
Ni30Co15Cr14Al 13.4 14.1 155 17.1 175 193 21.0 21.0 215
Nil0C030Cr14Al 13.0 135 14.1 14.8 1622 17.1 188 206 216
Ni30C030Cr14Al 133 13.6 15.0 15.4 157 173 18.1 178 19.8
Nil0C022Cr11Al 132 13.6 152 158 16.0 18.0 205 253 311
Ni30C022Cr1 1Al 12.1 142 157 167 183 208 213 213 235
Ni20Co15Cr11Al 137 143 155 16.6 17.7 209 237 254 285
Ni20C030Cr1 1Al 13.4 143 152 16.4 16.4 20.1 204 213 253
Ni20C022Cr8Al 14.1 145 163 167 174 218 252 217 217
Ni20C022Cr14Al 139 14.1 154 16.1 172 183 216 237 259
Ni20C022Cr1 1Al 138 145 153 16.8 16.8 213 25.0 247 25.1
Ni20C022Cr11AIY (b) 13.5 140 15.1 157 169 20.0 238 229 238
Ni20C022Cr1 1AIY(c) 13.0 153 153 153 167 167 167 200 200
Ni6Co20Cr12A1Y 132 13.6 152 158 16.0 18.0 205 253 311
Ni6Col0Cr13AITaReHf(d) 132 142 147 142 13.6 175 192 2.1 278

(a) Alloys chemical compositions are presented in Table 4.11. (b) In the range of 1000 to 1100 °C, a = 25.7 - 107° K~ ' in the range of 1100 to 1200 °C, a =
23.8 - 10°° K" (c) Condensate from Ni20C022Cr11AlY alloy. (d) Chemical composition: nickel base, 6.0% Co, 9.9% Cr, 12.9% Al, 3.9% Ta, 0.55% Re, 1.4%
Hf, and 0.4% Si
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Fig. 7.3 Thermal expansion coefficients of Ni-Co-Cr-Al alloys (K-7). (a) 100 to 400 °C. (b) 900 to 1000 °C
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tions of the condensate samples and the alloys
used for their deposition.

Co-Ni-Cr-Al Alloys. The results of the re-
search into Co-Ni-Cr-Al-system alloy TECs are
given in Table 7.6. Up to 500 °C, the tempera-
ture elevation results in a monotonical TEC rise.
At the temperatures above 500 °C, an abrupt
TEC change is observed due to magnetic trans-
formation and dissolution of - and c-phases.

The statistics-based processing of the experi-
mental measurement results allows for drawing
the following conclusions. In the temperature
range up to 500 °C, the increase in aluminum
and chromium contents reduces TEC from 16 -
107°to 13 - 107% K~'. Alloying with nickel
produces the same effect. If the effect of alloying
elements within the whole temperature range
from 20 to 1000 °C is considered, chromium has
the strongest effect on TEC. It reduces TEC.
Nickel slightly reduces TEC; the effect of alu-
minum is not so strong.

When the temperature rises to 800 °C, the
elasticity modulus of Co-Ni-Cr-Al alloys mon-
otonically decreases to 1262 - 10% to 1492 -
10?, MPa (Table 7.7). The regression equation
linking elasticity modulus with alloying element
content and temperature is given in the Appen-
dix. The effect of the alloying elements is similar
at both low and high temperatures.

Mechanical Properties of Coating
Alloys

The coatings deposited on turbine blade sur-
faces are affected by the same static and alter-

nate stresses that have an impact on the blade
materials. The level of coating mechanical prop-
erties has an effect on the basic characteristics
of blades, such as their high-temperature
strength, endurance, and thermal fatigue. Deter-
mining the mechanical properties is a hard task.
Even fabrication of cast samples of the alloys
with high aluminum content is hampered by
their low ductility. It is also worth taking into
account that at high-temperature testing and us-
ing the blade coatings, their compositions and
properties vary continuously.

Strength and ductility of the alloys used for
coatings were investigated using the standard
procedures for cast and vapor-deposited sam-
ples. The cast samples 5 mm in diameter and the
flat samples 0.5 to 1.0 mm thick made by vapor
deposition were annealed before testing at 1050
°C for 4 h.

Test results for Ni-Cr-Al-system alloys are
presented in Tables 7.8 and 7.9 and in Fig. 7.5.
The Ni20Cr6AlY alloy with (y +y')-phase com-
position features moderate-strength values. Duc-
tility of this alloy at temperatures up to 1000 °C
does not exceed 5%. The Ni8Crl5AlY alloy
based on Ni3;Al has higher strength. At tempera-
tures above 800 °C, its strength exceeds the
strength of all the alloys studied. Ductility of the
alloys with (y+7v")-phase composition depends
on the aluminum content and other alloying ele-
ments. The NizAl-base systems are used for fab-
rication of superalloys and can be considered
most promising for designing the coatings
highly resistant to thermal fatigue.

The Ni22Cr11AlY alloy is most widely used
as a coating on blades operating under condi-
tions of high temperatures and thermal stresses.

Table 7.5 Elasticity modulus, E, of Ni-Co-Cr-Al alloys

E - 1072 MPa
Alloy 20 °C 200 °C 300 °C 400 °C 500 °C 600 °C 700 °C 800 °C
Nil0Col15Cr8Al 1560 1499 1461 1461 1394 1358 1300 1237
Ni30Co15Cr8Al 1699 1637 1586 1533 1482 1439 1357 1267
Nil0Co30Cr8Al 1664 1602 1573 1538 1491 1449 1404 1322
Ni30C030Cr8Al 1858 1799 1747 1705 1662 1661 1556 1473
Nil0Col15Cr14Al 1307 1308 1301 1286 1274 1255 1233 1173
Ni30Co15Cr14Al 1550 1523 1501 1476 1446 1414 1373 1316
Nil0Co30Cr14Al 1364 1341 1324 1306 1278 1259 1238 1193
Nil0C022Cr11Al 1486 1461 1440 1404 1373 1337 1299 1249
Ni30C022Cr11Al 1737 1688 1656 1625 1583 1541 1496 1426
Ni20Co15Cr11Al 1566 1530 1500 1472 1435 1400 1359 1302
Ni20C022Cr8Al 1602 1548 1506 1472 1431 1379 1318 1263
Ni20C022Cr11Al 1633 1595 1563 1533 1496 1464 1422 1373
Ni20C022Cr11A1Y (a) 1549 1514 1476 1444 1410 1365 1311 1248

(a) Condensate from Ni20Co22Cr11ALY alloy
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Fig. 7.4 Elasticity modulus of Ni-Co-Cr-Al alloys (MPa). (a) 20 °C. (b) 800 °C
Table 7.6  Thermal expansion coefficients, o, of Co-Ni-Cr-Al alloys
o - 105 K™
20-100  100-200 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000
Alloy(a) °C °C °C °C °C °C °C °C °C °C
ColONi15Cr6AlY 143 15.2 16.1 17.1 17.8 214 355 23.1 202 205
Co30Ni15Cr6AlY 12.8 13.6 14.6 155 16.5 173 18.0 19.0 203 22,0
ColONi30Cr6AlY 137 142 14.9 155 16.2 19.2 20.6 19.2 18.7 182
Co30Ni30Cr6AlY 133 142 15.1 16.1 16.7 193 217 252 18.1 15.6
ColONil5CrI2AlY  13.9 14.9 15.7 16.9 17.5 19.9 276 277 213 15.4
Co30Nil5CrI2AlY  13.8 14.7 15.7 16.7 17.4 18.8 203 214 203 203
ColONi30CrI2AlY 123 12.9 135 14.2 14.8 153 158 16.5 19.2 217
Col0Ni22Cr9AlY 138 14.3 14.8 153 16.6 17.6 15.6 14.8 16.8 2138
Co30Ni22Cr9ATY 134 14.0 147 157 162 175 225 228 20.1
Co20Ni15Cr9ATY 142 14.9 15.6 16.5 17.1 19.4 26.6 21.0 18.9 18.5
C020Ni30Cr9AlY 12.8 135 14.0 14.8 15.8 17.0 18.8 15.6
C020Ni22Cr6AlY 138 14.6 153 16.1 16.8 193 224 193 16.8 18.1
Co20Ni22Cr12AlY  13.0 13.6 145 153 16.5 17.4 19.0 173 185 233
Co20Ni22Cr9ATY 13.1 13.8 144 152 16.1 18.0 19.9 18.6 17.0 20.6
C022Cr9AlY 133 13.7 14.1 14.5 14.8 14.8 14.7 152 16.1
(a) Alloy chemical compositions are presented in Table 4.13
Table 7.7  Elasticity modulus, E, of Co-Ni-Cr-Al alloys
E - 1072 MPa
Alloy 20 °C 100 °C 200 °C 300 °C 400 °C 500 °C 600 °C 700 °C 800 °C
ColONi15Cr6AlY 2071 1956 1874 1809 1738 1662 1573 1492 1262
Co30Ni15Cr6AlY 1893 1856 1803 1740 1655 1601 1549 1386 1266
Col0Ni30Cr6AlY 1960 1923 1861 1792 1702 1618 1535 1447 1353
Co30Ni30CT6AlY 1820 1787 1726 1683 1603 1549 1469 1366 1284
ColONi15Cr12AlY 1956 1911 1839 1779 1703 1641 1568 1458 1334
Co30Ni15Cr12AlY 1826 1787 1763 1714 1674 1621 1554 1463 1308
Col0Ni22Cr9AlY 2013 1982 1937 1888 1823 1764 1690 1625 1492
Co30Ni22Cr9ATY 1820 1795 1749 1704 1649 1575 1516 1434 1345
Co20Ni15Cr9AlY 1792 1759 1706 1657 1586 1540 1666 1363 1295
C020Ni30Cr9AlY 2037 2006 1970 1919 1866 1805 1739 1679 1492
C020Ni22Cr6AlY 1888 1843 1781 1717 1648 1576 1476 1372 1289
Co20Ni22Cr12A1Y 1778 1760 1728 1702 1662 1643 1578 1515 1438

Co20Ni22Cr9AlY 1847 1799 1749 1700 1646 1600 1534 1426 1344
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Its properties are typical of all the materials of
the Ni(Co)-Cr-Al system used for depositing
overlay coatings. At temperatures under 800 °C,
the alloy features high strength, which abruptly
diminishes as the temperature rises to 1100 °C.
At 500 °C, elongation of the Ni22Cr11AlY alloy
does not exceed 3%. However, at higher tem-
peratures, elongation increases abruptly to 69%

Table 7.8 Ultimate strength, o, of Ni-Cr-Al alloys

at 1100 °C. Such a change in the properties of
this alloy is due to the development of phase
transformations. Intensive softening of the
Ni20Cr12AlY alloy starts at temperatures above
700 °C, when y’-phase is dissolving in the alloy.

Tables 7.10 and 7.11 and Fig. 7.5 present the
test results on the mechanical properties of the Ni-
Co-Cr-Al alloys. At temperatures below 600 °C,

o, MPa
Alloy 500 °C 600 °C 700 °C 800 °C 900 °C 975 °C 1000 °C 1100 °C
Ni22Cr11AlY 728 672 396 216 68 34
Ni22Cr6AlY 316 . 406 341 306 236
Ni20Cr6AlY(a) 550 530 390 190 . . 65 .
Ni8Cr15AlY(a) 650 500 400 358 157
Ni5Cr25A1 300 250 200 150 120 50
(a) Samples are vapor deposited from alloy of the said composition
Table 7.9 Elongation, §, of Ni-Cr-Al alloys
9, %
Alloy 500 °C 600 °C 700 °C 800 °C 900 °C 975 °C 1000 °C 1100 °C 1200 °C
Ni22Cr11AlY . 24 31 74 105
Ni22Cr6AlY 1 1.2 24 2.6 32
Ni20Cr6AlY (a) 16 . 16 49 . 85 .
Ni8Crl5AlY(a) 0 0 10 12 31
Ni5Cr25A1 0 10 20 25 30 70
(a) Samples are vapor deposited from alloy of said composition
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the Ni20C020Cr12Al1Y and Nil0Co20Cr12AlY
alloys have high ultimate strength and relatively
low ductility (5 < 5%). As the temperature rises,
the alloy strength diminishes monotonically, and
at 1100 °C, it is 30 to 40 MPa. Ductility of the
alloys under study rises monotonically, and at
temperatures above 1000 °C, some alloys (e.g.,
Nil0Co022Cr11AlY) are in a superductile state;
their elongation exceeds 100%. Different alloy
behaviors, which manifest themselves in tem-
perature-dependent variations of their strength
and ductility parameters, are caused by their
phase composition and alloying with cobalt. In
the temperature range higher than 600 °C, the
Ni20Co020Cr12AlY alloy alloyed with 20% Co
shows no trace of y’-strengthening phase. It has

(B+7) phase composition, which causes an
abrupt drop of its ultimate strength and an in-
crease of its ductility as the temperature rises.

Cobalt-base alloys also feature monotonically
decreasing strength and increasing ductility as
the temperature rises from 500 to 1100 °C (Ta-
bles 7.12 and 7.13 and Fig. 7.5). The strength of
these alloys depends slightly on their alloying.
It is related to the fact that the said system lacks
v'-strengthening phase. The Appendix contains
the regression equations linking strength and
ductility of the Co-Ni-Cr-Al-Y-system alloys
with their alloying element contents.

The comparison of strength and ductility of
the cast and vapor-deposited samples of the

Table 7.10 Yield strength (o, ,) and ultimate strength (s;) of Ni-Co-Cr-Al alloys

6y, MPa og, MPa
Alloy 800 °C 900 °C 1000 °C 500 °C 700 °C 800 °C 900 °C 1000 °C 1100 °C
Nil0Col5Cr8AlY 335 178 698 415 219 70
Ni30Col5Cr8AlY e 246 103 572 268 112 41
Nil0Co30Cr8AlY 343 194 73 434 234 88 56
Nil0Co22Cr11AlY e 602 429 233 62
Nil0Co20Cr12AlY (a) 260 190 55
Ni20C022Cr8AlY 344 230 72 e . 470 249 82 48
Ni20C022Cr11AlY 292 113 69 840 514 319 148 84 45
Ni20C020Cr12AlY(a) 520 510 320 50
(a) Samples are vapor deposited from alloy of the said composition.
Table 7.11  Elongation (3) of Ni-Co-Cr-Al alloys
3, %
Alloy 500 °C 700 °C 800 °C 900 °C 1000 °C 1100 °C
Nil0Col5Cr8AlY 4 7 14 34
Ni30Col5Cr8AlY 5 7 15 37
Nil0Co30Cr8AlY . o 27 32 68 66
Nil0Co22Cr11AlY 0.5 3 14 23 84
Nil0Co20Cr12Al1Y (a) 3 130
Ni20C022Cr8AlY . . 20 41 42 15
Ni20C022Cr11AlY 4 28 39 65 68
Ni20C020Cr12Al1Y (a) 3 25 70 130
Condensate from alloy of said composition
Table 7.12  Yield strength (o, ,) and ultimate strength (s;) of Co-Ni-Cr-Al alloys
6y, MPa og, MPa
Alloy 500 °C 700 °C 900 °C 500 °C 700 °C 900 °C 1100 °C
Col0Ni22Cr9AlY 496 392 161 567 546 205 60
Co30Ni22Cr9AlY . 428 126 . 547 165 57
Co20Nil5Cr9AlY 392 315 122 690 461 142 42
Co20Ni30Cr9AlY 564 479 165 866 567 173 54
Co20Ni22Cr6AlY 494 334 158 787 496 190 53
Co20Ni22Cr12AlY o 202 e e 474 249 64
Co20Ni22Cr9AlY 493 376 178 810 531 188 60
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Ni20Co020Cr12Al1Y alloy (Fig. 7.6a,b) demon-
strates that the principal trend of properties
change versus temperature is the same. At the
same time, the mechanical properties of the va-
por-deposited sample are slightly worse than
those of the cast sample (50 and 84 MPa at 1000
°C, respectively), but its ductility is higher. The
vapor-deposited and cast samples of other alloys
have the same relationship between their prop-
erties. Differences in the properties are ex-
plained by structural differences, such as more
dispersed phases in the vapor-deposited sam-
ples, different chemical compositions of vapor-
deposited samples and evaporated alloys, and
sample shapes and sizes.

To determine the moment when the alloys be-
come ductile, the alloys of the Ni-Cr-Al and Ni-
Co-Cr-Al systems were bend tested. Testing was
carried out by applying certain steady loading to
the central part of the sample and then measur-
ing its strain. The test samples were fabricated
by the extrusion method and had a dispersed
structure similar to that of vapor-deposited sam-
ples and coatings.

The Ni20C020Cr12AlY alloy experiences de-
formation even at room temperature. At 500 °C,
the sample is quite ductile when bent (Fig. 7.7).
The cobalt-free alloy of the same chromium and
aluminum contents demonstrates noticeable
strains only at 600 °C. The Nil0Col5Cr8AlY
and Ni30Col15Cr8AlY alloys differing only in
cobalt contents have different ductility levels.
The 30% Co alloy becomes ductile even at room
temperature, while the 10% Co alloy becomes
ductile at temperatures above 500 °C. The in-
crease in aluminum content of the alloy up to
14% results in overriding the cobalt effect. The
high aluminum content and, respectively, high
NiAl content (of 70 to 80%) raise the alloy plas-
ticization temperature to 800 °C.

The previously mentioned test results show
that at 500 to 1000 °C, the strength levels of the
cast alloys used for coatings, their vapor-depos-

Table 7.13  Elongation, 8, of Co-Ni-Cr-Al alloys
3, %
Alloy 500°C_ 700°C__ 900°C 1100 °C
Col0Ni22CI9ALY 1 13 49 74
Co30Ni22Cr9AlY . 15 27 37
Co20Nil5Cr9AIY 11 19 72 61
Co20Ni30Cr9AlY 12 29 66 72
Co20Ni22Cr6AlY 9 25 53 56
Co20Ni22Cr12A1Y i - 37 57
Co20Ni22Cr9AlY 10 28 50 63

ited samples, and the respective coatings are
considerably lower than those of modern super-
alloys. That is why the protective coating cannot
bear any static and alternate stresses generated
in turbine blades. This should be taken into ac-
count when calculating stresses and strains in
coated turbine blades.

Thermal Stresses in Superalloy Coatings

A study of the coating stressed state is one of
the basic elements used for development of coat-
ings and their use. Thermal stress generation
during heating and cooling of coated parts
caused by a mismatch between the TECs of a
coating and a superalloy is typical for both dif-
fusion and overlay coatings.

Thermal stress in a coating (G.) may be cal-
culated from a ratio of coating and superalloy
TECs:

(. — ay) - (T — Ty

.= E -
Gc c 1—HC

where E is coating modulus of elasticity; o, and
o, are TECs of a coating and a superalloy in
the temperature range of 7, to T, respectively;
T, is a temperature of zero thermal stress level
in a coating-superalloy system; 7 is a current
temperature; and 1. is Poisson’s ratio of a coat-
ing.

Thermal stresses generated in the coating-su-
peralloy system are crucial to the destruction of
the coating on turbine blade surfaces during
heating and cooling under transient conditions
typical of aircraft gas-turbine engines.

Experimental Studies of Thermal Stresses.
To study stressed coatings, two methods were
used:

e Technique for measurement of strain caused
by coating chemical removal from a sample
surface

e X-ray diffraction technique for assessing
coating stresses by measuring crystal lattice
strain (Ref 10, 11)

As mentioned in many publications, com-
pressive stresses occur in diffusion aluminide
coatings at room temperature. Their generation
is caused by two factors:

e When nickel superalloys undergo aluminiz-
ing, NiAl;, Ni,Al;, NiAl, and NijAl form,
their specific volumes (0.25, 0.21, 0.17, and
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0.14 cm®/g, respectively) being larger than
the specific volume of the superalloy (0.11 to
0.12 cm®/g).

e Thermal expansion coefficients of aluminides
are less than those of superalloys.

The compressive stress level in aluminide
coatings depends on the aluminizing technique
in use. The results of the studies pursued show
that on aluminizing a nickel superalloy of JS-
type from the slurry containing 100% Al at the
temperature of 700 °C for 4 h, the residual com-
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pressive stress of ¢ = —200 MPa generates in
the coating surface layer at room temperature.
In the coating applied by aluminizing at 950 and
1200 °C for 4 h, the compressive stresses are
— 160 and — 140 MPa, respectively.

The stress level in diffusion coatings de-
creases with the temperature increase. The data
on thermal stresses in the diffusion coating mea-
sured by the x-ray method at elevated tempera-
tures are presented in Fig. 7.8. The coating was
applied by aluminizing the JS6U superalloy in a
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mixture of 98% Al-Fe alloy (50% Al) and 2%
NH,CI1 at 950 °C for 4 h. The extreme points on
the stress-temperature curve are caused by dif-
ferent TECs of the superalloy and the coating-
base aluminide. At high-temperature testing, the
stress level of the diffusion coating depends on
its test time and temperature. However, on cool-
ing from the test temperature, the compressive
stresses always rise in diffusion coatings.

When analyzing a stressed state of an overlay
coating, it is necessary to take into account the
following initial conditions. When the EB
method is used, the coating is deposited on a
substrate heated to 850 to 950 °C, and evapo-
ration heat generated during its condensation
also heats its thin surface layers. Despite the fact
that no special preheating equipment is used at
electric arc (EA) deposition, the substrate is
heated by plasma flow up to 500 to 600 °C. Un-
der these conditions, no stresses are generated at
the interface of the coating and the substrate on
which the coating is deposited from vapor or
plasma.

At the heat treatment temperatures of 1000 to
1050 °C, the coatings are in a ductile or, in some
cases, superductile state (6 > 100%); their yield
stress is lower than 50 MPa. In addition, at
~1000 °C, recrystallization occurs in the coat-

ings of the Ni-Cr-Al and Ni-Co-Cr-Al systems.
On cooling from ~1000 °C, a mismatch be-
tween the TECs of the coating and the protected
alloy causes thermal stress generation. As the
temperature decreases, thermal stresses increase
and reach their maximum at room temperature.

The results of x-ray diffraction analysis of
stresses at different stages of the coating depo-
sition process and their heat treatment and ma-
chining are shown in Fig. 7.9. The coatings 80
to 100 pum thick made of Ni20Cr12AlY, and
Ni20Co20Cr12AlY alloys were deposited by
the EB method. All the measurements were car-
ried out at room temperatures; the JS6U super-
alloy was used as a substrate material.

The tensile stress level of + (70 to 90) MPa
is typical of the coatings as-deposited by the EB
method on the substrate heated to 850 to 950 °C.
On annealing at 1030 °C for 2 h, tensile stresses
in the coatings increase. The tensile stress level
in the coating alloyed with cobalt is higher. On
annealing at 1030 °C of the Ni20Cr12AlY coat-
ing applied by the EA method, its tensile stress
level is +90 MPa. This indicates that the level
of tensile stresses in the coatings depends little
on a deposition technique and is mainly deter-
mined by a mismatch between the TECs of the
coating and the superalloy.
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Flg. 7.9 Thermal stresses at 20 °C in overlay coatings on JS6U superalloy after different technological treatment processes. 1, after
deposition (D); 2, after D + annealing; 1030 °C, 2 h (A); 3, after (D+A) + peening (P); 4, after (D+ A +P) + annealing:
700 °C, 2 h; 5, after (D+A+P) + annealing: 800 °C, 2 h; 6, after (D+A+P) + annealing: 900 °C, 2 h; 7, after (D+ A+ P) + annealing:

1000 °C, 2 h; 8, after (D+A+P) + annealing: 1030 °C, 2 h
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The next step in the technological process for
the coatings deposited by the EB method is a
compacting treatment by microball peening,
which generates high compressive stresses,
whereupon their absolute value exceeds that for
the Ni20Crl12AlY coating. This is due to a
higher yield stress of this coating at room tem-
perature.

Annealing the specimens peened with micro-
balls at a temperature above 700 °C completely
eliminates coating strain hardening. On anneal-
ing of the specimen peened with microballs, all
stresses are relaxed and tensile stresses regen-
erate during cooling. The threshold recrystalli-
zation temperature for the Ni20Cr12AlY coating
is ~1000 °C.

The processes of stress relaxation in the coat-
ing alloyed with cobalt run in another manner,
compared with the Ni20Cr12AlY coating. This
is because coating strain hardening and its sub-
sequent heat treatment initiate phase transfor-
mations and recrystallization. This results in a
steadier state, compared to as-deposited and as-
annealed for the first-time coating. The increase
in thermal stresses of the Ni20Co20Cr12AlY
coating is caused by a greater mismatch between
its TEC and that of the JS6U superalloy, com-
pared with the Ni20Crl12AlY coating and the
JS6U superalloy.

The stressed Ni20Cr12AlY and
Ni20C020Cr12AlY coatings were x-rayed in the
temperature range from room temperature to
900 °C. The specimens tested were subjected to
a full treatment cycle, including annealing at
1030 °C for 2 h, microball peening, and final
annealing at 1030 °C for 2 h. The results of the
investigation are shown in Fig. 7.10. Stresses
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Flg 7.10 Thermal stresses in (1) Ni20Cr12AlY coating and
2) Ni20Co20Cr12AlY coating on JS6U superalloy

were gradually relaxing in both coatings. For the
Ni20Cr12AlY coating, the coating-alloy system
shows no stresses at 800 °C. Further temperature
increases to 900 °C result in the generation of
low compressive stresses (~20 MPa). When
cooling the alloy from the said temperature to
room temperature, stresses recover to their pre-
vious level.

In the Ni20Co20Cr12AlY coating, the tem-
perature increase results first in the abrupt drop
of tensile stresses from 240 MPa at 20 °C to 0
MPa at 650 °C, then in the generation of low
compressive stresses (—50 MPa); as the tem-
perature approaches 900 °C, their absolute value
decreases to —20 MPa. The compressive stress
generation in the Ni20Cr12AlY and
Ni20Co020Cr12AlY coatings is explained once
again by a mismatch between the TECs of the
coating and the alloy.

The results of the research into thermal
stresses using the technique of strain measuring
during chemical removal of coatings are shown
in Fig. 7.11. The stresses were measured in sam-
ples cut out of blades made of the JS6U super-
alloy and subjected to annealing at 1030 °C for
2 h, compacting by microball peening, and fur-
ther annealing at 1030 °C for 2 h. Tensile
stresses at a distance of 20 um from the surface
of the Ni20Cr12AlY coating are 100 to 180
MPa. With due account of possible errors intro-
duced by both methods, these results are in good
agreement with the results of x-ray diffraction.
As the distance from the surface increases, the
stresses gradually decrease, and at a distance
equal to the coating thickness, the stresses ap-
proximate to a zero level. The study of the
stressed coating on the blades subjected to test-
ing in an engine for ~100 h demonstrates that
both the sign and the level of the stresses do not
actually change.

The experimental methods allow assessment
of the stressed state of the coated specimen sur-
faces. However, these methods are rather time-
consuming and may introduce considerable er-
rors when the changes in chemical and phase
compositions take place during high-tempera-
ture testing. The method based on etching off
coatings allows studying the stressed state only
at their room temperature.

The use of calculation methods allows the
analysis of the coating physical and mechanical
properties effect on their thermal stress levels,
as well as the assessment of design features of
any type and composition of multilayer coatings
deposited on substrates of any type. The calcu-
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lation methods are a step toward controlling
stresses in coatings and the respective charac-
teristics of their thermal fatigue.

Coating-Thermal-Stresses Modeling. To
calculate the thermal stresses occurring in the
coating-superalloy system, a strained body
stressed-state numerical modeling method was
used (Ref 12). The specimen taken for model
calculation was 2 mm thick and 4 mm long; a
coating 0.1 mm thick was applied to one of its
sides. The length of 4 mm allows elimination of
any edge effect.

On the basis of the previously mentioned x-
ray diffraction results, within tolerable limits,
the T, temperature was taken to be 920 °C. At
the T, temperature, the stresses at the coating/
superalloy interface approximate to a zero level.
Thermal expansion coefficients and modulus of
elasticity determined from the investigation of
the coating alloys were used for calculations.

The calculation results for the stresses occur-
ring in the Ni20Cr12AlY coating/JS6U super-
alloy and the Ni20Co20Cr12AlY coating/JS6U
superalloy systems at their cooling from 920 to
20 °C are shown in Fig. 7.12. The calculated
stresses in the surface layer of the
Ni20Co020Cr12AlY coating are +392 MPa,
while in the surface layer of the Ni20Cr12AlY
coating they are + 128 MPa. The coated speci-
men surface stress profile shows that the tensile
stresses peak is in the coating zone near the coat-
ing/alloy interface. In the vicinity of the inter-
face, the stress sign reverses abruptly, and com-
pressive stresses are observed in the alloy.
Beneath the Ni20Co20Cr12AlY coating, com-
pressive stresses reach —8 MPa; beneath the
Ni20Cr12AlY coating they are —2 MPa. The
compressive stresses gradually decrease as the
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distance from the coating/alloy interface in-
creases.

The diagram showing the value of forces in
the coating-alloy system versus coating thick-
ness is presented in Fig. 7.13. The force, P, in
the coating was calculated from the following
formula:

Pnzz'ci'Fi
i=1

20
AQ(AE), %

Fig 7.14 Level of thermal stress ratio, 6/c,, in (1, 3) coating

and in (2) substrate versus (1, 2) coating thermal
expansion coefficient variation, Aa, and (3) superalloy elasticity
modulus, AE
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Fig. 7.15 Calculated thermal stresses in (1)

Ni20C020Cr12AlY and (2) Ni20Cr12AIlY coatings
on JS6F superalloy specimens. Orientations of (a) [001] and (b)
[111]

where o, is stress in the sections into which the
coating is divided; F; is the area affected by
stress G;; and n is the number of sections into
which the coating is divided.

The separation of the stresses and forces act-
ing in the coating has a physical meaning. The
stresses in the coating have an effect on the coat-
ing material and may cause its failure. The
forces in the coating are applied to the coating/
alloy interface and may cause spalling of the
coating along this interface. The force in the
coating increases monotonically as the coating
becomes thicker. Thus, coating thickness is lim-
ited by the strength of the coating/coated alloy
interface (i.e., by its adhesive strength). The un-
satisfactory adhesive strength level may cause
spontaneous spallation of a “thick” coating.
Spalling from the substrate surface may occur
without any stress applied.

Superalloy TECs vary slightly, depending on
their alloying. Coating TECs can vary within a
rather wide range. Coating TECs also vary dur-
ing high-temperature testing due to the change
of the coating chemical and phase compositions.

The calculated thermal stresses in the coating
and the substrate versus differences of TEC (Aa)
and elasticity modulus (AE) for the coating and
superalloy are shown in Fig. 7.14. The
Ni20Cr12AlY coating/JS6U superalloy system
was taken as the basis for calculation. Coating
and substrate stresses vary linearly with Aa. As
a TEC mismatch between the coating and alloy
increases by 20%, the level of thermal stresses
in the coating increases 3.7 times. The Aa has a
weaker effect on the stresses in the substrate.
The effect of AE on the stresses in the coating
is not strong.

The calculation results for thermal stresses in
single-crystal specimens made of JS6F superal-
loy with grain orientations of [001] and [111]
are given in Fig. 7.15. The Ni20Cr12AlY and
Ni20Co020Cr12AlY coatings are deposited on
the specimens. In the case of the Ni20Cr12AlY
coating, the stress level in the substrate with the
orientation of [001] is +29 MPa, while in the
case of the Ni20Co20Crl12AlY coating it is
+275 MPa. The stress level in the coatings on
the specimens with the orientation of [111] is
lower.

The main factor, which decides the value of
thermal stresses, is a mismatch between the coat-
ing and alloy TECs. If this mismatch is not great,
as for the Ni20Cr12AlY coating, the variation
of elasticity modulus is crucial to the value and
sign of thermal stresses. If the mismatch is high,
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the use of the material with a high elasticity
modulus has a minor effect on the thermal stress
level, which decreased by only 5% for the
Ni20C020Cr12AlY coating.

The development of multilayer coating sys-
tems is very promising and can improve coating
stability, for example, in the case of applying the
Niz;Al layer or thermodynamically stable car-
bides (NbC, HfC) to the coating/alloy interface.
By using multilayer coatings, it is possible to
control the level of thermal stresses in them. The
experimental determination of stresses in mul-
tilayer systems is a complicated process and, as
a rule, it is reduced to measuring total stresses.
The results of thermal stress calculations for dif-
ferent modifications of two-layer coatings are
shown in Fig. 7.16. Depending on the position
in the coating pattern, the layers of the same
chemical composition may have different stress
signs.

Effect of Coatings on High-Temperature
Strength of Superalloys

High-temperature strength of the protective
coating materials is substantially lower than that
of modern superalloys. That is why the coating
itself cannot bear the loads applied to the sample
during its high-temperature strength testing car-
ried out at temperatures above 700 °C. The
stresses arising in the coating at the moment of
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Fig_ 7.16 Calculated thermal stresses at 20 °C in two-layer

coatings on JS6F superalloy specimens [001]. 1,
Ni20Cr12AlY (95  pm)/Ni8Co20Cr12AlY (5 um); 2,
Ni8Co20Cr12AlY (50 um)/Ni20Cr12AlY (50 um). h,, distance
from a “coating alloy” interface into the coating; h,, distance into
the alloy

the sample loading, as a rule, exceed the coating
yield strength, so they are relieved and redistrib-
uted over the cross section of the superalloy. The
stresses in the tested sample should be calculated
taking into account the sample cross-sectional
area, while the coating thickness is negligible.

The nature of the protective coating effect on
high-temperature strength of nickel superalloys
is closely related with the peculiarities of their
failure in an oxidizing atmosphere at high tem-
peratures. For a majority of the superalloys, ox-
idation at testing promotes the development of
surface cracks and contributes to their damaging
processes. Application of coatings that protect
the surface of such superalloys from oxidation
has a favorable effect on high-temperature
strength, especially in the case of long-term test-
ing.

At the same time, the coating may have a neg-
ative effect on high-temperature strength of the
superalloy to be protected. This is due to the
formation of an interaction zone that reduces the
sample cross-sectional area, especially in the
case of precipitation of laminated, closely
packed phases (such as carbides, o-phase).

The scope of testing carried out to evaluate
the coating effect on high-temperature strength
is great enough. However, the authors of most
papers restricted themselves to comparison of
the time-to-failure of the coated and uncoated
samples. As a rule, in this case it is stated that
coating deposition does not reduce sample time-
to-failure.

Creep-Rupture Strength of Superalloys
Tested in Media Provoking Hot Corrosion.
Testing for creep and stress-rupture properties
in a medium simulating fuel combustion prod-
ucts with elevated sulfur content substantially
accelerates the failure processes occurring in the
specimen surface layers and their destruction.
The testing procedure was as follows (Ref 13,
14). The gas turbine fuel (GZT) synthetic ash
was applied from an alcohol suspension to the
surface of the standard specimens intended for
high-temperature testing. The specimen was 6
mm in diameter, with the working part 30 mm
long. The ash layer was 120 g/m?, with the layer
application repeated every 500 h of testing. Air
supplied at a rate of 20 L/h was forced through
the furnace muffle where the specimen was held
for testing.

The results of the JS6U superalloy testing in
air and with a layer of ash on it at 800 and 900
°C are shown in Fig. 7.17. The superalloy was
considerably damaged during testing where the
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GZT ash was used. It manifested itself in an in-
tensive time-dependent drop of the superalloy
strength. In this case, the strength versus test
time is still the same, both under hot corrosion
conditions and in the air. It is an exponential
equation establishing a relationship of time-to-
failure to stress (Ref 13):

T=a-"0

where 7 is time-to-failure, ¢ is stress, and a and
n are constants depending on material proper-
ties, corrosive medium, and temperature.

At longer test time and higher test tempera-
tures, the effect of the medium on the superalloy
is greater, as is shown in Fig. 7.17 (Ref 15).
After ~100 h of testing at 800 °C and 40 to 50
h at 900 °C, creep-rupture strength of the JS6U

Table 7.14 Time-to-failure of JS6K superalloy in
air and in GZT ash at the same stress level. (Ref
13)

Test Stress Time to failure Time to failure at
temperature, (¢), at testing in air testing in GZT ash
°C MPa (ta), h (tgzr)y h

800 410 1000 180

850 297 165

900 179 100

800 293 10,000 670

850 190 280

900 112 190

superalloy with the GZT ash starts to decrease.
If the initial life of the JS6U superalloy in air is
1000 h, the GZT ash on it will reduce it by 74%
at 800 °C and by 91% at 900 °C. The difference
in high-temperature creep-rupture strength lev-
els of the specimens tested in air and in the cor-
rosive media becomes more pronounced as their
testing time increases.

The same effect can be observed for the JS6K
superalloy (Table 7.14). At long-term testing,
time-to-failure decreases by a few orders of
magnitude. The higher the test temperature is
and the smaller the diameter of the specimen
tested, the greater the medium effect will be.

In addition to shortening superalloy specimen
lives under hot corrosion conditions, their initial,
secondary, and tertiary creep lives become
shorter, too; total ductility (specimen elonga-
tion) at failure and ductility at the initial and
secondary creep phases are reduced. The JS6U
superalloy behavior at testing is typical of all
nickel superalloys.

Two test-coated JS6U and JS6K superalloys
under corrosive conditions, two types of coat-
ings were used: a diffusion coating made of the
Al5Sil.5Y alloy deposited by the EA method
and an overlay coating made of the
Ni20Co020Cr12AlY alloy deposited by the EB
method. The coating thickness values were ~50
and ~100 pm, respectively.

The test results on creep-rupture strength of
the coated alloys under hot corrosion conditions
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are shown in Fig. 7.17. The Ni20Co20Cr12AlY
coating on the JS6U and JS6K superalloys guar-
antees their protection against hot corrosion as
well as ensures their long-term strength charac-
teristics similar to those typical of testing in air.
The creep-rupture strength level of the coated
JS6U superalloy at 2000 h testing at 800 °C is
400 MPa, while that for the uncoated specimen
is 240 MPa. At 900 °C, the coating guarantees
the alloy protection for more than 1000 h. In this
case, the alloy high-temperature strength level is
220 MPa. At the same time, the uncoated alloy
has creep-rupture strength of less than 100 MPa.
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Flg. 7.18 Creep rates (V, %/h) of JS6U superalloy at 900 °C

at (a) initial, (b) second, and (c) tertiary creep
stages. 1, Air, no coating; 2, GZT ash, Ni20Co20Cr12AlY coat-
ing; 3, GZT ash, diffusion coating (Al5Si1.5Y); 4, GZT ash, no
coating

Diffusion coatings demonstrate worse protec-
tive properties. However, they reliably protect
the alloys against hot corrosion at 800 °C for at
least 1000 h. The JS6U properties under these
test conditions are the same as at its testing in
air. At 900 °C, the diffusion coating becomes
faulty after ~200 h, and a loss of creep-rupture
strength is observed for the specimens with this
coating. However, it is higher than that of the
uncoated JS6U and JS6K superalloys.

The creep rate for the coated JS6U and JS6K
superalloys when tested in the GZT ash is the
same as at their testing in air (Fig. 7.18). In ad-
dition, the coated specimens do not lose their
ductility (Fig. 7.19), as compared with the un-
coated specimens tested under the same condi-
tions.

The study of the nature of coating failure dur-
ing testing has not revealed any peculiarities or
distinctions from the failure of these coatings
without any load applied. The size of the
Ni20C020Cr12AlY coating/JS6U superalloy in-
teraction zone after 3000 h testing at 900 °C does
not exceed 20 um. The typical feature of the
Ni20C020Cr12AlY coating detected during
testing is its high ductility. At testing, cracking
occurs beneath the coating that is strained above
the crack but is not faulty.

Creep-Rupture Strength of Superalloys
Tested in Air. High-temperature testing of su-
peralloys with directional solidification (DS)
and single-crystal (SC) structures corroborates
the general features revealed of the protective-
coating effect on their high-temperature
strength. The results of testing for creep-rupture
strength of the directionally solidified JS26-DS
superalloy with the Ni20Co20Cr12AlY coating
are shown in Fig.7.20. At testing at 1100 °C for
1000 h, creep-rupture strength values for the
coated and uncoated specimens are 55 and 45
MPa, respectively. The mismatch between
creep-rupture strength of the coated and un-
coated alloys is much less than that obtained at
testing in the GZT ash medium and than could
have been expected from the uncoated alloy ox-
idation depth.

No evidence of the expected effect is likely
to result from the fact that under high-strain con-
ditions typical of the specimens with directional
structures, the surface crack-growth rate exceeds
the specimen oxidation rate. Despite coating
ductility and protection of the alloy against ox-
idation, some cracks develop beneath the coat-
ing, too (Fig. 7.21). The cracks gradually prop-
agate and cause damage to specimens.
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The development of interaction processes be-
tween the coating and the alloy leads to a de-
crease of the specimen cross-sectional area. Dis-
solution of the y’-strengthening phase in the
interaction zone beneath the coating reduces the
alloy strength. As a result, the working cross-
sectional area of the JS-type superalloy speci-
men 5 mm in diameter is reduced by 5 to 7%
after 500 h of testing. It is much less than in the
case of oxidation effect. Yet, for the blades less
than 2 mm thick and bearing high loads, the ef-
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Fig_ 7.19 Relative elongation of JS6U superalloy at 900 °C

versus stress at (a) initial, (b) second, and (c) terti-
ary creep stages. 1, Air, no coating; 2, GZT ash,
Ni20C020Cr12AlY coating; 3, GZT ash, diffusion coating
(AI5Si1.5Y); 4, GZT ash, no coating

fect of interaction between the coating and the
superalloy should be taken into account.

The structural investigations do not reveal dif-
ferences in the interaction zone between coat-
ings and the superalloys tested under no-load
conditions and with high stresses and strains ap-
plied. It is explained by the fact that the energy
contribution to the diffusion processes due to
high temperatures substantially exceeds the en-
ergy contribution of the stresses.

In all the nickel superalloy specimens tested
at long-term static loading, the initial failure
zone is located on the specimen surface, which
points to similar failure patterns based on crack
development and propagation causing destruc-
tion at the final creep stage. The coating does
not change the failure mechanism; it only neu-
tralizes the effect of oxidation on it.

Mechanism of Coating Effect on Superal-
loy Creep-Rupture. Summarizing the experi-
mental data on the coating effect on high-tem-
perature strength of superalloys, the following
conclusion can be drawn. The plot of stress level
as a function of time-to-failure that is a straight
line has a point corresponding to a certain test
time of t. (Fig. 7.22). Starting from this mo-
ment, the uncoated specimens start losing their
creep-rupture strength due to oxidation effect,
surface softening, and reduction of their cross-
sectional areas. Starting from this moment,
creep-rupture strength of the specimens with
coatings that protect their surface against oxi-
dation, softening, and respective reduction of
their cross-sectional areas is higher in compari-
son with that of the uncoated specimens.

Time of 7. is a measure of an uncoated spec-
imen test life. Testing for a longer period should
be carried out only on protected specimens. The
T. point position depends on heat resistance of
the alloy tested, test temperature, environment
aggressiveness, and the diameter of the speci-
men tested.

Time of 1, for specimens 5 mm in diameter
and made of heat-resistant superalloys (such as
JS6K, JS6U, JS32, etc.) tested in air at 900 to
1000 °C is more than 1000 h. That is why most
investigators do not reveal a positive effect of
coatings on creep and stress-rupture properties
of these alloys, because they reduced their test
time to 100 to 500 h. A more aggressive me-
dium, elevated temperatures, smaller specimen
diameters, and reduced heat resistance shift the
1. point to the left. When testing the JS6U su-
peralloy in the GZT synthetic ash medium at 800
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Fig. 7.20 Stress-rupture curves of J526-DS alloy in air at 1100 °C. 1, A, No coating; 2, @, Ni20Co20Cr12AIY coating

and 900 °C, the 7, time values are 100 and 500
h, respectively.

Effect of Coatings on Fatigue Strength
of Superalloys

One of the factors that may cause turbine-
blade failure is blade-material fatigue. Fatigue

Flg. 7.21 Surface microstructure of JS26-DS superalloy sam-

ple with Ni20Co20Cr12AIlY coating after testing
for stress-rupture strength. Applied stress (6) = 150 MPa; time to
rupture (t) = 22 h. 300X

cracks usually develop in the blade surface layer
in the zone of the greatest alternate stress effect.
Blade fatigue strength depends on the surface
condition and can vary substantially when a
coating with physical and mechanical properties
different from those of the superalloy is applied.
At testing for fatigue, it is necessary to take into
account the fact that the coating effect manifests
itself clearly during bend-testing when the max-
imum strain area is located on the surface. The
following factors have an effect on fatigue
strength of coated specimens:

e Coating structure (defects, texture, grain size
and orientation, and phase composition)

e Coating thickness and ratio of coating thick-
ness and specimen cross-sectional area

e Structure of the coating-alloy interaction zone
(presence of needlelike precipitate of closely
packed phases)

e Sign and level of thermal stresses in the coat-
ing

e Coating-material fatigue strength

e (Coating surface roughness

Fatigue Strength of Superalloys with Dif-
fusion Coatings. Both thermal stresses gener-
ated in diffusion coatings and strength and duc-
tility differ substantially from the respective
properties of overlay coatings. As a result, the
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effect of these two groups of coatings on super-
alloy fatigue strength is different.

The results of extensive studies of fatigue
strength of superalloys with diffusion aluminide
coatings revealed the following main relation-
ships.

In the temperature range of 20 to 250 °C, fa-
tigue strength of the specimens with diffusion
coatings is higher than that of unprotected spec-
imens (Ref 16, 17). The increase in fatigue
strength depends on the coating chemical com-
position, the alloy properties, and the thickness
of the specimens tested. This effect of diffusion
coatings is explained by substantial compressive
stresses (— 150 to —300 MPa) in them. These
stresses compensate for the low strength and
zero ductility of coatings in the temperature
range in question.

Testing at high stresses when tensile stresses
arise in the surface layer may cause cracking
even at the first stages of testing. Such cracking
reduces total service lives of the specimens with
diffusion aluminide coatings compared to the
uncoated alloy in the range of 20 to 250 °C.

At 900 to 950 °C, no deterioration of fatigue
strength of the specimens and blade models
made of the JS6K and JS6U superalloys and pro-
tected with diffusion coatings has been detected
compared with unprotected specimens (Ref 18,
19).

Oxidizing protected and unprotected speci-
mens before testing under the air atmosphere at
950 °C for 1000 h reveals the positive effect of
the applied coatings. Depending on the test time,
preoxidation of the uncoated samples results in
the reduction of the JS6K superalloy sample fa-
tigue lives by 10 to 17%. Fatigue lives of the
samples with the diffusion coatings also de-
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|

Uncoated

Tc
Time to rupture

Flg 7.22 Diagram illustrating the effect of coatings on
creep-rupture strength of superalloys

crease, although this reduction is 5 to 12% and
also depends on the test time. Thus, fatigue lives
of the coated samples are higher than those of
uncoated samples by 6 to 9%. Similar results
were obtained on testing the blades.

Reduction of sample fatigue lives at long-
term testing in the high-temperature range under
oxidizing atmospheres results from two pro-
cesses: changes in superalloy structure and sam-
ple surface oxidation. For the uncoated sample,
its fatigue life drop is the consequence of more
intensive oxidation of its surface and softening
of its surface layer.

The same effect of diffusion coatings has been
revealed at testing in an aggressive medium of
fuel combustion products (Ref 20). Test results
for blade models with edge radii of 0.5 mm and
made of the Nil0CrWMoCo alloy are presented
in Fig. 7.23. The tests were carried out under
conditions of asymmetrical bending for the sam-
ples supported as a cantilever (cycle stress range
G, = 200 MPa) in the T-1 aircraft fuel com-
bustion products. The test temperature was 900
°C, its cycle vibration frequency was 50 Hz, and
test time provided for 10° to 107 cycles. The dif-
fusion coating was applied to the samples from
the powder mixture of 98% Al-Fe alloy (50%
Al) and 2% NH,C1 at 950 °C. The coating thick-
ness was 50 pwm; its aluminum content was 34
to 36%.

In corrosive media, diffusion coatings on
blade models guarantee a fatigue-strength level
25 to 30% higher than that of the uncoated spec-
imens. The JS6K and JS6U superalloys showed
the same results. Favorable outcome of fatigue-
strength testing of blades with diffusion coatings
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Fig. 7.23 Fatigue strength of blade models made of JS6U

superalloy. Testing in combustion products of T-1
aircraft fuel at 900 °C. 1, diffusion-coated samples; 2, uncoated
samples
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was also observed after their service in engines
(Ref 21).

Fatigue Strength of Superalloys with Over-
lay Coatings. Fatigue-strength testing of super-
alloys with different modifications of overlay
coatings in the temperature range of 20 to 1100
°C (Ref 22, 23) has revealed the following re-
lations.

At temperatures lower than 500 °C, tensile
stresses arise in the surface layers of the speci-
mens with overlay coatings. Their values depend
on the coating chemical composition. Ultimate
and yield strength values of overlay coatings are
rather high in this temperature range. They are
higher than the stresses applied to the specimens
during testing. Under these conditions, no in-
crease in fatigue strength, which is typical of
diffusion coatings, is observed.

When testing round, standard specimens 8
mm in diameter with the Ni20Cr12AlY coating
60 um thick under pure bending conditions at
20 °C, no decrease in fatigue strength is detected
(Table 7.15). As arule, a single crack that causes
failure (Fig. 7.24) appears on the specimen sur-
face. The site of failure is located on the coating
surface. The same results were obtained on the
specimens made of the JS6F, JS26-DS, and
JS32-DS superalloys.

At 20 °C, an insignificant rise in fatigue
strength is noted on round specimens made of
the VIL12U superalloy with the working part 3
mm in diameter and the Ni20Cr12AIY overlay
coating 100 pm thick (Fig. 7.25). It may result
from the fact that on testing the specimens 3 mm
in diameter, their stresses were calculated by ig-
noring coating thickness contribution to their
cross-sectional areas.

Fatigue-strength testing of finished blades at
20 °C is a mandatory check operation in blade-
lot manufacturing at the plants. Heat treatment
of the blades and machining of their surfaces
have an important effect on the reference values
of blade fatigue strength (Table 7.16). Fatigue
life of the blade with a diffusion coating at the

Table 7.15 Fatigue strength, o_,, of JS6U su-
peralloy specimens 7 mm in diameter at 20 and
950 °C

6_1;, MPa (N = 2 - 107 cycles)
Coating 20 °C 950 °C

Uncoated 190 280
Ni20Cr12AlY 280 (6 = 100 pm)
Ni20C020Cr12AlY 300 (3 = 120 pm)

190 (3 = 60 wm)

test stress of 180 MPa is more than N = 2 -
107 cycles. When the Ni20Cr12AlY overlay
coating is applied instead of a diffusion coating,
reduction of fatigue life to N = 6 - 10° cycles
is observed. Peening with microballs and gen-
eration of high-level compressive stresses did
not extend blade lives, although the site of fail-
ure shifted to their inner-cavity surface. The ini-
tial blade-fatigue life was obtained again after
reducing the temporary annealing temperature to
1000 °C.

At 20 °C, the defects of an overlay coating,
such as intercrystalline porosity, microdrops,
and so on that cause stress concentration, are the
sites of fatigue-crack nucleation. These blade
defects in the zones of high alternate stresses are
prohibitive.

At temperatures above 700 °C, overlay coat-
ings are free from stresses or show low com-
pressive stresses. During fatigue-strength test-
ing, the stress level on the specimen surface
considerably exceeds coating yield strength and
ultimate strength. The effect of combined
strains, depending on the superalloy mechanical
properties and test conditions, causes an accel-
erated accumulation of ductile strain followed
by a respective accumulation of defects. The
process is more intensive in the coating than in
the bulk superalloy. It results in the formation of
fatigue cracks and, as a rule, the cracks are not
longer than the coating thickness.

The results of fatigue strength testing of the
JS6U superalloy with the Ni20Co20Cr12AlY
and Ni20Cr12AlY coating at 950 °C are given
in Table 7.15. Fatigue strength tested on the ba-
sisof 2 - 107 cycles for the coated samples was
the same as fatigue strength for the uncoated
samples. The lack of a wholesome effect of the
overlay coating is due to the fact that the rather
short test time of ~120 h does not allow the
effect of oxidation that reduces fatigue strength
of uncoated samples to be noticed. Similar re-
sults were obtained for other superalloys. On
testing the coated samples 3 mm in diameter at
950 °C, a slight increase in fatigue strength was
observed as compared with uncoated samples
(Fig. 7.25).

The salient feature of high-temperature test-
ing of specimens with diffusion and overlay
coatings is the presence of numerous cracks on
their surfaces (Fig. 7.26). These cracks are stress
concentrators and cause formation of numerous
sites of fatigue failure beneath the coating. Fur-
ther crack propagation depends on the failure
mechanism typical of the alloy tested at high
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temperatures and on the specimen shape. Nu-
merous surface sites merge and form a circular
crack, thereby reducing the specimen cross-sec-
tional area. However, this reduction of the cross-
sectional area is insignificant for specimens 7
mm in diameter and does not affect their fatigue
strength. The main site causing failure of the
round specimens is located at a distance of 0.2
to 0.8 mm from the surface (Fig. 7.26c).

Studies of fatigue strength of superalloys with
EB thermal barrier coatings (TBC) (the coating
design is as follows: inner layer/intermediate
layer/outer layer of Ni20Cr6AlY/
Ni20Cr12A1Y/ZrO,-8%Y,05, 35/45/60 pm
thick, respectively) were carried out for two
types of specimens. Round SC specimens 7 mm
in diameter and made of the JS32-DS superalloy
were tested under clear-bending conditions at
1100 °C. Flat specimens with thickness varying
from 2 to 5 mm and made of the JS6U super-
alloy were bend-tested at 975 °C. Bending vi-
brations were exhibited in a magnetostrictor at
a frequency of 3200 Hz.

The study of the nature of alloy round sample
failure has confirmed the general features stated
previously. The application of a TBC to a sam-
ple surface results (as has been observed for the
Ni20Cr12AlY coating) in nucleating numerous
sites of failure, followed by cracks propagating
into the coating and further into the alloy. How-
ever, the main site of nucleation of the crack
causing a sample failure is located beneath the
coating surface at a depth of 1 to 1.5 mm, and
it does not result from the coating effect. At
1100 °C, fatigue strength (on the basis of N =
2 - 107 cycles) was 6 _; = 150 MPa. The pres-

(@ (b)

ence of a ceramic layer changed neither the na-
ture of sample failure nor fatigue strength val-
ues.

The situation changes on testing sheet (flat)
samples (Fig. 7.27). In this case, the surface site
of failure forms in the TBC in the maximum
stress zone in the corner of the flat sample. The
corner is a stress concentrator; it is the site from
where the fatigue crack causing failure propa-
gates. In this case, fatigue strength after N = 1

10® cycles diminishes by ~30 MPa in com-
parison with unprotected samples, and the TBC
has the same effect as the Ni20Cr12AlY coating
lacking a ceramic layer.

Mechanism of Coating Effect on Superal-
loy Fatigue Strength. Fatigue-strength tests
showed that the effect of overlay coatings on this
superalloy property was different in the high-
and low-temperature ranges.

At room temperature, the level of coating
strength and respective fatigue strength ap-
proaches that of superalloys. That is why, de-
spite tensile thermal stresses in the coating, sam-
ple and blade fatigue strength values do not
actually change when overlay coatings are de-
posited. On testing small-sized (=3 mm) sam-
ples, deposition of a coating 100 um thick,
which has high strength characteristics, can re-
sult in upgrading the level of fatigue strength.

On bend-testing in the low-temperature range,
coating defects act as stress concentrators. If the
coating is not free from defects, the sample and
blade fatigue strength values may decrease.

At temperatures above 800 °C, overlay coat-
ing strength and respective fatigue strength are
substantially lower than superalloy fatigue

Site of
failure

Flg 7.24 (@ Appearance and (b) fracture of JS6U superalloy specimen with Ni20Cr12AlY coating. Specimen tested at 20 °C. 6 =

200 MPa; N = 1.8 - 107 cycles
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strength. The coating quickly accumulates de-
fects, and numerous fatigue cracks, which are
effective stress concentrators, develop in it. In
addition, the cracks open the access of oxygen
to the alloy surface.

Further sample damage depends on the tem-
perature, alloy heat resistance, sample shape,
and medium aggressiveness. The amount of ox-
ygen passing through the cracks to the alloy sur-
face is much less than if there is no coating at
all. The efficiency of the coating cracks as stress
concentrators, taking into account the high duc-
tility of the coating, does not exceed the effi-
ciency of stress concentrators formed due to ox-
idation. In addition, when testing round samples
under clear-bend conditions, a site of failure is
formed, as a rule, beneath the surface and inside
the sample. That is why on testing in the air at

Table 7.16

900 to 1000 °C for N = 2 - 107 cycles (~120
h), the values of fatigue strength for coated and
uncoated samples are the same. In the case of
testing in aggressive media, the coated samples
have higher fatigue strength in comparison with
uncoated samples.

The fatigue-strength testing procedure has
much in common with testing for creep-rupture
strength. A certain number of cycles, N, corre-
sponds to the test time of t. (Fig. 7.22). On a
lapse of these cycles, surface damage caused by
oxidation and hot corrosion results in deterio-
ration of uncoated sample fatigue strength. The
values of fatigue strength for coated samples are
higher than those for uncoated ones after the said
number of cycles.

At temperatures of 900 to 1000 °C, heat re-
sistance of the JS6U, JS6K, and VIL12U super-
alloys is rather high, and, in fact, their surfaces
remain free from oxidation products after the
said N = 2 - 107 cycles (~120 h). That is why
no effect of the coating on fatigue strength has
been noticed in the tests carried out. However,
when blades are used in turbines, the degree of
their surface damage substantially exceeds the
degree of sample surface damage at their testing
for fatigue strength. That is why fatigue strength
of the uncoated blades used in the engines is
always lower than that of the coated blades.

Effect of Coatings on Thermal Fatigue
of Superalloys

The blade designs featuring the most-effec-
tive cooling systems, the increase in temperature
gradients through the blade-wall thickness, and
the nonuniform temperature fields over the blade
surfaces have resulted in the growth of thermal
fatigue cracking events in the coatings. That is
why the study of coating effect on superalloy
resistance to failure during their heating and

Fatigue strength of JS6U superalloy blades at 20 °C

Stresses on
leading edge

Number of test cycles
before cracking

Location of cracks

Type and characteristics of coating
and technological process

180 MPa >2 - 107
accumulated

180 MPa 6 - 10° Outer surface of loading edge where it
develops into shroud

180 MPa @® +15) - 10°
accumulated

180 MPa >2 - 107 Cracks are not detected

Inner cavity at leading edge where stresses are

Inner cavity at leading edge where stresses are

Diffusion coating, 40 um thick, annealing:
1000 °C, 4 h

Ni20Cr12AlY coating, 100 um thick,
annealing: 1040 °C, 5 h

Ni20Cr12AlY coating 100 pm thick,
annealing: 1040 °C, 5 h; peening

Ni20Cr12AlY coating 100 pm thick,
annealing: 1000 °C, 5 h
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Al

Site of failure

Flg 7.26 (@ Appearance, (b) microstructure, and (c) fracture of JS6U superalloy specimen with Ni20Cr12AlY coating. Specimen
tested at 950 °C. ¢ = 300 MPa, N = 2.4 - 107 cycles
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cooling cycles is an important point in the in-
vestigation of the properties of the coatings de-
signed to protect turbine blades. Numerous pub-
lications deal with this problem.

A complicated dependence of thermal fatigue
on test rig parameters and on the structural de-
sign of the blades and test samples, as well as
the lack of a single-valued criterion for thermal
fatigue estimation, to some extent, make inter-
pretation of numerous test results more compli-
cated. Resistance of blades and samples to ther-
mal fatigue depends on mechanical and
thermal-physical parameters of the materials,
such as strength, ductility, elasticity modulus,
thermal expansion coefficient, and thermal con-
ductivity. The test conditions, which have a
great effect on thermal fatigue characteristics,
are as follows: rates of heating and cooling, cy-
cle maximum and minimum temperatures, hold-
ing time at the maximum temperature, and static
loads applied.

During thermofatigue testing of the blades
and samples, their surfaces interact with gaseous
atmosphere. As a result of this interaction, the
top layers of the metal are depleted of alloying
elements. This reduces a fraction of strength-
ening phases in them and degrades their high-
temperature strength. The changes in the chem-
ical composition of the surface zone and the
respective variations of thermal expansion co-
efficients result in an additional increasing of
thermal stresses. They can reach a level consid-
erably exceeding the surface zone strength.
Thermal fatigue cracking in the surface zone fol-
lowed by crack propagation into the base ma-
terial resulted in test sample failure.

The presence of heat-resistant coatings on
sample or blade surfaces, which protect the base
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Flg 7.27 Fatigue strength of JS6U superalloy (1) withoutany
coating and (2) with EB-TBC

material against oxidation and softening, is ex-
pected to have a favorable effect on resistance
to thermal fatigue. In this case, physical-me-
chanical and thermophysical characteristics of
the coating have a substantial effect on the test
results.

As arule, rigidity of coatings (E, * h)is much
less than that of a blade wall or a sample (E -

H):

E. - h

c

E - H

< 0.1

where E. and E are the coating and superalloy
elasticity modulus, respectively, and i and H are
the thickness of a coating and a blade wall or a
sample.

Under these conditions, even at slow cooling
or heating of the sample with the coating de-
posited at the temperature of 7, thermal stresses
arise in the coating. Under the conditions of
long-term cycling and accumulation of the strain
induced by thermal stresses, thermal fatigue
cracking may occur even if no additional
stresses are generated by impressed forces.

Thermal stresses may vary in the coating if a
temperature gradient in the coating/blade-wall
zone arises. It is always present in cooled blades
and substantially rises at turbine transient power
settings. If the sample or blade construction is
stressed or strained because of their nonuniform
temperature pattern along its full height and sur-
face, coating thermal stresses are added to struc-
tural thermal stresses.

As arule, thermal fatigue tests are carried out
on gas-dynamic test rigs at alternating heating-
cooling cycles. Test results depend on specimen
shape, stiffness and rigidity, maximum and min-
imum cycle temperatures, rates of heating and
cooling, and gas parameters and composition.
Under these test conditions, thermal stress and
strain values in the specimens may be controlled
by specimen rigidity (e.g., solid or hollow spec-
imens, etc.), rates of heating and cooling, and
maximum and minimum cycle temperatures.

Thermal fatigue is characterized by the num-
ber of cycles to appearance of the crack of the
specified size on the specimen surface. This
characteristic, to a considerable extent, is a qual-
itative one. It may be used for revealing the ad-
vantages of a certain blade construction or a cer-
tain superalloy or protective coating. However,
this characteristic cannot be used for blade ser-
vice-life calculations. In addition, as a rule, gas-
dynamic test rigs do not simulate heat flows typ-
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ical of the engines. That is why the results of the
rig tests cannot reveal the features of coating
behavior on the cooled blades at very high rates
of their heating and cooling that occur under
transition working conditions in modern en-
gines.

Proceeding from extensive testing results for
specimens with different aluminide coatings, it
is noteworthy that aluminum content of the coat-
ing outer zone and the coating thickness are the
main factors that have an effect on the test re-
sults. The reduced aluminum content of the coat-
ing involving the respective reduction of the
NiAl compound ductile-brittle transition tem-
perature improved thermal fatigue resistance of
the specimens and blades with diffusion alumin-
ide coatings. The reduction of coating thickness
had the same effect.
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Fig_ 7.28 Thermal fatigue resistance of JS6K superalloy

blades versus maximum cycle temperature. 1, Un-
coated; 2, diffusion coating of aluminum, Al,O,, and NH,Cl mix-
ture; 3, diffusion coating of aluminum, chromium, Al,O,, and
NH,CI mixture. Source: Ref 24
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Flg 7.29 Schematic diagram of test rig for thermal fatigue
tests

On setting up the program for testing speci-
mens with diffusion coatings, it is necessary to
take into account some specific coating features,
such as low ductility of the coatings with the
aluminum content of more than 32% and grad-
ual aluminum content reduction during testing,
followed by the increase in coating ductility.
Crack nucleation may take place in a diffusion
coating with high-aluminum content even after
the first few heating-cooling cycles at testing for
thermal fatigue under conditions of high thermal
stresses and respectively high strains. On run-
ning the same tests for the coated specimens
with low-aluminum content of the coating, their
cracking occurs much later than in uncoated
specimens.

Typical results of testing for thermal fatigue
of aluminized blades made of the JS6K super-
alloy on the gas-dynamic test rig are presented
in Fig. 7.28 (Ref 24, 25). The maximum gas
temperature available in the test rig is 1500 °C,
the time of heating to the preset temperature is
~8 s, and the cooling time is ~17 s. The max-
imum test temperatures were 1000, 950, 900,
and 850 °C. The minimum cycle temperature
was ~300 °C. After every 100 cycles, the spec-
imens were examined visually for crack detec-
tion.

Under the conditions of the tests carried out,
the aluminized coatings increased thermal fa-
tigue resistance. Under the conditions of 850 &
300 °C cycling, aluminized blades withstood ~4
times as many cycles to crack nucleation as un-
coated blades. The increase in the maximum cy-
cle temperature followed by the respective in-
crease in thermal stress and strain values
resulted in less difference in thermal fatigue re-
sistance of coated and uncoated blades.

The addition of salt to the gas flow under the
same test conditions gives rise to hot corrosion
and reduces blade service life considerably.
However, in all cases, the service lives of the
blades with aluminized coatings are longer than
those of uncoated blades.

Experimental Studies of Coated Superalloy
Thermal Fatigue. A large body of information
on comparison tests for specimens and blades
with different coatings is received using the gas-
dynamic test rig. Its layout is given in Fig. 7.29.

Knife-edged solid and hollow samples with
an edge radius of 1 mm (Fig. 7.30) are used for
testing. Eight samples are simultaneously fas-
tened in the special fixtures of the test rig. Then,
they are moved in turn into a combustion cham-
ber, where they are heated to 1000 or 1100 °C,
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and to compressed air supply systems, where
they are cooled to 200 °C. The combustion
chamber uses aircraft fuel. The preset program
may change the cycle duration. Two options of
the cycle were used for testing:

° Theat = Tcool — 30 S . .
® Tiat = Teool = 30 s, holding time at the cycle
maximum temperature of 60 s

The second option was intended to determine
coating resistance to thermal fatigue at surface

30 8

R1

27 mm

30 mm

Flg. 7.3(0 Sketch of specimens for thermal fatigue tests. R1,
radius equal to T mm

Table 7.17 Test conditions

No. Temperatures Time
1 1000 °C «> 200 °C

Time required for heating the
sample to the maximum
temperature is 30 s; cooling
time is 30 s

Time required for heating the
sample to the maximum
temperature is 30 s; holding
time at the maximum
temperature is 60 s; cooling
time is 30 s

Time required for heating the
sample to the maximum
temperature is 60 s; cooling
time is 60 s

Time required for heating the
sample to the maximum
temperature is 60 s; cooling
time is 60 s

Time required for heating the
sample to the maximum
temperature is 120 s; cooling
time is 120 s

2 1000 °C «> 200 °C

3 1100 °C «» 200 °C

4 1200 °C <> 200 °C

5 1000 °C < 200 °C

exposure to severe conditions caused by oxida-
tion.

Within the first seconds of heating hot gases
from the combustion chamber, heat the sample
central portion that is not large (20 to 30 mm).
It gives rise to a temperature gradient through
its full length and thickness. This gradient in-
duces thermal stresses and strains, which peak
on the sample edge with a radius of 1 mm that
faces the flow of heating and cooling gases.
Strain accumulating in this place causes ther-
mofatigue cracking of the sample. The number
of cycles to development of a crack ~0.5 mm
long on the edge of the sample is its life crite-
rion. Test conditions used are given in Table
7.17.

The test results are given in Table 7.18 and
shown in Fig. 7.31. When testing uncoated sam-
ples of the JS6U superalloy at the cycle maxi-
mum temperature of 1000 °C, accelerated oxi-
dation of their working edges and surfaces is
observed. Numerous cracks nucleate in these
zones. Protective coatings of all compositions
protect the superalloy surfaces against oxidation
and softening and, thus, increase the number of
cycles to thermal fatigue cracking. A narrower
range of strains arising on a hollow sample in
comparison with the solid one leads to a cyclic
life of ~1.2 times as long.

The sample holding time at the cycle maxi-
mum temperature has a substantial effect on the
test results. The development of creep at a high
temperature and oxidation of coating surfaces
encourages accumulation of strains and facili-
tates a failure of both the coating and the super-
alloy. The samples tested at a holding time at the
maximum temperature of 60 s feature cyclic
lives 1.5 to 3 times shorter in comparison with
those of the samples tested without the high-
temperature holding.

Under long-term cycling conditions (120 s),
the distinctions caused by sample physical-me-
chanical characteristics diminish. Cyclic life of
a JS6U superalloy sample with an overlay coat-
ing is ~1.2 times longer than that of a sample
with a diffusion coating, while at testing under
short-term cycling conditions, the respective pa-
rameter is 2.2.

Thermal fatigue of the coated samples, which
are thermally stressed on the test rig under con-
sideration, is closely related with both high-tem-
perature properties of the alloys and sample fab-
rication techniques. The test results for the
samples made of the JS6U superalloy (equiaxial
solidification), the JS6F-DS superalloy (direc-
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tional solidification), and the JS30-SC (single
crystal) with the diffusion aluminized coating
deposited from a mixture of 98% of the Al-Fe
(36% Al) alloy and 2% NH,CI are presented in
Table 7.18. The aluminum content of the coating
outer zone is ~22 to 24%; the coating is 30 to
50 pum thick. According to their resistance to
thermal fatigue, the alloys are ranged as follows:
JS6U (1), JS6F-DS (1.35), and JS30-SC (1.45).

Better ductility and strength of coatings as
well as a smaller mismatch between TECs of a
coating and a superalloy increase sample service
lives and reduce the distinction of thermal fa-
tigue for superalloys with different structures.
The same alloys tested with the Ni20Cr12AlY/
Nil0Co020Cr12AlY coatings 100 pm thick de-
posited by EB technique have the same cyclic
lives: JS6U (1), JS6F-DS (1), and JS30-SC (1).
This is explained by the fact that long-term cy-
cling gives rise to the accumulation of damages
not in a superalloy but in a coating, in the zone
of maximum oxidation and thermal strain effect.

On testing the samples made of the JS6U su-
peralloy at long-term cycling (120 s) for their
resistance to thermal fatigue, the coatings are
ranged as follows: aluminized coating (1),

(A15Si1.5Y) diffusion  coating  (1.10),
Ni20Cr12A1Y coating (1.20), and
Ni20Co020Cr12AlY coating (1.30). The same
testing under short-term cycling conditions (60
s) gives the following ranges: aluminized coat-
ing (1), Ni20Crl12AlY coating (2.25), and
Ni20Cr12AlY/Nil0Co20Cr12AlY coating
(2.40). Longer cyclic lives of the samples with
the Ni20Cr12A1Y/Nil0Co20Cr12AlY coating
are due to their better surface roughness char-
acteristics and fewer number of defects in the
coating structure when the two-stage surface
preparation technique is used, which is de-
scribed in Chapter 3, “Phase Composition of
Coatings on Superalloys.”

The surface study of the samples tested on a
gas-dynamic test rig has shown that the nature
of their failures is similar in all cases; that is,
numerous thermal fatigue cracks develop on the
working edge at a distance of 0.6 to 1.0 mm
from one another, and the crack edges are open
and oxidized. Depending on coating ductility,
the cracks either propagate perpendicularly to
the surface or their abundant branching is ob-
served in the coating.

Table 7.18 Number of cycles (N) to cracking for hollow samples at their testing for thermal fatigue

on 8UTS test rig

Superalloy Coating Deposition method Thickness, pm Test condition Nc

JS6U Uncoated 1 1190
JS6U(a) Uncoated . . 2 580
AN Aluminized Aluminizing 40 1 1610
JS6U(a) Aluminized Aluminizing 40 2 830
JS6U Aluminized Aluminizing 40 2 1010
JS6U Al5SiY EA 40 2 1080
JSeU Ni20Cr12AlY EB 100 1 3680
JSeU Ni20Cr12AlY EB 50 2 1160
JseU Ni20Cr12AlY EB 100 2 1210
AN8) Ni20Cr12A1Y/Nil0Co20Cr12AlY EB 20/80 1 4720
JSeU Ni20Co020Cr12AlY EB 100 2 1310
JSeU Ni20Co20Cr12A1Y EB 100 5 1330
JS30-SC Uncoated . . 1 2200
JS30-SC Aluminized Aluminizing 40 1 2420
JS30-SC Ni20Cr12A1Y/Ni10Co20Cr12A1Y EB 40/60 1 4030
JS6F-DS Uncoated - . 1 1900
JS6F-DS Aluminized Aluminizing 40 1 2260
JS6F-DS Ni20Cr12A1Y/Ni10Co20Cr12AlY EB 40/70 1 4000
VILI12U AlSSiY EA 40 2 700
VIL12U Ni20Cr12AlY EB 50 2 740
VIL12U Ni20Cr12AlY EB 100 2 860
VIL12U Ni20Co20Cr12AlY EB 100 5 870
JS26-DS(a) Ni20Cr12AlY/Al EB/aluminizing 100 4 620
JS30-SC(a) Uncoated . 3 1190
JS30-SC(a) Aluminized Aluminizing 50 3 1300
JS30-SC(a) TBC EB 180 3 1530
JS32-DS(a) Uncoated . 3 1320
JS32-DS(a) TBC EB 180 3 1510

(a) Solid samples
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The maximum range of thermal stresses and
strains in a coating at lab testing can be repro-
duced on rapid cooling of heated samples in cold
water. In this case, the range of strains in a coat-
ing induced by a temperature gradient between
the surface and the cross-sectional area of a sam-
ple wall increases. Such tests reveal the extreme
manifestation of thermal stresses that is a ther-
mal shock. They allow the comparison of coat-
ings by their ability to realize deformation
within the microzone of a coating. The typical
feature of thermal shock testing is a formation
of a network of small cracks in the coating. Their
length does not exceed coating thickness. Cracks
nucleate on cooling. At that period, the strains
exceeding coating ductility arise in surface lay-
ers. The results of thermal shock tests carried out
under 1050 °C < cold water conditions are
given in Table 7.19.

At such testing, an aluminized coating is frag-
mentized into a network of minor cracks after 8
to 10 cycles. The Ni20Cr12AlY coating is much
more stable. It shows a network of cracks after
40 to 50 cycles. The addition of a highly ductile

sublayer results in deceleration of crack growth
and in changing the mechanism of their propa-
gation from brittle to ductile. The advantages of
the Ni20Cr12AlY coating tested under these
conditions are due to a better ratio of TECs of
an alloy and a coating and a respectively lower
level of thermal stresses.

Thermal fatigue tests of coated samples have
revealed that the coatings may both raise and
reduce superalloy thermal fatigue. When carry-
ing out short-term tests in air, which did not re-
sult in unprotected sample surface damage by
oxidation, their lives could be longer than those
of the samples with protective coatings.

The detrimental effect of coatings is caused
by a wider range of strains on a coated alloy
surface due to additional thermal stresses in the
coating and lower mechanical properties of the
coating in comparison with those of the super-
alloy. Similar to testing for creep-rupture
strength, the situation changes at long-term
testing or at testing in aggressive media, which
prompt surface damage of unprotected sam-
ples.

3 ? 1

Fig. 7.31

Number of cycles to cracking caused by thermal fatigue of samples versus types of superalloys and coatings: JS6U
superalloy (1, 2, 3, 4); JS30-SC superalloy (5, 6, 7); JS6F-DS superalloy (8, 9, 10). 1, 5, 8, Uncoated superalloy; 2, 6, 9,

superalloy with aluminized coating; 3, superalloy with Ni20Cr12AlY coating; 4, 7, 10, superalloy with Ni20Cr12AlY/Ni10C020Cr12AlY

coating

Table 7.19 Thermal shock testing of different-type coatings. Test conditions: 1050 °C <> water

Thickness, Number of cycles before  Coating effect factor,

Alloy Coating pm Deposition method cracking of coating K = N/Ny,
JS6F-DS Aluminized 40 Aluminizing 8

JS6U-DS  Aluminized 40 Aluminizing 10

JS6F-SC Aluminized 40 Aluminizing 10

JS6F-DS  Ni20Cr12A1Y 100 EB 50 + 60 5+6
JS6F-DS  Ni20C020Cr12AlY 100 m EB 30 + 40 3+4
JS6E-DS Ni20Cr12A1Y/Nil0Co20Cr12AlY 40/60 EB 50 = 70 5+7
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Distinctions in service lives of the samples
with different coating compositions are caused
by a number of factors, such as the level of ther-
mal stresses arising in the coating, its ductility,
and the strength and protective properties. The
efficiency of any coating type manifests itself,
to a greater extent, at high thermal stresses in a
coating, which are generated by high rates of
heating and cooling.

Coating Effect on Superalloy Low-Cycle
Fatigue. Low-cycle fatigue tests are an efficient
technique for evaluation of coating resistance to
cracking caused by high strains typical of ther-
mal loading. Flat samples 1 mm thick of the
VIJL12U superalloy with coatings of different
compositions were tested for low-cycle fatigue
by bending at 20 and 800 °C. At 20 °C, all types
of coatings tested have ductility less than 1%
and the maximum thermal stress level. At 800
°C, all coatings are ductile and thermal stresses
are not high in them.

An aluminized coating deposited from a mix-
ture of 98% Al-Fe alloy (36% Al) and 2%
NH,Cl and the Ni20Cr12AlY and
Ni20Cr12A1Y/Nil0Co20Cr12AlY overlay
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Fig. 7.32 Low-cycle fatigue of VJL12U superalloy at (a) 20
°C and at (b) 800 °C. 1, Uncoated; 2, aluminized
coating; 3, Ni20Cr12AIlY coating

coatings 100 mm thick deposited by EB tech-
nique have been tested. The test results are pre-
sented in Fig. 7.32 and given in Table 7.20. At
20 °C, all types of protective coatings reduce life
of the VJL12U superalloy. This feature is most
conspicuous in the samples with the
Ni20Cr12AlY coating and caused by defects
(microdots) in them, which are stress concentra-
tors. A two-layer coating affects their lives to a
lesser extent. Unlike overlay coatings, diffusion
coatings are under compressive stresses at 20 °C.
However, despite it, they also shorten lives of
the samples made of the VIL12U superalloy 5
to 7 times.

During testing (<100 h) at 800 °C, no failure
of the coating surface caused by oxidation oc-
curs. Under these conditions, the coatings do not
exhibit their protective properties, and accumu-
lation of strains in them due to low yield strength
enhances cracking and sample failure. Overlay
coatings having high strength and ductility mar-
gin at 800 °C shorten sample lives to a lesser
extent in comparison with diffusion coatings
(Fig. 7.32). The lives of coated and uncoated
samples differ less and less and have a tendency
of becoming equal if cyclic testing lasts long
enough. The relationships derived for the
VILI12U superalloy can be extended to other su-
peralloys.

It is worth determining coating material low-
cycle fatigue separately from that of a superalloy
and comparing these results with coated sample
test results. A batch of samples was fabricated
from the Ni20Cr12AIlY alloy condensate pro-
duced by EB evaporation technique. The sam-
ples were 0.6 to 0.8 mm thick. Low-cycle fa-
tigue testing was carried out by tension at 950
°C under two sets of test conditions:

e On testing under the first set of test condi-
tions, certain loads were cyclically applied to
the samples (4 cycles/min). Their levels nei-
ther varied nor depended on sample strains.

e On testing under the second set of test con-
ditions, samples were cyclically strained. The
strain range value, Ag, did not vary at testing.

The test results are presented in Fig. 7.33(a)
and (b) in comparison with the test results for
the samples made of the JS26-DS superalloy,
both uncoated and coated by the EA method
with the Ni20Cr12AlY alloy 100 pm thick.

As a result of testing under the first and sec-
ond sets of test conditions, lives of coated sam-
ples are longer than those of uncoated ones. This
is due to the fact that coating ductility is very
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high at 950 °C. A coating material sample tested
under the first set of test conditions is shown in
Fig. 7.34. Its ductility exceeds 100%. In both
cases, the effect of the coating application is due
to the JS26-DS superalloy surface protection
against oxidation.

Under the first set of test conditions, when
high mechanical properties are most conspicu-
ous, the coated superalloy life is much longer
than the coating material life. The conditions for
loading a coating on a superalloy sample are
fully dictated by the mechanical properties of a
superalloy. Under these conditions, the coating
accumulates failures much slower than a coating
material tested separately does.

Under the second set of test conditions, in the
certain range of strain range, a coating material
has a longer life. This is also due to high duc-
tility of the coating material at 950 °C. Failures
in the superalloy that features lower ductility are

Table 7.20 Experimental K and C in equation of At -
VJL12U superalloy with coatings of different types

accumulated much faster. Perhaps, coating fail-
ure occurs after cracking of the superalloy.

Coating Effect on Thermomechanical
Fatigue of Superalloys

Basic Principles and Methods. The most de-
tailed information on coating properties under
conditions similar to blade service conditions
can be obtained from thermomechanical fatigue
(TMF) tests. For nickel-base superalloys used as
turbine blade materials, the main TMF test types
are load-adjusted thermomechanical fatigue test
(LA-TMF test) and strain-control thermome-
chanical fatigue test (SC-TMF test) (Ref 25-27).
At LA-TMF testing, a constant stress range of
Ac = const (gentle loading) is preset, while at
SC-TMF testing, a constant mechanical strain

Nk = C characterizing low-cycle fatigue of

Test temperature Coating Thickness, pm Deposition method K C
20 °C Uncoated 0.119 3.11
Aluminum 40 Aluminizing 0.215 4.99
Ni20Cr12AlY 100 EB 0.127 2.15
Ni20Cr12A1Y/Ni10Co20Cr12AlY 100 EB 0.129 2.58
800 °C Uncoated 0.144 2.97
Aluminum 40 Aluminizing 0.126 2.34
Ni20Cr12AlY 100 EB 0.131 2.56
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Flg 7.33 Results of low-cycle fatigue testing of JS26-DS superalloy and vapor-deposited samples under (a) the first and (b) the
second set of test conditions. 1, Uncoated superalloy; 2, superalloy with Ni20Cr12AIY coating; 3, samples made of

condensate alloy Ni20Cr12AlY
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range of Ag = const (severe loading) is usually
held. At elastic deformation of a sample, both
types of testing are, in fact, similar and thus yield
similar outcome.

Each of the previously mentioned TMF tests
allows only approximate simulation of blade-
material deformation processes under service
conditions, because in a real blade, complicated
cyclic deformation takes place. This deforma-
tion is a combination of gentle loading caused
by centrifugal and gas loads and of severe load-
ing caused by thermal stresses. It is considered
that severe cyclic loading that occurs at SC-TMF
test is most similar to the real deformation con-
ditions of a blade airfoil material. However, this
statement is true under the conditions of elastic-
plastic cyclic deformation of a blade material
only when thermal stresses in a blade airfoil are
noticeably higher than the mechanical stresses

Fig. 7.34 Appearance of vapor-deposited Ni20Cr12AlY

sample after testing under the first set of test con-
ditions. 1, Initial sample; 2, 6 = 55 MPa, 8§ = 320%; 3, c = 25
MPa, 8 = 240%, N = 2320 cycles; 4,6 = 15 MPa, 8 = 500%,
N = 5180 cycles

caused by centrifugal and gas loads. In addition,
the irreversible creep strains take place in the
blade airfoil under service conditions. This re-
sults in additional complication of a real blade
material deformation pattern.

Both of the previously mentioned test meth-
ods are used for experimental investigations of
TMEF of overlay coatings deposited on turbine
blades. In the case of experimental research into
TMF of the coatings, the following factors typ-
ical of turbine blade coatings under their real
deformation and failure conditions should be
taken into consideration (Ref 28, 29):

e Basically, thermal fatigue cracking starts in
the coating and then penetrates into the sub-
strate. This is very typical for the SC blades
cast with the primary crystallographic orien-
tation (001) because of the low elasticity
modulus of material and, therefore, low ther-
mal strain ranges for thermal cyclic loading.

e [t is necessary to take into account the two-
axial stress state in the coating during analysis
of the TMF test results of coated bars.

e Cracking of the coating on the cylindrical bar
during TMF testing can be both diametrical
and longitudinal.

e The stress-strain state of the coating cannot
be directly measured by existing control
methods during TMF testing of coated bars.
For analysis of nonelastic straining of the
coating under these conditions, it is necessary
to use suitable constitutive models.

e Strains in coatings are basically dependent on
the difference between TECs of the substrate
and the coating. These strains in the coatings
are usually non-linear (plastic) even when lin-
ear (elastic) straining of the substrate occurs.
Coating strain range values are, as a rule,
higher than corresponding strain range values
of the surface layer of the blade (or bar) dur-
ing thermomechanical cyclic loading, espe-
cially for the SC and DS materials.

e The number of cycles to the first crack initi-
ation and their distribution on the outer sur-
face of the SC blade airfoil cast with primary
crystallographic orientation (001) depend on
the secondary orientation of the crystallo-
graphic lattice in the airfoil cross section. This
is greatly dependent on the circumferential
thermal stresses, G, in the blade, resulting in
longitudinal coating cracking, and the value
of circumferential elasticity modulus, Ej, for
the SC superalloy. So, when TMF-cycle test-
ing of SC-coated bar, it is necessary to know



152 / Protective Coatings for Turbine Blades

the positioning of the axis of the secondary
orientations of (010) and (100) for each bar,
because distribution of the first crack on the
coated surface can depend on this axis in the
bar.

The following experimental method of TMF
investigation of the protective coatings for tur-
bine blades is suggested.

Because elastic-plastic straining of the coat-
ing is possible even under elastic straining of the
substrate, it is suggested that TMF testing of the
coated bars be carried out under conditions of
elastic straining of the base material only. This
method is expedient for SC turbine blades with
primary crystallographic orientation (001), be-
cause there are no plastic strains in the outer
layers of such blades at operating conditions.
This is the result of the low elasticity modulus
and high yield strength of blade material for the
{001) orientation. The exceptions to the rule are
small stress-concentration zones near perfora-
tion holes at the cooled blade walls where plastic
strains of the blade metal are possible.

In accordance with that mentioned previ-
ously, the LA-TMF test is recommended for
TMF testing of coated bars. The results of this
method are similar to SC-TMF testing under
conditions of elastic straining of the bar material
but are simple in practice. The main problem for
SC-TMF testing is the necessity for temperature
uniformity of the metal in the extensometer-con-
trolled zone at stationary and nonstationary ther-
mal conditions. This is not necessary for the LA-
TMEF test, because during the test, the loading of
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the bar is controlled. Moreover, nonuniformity
of temperature distribution along the central
wor