Metal Science and Heat Treatment

UDC 669.14.018.44:621.784.3

Vol 38 Nos. 5 -6, 1996

REGENERATIVE HEAT TREATMENT OF BLADES
OF HIGH-TEMPERATURE NICKEL ALLOYS

M. A. Godovanets, B. A. Prusakov, and I. I. Lysenko

Translated from Metallovedenie i Termicheskaya Obrabotka Metallov, No. 5, pp. 16 - 20, May, 1996.

An analysis of the operation of blades of gas turbine engines (GTE) manufactured from cast nickel alloys has
made it possible to determine some of the causes of failure in operation, such as changes in the geometric
dimensions or degradation of the microstructure. As a rule, the first cause is considered to be decisive. In order
1o increase the service life of blades partial regenerative repair of them is envisaged. In this case the
dimensions of the blades are usually restored without allowing for possible changes in their structure, which
can have a negative effect on operation after the restoration. For this reason, the second cause can become
decisive in the reduction of their service life. This work is devoted to investigating the regularities of the
degradation of the structure and properties of the material of cast GTE blades made of a high-temperature
nickel alloy of the ZhS6U-VI type under operating conditions. A structural criterion determining the operating
capacity of the vlades and the ultimate level of structural degradation are established. A regenerative heat
treatment to be conducted after partial exhaustion of the opeiating resource accompanied by structural changes
that occur within the critical range of the structural criterion is suggested.

We investigated the microstructure of blades after service
and the regularities of the formation of such structures in
specimens subjected to a thermal load imitating the operating
conditions of the blades.

We studied the microstructure of blades of cast alloy
ZhS6U-VI (0.13-0.2% C, 5.1-6.0% Al, 0.8-1.2% Nb,
20-29%Ti, 1.2-24% Mo, 8.0-9.5% Cr, 9.5-11.0% W,
9.0 - 10.5% Co, the remainder Ni) before and after 1600-h
operation.

The operating temperature of the blades varied within
950 - 1050°C, and the stresses (in different cross sections)
were 20 — 250 N/mm?. The microstructure of the alloy before
operation of the blade consists of coarse grains of a y-solid
solution, intermetallic particles of a y'-phase (Ni;(Al, Ti)), a
carbide phase, and a y - y' - MC eutectic (Fig. 1a). In opera-
tion of the blades the structure of the alloy changes continu-
ously, including the morphology and size of the strengthening
Y'-phase and the carbide phase and the formation and growth
of borders along grain boundaries and around carbides in the
grain bulk (Fig. 16 - d). A microscopic x-ray spectral analy-
sis showed that the grain-boundary borders consist of an in-
termetallic y'-phase with an elevated content of Ti and a re-
duced content of Cr. In operation, the carbide phase under-
goes a transformation by the equation [1]

MC +y=M,C+Y'"

Needle carbides M,C found in the material of the blades
after service are enriched with Ni and W. The stoichiometric
composition of these carbides is Ni;W,C. Needles of double

carbides are either directly bonded with primary carbides or
grow from the borders around them (Fig. l¢).

The degradation of the structure of the alloy during serv-
ice affects negatively their mechanical and high-temperature
properties. After a thermal load lasting 500 h the strength
properties of the alloy are degraded by 20% and after 1600-h
operation the time before failure in tests for long-term
strength decreases by a factor of 2.

An investigation of the regularities in the formation of
degraded structures in specimens subjected to a heat load imi-
tating the operating conditions of the blades showed that an
increase in the test temperature intensifies initiation and de-
velopment of the needle carbide phase, coagulation of the
strengthening 7 -pnase, and growth of grain boundary bor-
ders. After a 500-h hold at 1050°C (under a ioad and without
it) the number of nuclei of carbide needles increases tenfold,
their mean length doubles, and the width of the grain-bound-
ary borders increases by a factor of 2.5 -3 compared to a
hold at 950°C.

The growth of the secondary needle carbide phase with
time occurs in two stages (Fig. 2a), namely, (/) intense gen-
eration and growth of carbides (a hold for at most 300 h at
1050°C) and (//) deceleration of their growth (a hold for
300 — 500 h at 1050°C). The size of the grain-boundary bor-
ders depends on the degree of carbide changes in the alloy
and, consequently, on the quantitative parameters of the nee-
dle carbide phase. The growth of the needle carbides in stage
I is accompanied by an increase in the width of the grain-
boundary borders (Fig. 2b), whereas the deceleration of the
carbide transformation in stage // decelerates the develop-
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Fig. 1. Microstructure of the forward edge of a blade of ZhS6U-VI alloy: a) before service, b — d) after 1600-h service; a— ¢) x 6000;

d) x 10,000.

ment of grain-boundary borders and even leads to partial dis-
solution of them. This relationship is caused by redistribution
of the y'-forming elements between the bulk and boundaries
of the grains in thermal loading. The growth of the borders in
stage / is accompanied by their enrichment with Ti, whereas
the dissolution of the borders in stage // decreases the con-
centration of Ti and Al in them. The concentration of Al de-
creases more rapidly than that of Ti, which increases the ratio
Ti/Al (Fig. 2¢) and strengthens somewhat the grain-boundary
borders.

The growth of grain-boundary borders and the increase in
the concentration of y'-forming elements in them in stage /
are accompanied by a decrease in the volume fraction of the
y'-phase in the grains (Fig. 2d). The tendency toward a de-
crease in the volume fraction of the strengthening y’-phase in
the grain bulk is maintained as long as the carbide reactions
occur intensely, i.e., in stage /. The deceleration of carbide
transformations in stage I/ is accompanied by growth of the
volume fraction of the y’-phase in the grains, which is associ-
ated with the process of partial dissolution of grain-boundary
borders and the flow of y'-forming elements from the bounda-
ries into the grain bulk. This process occurs with strengthen-
ing of the intemal volumes of the grains.

Thus, under operating conditions all structural compo-
nents are transformed in the material of GTE blades, and the
transformations are interconnected because they are caused

by diffusion processes. The established regularities of the
structural changes occurring under the action of a thermal
load that imitates the operating conditions allow us to de-
velop regimes for thermal regeneration of the structure, but
what structural component is the weakest and therefore re-

lg, um d, um

Ti/Al Vy, %
c l ] d
23 60 T ]
22 /V2~/ 50 &r\ i J 1
2l _J[/ ‘0 &%/
30 l

0 100 200 300 400 ¢ O 100 200 300 400 ¢

Fig. 2. Length of needle carbides /. (a), width of grain-boundary borders d
(b), titanium/aluminum ratio in the borders (c), and volume fraction of the
yY-phase ¥, in grains (d) as a function of the time of action of the thermal load
at different temperatures and stresses: /) 950°C, o = 0.902°°C; 2) 1050°C,

a=0.90!%%C; 3)1000°C; 4) 1000°C; 5) 1050°C.
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» Fig. 3. Microstructure of alloy ZhS6U-VI after the action of a thermal load at different temperatures: a) 950°C (a pore on a grain
boundary); b) 1050°C (pores in the bulk of a grain); a) x 1000; ) x 500.

sponsible for disruption of the alloy in operation still remains
unclear, whereas it should be the object of the regeneration.
The material of the GTE blades works under conditions of
elevated temperatures and moderate stresses and passes all
disruption stages typical for creep, namely, initiation and de-
velopment of pores and cavitation cracks, development of a
main crack, and failure. It has been established that the pores
appearing in the alloy can be classified into two groups ac-
cording to their morphology, size, and place of initiation,
namely, (/) pores ‘initiating in grain-boundary borders
(Fig. 3a) and (2) pores initiating in borders of globular car-
bides and the matrix (Fig. 35). In the latter case they are finer
and have a regular spherical shape.

Under the action of a thermal load at 950°C pores appear
predominantly along grain boundaries in grain-boundary bor-
ders; at 1050°C they appear in the grain bulk. This regularity
is natural and is caused by the special features of the struc-
tural state formed in operation of the blades and by the differ-
ences in the deformability of the grain boundaries and the
grain bulk. The deformability of the grain bulk and the grain
boundaries in such structures at the operating temperatures is
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Fig. 4. Relation between local deformations of microvolumes g; (d = 50 pm)
and the relative elongation of regions §; (/o = 500 pm) for alloy ZhS6U-VI:
a) after the action of a thermal load at 950°C for 500 h, 6 = 120 N/mm?, and
extension at 950°C at a rate of 3.3 x 10 * sec™ I; b) after the action of a ther-
mal load at 1050°C for 100 h, o = 80 N/mmz, and extension at 1050°C at a
rate of 3.3 x 10~ * sec ~ '; 1) grain-boundary microvolumes; 2) bulk of the
grains.

evaluated by the method of temperature microscopy {2] with
extension of the specimens at a rate of 3.3 x 10~ *sec™!,
which corresponds to accelerated creep.

We established that after lengthy action of a thermal load
at 950°C the bulk of a grain is deformed but little (by about
1.5%) whereas local regions with grain boundaries are de-
formed by more than 100% (Fig. 4a). The main role in the
extension of a specimen is played by microcracks that appear
on grain boundaries in the extension process. In early defor-
mation stages fine spherical pores appear in grain-boundary
borders. Having attained a certain size in grain-boundary bor-
ders positioned normal to the action of the tensile stresses, the
pores merge by breaking the interpore bridges and form
grain-boundary cracks. This mechanism of disruption is typi-
cal for blades under operating conditions. The grain bounda-
ries are weakened by the grain-boundary borders, whereas the
properties of the bulk of the grains remain virtually un-
changed.

After lengthy action of a thermal load at 1050°C the de-
formation in repeated disruption develops in another way.
The local deformation is uniform both in the grain bulk and
along the grain boundaries and amounts to about 60%
(Fig. 4b). The role of microcracks in the overall elongation is
small, and grain-boundary borders do not become sources of
disruption. This is so because the structure appearing in the
grain bulk at 1050°C and under stresses applied for a long
time increases the deformability of the grains manifold and
causes formation of pores of type 2 predominantly in the bulk
of grains and not along their boundaries, despite the presence
of grain-boundary borders. This is a result of ordering of the
particles of the y'-phase in the process of their high-tempera-
ture coagulation under the stresses.

The particles forming a so-called quasi-periodic modu-
lated structure [2] are ordered as a result of their growth in the
predominant crystallographic direction with formation of
flakes of a certain length. The ductility of the alloy increases
in the ordering process by a mechanism that consists in that
the density of the particles of the y'-phase in the solid solution
decreases considerably, whereas the mean free path of the
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dislocations increases much more than in the case of a ran-
dom arrangement of the particles.

The coefficient describing the size ordering of the parti-
cles of the y'-phase [3] is determined by the formula

[-b
k=A4—,
)

where /, b are the length and width of the flakes of the
y'-phase, um; 6 is the distance between them, um; A is a coef-
ficient describing the difference in the dispersity of the flakes
of the y'-phase, 1/um. We established that this coefTicient cor-
relates with the ductility level of the alioy. The higher the co-
efficient the higher the ductility of the alloy and the defor-
mability of the bulk of the grains, and the less significant the
role of grain-boundary borders as sources of disruption.

However, under actual operating conditions quasi-peri-
odic modulated structures form only in high-temperature
zones of the blades, which are not critical from the standpoint
of disruption. The determining factor in the dungcrous zor.s
of the blades after operation is a structure with particles of the
y'-phase randomly positioned in the bulk of the grains and
grain-boundary borders, which we=ken the grain boundaries
and decrease the operating capacity of the blade as a whole.
Grain-boundary borders embrittle the alloy only after attain-
ing a critical size. An analysis of the effect of the size of the
grain-boundary borders on the strength and ductility of alloy
ZhS6U-VI showed that borders with a width below 2 - 2.5 um
hardly affect the mechanical properties of the alloy (Table 1).
As the width increases to 3 —4 um, the ductility charac-
teristics decrease below the critical level, and the disruption
becomes more intense. When the width of the borders ex-
ceeds the critical value, the part can fail and cause an emer-
gency situation.

Thus, the main structural factor decreasing the service
life of the blades is the presence of grain-boundary borders
with a width exceeding 2.5 pm. In order to restore the operat-
ing capacity of the material the borders should be eliminated
in a timely manner, before the appearance of the porosity.
A regenerative heat treatment should be conducted after
evaluating the degree of degradation of the structure in cer-
tain zones of the blades using the width of the grain-boundary
borders as the determining criterion.

According to the method of {4], regeneration of blades of
an aircraft GTE made of alloy ZhS6U-VI is expe-
dient after the material has served for 40 — 50% of

its resource time. At this point the structural TABLEI1

derwent a regenerative heat treatment with the aim of elimi-
nating the grain-boundary borders first of all. The specimens
were held at 1210, 1215, 1225, or 1235°C for 4 h with cool-
ing in air.

After a 4-h hold at 1210°C (a standard heat treatment) the
streaks in the alloy remained completely intact and the
strengthening y'-phase in the bulk of the grains was partially
dissolved. Heating to 1215°C restored the morphology of the
y'-particles inside the grains to a larger degree but the grain-
boundary borders dissolved only partially; coarse particles of
the y'-phase remained in the structure, predominantly along
grain boundaries. After a hold at 1225°C the grain-boundary
borders dissolved completely and the morphology of the
y'-phase inside the grains was restored. Similar results were
obtained after a hold at 1235°C.

Thus, regenerative heat treatment should be conducted at
a temperature exceeding 1225°C for a time sufficient for dis-
solution of the grain-boundary borders. The hold time de-
pends on the width of the borders. Timely elimination of con-
tinuous grain-boundary borders decelerates the formation of
grain-boundary pores and cracks, preventing untimely dis-
ruption of the blades.

The efficiency of regenerative heat treatment is con-
firmed by results of an investigation of specimens cut from
blade tongues after 600-h operation under severe conditions.
The regenerative heat treatent was conducted by a regime
that included heating to 1225°C for 4 h and cooling in air.
This treatment restored the mechanism of deformation and
disruption of the alloy under conditions of repeated extension
at a rate of 3.3 x 10 *sec™'. At 950°C the intercrystallite
disruption typical for the alloy after service was changed to
the transcrystallite mechanism typical for the initial state. Af-
ter the regenerative heat treatment the magnitude of the de-
formation due to development of grain-boundary cracks (3, )
decreased and the strength properties (o, ) were restored. The
nonuniformity of microdeformations also fell to the initial
level, which was indicated by the change in the standard de-
viation S of the local deformations g, from the mean value €
(Table 2).

changes in the alloy are Fonsndeml?le although the Trestment of the lloy Width of ot Nimm? 5.%  Type of disruption
porosity does not affect its properties yet. borders, pm
An investigation of alloy ZhS6U-VI after the Initial state 0 5105 50105 transcrystallite
action of a thermal load at 1050°C for 300 h 950°C.500h 25 525+5 82+05 transcrystallite
showed that its endurance is reduced by 50%. The  1050°C, 500 h 40 5005 15105 intercrystallite
grain-boundary borders attain a maximum size 950°C,100h o=180 N/mm? 20 490+ 5 50+0.5 transcrystallitc
and the pores in them have not yet formed. Speci- 950°C, 300 h, 5 = 150 N/mm? 30 4601t S 3.0+ 0.5 intercrystallite
950°C, S00 h, o = 120 N/mm? 4.0 400+ 5 30105 intercrystallite

mens of the alloy subjected in this regime then un-
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TABLE 2

State of the alloy o, Nmm? &, % S
Initial 475 299 310
After 600-h operation 460 7.35 732
A hold at 1225°C for 4 h, cooling in air’ 495 1.47 21

'chencrauvc heat treatment
Note. The presented properties of alloy ZhS6U-VI were obtained at 4, =
950°C

The crack development 8., was determined by the for-
mula

)

cr A

n
b
1
IO

n

where Z b, is the total width of cracks along the long axis of
!

the specimen, /; is the calculated initial length of the working
zone of the specimen.

Evaluation of this characteristic shows that the number
and size of grain-boundary cracks formed in the extended
material decreases and strengthening of the grain boundaries
occurs.

Long-duration tests of specimens cut from blades after
operation for 1400 h that were conducted at a temperature of
975°C under a stress of 230 and 255 N/mm? showed that the
regenerative heat treatment increases the service life of the
specimens by 30 — 40%. After service the specimens failed in
40 and 22 h, and after the heat treatment the time before fail-
ure increased to 60 and 28 h, respectively.

Thus, heat treatment conducted in the stage of structural
changes during operation when grain-boundary borders have
already appeared but no pores have developed in them yet
promotes effective regeneration of the structure and the me-
chanical and high-temperature properties of the alloy.
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CONCLUSIONS

1. In cast high-temperature nickel alloys operation
causes structural degradation, leading to the appearance of
coarse structural components, namely, grain-boundary bor-
ders of a y'-phase, whose number and size depend on the in-
tensity of the carbide transformations.

2. A substantial contribution to the reduction of the serv-
ice life of blades of gas turbine engines is made by the grain-
boundary borders, in which pores and cavitation cracks form
during operation.

3. The width of the grain-boundary borders can be a
quantitative structural criterion for evaluating the operating
capacity of blades of cast high-temperature nickel alloys.

4. We have developed a regenerative heat-treatment re-
gime that makes it possible to eliminate the degraded struc-
ture provided that the changes that have occurred in it during
operation do not cause pores or microcracks. The treatment
restores the microstructure of the alloy and incr~ases the serv-
ice life of the blade material by 30 — 40%.

REFERENCES

1. M. G. Lozinskii, N. Z. Pertsovskii, and V. Ya. Frents, “Evaluation
of various deformation processes in extension of nickel under
high temperatures,” in: Theory of High-Temperature Metals and
Alloys. Collection of Works [in Russian], VPA, Moscow (1963),
pp. 23 - 25.

2. Yu. D. Tyapkin, “Special features of the formation of quasi-peri-
odic modulated structures,” in: Structural Mechanism of Phase
Transformations in Metals and Alloys. Collection of Works [in
Russian], Moscow (1976), pp. 104 — 111.

3. M. A. Godovanets, L. P. Gerasimova, and B. A. Prusakov, “An
investigation of the structure, pore formation, and disruption of
ZhS6U-V high-temperaturel alloys,” in: Structure and Mechani-
cal and Physical Properties of Metallic Materials. Collection of
Works [in Russian], Moscow (1987), pp. 47 - 56.

4. [ 1. Lysenko, “An algorithm for choosing rational parameters of
the technological process of regenerative treatment of blades of
aircraft GTE on ARZ VVS,” in: Protective Coatings [in Rus-
sian], P. T. Kolomyshev (ed.), A. E. Zhukovskii VVIA, Moscow
(1989), pp. 144 — 154



