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ABSTRACT

Purpose: This work presents the results of microstructure investigations which were carried out on Ni-base
René 80 polycrystalline superalloy.

Design/methodology/approach: Polycrystalline cast rods have been used in the studies. The heat treatment
processes were conducted in ALD High Temperature Vacuum Furnace at 1204°C for 2 h, in Ar atmosphere
followed by cooling to room temperature. The aluminizing processes were conducted by use of CVD method
on as cast samples and after homogenizing-solution annealing. The diffusion low activity aluminide coatings
have been produced using the CVD IonBond BPXPRO0325S apparatus at various temperatures, for 4 h and
applying different values of: flow rate of HCI through the outer AICl; generator and pressure in main retort
in H, atmosphere. The microstructure investigations were conducted using scanning electron microscope. To
the purpose of analysis of the chemical composition an X-ray microanalysis technique was applied with the
dispersion of the energy (EDS) using of Thermo and Noran equipment.

Findings: It was found that samples without heat treatment had the typical cast microstructure with many areas
of the y—y’ eutectic, after heat treatment process the microstructure was homogenized, i.e. the eutectic y—y” has
been dissolved, MC-type carbides were precipitated on the grain boundaries and the chemical composition was
balanced. It was found also that after homogenizing heat treatment the samples had the thicker coating and had
more homogenous additive and diffusion layer than the samples with as-cast microstructure.

Research limitations/implications: Results will be used for further steps which will consist of CVD process
and other different heat treatment.

Practical implications: This CVD method will be used in the future for the production of modified aluminide
bond coats on single crystal Ni-base superalloys underlying the ceramic EB-PVD or LPPS top coatings.
Originality/value: In the future the production of chemical vapor deposited platinum (or Pd, Zr, Hf) aluminide
diffusion coatings on nickel base superalloy substrate are planned.
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1. Introduction

René 80 (General Electric Company trademark) is nickel
based superalloy manufactured as an polycrystalline, equiaxed or
directionally solidified alloy by use of investment casting method.
It is used in aerospace industry for production of such elements of
jet engines as blades and vanes of the first and second stage of the
turbine. This superalloy is characterized by very good properties,
such as heat resistance, high temperature creep resistance, good
tensile properties and thermal fatigue strength [1-4].

René 80 is a precipitation hardened alloy with complex
chemical composition (Table 1). Its microstructure after casting
process consists of many dendrites of y phase characterized by
microsegregation and inhomogeneity with primary y' precipitates
within. In the interdendritic regions y-y' eutectic, precipitates of y'
phase and MC type carbides are present. In order to homogenize
chemical composition of the alloy and to eliminate as-cast
microstructure (dendritic microsegregation, y-y' eutectic) it is
necessary to apply homogenizing-solution heat treatment. Tensile
strength in the precipitate hardened alloys depends on volume
fraction of y' phase (V) - v'). In superalloys with high volume
fraction of y' phase the optimum mechanical properties are usually
achieved as a result of the two-step aging. The high temperature
aging precedes the medium temperature aging. Application of
such heat treatment processes enables control of the
microstructure. In order to obtain good high temperature creep
resistance moderately fine precipitates of primary y' phase (~ 0.25
— 0.5 um) are preferred over the ultrafine or coarse ones, as well
as fine secondary precipitated y' phase and coarse-grained y phase
microstructure. In casting alloys morphology of the y' precipitates
may vary due to the effect of segregation and cooling rate
variation, especially smaller particles of y' phase are formed in the
dendrite cores while coarser y' particles and y-y' eutectic, quite
often in the form of colonies, within the interdendritic regions.
The main purpose of the two stage aging in nickel based
superalloys besides to the control of the size of y' or y"
precipitates is also control of the morphology of carbides formed
as the precipitates at grain boundaries. It is worth mentioning that
in columnar grain directionally solidified (CG-DS) alloys for
example MAR M200 + Hf direct relationship between the creep-
rupture strength at 980°C and volume fraction V) of fine y'
precipitates was established [4]. However, it is very important to
dissolve all the primary y' particles and homogenize the as-cast
alloy in order to uniform the microstructure of the alloy. To do
this the homogenization-solution heat treatment should be
properly carried out, i.e. not only above the y' solvus temperature
but close to the solidus temperature. Such process is called
subsolidus solution heat treatment and should not result in melting
the eutectic.

In order to increase solid solution hardening effect some
refractory elements as W, Mo, Re and Ta are added to the
superalloys [4]. It was found that the strongest effect has addition
of Ta due to large size of its atoms, which diffuse towards the y'
phase resulting in its hardening. This is immensely important,
especially in superalloys with large volume fraction of y' phase
(i.e. >50%), because the increase in the shear modulus of
elasticity of y' phase restrains phenomenon of dislocations cutting
[1-4]. However, presence of the refractory elements implies
insufficient heat resistance which can cause premature wear and
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damage of the elements. In order to protect substrate material
from hot corrosion and oxidation, application of the protecting
coatings is often necessary.

Table 1.
Nominal chemical composition of policrystalline superalloy
Rene 80

Nominal composition, wt. %
Ni Ct Co Ti Al Mo W C Zr B S
bal. 14 9.0 5.0 298 3.78 3.78 0.16 0.02 0.015 0.001

Aluminide protective coatings have been used extensively in
order to protect nickel based superalloys against hot corrosion and
oxidation. Especially coatings based on phases from the Ni-Al
binary system exhibit very good properties [5-6]. The alloys based
on ordered intermetallics are very good candidate materials for
elements of aircraft turbine engines.

Primary phase of that system, i.e. B-NiAl, possesses very high
melting point 1640°C (at stoichiometric composition of 50% at.
of aluminium), low density 5.9 g/cm’, excellent heat resistance
(even compared to other aluminides) and good mechanical
properties, including high specific strength. Very good heat
resistance results from the propensity to formation of protective
thin layer of the aluminium oxide - Al,O; [5-7].

In the aerospace industry protective coatings have wide
applications. These coatings have been developed because of the
unsatisfactory hot corrosion resistance of the structural materials,
also the nickel based superalloys [8-12]. There are many different
types of protective coatings, which can be produced using various
methods, for example by PVD methods such as PA-PVD (plasma
assisted physical vapour deposition) or using methods producing
diffusion layers, for example pack cementation method, slurry,
VPA (vapour phase aluminizing) or CVD (chemical vapour
deposition) [13-18].

CVD method consists in transferring aluminium from solid
(e.g. mixture of aluminium granules or aluminium powders and
AlL,O; - of different proportions) to its active compounds
(precursors), i.e. halides AICl; in a gaseous phase, which form in
external generator and then transport it using gas carrier (H,) to
the main retort (reactor chamber) to develop the coating at high
temperature and at low pressure (LP CVD - low pressure
chemical vapour deposition). Solid state aluminium is
transformed into gaseous phase through the following chemical
reactions:

Al + 3HCl gy > AlCl3 + 3/2 Hy (1)
Al(s) + 2HCl(g) A Alclz(g) + H2(g) (2)

where: s - solid state, g - gaseous state

In the low-activity CVD process the aluminium halides
(AICl;) are converted as a result of pyrolisis reaction to the
subhalides, next they are deposited on the substrate and then react
exothermically with substrate (Ni-based superalloy). As the
consequence of the outward diffusion of Ni atoms intermetallic
phase B-NiAl forms. The reaction of deposition can be written as:
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where: s - solid phase, g - gaseous phase

Different thickness of the layers formed in the low-activity
CVD process may be obtained. Many factors affect the kinetics of
the coatings growth, for example temperature in the main reactor,
value of the flow rate of HCI and AICl; and also of the carrier
gasses (and their suitable proportions). The diffusion aluminide
coatings produced in low-activity process by use of the LP CVD
method normally consist of the outer (additive) layer and
diffusion zone. The outer layer (B-NiAl - B2 structure) may
contain from 40 to around 50% at. of Al (sometimes even to 55%
at. of Al). It depends on the type of the process and its parameters.
As a results of the interdiffusion of the refractory elements and
nickel, precipitates of various phases form in diffusion zone,
including TCP phases in the secondary diffusion zone. It is
necessary to recall that processes of CVD aluminizing may be
also with other precursors simultaneously conducted, i.e. with
ZrCly or HfCl,. Aluminide coatings may be also modified by use
of precious metals for example Pt or Pd [18-26].

2. Material and research
methodology

2.1. Material

Polycrystalline superalloy René 80 was supplied in the form
of cast rods 14 mm in diameter and 120 mm long. Nominal
chemical composition of the alloy is presented in Table 1.
Samples were cut to discs of a thickness of 4 mm. Next, they were
grinded using abrasive papers ending on the grit size of 1000.

2.2. Heat treatment

Samples were divided into three batches. One batch of the
samples was not heat treated, the second batch of samples was
subjected to a homogenizing-solution heat treatment according to
scheme I (Fig. 1), while additional primary aging was introduced
to the heat treatment of the third batch - scheme II (Fig. 2).

The first stage of heat treatment was carried out by the
following routes:

Scheme I: heating to the temperature of 1100°C at the rate of
15°C/min, then to 1205°C at the rate of 5°C/min) followed by
annealing at 1205°C for 2 h and quenching in a stream of Ar to
room temperature at the cooling rate of about 110°C/min.

Scheme II: The same as for I Scheme, however after
homogenizing heat treatment (1205°C/2h) cooling to the
temperature of 1094°C was applied in the stream of argon within
about 15 min. Next step was primary ageing treatment at 1094°C
for 4h followed by cooling to room temperature within about
10 min.

All processes of the heat treatment were being conducted
using the Monotherm® Vacuum Furnace (ALD Vacuum
Technologies GmbH) in high vacuum and in argon protective
atmosphere at pressure 5-10° mbar (5-107 Pa).
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Homogenizing/Solution 1205°C/2h

Temperature, °C

Ar fast cooling to
room temperature

4>

Time, h

Fig. 1. Scheme of homogenizing and solution heat treatment of
René 80 polycrystalline superalloy

Homogenizing/Solution 1205°C/2h

Primary Aging 1094°C/4h

Ar Cooling/15 min

Temperature, °C

Ar free cooling to
room temperature

Time, h

Fig. 2. Scheme of homogenizing-solution and primary aging heat
treatment of René 80 polycrystalline superalloy

2.3. Low-activity CVD aluminizing
process

For conducting the diffusion process of aluminizing BPX-Pro
3258 apparatus from the lonbond company was used. The system
consists of the outside generator containing granules of
aluminium by which the gaseous hydrogen chloride HCI and
hydrogen H, is being let in. The hydrogen chloride plays the role
of activating gas, reaction (1), so-called precursor, converting
aluminium from the solid state to the gaseous state (AICl;).
Temperature at the inlet to the generator aluminium is ~350°C, in
addition, the hydrogen plays the role of carrier gas. After the
activation the AICl; temperature at the outlet from the generator is
about 290°C. Such the mixture of gases is supplemented with
additional portion of hydrogen.

CVD processes were conducted in different conditions, i.e.
varying values of the HCIl flow rate, HCI/H, ratio, pressure and
temperature in the main retort. All samples were aluminized by
the low-activity CVD method following the routes summarized in
Table 2.
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Table 2.

Heat treatment and CVD process parameters applied for René 80 superalloy

CVD process parameters Heat treatment
Flow rate Flow rate . . ..
N of HCL fH Pressure in the main Ti T .. Homogenizing/
0. " of H, ime emperature Homogenizing/ o
+ 3nlpm reactor As-cast A solutionizing +
supplement solutionizing . .
of H, primary aging
nlpm nlpm mbar Pa h °C
1. 1.4 10 150 1.5-10° 4 950 yes no no
2. 1.4 10 150 1.510* 4 1050 yes no no
3. 0.15 20 150 1.5:10* 4 1000 yes no no
4. 0.15 30 150 1.5:10* 4 1000 yes yes no
5. 0.6 10 300 3.0-10* 4 1000 yes yes no
6.* 0.5 10 150 1.5-10° 4 1050 yes yes yes

*nlpm - Normal Liters per Minute
** the samples after process were annealed in Ar at 1000°C for 2 h

2.4. Examinations of microstructure

Examination of the microstructure was conducted using the
light microscope Nikon Epiphot 300 with the NIS-Elements V2.3
software and scanning electron microscope Hitachi S-3400N
equipped with Thermo Noran EDS system for chemical
composition analysis. Metallographic specimens were prepared
using standard metallographic methods. Samples after the process
of aluminizing were cut along the diameter and then were plated
with nickel by use of electroless method. Cross sections of
metallographic samples with aluminide layers were prepared by
grinding with abrasive papers down to 2400 grit size followed by
polishing using diamond suspensions (6, 3, 1 um). For chemical
composition analysis of aluminide layers unetched microsections
were applied. Metallographic microsections after processes of the
heat treatment were prepared applying the method which was
described earlier, at the end they were polished with acidic
alumina. Microsections were etched with the following reagents:
Kalling’s reagent (waterless number 2): 5g CuCl, + 100 ml HCI +
100ml ethanol and the second one 10 ml HC1O4 + 20 ml glycerol
+ 70ml ethanol

3. Results and discussion

Metallographic examination of René 80 superalloy rods using
the light and SEM microscopes revealed the typical casting
microstructure with indications of dendritic microsegregation
(Fig. 3a). The areas of y-y' eutectic colonies were identified in the
interdendritic regions (Fig. 3b).

Based on the chemical composition examinations an increased
content of aluminium, titanium and nickel was found in the y-y'
eutectic (Fig. 4b). However, around eutectics segregated
precipitates rich in such elements as tungsten, molybdenum,
zirconium and chromium were identified. In these areas the
content of nickel, titanium and aluminium was lowered.

It was found, that average size of y' precipitates observed in
interdendritic regions was larger than in dendrite cores. After
homogenizing annealing more homogeneous microstructure was
observed. Moreover the y-y' eutectic was completely dissolved.

Heat treatment and CVD aluminizing of Ni-base René 80 superalloy

Large precipitates spread over grain boundaries were observed,
and smaller ones were also distributed inside the grains. On the
basis of an EDS analysis of the chemical composition they were
identified as MC-type carbides (Fig. 6) (where M stands for W,
Ti, or Mo).

Fig. 3. Microstructure of René 80 superalloy in the as-cast state
(LM - bright field) - y-y' eutectic colonies in interdendritic regions
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Table 3.

Local chemical composition of René 80 superalloy in the area of y - y' eutectic within interdendritic region - EDS analysis

Element content, wt %

Area no. . .

(Fig. 4b) Al Ti Cr Co Ni Zr Mo w
1 3.63 11.82 6.08 6.84 70.47 - 1.00 0.16
2 - 4.79 28.66 3.98 23.30 - 27.19 12.08
3 3.99 12.66 4.18 7.17 72.00 - - -
4 2.92 8.53 12.52 8.88 61.47 - 3.08 2.62
5 3.06 8.33 12.68 8.60 60.23 - 2.92 4.18
6 2.02 6.96 15.86 9.77 55.23 0.93 5.09 4.14
7 1.33 5.38 26.93 6.24 30.36 - 21.00 8.76
8 3.27 9.19 11.00 8.49 62.40 - 2.43 3.22
9 3.06 5.82 15.24 9.88 59.25 - 3.37 3.38

a)
4000
3000
Ni
2000 Ni
C Co
1000 Ti Al Ti
ol o Ti% e Cof| Ni
0 T T T T T
0 2 1 6 8 10
keV
b)
4000
A 3000
s = Ni
50.0um 20004 Col Ni
o Al c
1000 C r
WM Ti
WT| 2r N I Ti [l Cr Co Ni
0 T T T T T
0 z 4 ; B 10
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©)
3000
2500
20004  Ni
15004 S0 Mo Cr
1000 ¢ w Ni
W N
500 _WTI Al T TillCr Co WI' W
0 T T T T T
0 2 1 6 8 10
keV

§3400 25.0kV 8.0mm x4.20k BSE3D

Fig. 4. Microstructure of René 80 superalloy in the as-cast state
with areas chosen for EDS analysis (Tab. 3): dendrites of y phase
(a) with y-y' eutectic and primary MC-type carbides in

interdendritic regions (b)
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Fig. 5. EDS X-ray spectra in chosen areas: a) area 1; b) area 6;
c) area 7 (Fig. 4b, Tab. 3)

Both after the homogenizing-solution heat treatment and after
the primary ageing the cuboidal precipitates of primary y' phase
were observed. After the primary ageing there were also observed
cuboidal primary y' precipitates as well as spherical primary y'
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precipitates. However hyperfine secondary particles of y' phase
were not visible (probably because of limitations of the
equipment).

Fig. 6. Microstructure of René 80 superalloy after homogenizing
annealing (at 1205°C for 2h) with areas chosen for analysis of the
chemical composition (Fig. 7, Tab. 4).

a)

b)

12

Fig. 7. EDS X-ray spectra in chosen areas a) area 1; b) area 4
(Fig. 6, Tab. 4)

Table 4.
Local chemical composition of the alloy after homogenizing
annealing - EDS analysis

Area Element content, wt %
no.

(Fig. Al Ti Cr Co Ni Mo W
6)

1 - 4634 359 130 7.00
2 067 4091 610 2.67 1736 1431 17.99
3 064 4493 657 286 17.77 1087 1636
4

2.64 467 1504 981 58.60 328 597

12.34 2942

Heat treatment and CVD aluminizing of Ni-base René 80 superalloy

$3400 25.0kV 7.6mm x10.0k BSE3D 5.00um

83400 25.0kV 7.6mm x7.50k BSECOMP

Fig. 8. Various types of morphology of the y' precipitates after
primary aging: a) cuboidal, b) spherical and cuboidal

First trial CVD processes were carried out on the as-cast
samples (processes no. 1 and 2 - Tab. 2) varying the temperature.
It was found that lower temperature was disadvantageous to the
process of the aluminide layer deposition. It caused deterioration
of the quality of the outer B-NiAl layer, and resulted in significant
increase of its porosity and roughness. Therefore further trials of
the coating deposition at a temperature of 950°C were abandoned.

Comparing samples aluminized according to the scheme no. 3
and 4 it was found that after the process no. 3 surface layer was
more porous, and a large crack was detected between the additive
B-NiAl layer and the diffusion zone (Figs. 11, 12).

The B-NiAl surface layer on the sample no. 4 demonstrated
the better quality as well as it was smooth and less porous than the
sample no. 3.

For the process no. 5 temperature 1000°C was applied, the
same, like for processes no. 3 and 4, however parameters of the
flow of gasses were changed - the HCI flow rate was increased
from 0.15 nlpm to 0.6 nlpm and hydrogen flow rate was reduced
from 20-30 nlpm to 10 nlpm. Higher pressure was also applied in
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the process no.5 (300 mbar). For the process no. 5 as-cast samples
were used, as well as samples after homogenizing-solution

annealing.
p-NiAl
additive layer

'
Interdiffusion
zone

Secondary

'\ /' diffusion zone

o phase
: Substrate

$3400 20.0kV 10.2mm x3.50k BSE3D 10.0um
Fig. 12. Microstructure of specimen after homogenizing annealing
coated in process no.4

$3400 10.0kV 10.9mm x4.70k BSE3D

Fig. 9. Microstructure of coated specimen no. 1

'9

I Uy N 8078

11,89 pm

b 6
- .

$3400 15.0kV 6.8mm x3.50k BSE3D

83400 15.0kV 10.6mm x3.50k BSE3D

Fig. 10. Microstructure of coated specimen no. 2

\d \Lh%\\gt\\

83400 15.0kV 6.8mm x3.50k BSE3D

Fig. 13. Microstructure of coated specimen no. 5 - very high
di porosity of outer layer and diffusion zone (a) and damaged -
$3400 15.0kV 10.4mm x2.00k BSE3D cracked and spallated surface - discontinous outer layer (b), both
samples were after homogenizing-solutionizing and primary aging
Fig. 11. Microstructure of coated specimen no.3 heat treatment
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It was found that layers on both types of samples, after
process no. 3 and no. 5 were very much of inferior quality, i.e. the
surface of additive layer was uneven, porosity of the additive
layer was high and thickness not uniform (Fig. 13).

After the completed process no. 6 additional diffusion
annealing of surface layer was applied at the temperature of
1000°C for 2 h in Ar atmosphere. It was found that in spite of the
extra time of annealing, and the interdiffusion of Ni, Al and
remaining elements, average thickness of additive layer B-NiAl
was still on the satisfactory level, i.e. >10 um. Apart from that, a
lower frequency of o phase precipitates occurrence was noted
(Fig. 14).

It is necessary also to recall that the smallest crack between
additive-outer layer and diffusion zone was visible in
microstructure of sample no. 2 (Fig. 10).

a)

$3400 20.0kV 10.4mm x3.50k BSE3D 10.0um

Based on the results of EDS analysis it was found that the
content of aluminium in outside layer after the low-activity CVD
process amounted to from about 23% up to the 30% by weight.
The highest content of Al was after process no. 4, both in the
outside additive layer (30.16 wt.%) and in the diffusion zone
(25.32 wt.%), and the lowest after the processes no. 1 and no. 5
(Tab. 5). The thickest layer was obtained in the process no. 2 -
outer additive layer about 12 um thick and total thickness with the
diffusion zone about 17 um. In the future further processes of
aluminizing are planned with application of CVD method
(varying the process time and temperature, the flow rate of gasses
etc.). The aim will be verification of the kinetics of the growth of
aluminide layers and improvement of the quality and properties of
the surface layer.

b)

$3400 20.0kV 10.7mm x4.00k BSE3D

Fig. 14. Microstructures of samples coated in process no. 6, a) in as-cast state, b) after primary aging (both additionally diffusion annealed

at 1000°C for 2 h in Ar after CVD process)

Table 5.
Chemical composition of coated specimens (on cross-sections)
. wt %
Proces no. Location - -
Ni Al Cr Co w Ti Mo
outer-additive layer 69.87 2341 0.77 5.94
1 diffusion zone 63.42 3.06 14.12 7.12 4.50 443 3.35
substrate 64.82 2.30 12.17 7.73 4.36 5.40 3.22
outer-additive layer 64.30 26.07 2.34 7.30
2 diffusion zone 38.36 12.12 21.25 8.06 11.62 5.38 3.21
substrate 59.36 3.07 14.93 9.06 7.07 4.80 1.15
outer-additive layer 64.77 27.95 1.81 5,46
3 diffusion zone 44.55 13.25 16.17 8.47 6.65 6.43 4.48
substrate 59.06 2.75 14.04 9.58 5.96 4.92 3.70
outer-additive layer 63.41 30.16 1.06 5.37
4 diffusion zone 61.85 25.32 3.15 7.48 221
substrate 48.29 7.56 15.90 9.36 7.77 5.65 5.24
outer-additive layer 63.40 22.93 1.46 9.58 2.63
5 diffusion zone 46.44 8.77 17.57 8.91 9.91 4.82 347
substrate 66.58 2.60 12.94 7.08 5.99 4.81 )
outer-additive layer 64.04 25.16 3.13 6.99 0.68
6 diffusion zone 41.78 11.59 13.41 9.21 11.36 7.57 5.08
substrate 59.84 3.27 15.24 9.62 1.83 5.14 5.05

Heat treatment and CVD aluminizing of Ni-base René 80 superalloy
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4. Conclusions

On the basis of the results of the studies following

conclusions were formulated:

1.

Homogenizing annealing at 1205°C for 2 h resulted in more
uniform distribution of alloying elements in y phase and
homogeneous microstructure as well as caused dissolving of
v-Y' eutectic.

The LA CVD processes
homogenized alloy.

The higher temperature of the LA CVD processes is probably
increasing the activity of AICl; and kinetics of the aluminide
layer growth, causing thickening of aluminide layer and
outside additive B-NiAl layer.

It is possible to regulate the increase in the B-NiAl layer
thickness by increasing the HCl amount which is transported
to the external generator containing Al granules.

In the low-active CVD process it is possible to achieve the
most beneficial ratio of the outer layer thickness to the
thickness of the diffusion zone applying greater HCI flows
and the higher temperature of the process, and presumably
also by extending the time.

Process of diffusion annealing after the process no. 6, did not
cause deterioration of the surface layer quality, additionally to
some extent contributed to partial dissolving of the ¢ phase
precipitates.

The temperature (1050°C) and the time (4 h) of aluminizing were
selected according to the scheme of the heat treatment of René 80
superalloy (temperature 1052°C and time 4h are usually applied
in next stage aging treatment - the last stage of heat treatment is
secondary aging at temperature 843°C for 16 h).

yield the best results for
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