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HEAT TREATMENT INFLUENCE ON STRUCTURE AND
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The paper presents the influence of solution treatment and two-stage aging on
the microstructure and properties (corrosion resistance in sulfuric acid solution and
hardness) of some experimental Ni-based superalloys with different Re additions of
1.96%, 2.98% and 1.02%, respectively. After aging, the hardness of the three
solution treated alloys slightly increased because of the increasing Re content.
Nevertheless, the hardness values are similar. Also, the behaviour in corrosive
environments of the three solution treated and aged alloys is similar. One can
mention that the sample with 2.98% Re shows a slightly higher corrosion resistance.

Keywords: Ni based superalloys, age hardening, solution treatment, two-stage
aging, corrosion resistance, rhenium

1. Introduction

Characterized by superior mechanical strength properties at high
temperatures, above 750 °C, and corrosion resistance in various environments, Ni-
based superalloys have wide applicability in fields such as aeronautics, aerospace,
mining, energy field, etc. [1-3].

The excellent mechanical properties are mainly due to two hardening
mechanisms: solute hardening and precipitation hardening. While the former is
found in all superalloys, the latter is conditioned by a certain chemical
composition that determines the formation of the y’ and y” phases. Subsequently,
the aging heat treatment applied after the solution treatment favors the
precipitation/reprecipitation of these toughening phases, that are coherent with the
Y matrix.

By choosing the optimal heat treatment parameters, significant increases in
hardness, but also in yield strength, tensile strength, etc. can be achieved.

Thus, Fumitaka Ichikawa et al. observed a hardness sharp increase of a Ni-
Fe-Cr-Ti-Nb-Mo superalloy with increasing aging holding time in the range of
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0.03-3 h [4]. The extension of the holding time determined a hardness decrease
from the maximum value of 536 HV to 437 HV, the latter being recorded after
400 h of aging [4].

Then again, in the case of some single crystal Ni-based superalloys,
Shunyong Zhang et al. noted a continuous increase in hardness when prolonging
the aging holding time [5].In this study, the hardness of the superalloy with a 30%
hardening phase proportion increases continuously from approximately 4.7 GPa
(initial hardness) to 5.8 GPa - a value reached after 1000 h of holding time. At the
same time, it was found that elastic modulus shows very small variations with the
aging holding time [5]. Relatively common, two-stage aging is applied to Ni-
based superalloys, which contain both y" and y”, in order to favor precipitation and
increase the number of hardening phases [6, 7].

Another type of heat treatment was proposed by Fencheng Liu et al., a
treatment that involves aging at a high temperature of 890 °C, the so-called &
aging, which favors the 6 phase precipitation. By stimulating its formation, the
morphology of the Laves phase is modified, with beneficial effects on the
mechanical properties [2]. Thus, one can see that heat treatments have a major
influence on the precipitation hardened Ni-based superalloys properties. In the
present paper the experimental compositions of modified Inconels with Re
additions, proposed by the authors in a previous paper [8], are subjected to
solution treatment and two-stage aging heat treatments. The heat treatments
effects on the superalloy smicrostructures and properties (hardness and corrosion
resistance) are studied.

2. Materials and Methods

Further research on thethree Ni-based superalloys with different rhenium
proportions: 1, 2, and 3%, respectively [8], was done. The materials were obtained
in a Five CELES induction furnace (model ALU 600), in vacuum. During casting,
the melt was protected by a controlled argon atmosphere. The chemical
composition of the superalloys, determined with the Leco GDS 500 A optical
emission spectrometer, is shown in Table 1[8].

Table 1
Chemical composition of the three Ni-based superalloys (wt%) [8]

’;ﬂgy{e Al [Mo |Cr Ni Ti |Fe |Nb |[Ta |W |Re |C Co
codep (%) | () | (%) (%) (%) | () | o) | (%) | (%) | () | () (%)
Alloy 5.20 | 0.58 6.92 63.04 | 149 - - 6.58 | 434 | 1.96 0.02 9.87
1/S1
Alloy 8.27 | 0.56 6.47 60.06 | 1.45 - - 6.27 | 431 | 2.98 0.02 9.61
2/S2
Alloy 543 | 2.71 12.62 | 6428 | 0.79 | 1.76 | 0.76 | 3.38 | 1.28 | 1.02 0.03 5.89
3/83
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The three cast samples were subjected to homogenizing annealing at 1200
°C for 8 h holding time and subsequently solution treatment followed by aging.
The heat treatments were applied in a chamber - like laboratory furnace, heated
with electrical resistances and having a maximum temperature T = 1400 °C.

The parameters of the secondary heat treatments applied to the superalloys
are shown in Table 2.

Table 2
Heat treatment parameters applied to S1-S3 alloys
Heat treatment Heat treatment Holding time Cooling rate [°C/min]
temperature [h] or cooling medium
[°C]
Solution treatment 1000 1 water
Two-stage aging 720/620 8/8 5 (down to 620 °C)
/air

Microscopic analysis was performed after each heat treatment (solution
treatment/aging) using a QUANTA 450 FEG scanning electron
microscope.Energy dispersive X-ray microanalyses were also performed.

The Vickers hardness HV2 was determined using an Innovatest Falcon
500 automatic hardness testing machine. Such measurements were done for each
sample, after quenching and aging.

The corrosion behavior in sulfuric acid puriss. p.a., 0.1N at 25 °C of the
solution treated and aged samples was evaluated using a three-electrode
electrochemical cell with platinum counter electrode and Ag/AgCl 3M reference
electrode, Gamry Reference 300 potentiostat/galvanostat.

3. Results and discussion
3.1. Microstructural and compositional analysis

Fig. 1 shows the microstructure of the solution treated S1 sample, with a
selection of an area (Fig. 1b) where the chemical composition was determined by
X-ray (Fig. 2).

The structure obtained after solution treatment is biphasic, y + y'. The
chemical analysis in the selected area (Fig. 2) indicates that the cuboidal particles
belong to the y" — Ni3(Cr, Al) phase. The calculations that allowed this statement

refer to the ratio of atomic percentages between Ni, Cr and Al,
. Yhat Ni £6.07
meaning =
Yhat Cr+lpat Al 15,18 +6.11

Nis(Cr, Al).

= 3.103 ~ 3, so the compound has the formula
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Fig. 1. Scanning electron microscopy (SEM) image of S1 - solution treatedsample; a. Secondary
electrons image; b. Backscattered electrons image with the specification of the area where the
EDS compositional analysis was performed

2l N Element Weight % Atomic %
i AIK 2.75 6.11
TiK 1.19 1.49
CrK 13.16 15.18
i & w CoK 6.09 6.20
. W e NiK 64.70 66.07
o 5 b TaL 459 1.52
0% 20 40 60 80 100 120 WL 281 0.92
ReL 1.43 0.46
MoK 3.28 2.05

Fig. 2. Energy-dispersive X-ray spectrum for the selected microarea of the S1- solution treated
sample, with specification of the quantitative chemical composition

One may see that the polyhedral shapes of the y" phase found in the S1
sample - solution treated - have rounded corners, furthermore in certain
microregions the "erosion" of the edges makes the particles have a quasi-globular
appearance. The morphological changes are an effect of the heat treatment which
acted on the tendency of the y' phase to dissolve by solubilizing itself in the
neighboring vy solid solution.

Figs. 3 and 4 show the microstructure, respectively the chemical
composition of an area of the solution treated S2 sample. In Figs. 3 @ and 3 b both
the secondary electrons and backscattered electrons images highlight a dark,
majoritary area belonging to the y’ phase (in accordance with its morphology), and
a bright, network-like area, specific to the minoritary y solid solution.
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Fig. 3. Scanning electron microscopy (SEM) image of S2 - solution treated sample; a.
Secondary electrons image; b. Backscattered electrons image with the specification of the area
where the EDS compositional analysis was performed

171K Element  Weight%  Atomic %
152 AIK 4.71 10.69
- TiK 0.79 1.01
" CrK 8.78 10.33
. CoK 11.21 11.63
::K NiK 56.92 59.31
. TaL 4.71 1.59
. WL 5.34 1.78
- ReL 3.72 1.22
lsec:92  OCnts  0000keV  Det Octane Plus A MoK 3.82 2.43

Fig. 4. Energy-dispersive X-ray spectrum for the selected microarea of the S2- solution treated
sample, with specification of the quantitative chemical composition

The chemical composition (Fig. 4) of the selected area (Fig. 3 b) indicates
that it belongs to the y phase (distributed as a network), having elements contents
that are preferentially distributed in the solid solution above the alloy average (Cr,
Co, Re, Mo, W) concentrations [9-13].

In micrographs 5 a and b of sample S3 subjected to solution treatment, the
secondary electrons and backscattered electrons images capture a predominantly
biphasic structure similar to that of S2sample, consisting of y solid solution
(bright, lattice-like areas) and y’ phase (dark areas).

To determine the local chemical composition, a microvolume (Fig. 5 b)
was selected from the y solid solution filamentary network, the results being
presented in Fig. 6.
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Fig. 5. Scanning electron microscopy (SEM) image of S3 - solution treated sample; a. Secondary
electrons image; b. Backscattered electrons image with the specification of the area where the
EDS compositional analysis was performed.
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Fig. 6. Energy-dispersive X-ray spectrum for the selected microarea of the S3- solution treated
sample, with specification of the quantitative chemical composition

Unlike the y phase in the S2 sample microstructure, enriched only in
elements that are preferentially distributed in the disordered solid solution, in the vy
matrix of sample S3 a significant increase in the concentration of all elements
(except Cr and Fe — possibly found mainly in TCP phases) is observed, when
compared to the average chemical composition of the alloy. This suggests a more
pronounced supersaturation of the sample S3 alloy matrix compared to that of
sample S2, respectively a superior effect of solution treatment on sample S3. A
possible explanation may be the lower Re content in S3. Re is characterized by
the lowest diffusion coefficient among all alloying elements in Ni-based
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superalloys [14-16]. Thus, it determines an overall reduction in the diffusion rate,
the more drastic the higher its concentration.

As expected, in the y phase of both samples the Re content is considerably
higher when compared to the chemical composition of the alloys (3.72 vs. 2.98%
in S2 and 2.41 vs. 1.02% in S3). This confirms once again that in Ni-based
superalloys, Re is preferentially dissolved in the disordered solid solution,
probably forming clusters in the matrix that prevent dislocation movement, with
beneficial effects on hardness [17].

Figs. 7a and 7 b show the micrographs of the solution treated and aged S1
sample, respectively the EDS analysis of the selected area in Fig. 75 is shown in
Fig. 8.

As already seen in S1 solution treated sample, the majoritary structure is
formed by the brighter background - y solid solution and the cuboidal shapes - ¢’
phase. On the surface of the y matrix, as against to that seen in Fig. 1, a fine
arrangement of precipitates resulted from artificial aging is observed. In addition
to the two phases mentioned above, some discontinuous white coloured
precipitates scattered in the solid solution matrix are also to be seen in Figs. 7 a
and 7 b.

The local chemical composition analysis (Fig. 8) made right in the center
of such a particle (Fig. 7 b) identifies a significant amount of carbon. Thus, it can
be stated that the white particles are carbides. These are part of the secondary
carbides that followed the transformation path MC (primary carbide) — M23Cs or
MC — MeC facilitated by the heat treatment temperature Tur=720°C from the
first aging stage. One may see some bigger carbides arrangement at the grain
boundaries. They generate a barrier effect on the dislocation displacement,
therefore leading to an improvement in creep behavior.

Fig. 7. Scanning electron microscopy (SEM) image of S1 - solution treated + aged sample; a.
Secondary electrons image; b. Backscattered electrons image with the specification of the area
where the EDS compositional analysis was performed
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Fig. 8. Energy-dispersive X-ray spectrum for the selected micro area of the S1 - solution treated+
aged sample, with specification of the quantitative chemical composition

Fig. 9 shows the microstructure of the solution treated and aged S2
sample. One may note that it is mainly composed of two phases: the y solid
solution and the y' phase. The latter is majoritary, cuboidal in shape, dark
coloured, while the y solid solution is distributed as a bright lattice.

The chemical elements concentration values in the y phase after aging
(Fig. 10) are generally close to those obtained after solution treatment (Fig. 4).
One may note the following differences: the decrease in the Al proportion (y’
phase former), as a result of aging precipitation and the significant increase in Mo,
an element that preferentially dissolves in the y phase.

e gl
104\)

Fig. 9. Scanning electron microscopy (SEM) image of S2 - solution treated + aged sample; a.
Secondary electrons image; b. Backscattered electrons image with the specification of the area
where the EDS compositional analysis was performed
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Fig. 10. Energy-dispersive X-ray spectrum for the selected microarea of the S2 - solution treated+
aged sample, with specification of the quantitative chemical composition

White particles with a lenticular shape are also observed (Fig. 9 and 11 a),
precipitated both inside the y matrix and in the immediate vicinity of the y/y’
interface. Considering the morphology and arrangement of this phase and
correlating with the EDS analysis (Fig. 11 b) it can be stated that the white
particles belong to TCP phases (topological close packed phases), most likely
Laves phases, whose generation is favored by elements such as Re (sample S2 has
the highest content of all the studied alloys), but also other refractory elements
such as W and Mo [18, 19].

Element Weight % Atomic%

AIK 3.82 9.53
TiK 0.86 1.20
CrK 9.95 12.88
FeK 0.37 0.45
CoK 10.66 12.17
NiK 44.93 51.51
TaL 3.59 1.34
WL 11.63 4.26
ReL 9.73 3.52
a) b) MoK 447 3.13

Fig. 11. a) Scanning electron microscopy (SEM) image of S2 - solution treated + aged sample
exhibiting a filiform, white phase; b) Energy-dispersive X-ray spectrum for the new selected
microarea of the S2 - solution treated+ aged sample, with specification of the quantitative chemical
composition
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Indeed, the following metals fulfill the Laves phases formation conditions
[20]:

Co - 1co=1.26 A, Ta - r1a=1.70 A and W - rw =1.62 A, where r = atomic
radius, A (Goldschmidt radius). In order to have a Laves phase formation, it is

necessary that %Nl 225:

(rpg +ry )2 _ (1.70+1.62)/2
Fra 1.26

= ~ 1.31, value close to 1.225

Regarding Ta and W, the average atomic radius was considered, without
making a very strict calculation on the participation of each element in the
chemical composition. Therefore, the analyzed Laves phase can be considered
(Fig. 11 b) with the following components:

Spat Co _ 12.17
Yhat (Ta+W) 134+ 4.26

=2.17~2

In conclusion, the Laves phase, present in the S2 alloy, may have the
chemical formula Cox(Ta,W).

In Figs. 12 and 13 are presented the micrographs of the solution treated
and aged S3 sample and, respectively, the EDS analysis of the selected area seen
in Fig. 12 b.

The electron micrographs are similar to those in the solution treated state,
showing a mostly biphasic structure, with the majoritary y' phase (dark
background of the image) and the minoritary y solid solution, in the form of a
luminous network. White particles with a morphology similar to those in the
micrographs in Figs. 9 and 11 can also be observed and are therefore attributed to
Laves phases.

The chemical analysis performed in a dark area (Fig. 12 b and Fig. 13)
attests that the studied micro area belongs to the y' phase. Since the ratio of the
atomic concentrations of the elements Ni, Cr and Al is:

Shat Ni  _ 62.82
Shat (Cr+dl) 3.73+16.77

=3.06~3

the y' - based intermetallic compound is again confirmed to be Ni3(Cr, Al).
The luminous vy solid solution lattice (Fig. 12 @) presents on its surface a
very fine, submicron size dispersion of particles, light-gray shaded.
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Fig. 12. Scanning electron microscopy (SEM) image of S3-solution treated + aged sample; a.
Secondary electrons image; b. Backscattered electrons image with the specification of the area

where the EDS compositional analysis was performed.
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Fig. 13. Energy-dispersive X-ray spectrum for the selected microarea of the S3 - solution treated+
aged sample, seen in Fig. 12 b, with specification of the quantitative chemical composition

Among them, those having an island-like arrangement indicate a possible
association with the y phase, and those exhibiting an acicular shape, with the 6
phase. In the backscattered electron image of sample S3 -solution treated+ aged
(Fig. 14 a) - the zone of the y solid solution network where acicular particles can
be observed was selected for chemical analysis.

Analyzing the chemical composition values (Fig. 14 b), a higher
concentration of Nb is found, when comparing to the overall chemical
composition of the alloy (2.58 wt% Nb - the analyzed portion - vs. 0.76 wt% Nb -
the chemical composition of the S3 alloy). The increase in the Nb concentration
suggests that the acicular particle belongs to the 6 phase, because Nb stimulates its
formation [21]. Computing the ratio of the atomic percentages of Ni, Cr, Al and
Nb in this case as well, the result is:
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% Ni _ 58,18
WEr+0pAl+0NE  B.75+11.42+41.72

=2.65~3

Therefore, the 6 phase is also based on the intermetallic compound
Ni3(Cr,AlND), according to [2] and [21].

Another important aspect related to the S3 sample structure is represented
by the bright, dispersed particles, which belong to the Laves phases. Stimulating
the precipitation of the & phase upon aging brings benefits by shattering and
dispersing this particularly dangerous phase.

Element Weight % Atomic %

AIK 498 1142
TiK 113 145
CK 736 875
FeK 060  0.66
P chkdee  CoK 963 10.11
L
TaL 619 212
WL 480 162
ReL 281 093
NbK 258 172
MoK 470  3.03

Fig. 14. a) Backscattered electron image of sample S3 - solution treated +aging showing the
selected area where EDS compositional analysis was performed; b) Energy-dispersive X-ray
spectrum for the selected microarea of the S3 - solution treated+ aged sample, seen in Fig. 14 a,
with specification of the quantitative chemical composition

3.2. Effect of secondary heat treatments on materials hardness

The hardness values determined for each of the three samples after
solution treatement and aging, respectively, are summarized in Table 3.

Table3
Samples S1, S2 and S3 hardness values
determined after solution treatement and,
respectively, after aging
Sample Average hardness, HV2
After solution After aging
treatment
S1 259 372
S2 347 374
S3 347 370
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As expected, aging led in all cases to an increase in hardness values after
solution treatment, thus to an increase in mechanical strength performances.

The hardness increase was achieved in a uniform manner in each sample.
The values were within the hardness intervals found in other research studies [2,
21-23].

Furthermore, the alloys hardness after aging is approximately equal (=370
HV), although the S3 alloy has the lowest content of alloying elements
(economical variant, with the lowest Re proportion), of 35.72%, over 1.2%,
respectively 4.2% lower than the other alloys.

3.3. Corrosion resistance evaluation of alloys S1-S3
The evaluation of the corrosion behavior of nickel alloys in 0.1N sulfuric
acid solution at 25 °C was carried out using the following techniques:

1. Monitoring the evolution of the stationary potential for 60 minutes;

2. Polarization curve method drawn in the potential range -500mV to 1V
at a speed of 2.5 mV/sec.

3. Tafel curve method in the range + 250 mV/OPC at a speed of 2.5
mV/sec.

3.3.1. Variation of stationary potential over time

Variation of stationary potential over time
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Fig. 15.Variation of stationary potential over timefor S1-S3samples

In Fig. 15 a similar variation of the three alloys stationary potentials is
observed, the curves being relatively parallel. All samples have a normal variation
of OCP negativity due to the dissolution of the native passivation film formed on
the surface.Thus, no fundamental differences between the materials are found.
OCP falls within the 100mV range. However, the alloys can be grouped into two
categories with practically identical behaviors, namely S1-S3 and S2. The latter
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has the most electropositive potential, with an obvious tendency to shift towards
electropositive values, which means that aluminum has compensated for the
decrease in chromium concentration with regard to the passivation capacity of the
material.

3.3.2. Anodic polarization

The anodic polarization curves have the classic form of Ni-Cr alloys with
potential ranges according to Fig. 16. The cathodic branch represents the
hydrogen evolution range, and the anodic branch represents the oxidation range,
the active range, the passive range and the transpassive range. A very wide active
dissolution range specific to nickel and its alloys is observed, characterized by the
presence of several secondary peaks, each specific to dissolution reactions of the
alloys phases. The curves have approximately the same shape, which indicates
similar compositions, but shifted relatively to each other as a result of some
particularities of these chemical compositions. The main reaction that takes place
in the potential range from -200 to -100mV is that of nickel oxidation:

Ni=Ni"? +2e"

as well as other alloying elements with similar potentials, such as Mo. The
formation of the various oxides takes place, then their redissolution and eventually
the passivation film formation. The presence of very well-marked peaks in alloys
S1-S3 may be evidence of the existence of well-individualized phases of the
various alloying elements.

The presence of the two peaks at approximately -200mV and +100mV
(Fig. 16) is the result of the metals dissolution and the formation of the superficial
passive film. The peak at +250mV (Fig. 16) can be attributed to the metal carbides
dissolution in NiCr alloys.

As a conclusion S3 is more difficult to passivate compared to the others,
but the currents in the passive state are relatively small, between 100 and
350mA.cm™.

» The critical currents are relatively high (between 100 and 300 pA.cm™)
but are 100 times lower than those of pure nickel for which the order of
magnitude of the critical current is 300mA.cm?;

» The most negative corrosion potentials, respectively the widest passivity
range are found for S1 and S3;
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Fig. 16. Polarization curves for superalloys S1-S3

One should observe that all samples present the same value for the
transpassive potential.

3.3.3. Tafel curves method used for corrosion rate evaluation

The Tafel curves are presented in Fig. 17, and the values of the corrosion
parameters in Table 4.

Table 4
Corrosion parameters of S1-S3 alloys

Alloy | Bs, mV/decade | B., mV/decade | Leom, pA/cm? Ecorr, mV
() (Vo)

S1 lels 6.42e-2 59.4 -251

S2 lels 9.2e-2 514 -224

S3 lels 8.9e-2 54.5 -231

From the Tafel curves and the corrosion parameters analysis, the following
aspects emerge:

- all curves have very high anodic slopes, which indicates the tendency of
the alloys to passivate;

- the corrosion potentials of the S1-S3 alloys are very close in value, with
differences of a few tens of mV;
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- the lowest corrosion current density is for S2, but very close to S3.- in

terms of corrosion resistance, there are no significant differences between the S1-
S3 alloys.

Tafel carves iz selation H.80, 0.1K

W (VW vs. Rel)

I {Alem®)

-l & 5]

Fig.17. Tafel curves for evaluating the corrosion rate of samples S1-S3

4. Conclusions

Structure and mechanical properties changes of the Ni-based superalloys
studied in this work was possible by applying the solution treatment and
aging heat treatments.

The microstructure of S1-S3 alloys after applying the heat treatments is
composed of y solid solution (matrix), y" precipitates, carbides and TCP
phases, most likely Laves phases.

Controlled precipitation during aging for Tur=720 °C of the 6 phase (sample
S3) becomes the only possibility to mitigate the negative effects of the Laves
phases. From the point of view of the acicular morphology, the & phase does
not have a complete hardening effect, inducing to some extent brittleness and
an inadequate creep behavior. Its controlled precipitation at Tur=720 °C
allows it to appear only in the neededamount for mitigating the effects of the
Laves phases.
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e The precipitation of the main hardening phase, the y' phase, is carried out at
lower temperatures, namely at Tur =620 °C.

e The application of two-stage aging had the following objectives: controlled
precipitation of the 6 phase and ensuring appropriate hardness through the
precipitation of the main hardening phase y'.

e The alloys hardness after aging is approximately the same, with differences of
a few Vickers units; however, a slight increase in this characteristic is noted
with increasing Re content.

e Regarding the corrosion resistance obtained after aging, it also does not show
any notable differences from one alloy to another; one may mention that S2
alloy, having the highest Re content, has the lowest corrosion current density
and the highest value for the corrosion potential. However, a direct
correlation cannot be established only between the Re content and the alloys
corrosion resistance, since the second best corrosion behavior after sample S2
is that of sample S3, having the lowest Re content of all three studied alloys.

e Considering the very close mechanical and chemical resistance characteristics
of the three alloys, one will consider that the optimal alloy from the properties
point of view is the one with the most "economical" chemical composition,
namely the one with the lowest Re proportion (Re being an element with a
particularly high price) - S3.
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