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A vacuum cast Ni-base superalloy ZhS6K is used for the production of turbine blades whose are working in the
hot section of turbine in former USSR DV-2 jet engine. The usual working temperature for this kind of alloy is
designed for 800+1050°C. Turbine blades with protective alitized layer made from this alloy were evaluated at the
starting stage, then after 600, 1000, 1500 and 2000 hours of regular working. The SEM methods of quantitative
metallography were used for structural characteristics evaluation. The microstructural analysis shows increasing
of the medium distance of secondary dendrite arms D, what is related to chemical changes in dendritic structure,
and the intermetallic strengthening gamma prime phase coarse and turn into spherical shape what leads to decre-
asing of dislocation and precipitation strengthening mechanism and further decreasing of hot temperature prope-
rties of the alloy. The method used at quantitative evaluation and techniques of colour optical microscopy and
SEM is useful when microstructure degradation of superalloys has occurred.
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1 Introduction

Superalloys are the primary materials used in the hot por-
tions of jet turbine engines, such as the blades, vanes and
combustion chambers, constituting over 50% of the engine
weight. For increasing creep resistance are superalloys pro-
duced as cast; with polyedric (equiaxed), directionally solid-
ified or single-crystal structures with fewer grain boundaries.
For creep resistance it is important because more grain
boundaries (i. . in wrought alloys) decreasing the creep rup-
ture life. That is the reason for using vacuum induction melt-
ing (VIM) method. Vacuum induction melting consists of
melting the required components of an alloy under high vac-
uum and pouring into an ingot or article mould. As referred
in [1-2], the use of VIM reduces interstitial gases to low lev-
els, enables higher and more reproducible levels of alumin-
ium and titanium (along with other relatively reactive ele-
ments) to be achieved, and results in less contamination from
slag or dross formation than air melting. Turbine blades
made by this process are typical with polyedric coarse mi-
crostructure of austenitic FCC gamma matrix with primary
MC carbides inside of grains and secondary carbides M»Cs
or MgC as well at grain boundaries. After hardening the mi-
crostructure contains about 20 to 45% of ordered and coher-
ent L1, gamma prime (') hardening phase (it is for wrought
alloys) or as much as 60% vy' in cast alloys. The extensive
investigations about microstructure-properties relation in
superalloys have been made through decades of using in gas
turbines. The superalloys became a favourite designers ma-
terial used in hot section of aero jet engines. As the efficiency
demands are increasing thus necessity of better understand-
ing about microstructure, grain boundaries effect and alloy-
ing elements influence on high-temperature properties be-
came more significant. Sims et al. have published fundamen-
tals about superalloys metallurgy and microstructure in 1972
and in second edition in 1987 [3]. His work has been ex-
tended by the other authors [4-9] who included novelties
about directionally solidified, single crystalized, and powder

metallurgy produced superalloys. The relation microstruc-
ture-mechanical properties at elevated temperatures have
been intensively studied by various authors. Rai et. al. [10]
has described micromechanism of high-temperature tensile
deformation of a directionally solidified superalloy. Sajjadi
et. al. [11] has generalized tensile deformation mechanisms
at different temperatures in Ni-base superalloy. Caton and
Jha [12] have published its work about small fatigue crack
growth and failure mode transition in superalloy at elevated
temperatures and Huang et. al. [13] describes fatigue crack
propagation at elevated temperatures. Zhang et. al. [14] has
published study about effect of stress ratio and microstruc-
ture on fatigue failure behaviour in polycrystalline superal-
loy.

There are many methods for the microstructure of super-
alloys evaluation. The methods of quantitative metallog-
raphy with coherence testing grids is one of the approaches
on how to evaluate the main strengthening phase in Ni-base
superalloys alloyed with Al and Ti, Ni3Al(Ti) y-phase. This
phase is responsible for high-temperature stability [15] of al-
loy due to its high coherency and minimum misfit [16-17] in
lattice parameter with FCC y matrix. Its positive role is to
prevent dislocation movements even at high temperatures,
mostly Tm = 0.7 or even higher. However, the long-time
high-temperature operation leads to y'-phase degradation via
morphology changing from fine cubic microstructure to
coarse near-globular shape or so-called “rafts”. The coherent
testing grid methods quantify the measured parameters (e.g.
intermetallic precipitate y') and after statistical calculation
provides information how the evaluated parameter has
changed. This method is very useful in cases when metallog-
raphy evaluation software have problem with setting the
threshold of y'-phase which is showed in grayscale in micro-
graphs of alloy. The software works only with black and
white images and grey-coloured phase, as in this case the y'-
phase, it could not recognize well (is it white or is it black?).
However, Szczotok [18] and Szczotok et al. [19] in their
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works show that it is possible to use the metallography soft-
ware for y'-phase evaluation, but quality SEM images are
necessary with sharp and properly focused view and of
course computer with metallography software working with
SEM. On the other hands, the identification of y'-phase via
manual evaluation is affected only by user ability. This paper
is about application of such methods on ZhS6K Ni-base sup-
eralloy and evaluation of dendrite segregation via SDAS fac-
tor and y'-phase after various working periods, 600, 1000,
1500, and 2000 hours of regular work in DV-2 aero jet en-
gine compared to starting stage microstructure.

2 Experimental material and methods

The DV-2 aero jet engine turbine blades of the high-
pressure turbine (HPT) made from former USSR Ni-base
superalloy ZhS6K after 600, 1000, 1500, and 2000 hours
of regular work were used as experimental material. This
superalloy can be roughly compared to Nimonic class
superalloys. The chemical composition of alloy was ob-
tained by optical emission spectrometer, which uses spark

discharge for excitation, SpectroMAXXx, Tab. 1.

Tab. 1 The ZhS6k Ni-base superalloy chemical composi-
tion in mass volume.

Ni C Al Ti Cr Fe
64.7 | 0.202 522 | 3.05 12.44 0.192
Co Mo W Si Sn B
476 | 3.48 528 | 0.171 0.164 0.198

This alloy is used for the turbine rotor blade and whole
cast small-sized rotors with working temperature from
800 up to 1050 °C. The alloy is made in vacuum furnaces.
The temperature of the liquid at casting in vacuum form
1500 °C+1600 °C, depends on parts shape and amount.
Castability of this alloy is very high with only 2% - 2.5%
shrinkage. Blades made of this alloy are also protected
against hot corrosion with protective heatproof alitized la-
yer, so there are able to work at temperatures up to 750
°C for 500 flying hours. Microstructures of HPT blade
cast from ZhS6K superalloy are in Fig. 1.

M, .C, carbides

Fig. 1 SEM microstructures of HPT blade made from ZhS6K superalloy; a) dendritic segregation, b) primary MC and
secondary M»3Cs carbides, c) y/y' eutectic cells, and d) strengthening y'-phase in FCC y matrix, MARBLE etched.

728

indexed on: http://www.scopus.com



October 2019, Vol. 19, No. 5

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

For SEM metallography observation and EDX analy-
sis were specimens prepared by cutting on MTH Micron
3000 precise saw then mounting into bakelite mixture in
Struers Cito-Press 1 and finally ground and polished with
using of Struers Tegra-System (TegraPol-15 and Te-
graForce-1). Grinding and polishing consist of a few
steps; grinding with SiC sandpaper No. 320, followed by
medium polishing with MD-Allegro and fine polishing
with OP-S lubricant (which also act as an active polishing
agent).

e After specimen preparation following methods
for phase identification and evaluation were
used:

e  Dendritic segregation was evaluated via secon-
dary dendrite arm spacing (SDAS) factor;

e A coherent testing grid with the various number
of probes was used for y'-phase evaluation; 9
square shape area probes were used for the nu-
mber of y'-phase particles evaluation and 50 dot
probes made from backslash crossing were used
for the volume of y'-phase particles evaluation.
In both cases, the SEM observation was used
due to insufficient magnification on the light
microscope.

For SDAS factor (Secondary Dendrite Arm Spacing)
evaluation was a procedure as shown in Fig. 2 used and
the final number of “d” was calculated with Eq. (1). The
secondary dendrite arms “d” distance changing is an im-
portant characteristic for describing the base material,

a)

matrix vy, degradation via the equalising of chemical het-
erogeneity and also grain size growing.

Fig. 2 SDAS factor calculation scheme.
L
d= — X 1000 (um) (1)

- where “L” is a selected distance on which secondary
arms are calculated (the distance is usually chosen with
the same value as used magnification “z” — the reason
why this is so is in order to simplify the equation), “n” is
the number of secondary dendrite arms and “z” is the
magnification used.

For the evaluation of the y- and y'-phases the method
of the coherent testing grid was used, and the number of
Y “N” was evaluated by a grid with 9 square-shaped area
probes (Fig. 3a) and the volume of y' “V” was evaluated
by grid with 50 dot probes (Fig 3b).

b)

Fig. 3 The y-phase amount evaluation - coherent testing grid for a) number of y’particles; b) volume of y’particles.

Afterwards, the measurement of the values was calcu-
lated with Eq. (2) and Eq. (3). For a detailed description
of the methods used, see [20-21]. The size of y' is also
important from the point of view of creep rupture life. A
precipitate with a size higher than 0.8 pm can be consid-
ered to be heavily degraded and as causing decreasing
mechanical strength at higher temperatures.

N =1.11X 2% X x,;4107°  [um~?] )

[T 1)

- where “N” is a number of ' particles, “z” is the mag-
nification used, “Xmi¢” is the medium value of y'-phase
measurements.

V= ”7 X 100 [%)] 3)

- where “V” is a volume of ' particles, “ns” is the me-
dium value of y'-phase measurement and “n” is a number
of dot probes (when using a testing grid with 50 dot
probes, the equation become more simple: V=2nj).
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3 Results and discussion

The turbine blades used in the DV-2 (HPT — High-
Pressure Turbine) aero jet engine at the starting stage
(basic heat treatment) and after an engine exposition (at
real working temperatures) for 600, 1000, 1500 and 2000
hours were used for SDAS factor calculation. The results
of the evaluation are in Tab. 2 and the microstructures are
in Fig. 4.
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Tab. 2 Results of SDAS factor for real turbine blades,
heat-treated ZhS6K alloy.

Type of blade Secondary dendrite arm-spacing
[pm]

starting stage | 24.4

600 hrs. 24.8

1000 hrs. 28.0

1500 hrs. 48.7

2000 hrs. 66.6

Fig. 4 Dendritic segregation of ZhS6K turbine blades: a) starting stage; b) after 1500 hrs. of work, Marble etchant.

Dendritic segregation occurs during the solidification
of all superalloys. The solidification region consists of a
zone where the alloy is partially solid and partially liquid
(the liquid + solid zone). The solidification mode is gen-
erally dendritic and the first (primary) dendrites to form
are lower in precipitate-forming elements (Ti, Al, Nb, and
C) than the average melt composition. The interdendritic
areas are correspondingly enriched in these solute ele-
ments. As cooling rates become slower, the primary den-
drites and interdendritic regions become larger. The
slower the cooling rate and the more highly alloyed the
melt, the larger the interdendritic regions. At some point,
the interdendritic regions become large enough to inter-
connect and form macroscale defects. Driven by density
differences between the solute-rich interdendritic liquid
and the nominal melt composition, these regions become
self-perpetuating continuous channels in the solidifica-
tion structure. Such channel defects may grow vertically
(but not truly perpendicular) from the solidification front
for low-density interdendritic fluids or may grow hori-
zontally (parallel) to the solidification front for high-den-
sity interdendritic liquids. Solute-rich channel defects are
referred to as “freckles” because, when viewed in a cross-
section perpendicular to their growth axis, they are seen
as round, dark, circular spots. Freckle regions may form
hard intermetallic compounds that cannot be removed by
subsequent processing [1]. Tang et al. [22] in his work
reports the significance of dendrite arm spacing in rela-
tion to the coarsening of y'-phase and its thermal stability.
Shows that y' particle situated in primary dendrite arm ex-
cept coarsening has partially coalesced after 100 hours
thermal exposition but on the other hand, y'-phase rarely
coalesced in interdendritic region after thermal exposition
for the same time. Coalescence became evident in the pri-
mary dendrite arms after 500 hours while y'-phase almost

keep cubic in the interdendritic regions without any sig-
nificant signs of coalescence. Fig. 5 shows the average v'-
phase size for primary dendritic arm and the interden-
dritic region.
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Fig. 5 The relation between average y'-phase size and

temperature exposition time for primary dendritic arm

rpa and interdendritic region rig. The rave is the mean
value of the two [22].

Results from Fig. 5 confirm the statement about y'-
phase forming elements are rich in the interdendritic re-
gions due to residual chemical segregation. On the other
hand, the average y'-phase particle size in primary den-
dritic arms is always larger compared to interdendritic re-
gions after temperature exposition exceeds 100 hours,
Fig. 5 [22]. The y'-phase size evaluation on turbine blades
with using of coherent testing grids is in Tab. 3. The mi-
crographs related to this evaluation are documented in
Fig.6a-d.
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Tab. 3. The y-phase evaluation results on heat-treated turbine blades at various working times.

Time of work Number of y'-phase The volume of y'-phase The average size of y’-phase
[hours] N [um?] V[%] u [pm?]

0 0.99 67.2 0.68

600 1.12 67.6 0.6

1000 1.1 59 0.54

1500 0.82 574 0.7

2000 0.69 40.6 0.58

The y'-phase morphology at the starting stage is cu-
boid and distributed equally in the base y matrix (Fig. 1d).
The y'-phase morphology changed with an increase of the
hours of work at a temperature of up to 750 °C. The par-
ticles of the y'-phase gradually coarsen (works up to 1000
hours, Fig. 6b), which confirms the results of a number of
y'-phase evaluations “N” (see Tab. 3). A decrease of this
value at a longer duration of work (1500 and 2000 hours)
is caused by re-precipitation of new, fine y'-phase parti-
cles in the area between the primal y'-phase (Fig. 6d).
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From the results in TABLE 3, it is obvious that the y'-
phase of the ZhS6K alloy coarsen uniformly and increase
its volume ratio in the structure after up to 1000 hours of
exposition (regular work of a jet engine). However, after
longer durations of work (1500 or 2000 hours) there oc-
curs the re-precipitation of new, fine particles of the y'-
phase in the free space of matrix and which has caused
structural heterogeneity.

Fig. 6 Detail of the ZhS6K alloy’s y"-phase showing the increasing distance between y’particles as an effect of working
exposition - at normal working loading of a jet engine - which has a significant influence on the dislocation hardening
effect; a) 600 hrs., b) 1000 hrs., c) 1500 hrs, and d) 2000 hrs., HCl + H>O: etchant.

In terms of structure degradation and the prediction of
the lifetime of turbine blades - as well as the jet engine
itself — and according to the results in Tab. 3, after up to
1000 hours of exposition the structure (with “N” =
1.1004, “V” = 59 and average size “u” = 0.53615) is at
the “edge” of use because of its mechanical properties, as
referred by Cetel and Duhl [22]. They reported, that y'-
phase optimum size 0.35-0.45 pm is an optimum size for
satisfactory creep rupture strength. Murakumo et al. [24]

have described the influence of y'-phase volume on creep
rupture life. They pointed out that the longest creep rup-
ture life was obtained with the 70% of y'-phase volume at
900°C and 55% of y'-phase volume at 1100°C, Fig. 7.
They have also assumed a different creep mechanism for
900°C and 1100°C. It means that initial microstructure
after heat-treatment remain stable longer at temperature
900°C and is effective for strengthening at this tempera-
ture to prevent the dislocation movement by producing
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narrower y matrix channel without eutectic y'-phase re-
gion. The dependence of the creep rupture life on the vol-
ume of y'-phase is more evident in single-crystal than in
polycrystalline superalloys.
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Fig. 7 Relationship between y'-phase volume and creep
rupture life [24].

Work performed by Nathal et al. [25] indicates that
the optimum y'-phase size for an alloy creep rupture life
is dependent on the lattice mismatch between the y- and

y'-phases, which is composition-dependent, Fig. 8.
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Fig. 8 The optimum y"-phase size to maximize creep
strength is dependent on mismatch between the y- and
y“-phases [25].

The y'-phase particles with higher diameter or size sig-
nificantly decreases high-temperature properties of supe-
ralloys. However, the y'-phase size is not the only para-
meter influencing the lifetime. In addition, the number
“N” and volume “V” is important from the point of view
of dislocation hardening. When “N” and “V” are smaller,
this means that the distances between single particles are
greater and that fact causes a decrease of the dislocation
hardening effect.

4 Conclusion

For aero jet engine DV-2 turbine blades made from
Ni-base superalloy ZhS6K after the various time of load-
ing 600, 1000, 1500, and 2000 hours at regular operation

condition the methods of quantitative metallography were
used for microstructure evaluation. After applying of
quantitative metallography methods characteristics as
SDAS factor, the volume of y'-phase “V”, number of y'-
phase “N” and y'-phase particles size were calculated.

e Increasing values of SDAS factor shows the in-
fluence of high-temperature operation on equa-
lizing the chemical composition between den-
drite core and interdendritic areas what leads to
the production of new fine y'-phase particles and
at the same time coarsening of already presented
y'-phase particles.

e Coarsening of y'-phase results into significant
decreasing of creep rupture life of ZhS6K supe-
ralloy and decreasing the engine operation life-
time as well. The limit number of operation
hours according to analysis is 1000 hours where
y-phase size is 0.53 pum. With y'-phase size
higher than this value creep rupture and high-
temperature properties of superalloy decreases
due to loss of y/y' coherency, increasing the mi-
sfit parameter and precipitation hardening effect
too.
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