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Abstract—The process of casting carbonless VZhM4 nickel superalloy cooled blades with a single-crystal
〈001〉 structure on UVNK plants is developed. Model blade units with seed parts for the formation of a single-
crystal structure in a turbine blade are designed, the structure of the alloy is studied, and experimental batches
of single-crystal blade ingots are cast. The influence of the directional solidification conditions on the struc-
ture of the carbonless alloy and the susceptibility of the single-crystal structure of the ingots to defect forma-
tion are investigated.
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INTRODUCTION
An important advantage of single-crystal turbine

blades is their very high thermal fatigue and creep
resistance at high temperatures. The creation of the
fourth- and fifth-generation nickel superalloys con-
taining rhenium and ruthenium for the high-tempera-
ture single-crystal turbine blades of aviation engines in
recent years substantially increased their operating
temperature and improved their thermal stability.

Foreign alloys EPM-102/MX/PWA1497 (United
States) and TMS-196 (Japan) are the most known sin-
gle-crystal nickel superalloys containing rhenium and
ruthenium. The operating temperature of a Russian
VZhM4 alloy (FGUP VIAM) is approximately 50°C
higher than those of standard ZhS (ZhS26, ZhS32,
ZhS36) nickel superalloys used for the turbine blades
of a gas turbine engine (GTE) [3–5].

A VZhM4 nickel superalloy (Ni–Al–Mo–Ta–Cr–
Co–W–Re–Ru–La system) developed with a com-
puter simulation has no carbon and other grain-
boundary hardening elements and is intended for the
directional solidification of single-crystal turbine
blades, which must have a long service life at elevated
temperatures. Table 1 gives the high-temperature
strength s of some nickel superalloys intended for cast-
ing single-crystal blades with an axial 〈001〉 crystallo-
graphic orientation (CGO) [6–11].

A necessary condition for casting single-crystal
nickel superalloys of the last generation is vacuum-
induction melting of a carbon-free VZhM4 alloy

(FGUP VIAM) in the form of a rod with a high purity
in impurities and gases (mass fractions of O2, N2, or S
is ≤0.001%) [12].

The technology of casting single-crystal turbine
blades made of carbon-containing nickel superalloys
(FGUP VIAM) was put into operation for industrial
UVNK directional solidification plants with a liquid-
metal coolant (aluminum) [13–15]. The technology of
casting new single-crystal carbon-free nickel and
intermetallic superalloys (VKNA4U, VIN3, VZhM7)
for small uncooled turbine blades was developed and
tested, and exponential batches of blades were fabri-
cated with a single-crystal structure yield of 80–90%
under the industrial conditions of a machine building
plant [16, 17].

The most complex problem of casting single-crys-
tal cooled blades made of carbon-free nickel superal-
loys is the formation of a single-crystal structure over
the entire ingot height, especially in the blade platform
and foot. For each type of blade, it is necessary to
develop a casting unit design with a system of crystal
carriers, to adjust casting conditions, and to analyze a
structure to increase the ingot-to-product ratio. Vari-
ous solidification models can be used to predict
defects in a single-crystal structure [18, 19].

The purpose of this work is to study the influence
of technological casting conditions on the structure of
single-crystal cooled turboprop engine blades made of
a rhenium-containing 〈001〉 VZhM4 superalloy.
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Table 1. Long-term strength of single-crystal nickel superalloys

Alloy
Re and Ru content, wt % σ100/σ1000 (MPa) at temperature

Re Ru 900°C 1000°C 1100°C

ZhS32
ZhS36
CMSX-4
VZhM1
CMSX-10
VZhM4
NC-NG
EPM-102
TMS-162
TMS-196

4
2
3
9
6
6
4
5.95
4.9
6.4

—
—
—
—
—
4
4
3
6
5

475/330
476/343
520/360
585/450
530/400
575/410
475/360
503/385
565/425
590/430

240/155
250/157
260/165
330/215
290/185
305/200
275/190
325/200
320/230
330/—

120/75
137/83
140/—
165/95
150/—
170/120
145/95
160/97
180/135

—/135
EXPERIMENTAL
The conditions of casting blades were adjusted on

the directional solidification UVNK-9A plants
equipped with an automatic control system in FGUP
VIAM and on an industrial UVNK-8P plant. The
next-generation UVNK-9A plants have an automatic
control system, which increases the reliability of their
operation, their capacity due to a decrease in the tech-
nological preparation time, and the ingot-to-product
ratio. Moreover, in contrast to a commercial UVNK-8P
plant, a UVNK-9A plant has a mold heating furnace
(MHF), heaters, and thermal shields made of car-
bon–carbon composite materials, which increases the
operating reliability. The vessel with a liquid-metal
coolant (Al) is equipped with a vertical motion mech-
anism to remove the heat gap between heating and
cooling zones and to create a temperature gradient at
the solidification front (60–80°C/cm) over the entire
process of directional solidification.

Single-crystal Ni–W alloy seeds, which were fabri-
cated by orientation cutting with a deviation of α〈001〉 ≤ 5°
from axial CGO, were placed in the seed cavities of
ceramic molds for each blade for a single-crystal
structure to form in it.

The single-crystal structure of blade ingots after
directional solidification was controlled by visual
inspection of their surfaces after etching. In contrast to
carbon-containing single-crystal alloys, more severe
structural requirements are imposed on carbon-free
alloy blades: blade ingots must have no grain boundar-
ies because of the absence of carbon and other grain-
boundary hardening elements, freckles, spots, equi-
axed (recrystallized) grains, and other casting defects.
Before heat treatment of the carbonless alloy, any
mechanical processing and sand blasting of ingots are
avoided to exclude subsequent recrystallization upon
heating.

The deviation of the CGOs of blade ingots was
determined on starting cones cut from single-crystal
ingots, and the plane of cross section was perpendicu-
lar to the longitudinal axis of an ingot. The CGO of a
RUSSIAN METALLURGY (METALLY)  Vol. 2018  No.
single-crystal ingot was determined by X-ray diffrac-
tion (XRD) analysis of the cross section of a cone
etched to reveal a dendritic structure. X-ray diffraction
patterns were recorded with a DRON-3 diffractome-
ter, and angular deviation α〈001〉 of the given axial 〈001〉
direction from the longitudinal axis of the cone and,
correspondingly, the entire blade ingot was deter-
mined. A blade ingot was considered to be good is
deviation α〈001〉 did not exceed 10° and the block mis-
orientation was Δα〈001〉 ≤ 3°. High-angle boundaries
(Δα〈001〉 ≥ 3°) are not allowed in any regions in the
blades made of a carbonless alloy.

The microstructures of the polished sections of the
blades were analyzed using a JSM-6490LV scanning
electron microscope (SEM) and a Leica optical
microscope.

RESULTS AND DISCUSSION
The production of single-crystal ingots consists of

the nucleation of a single-crystal structure, its motion
to the cavity of a mold with starting cavities and crystal
carriers, and the growth of a single-crystal structure
during directional solidification. A structure nucleates
on a single-crystal seed crystal with a given and tested
CGO.

The designs of units with starting bases, seed
places, and crystal carriers were developed to form tur-
bine blades with a 〈001〉 single-crystal structure on a
200-mm-high UVNK-9A plant. The blade model had
a starting cone with an angle of ~40°, and its base is a
continuation of the blade airfoil profile, which pro-
vides the growth of a single-crystal structure into the
blade airfoil cavity from the seed placed at the vertex of
the cone. To move a single-crystal structure from the
starting cone to the foot edges, we placed a crystal car-
rier in the form of a triangle, the base of which corre-
sponded to its width, from the side of the leading edge
and a cylindrical crystal carrier from the side of the
trailing edge (Fig. 1a). Model units were assembled
from three blades fixed to a pouring basin so that the
 13
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Fig. 1. Sketch of a blade with a starting cone and a crystal carrier system: (a) side view, (b) lateral blade foot surfaces are parallel
to heaters, (c) top view of blade units, and (d) single-crystal VZhM4 alloy blade ingots.
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Fig. 2. Appearance of a UVNK-9A plant and the temperature diagram of melting VZhM4 alloy turbine blades.
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side platform surfaces were parallel to heaters
(Fig. 1b), or blade models were situated so that the
side surfaces of the platform surfaces were rotated
through an angle of 30°–40° about solidification axis
z to the heater plane and the trailing foil edges were
parallel to heaters (Fig. 1c).

The process of casting was adjusted on a UVNK-
9A directional solidification plant, and an experimen-
tal batch of single-crystal VZhM4 alloy blades was cast
on a UVNK-8P directional solidification plant under
industrial conditions. The temperature casting condi-
tions were identical in both plants: the temperatures
were higher than the phase-transition temperatures in
the VZhM4 alloy (Tsolidus = 1370°C, Tliquidus = 1450°C)
by 150–200°C. A batch of single-crystal blade work-
pieces was cast on the UVNK-9A plant under the cho-
sen conditions. The velocity of motion of the mold
from the heating zone in the liquid-metal coolant (Al)
was 6–7 mm/min.
RUS
Figure 2 presents the temperature diagram of melt-
ing, which shows the temperature distribution in heat-
ing, melting, and solidification from the readings of
the thermocouples placed at the upper and lower
MHF heaters, the induction heater, and the crystal-
lizer (Al). This diagram also demonstrates the path of
the mold from the position for casting to the initial
zero position (scale is on the right), and stationary
thermocouples were used for temperature control (see
Fig. 2).

After casting, blade ingots were carefully removed
from the ceramic mold, and the pouring basins and
the cone starting bases of the single-crystal VZhM4
alloy ingots were cut on a cutting-off machine with
cooling and cutting rate control. To avoid recrystalli-
zation upon subsequent heating, the ingots were not
subjected to sand blasting and chemical etching before
homogenization. The results of visual inspection and
XRD analysis (with DRON-3 diffractometer) of the
etched starting cones of the blade ingots demonstrate
SIAN METALLURGY (METALLY)  Vol. 2018  No. 13



EFFECT OF TECHNOLOGICAL CASTING CONDITIONS 1225

Fig. 3. Microstructure of a single-crystal 〈001〉 VZhM4 alloy blade ingot in the as-cast state: (a) cellular–dendritic structure of
the blade foil, (b) cellular–dendritic structure of the blade foot, (c) eutectic γ' phase and casting pores in the interdendritic space,
(d) pores in the microstructure of the blade platform, and (e, f) morphology of γ'-phase particles in dendrite arms and the inter-
dendritic space.
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that the VZhM4 alloy blade ingots have a 〈001〉 single-
crystal structure and meet the condition α〈001〉 ≤ 10°.

SEM (JSM-6490LV microscope) studies of the
blade alloy in the as-cast state reveal a cellular–den-
dritic structure with nonequilibrium eutectic γ'-phase
precipitates in the interdendritic space, and the size
and morphological inhomogeneity of the hardening
γ'-phase particles is characteristic of the VZhM4 alloy.
Casting pores, the sizes of which correspond to the as-
cast state of the alloy, are present in the structure near
the eutectic γ' phase. Low-density regions were not
observed in the microstructure of the blade platforms,
and casting micropores less than 10 μm in size exist in
the structure near the eutectic γ' phase. Their volume
fraction is approximately 0.02%, which corresponds
to the as-cast state of a carbonless VZhM4-type
superalloy.

All blades were etched after heat treatment
(homogenization). When studying the macrostructure
of the single-crystal VZhM4 alloy ingots, we detected
diffuse boundaries on the platform surfaces of some
blades on the side of the trailing edge. After micro-
structural (optical microscopy) and XRD (DRON-3
diffractometer) investigations of the polished sections
cut from the platforms of three blades, we found that
these diffuse boundaries are represented by low-angle
subgrain boundaries with a small misorientation
(Δα〈001〉 ≤ 3°) from the main single crystal of the blade
with the axial 〈001〉 orientation (Fig. 4).
RUSSIAN METALLURGY (METALLY)  Vol. 2018  No.
After heat treatment, the low-angle subgrain
boundaries usually consist of irregular γ'-phase parti-
cles (Fig. 5).

Such low-angle boundaries at the blade foot or
platform are allowed in carbonless rhenium-contain-
ing superalloy ingots if the CGO of the blade meets the
condition α〈001〉 ≤ 10° and Δα〈001〉 ≤ 3° and corresponds
to the blade specifications of a designer. The misori-
entation of a fragmented structure in blade platforms
can be estimated by nondestructive control methods
under industrial conditions using special-purpose
equipment.

Obviously, the directional heat removal in the foil–
platform transition region during solidification
changes temporarily, the radial components of the
axial temperature gradient are Gx, Gy > 0, and second-
ary dendrite arms grow toward the platform corners.
The isoliquidus line becomes concave toward the
cooler, which can cause the formation of an isolated
supercooled melt region at the platform corners
located at long distances; here, heterogeneous nucle-
ation of a crystal, the CGO of which differs from that
of the main crystal, is possible at the critical melt
supercooling (>20–30°C). Using a heterogeneous
nucleation criterion, we can estimate the maximum
secondary arm length ds in a blade platform; this
length is determined by growth rate V and time ds(t) =

 The time is takes for secondary dendrite arms to
grow freely in the lateral direction is τ = ΔTcr/GR [20].
Under the given temperature–rate casting conditions,

∫ .Vdt
 13
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Fig. 4. Macrostructure of the low-angle subgrain boundaries in VZhM4 alloy blade platforms with various angular misorientation
Δα〈001〉 (×20).

Δα〈001〉 = 1.2° Δα〈001〉 = 1.3° Δα〈001〉 = 2.7°

Fig. 5. Microstructure of the low-angle boundaries in VZhM4 alloy blade platforms: (a) in the interdendritic space after casting,
(b) after HIP, and (c) after PHT.
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the growth of secondary dendrite arms into a blade
platform was found to be 20–25 μm, which is a sign of
good manufacturability of the VZhM4 alloy. If a crys-
tal carrier from the starting cone is laced at a blade
platform corner, no heterogeneous nucleation of for-
eign crystals takes place; however, structural frag-
ments can appear because of the difference between
RUS

Fig. 6. VZhM4 alloy blade with a single-crystal structure and its m
phology of γ'-phase particles in dendrite arms, (b) morphology
micropore.

1 μm×10 000(a) (b
the dendrite sizes in the main single crystal in the
blade and the single crystal of the crystal carrier.

To decrease the probability of appearance of sub-
grains in a blade platform, we added elements in the
form of two gussets adjacent to the cylindrical crystal
carrier to the design of the casting unit. In another ver-
sion, the cylindrical crystal carrier was replaced by a
SIAN METALLURGY (METALLY)  Vol. 2018  No. 13

icrostructure after heat treatment combined with HIP: (a) mor-
 of γ'-phase particles in the interdendritic space, and (c) healed

1 μm 10 μm×10 000 ×2500) (c)
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triangular plate, which transferred a single-crystal
structure from the exit roll to the end face of the plate
with smooth transition at the joint. The following
technological casting conditions were corrected when
blades solidify in the modified casting units in the
UVNK-9A and UVNK-8P plants: the solidification
rate of the blade unit filled with a metal was decreased
from 6 to 4–4.5 mm/min when the solidification front
passed through a blade platform, blade platforms were
fully submerged in the coolant, and the cooling rate in
the upper and lower MHF heaters in the UVNK-8P
plant were maintained at a level of 10–20°C/min after
the end of motion of the bade units into the coolant to
a temperature of 1280 ± 10°C.

This modification of the design of the crystal carri-
ers in the blade unit and the correction of the tempera-
ture–rate conditions allowed us to produce cooled
VZhM4 superalloy blades with a single-crystal 〈001〉
structure without subgrains in a blade foot and plat-
form.

After compete heat treatment combined with HIP,
the microstructure of the turbine blade ingots made of
a VZhM4 superalloy has no eutectic γ + γ' precipitates
and micropores, and γ'-phase particles have the opti-
mum cuboid morphology characteristic of the
VZhM4 alloy (Fig. 6).

CONCLUSIONS

We determined the technological parameters of
directional solidification for the production of single-
crystal 〈001〉 VZhM4 superalloy blades on UVNK-9A
plants and under the industrial conditions on a
UVNK-8P plant, fabricated an experimental batch of
single-crystal 〈001〉 turbine blades made of a carbon-
less VZhM4 superalloy, and improved the design of
blade model units to produces blades with a single-
crystal structure in a blade foot and platform.

The macro- and microstructures of the blade
ingots were studied in the as-cast and heat-treated
states. The experimental results can be used to reveal
the causes of the appearance of defects in carbonless
single-crystal VZhM4 superalloy blades and to
increase the ingot yield.
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