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Abstract

Advanced methods for tia repair of single-crystalline (SX) Ni-based superalloys are of special
interest for the gas tur.’ne nrustry. Polycrystalline repair approaches show promising results, while
the repair of SX materiass is still challenging. Directional annealing experiments resulted in large
columnar grains by imposing thermal gradients at the abnormal grain growth temperature of a
specific Ni-based superalloy. A numerical model of the Bridgman process is applied to provide an
insight into the temperature evolution during zone annealing of the Vacuum-Plasma-Spray (VPS)
repair coatings with the aim of promoting grain growth from the SX substrate. The results presented

here suggest that this is a promising approach to repair or manufacture SX turbine blades.
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1. Introduction

The outstanding high temperature properties of single-crystalline (SX) Ni-based superalloys result on
the one hand from the nature of the y/y’-microstructure and on the other hand from the absence of
grain boundaries [1-3]. These alloys are widely used to manufacture gas turbine blades for aircrafts
and power generating systems. Based on the expensiveness of the components, repair and
manufacturing procedures with the potential to reduce the overall costs are of significant interest.
Techniques such as laser additive forming [4-8], selective electron beam melting (SEBM) [9] and
thermal spraying [10-15] facilitate the production of deroc, polycrystalline (PX) crack-free
depositions. In addition, scientific work has been carried cut v.ith the aim of reconstructing the SX
microstructure of worn SX materials. As reported in [Z, 1v] the additive manufacturing (SEBM) of
SX materials results in a SX core surrounded by a PX. ma. Jin. Laser deposition techniques require a
well-defined melt pool and boundary condition. to 2cnieve the requested microstructures, in addition
complex geometries complicate the procec<sinig [8, 17]. Crystal defects such as stray grains [18-20]
and hot cracking [21, 22] can occur, esnedcially in thick deposits.

Recent work on Vacuum-Plasma-Cyra, (VPS) repair coatings on SX substrates revealed epitaxial
regions in the deposited coatn.>s. In that context heat-treatments combined with hot isostatic
pressing (HIP) and subsecz~nu rapid quenching [23-25] have been performed to minimize porosity
and to promote grain grov.*h. The resulting coatings were dense and epitaxial regions were observed
[15]. These results highlight the need for a method that promotes growth of the underling SX
material through a PX deposition or outer PX margin.

Directional annealing (or directional recrystallization) is a suitable approach to produce columnar
structures or small-scale single crystals by using the motion of a hot zone along the length of the
specimen [26-28]. A very fine grain structure and/or prior plastic deformation is necessary for
applying this process. The driving force for the columnar growth is the minimization of the grain

boundary energy, and presumably the reduction of the dislocation density. In previous investigations
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abnormal grain growth (AGG) was observed for Ni-based superalloys for temperatures slightly
above y’-solvus, whereas the grain growth beneath the y’-solvus temperature was suppressed [29-31].
Cox et al. [31] observed a significant influence of the temperature on the recrystallized area for

CMSX-4 after indentation in a temperature range between 1565 K and 1574 K.

. Experimental

In the present study the AGG behavior and the potential of the directional annealing of VPS sprayed
CMSX-4 which originates in the SX substrate is investigatea. Therefore a 1 mm thick CMSX-4
VPS-repair coating was sprayed onto an SX CMSX-4 substra.>. A.l relevant process parameters are
available in literature [15]. In order to minimize the levei o< worosity and consequently to improve
the mechanical properties, the sample was HIP-he.'-treated for two hours under a pressure of
150 MPa and at a temperature of 1548 K. Henc: 1.1e process temperature is slightly below the y’-
solvus temperature of CMSX-4 (taken from |[25), 1558 K). A description of the applied experimental
setup can be found elsewhere [15, 23, 32].

The sample was cut into six piece. t, nerform the AGG studies and the directional annealing
experiments. Information of the .oduction parameters of sample A8 (HIP) can be found in [15].
This sample is included in the investigation to clarify the influence of the VPS-coating on the
microstructure at the standar] solution annealing temperature of 1588 K. Sample E1 (Table 1)
represents the microstruct ce after the integrated HIP-heat-treatment process. To be able to precisely
evaluate the temperature region above the y’-solvus temperature, four different samples (E2-E5)
were annealed for 0.5 hours at temperatures between 1565 K and 1574 K in a Lenton USF 15/5
(Hope, UK) furnace with a Eurotherm 3204 controller (Worthing, UK). The corresponding
processing parameters are given in Table 1. The electron backscatter diffraction (EBSD) technique is
used to analyse the grain orientations of the different samples which show AGG by using a
ZeissUItra 55 FEG-SEM (Oberkochem; Germany). The EBSD characterization was performed using

an accelerating voltage of 15 kV and a step size of 2.6 um. The step size is chosen in respect of the
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analysis of large columnar grains which are of particular interest in this work. The software INCA
Crystal by Oxford Instruments (Abingdon; United Kingdom) is used for the data analysis of the
EBSD mappings to identify the grain size distribution of more than 2000 grains per sample and to
exclude the twin grain boundaries (X=3) from the analysis. A plot of the grain area over the grain
size (calculated equivalent circle diameter (ECD) on the basis of the average grain area) was used to
identify the grain size distribution. In the present study, due to the resolution in view of large grains,
small grains are not analysed adequately.

For the directional annealing experiment, a thermal gradient .as applied to promote directional
growth within the PX coating. As a result of the temperature di “fere nce between the hot and cold part
of the furnace (operated in an Ar/Hj-atmosphere) nciiccnule thermal gradients develop. The
temperatures in the transition zone of the furnace w. e rieasured, as can be seen from Fig.1(a) a
temperature difference of about 500 K is observer: cver a length of 280 mm. The PX part of the VPS-
sample was put into contact with a CMSX-%~a (‘ength of 165 mm) whereby the contacting surfaces
are both mirror-polished as shown in Fig.1(b). Only the facing surfaces were unprotected to promote
the conductive heat-transfer to the ccu' part of the setup. After heating the tube furnace to a
maximum temperature of 1773 K, the setup (including an insulated heat conductor with an attached
repair coating on a SX substrate® was pushed to the first position inside the tube furnace. The four
positions shown in Fig.1(c) were estimated from the thermal profile (Fig.1(a)) and exhibit
temperature values of 1573 K, 1583 K, 1593 K and 1603 K. To facilitate hot zone movement, the
front SX part of the setup is kept at each of these positions for two hours to initiate directional grain
growth in the SX part, which subsequently grows through the PX coating. The sample was
afterwards examined using scanning electron microscopy (SEM) and EBSD.

In the present study aims to assess whether the envisaged repair treatment can be performed in a
conventional Bridgman furnace. The thermal field evolution within the furnace during processing
was simulated using the commercial FEM-package WinCast. Based on the simulation results the hot

zone velocity and the thermal gradient along the growth direction can be evaluated. The numerical
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model was carried out as described elsewhere [33, 34] in detail. The applied simulations reference
the in-house vertical Bridgman-furnace, in the model description radiative and conductive heat
transfer processes are considered. Fig.2 shows the geometry of the FEM-model, the different color
codes of the heaters indicate that these can be regulated separately. To ensure computational
accuracy, a fine mesh consisting of 900,000 polygons respectively 500,000 nodes is used. The
required thermo-physical input parameters (thermal conductivity, etc.) were taken from an in-house
database as documented in [33, 34] and from literature.

Fig.3(a) shows a SEM image of the microstructure from sample ™1 after a HIP-heat-treatment below
the y’-solvus temperature (1548 K). Some porosity is still appa.=nt. although at a relatively low level.
Minor oxidation events during spraying result in alumina co..*zmination within the coating as can be
seen by the small spherical dark inclusions [15]. The v/y* -volume fraction was decreased by using
temperatures close to y’-solvus, the sample is prese.ved in the solid solution region due to the rapid
quenching. Cox et al. [31] presented re.u'ts ~here the y/y’-volume fraction decreases as the
temperature approaches y’-solvus. Residual y particles are known [29, 35] to suppress further grain
growth by pinning of the grain boua*2s. This can be concluded from Fig. 3(b) where the y’-
particles highlighted by the red a -ows hinder further grain growth. The grain size increased to an

average ECD of about 5 pm.

. Results and Discus.ton

The grain size distribution of sample A8 (HIP) and E1-E5 are presented in Fig.4. The sample A8
(HIP) was chosen due to its low oxygen contamination and its initial grain size [15]. The
corresponding grain size distribution relates to a regular heat-treatment, therefore normal grain
growth can be assumed [29]. The grain size distribution in Fig.4(a) shows an ECD below 40 um for
more than 75% of the grains. The annealing times of samples E1 and A8 (HIP) were identical
(2 hours). The annealing temperature of E1 is 40 K below the solution annealing temperature of

1588 K as applied for A8 (HIP). The remaining y’-particles hinder the motion of the grain boundaries
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respectively the grain growth (see Fig.3) which results in a grain size distribution with most grains
below 15 pum (Fig.4(b)).

Figs.4(c)-(f) show varying grain size distributions (E2-E5) as the annealing temperature is
progressively raised above y’-solvus (1565-1574 K) whereby the annealing time is kept constant
(0.5 hours). For the advanced temperatures grains start to appear that are larger than those in the
samples A8 (HIP) and E1. All grain size distributions presented in Fig.4 show similar characteristics,
the grain size area continuously decreases to an ECD of about 80 pm. There are almost no grains
between 80 and 100 um. All samples show several grain size. n the range between 100 um and
160 pum. These bimodal grain size distributions with large ¢ain; after short annealing times are
typical outcomes of AGG [29]. No effect of temperatire 220 be observed between 1565 K and
1574 K, which is in contrast to the work of Cox et «. [3.]. The increase in the recrystallized area
might be a consequence of the prior deformatior n* indentation as performed in the work of Cox et
al. and therefore results in a smaller startinc y.an, <ize.

The reason for AGG is still controversy up to the present day, Abbruzzese et. al found strong
evidence for the effect of the texture o *GG in context of rolled materials [46, 47]. In addition to
that experimental results by Gicdman [48] indicate an influence of the particles within the
microstructure on the AGG. For nnger annealing times the particles dissolve respectively coarsen, as
a consequence locally groins can grow freely which lead to AGG. More recently Lee et al. [49]
reported a correlation of #=_eted grain boundaries and the occurrence of AGG. In respect of the scope
of this work and the according experimental analysis, a distinct explanation for the mechanism(s)
initiating the AGG cannot be derived. With regard to the presence of the y’-particles and the
temperatures applied in this work, the local dissolution or coarsening of the particles and a resulting
AGG seems reasonable.

In respect of the columnar morphology during grain growth, the particle dissolution is a prerequisite
whereas the particle dissolution as well as the particle coarsening does not directly initiate the

columnar grain formation as reported by Yang and Baker [50].
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Fig.5(a)-(c) shows microstructures from sample E6, the SEM micrograph in part a reveals a
columnar grain structure with a grain size of several hundred um. This grain morphology can only be
observed at the interface between the PX sample and the SX heat conductor. Directional grain
growth which originates in the SX substrate could not be observed. The temperature of the first
position was presumable this high that the hot zone velocity was faster than the maximum grain
growth velocity. Therefore, the region between the columnar grains and the interface between the PX
coating and the SX substrate exhibits a coarse, equiaxed grain structure with a size around 80 pm.
The upper region of the sample was in the hot part of the furna.-. Fig.5(b) shows an EBSD map of
the microstructure from Fig.5(a) whereby a number of twins ar.7 tw in boundaries are visible. Fig.5(c)
shows the grain structure after removing these twins and {wi.. Zoundaries (£=3). Comparing Fig.5(b)
and (c) reveals the large number of twin grain bour.'arie 5 present at the interface of the SX heat
conductor and the PX repair coating which indicates a low hot zone velocity. The varying hot zone
velocities within the repair coating are a reou't U the discontinuous movement into the hot zone of
the furnace during processing. As reported . literature, the twin boundaries per unit area decrease
for increasing hot zone velocities "2" ) [41]. The large grain (red color in Fig.5(c)) which is
orientated in the <001>- directiot, has a length of more than 400 um and an average width of about
100 pm (area ~ 43,000 um?)

The maximum grain b »unc ary velocity during annealing can be estimated using Eqgn.(1).

V = Svexp (%) {1 — exp (%)} [36] @

Where Q is the activation energy for the transfer of atoms across the boundary, R is the gas constant,
o is the jump distance (taken from [37], 0.2034 nm) and v is the atomic jump frequency across the
boundary (taken from [38], 10" s™%). The value of Q is implemented in respect of boundary diffusion,
hence the energy is approximated as half of the Ni self-diffusion activation energy which is
142.3 kJ mol™ [36]. The effective driving force for recrystallization is AG which is independent of

the zone annealing speed. AG is equal to the change of the stored energy of the grain boundaries
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(AGs) whereby it decreases due to the (Zener) particle pinning effect (AGp) as can be seen from

Eqn.(2).
AG = AGs — AGp [39] (2)
The value of AGs can be approximated by

AGg = i—: [26, 40-42] (©)

where y is the (high angle) grain boundary energy (taken from [41], 0.88Jm™) and ry is the
equivalent radius of the primary recrystallized grains. Due to the . nning effect of the y’-particles an
average initial grain size of 5 um can be approximated (after *he ! IP-heat-treatment at 1548 K). The
Zener pinning energy is a function of the interfacial ene, v of the particle, the volume fraction and
the radius of the oxide particles [43]. In the present stuc: the contribution of the oxides is neglected
in the calculation because of the very small oxid> vo ume fraction [15]. The local occurrence of the
oxides makes an approximation difficult .n ¢omparison to an ODS superalloy. Nevertheless, with
respect to Egn.(2) the oxides in the cnating will decrease AG and therefore influence the grain
boundary velocity. The resulting stored 2nergy (AG) of 704 kJ m™ can be converted by using the
density (8,700 kg m™) and the avc.rage molar mass of CMSX-4 (76.08 gmol™) to a value of
6.16 J mol™. Applying this volue in Eqn.(1) results in a grain boundary velocity for the VVPS-sample

E1 of about 1 mm mir "

Directional annealing and AGG are driven by the minimization of the energy of the grain boundaries
which increases for decreasing grain sizes (Eqn.(3)). It can be assumed that a HIP-heat-treatment of
several minutes should be sufficient to eliminate the “as manufactured” porosity. This results in a
dense, fine-grained microstructure with an average grain size below 5 pum. For a reasonable grain
size of 1.5 um and the resulting increased amount of grain-boundary energy, the maximum grain
boundary velocity would increase to a value of approximately 4.5 mmmin™. In that context

additionally the misorientation between the adjacent grains affects the grain boundary energy.
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In Fig.6 the misorientation between the adjacent columnar grains, as can be seen in the
microstructure in Fig. 5(a), is illustrated. The corresponding frequency distribution of the measured
misorientations is presented in Fig. 7 whereby the distribution is in accordance with experimental
results reported by Ukai et al. [45]. Most parts of the frequency distribution of the misorientation is
in the high-angle range between 30° to 60° as can be concluded from Fig. 7. This results in relatively
large grain boundary interfacial energies and therefore sufficiently high grain boundary mobilities.

In Fig.8 on the left-hand side the simulated temperature distribution within a VPS-sample is
illustrated which is heat treated for 1500s. It can be seen that the - oper part of the sample reaches the
y’-solvus temperature of 1558 K as intended (the blue lii~ i, Fig.8 represents the y’-solvus
isotherm). The temperature distribution in Fig.8 can be {iticZ vy a linear function to determine the
thermal gradient within in the sample. The corresp.ndi.g thermal gradient is about 10 K mm™,
which is presumably sufficient for promoting cirectional grain growth. In [35] it is reported that
successful directional annealing was achie.< 1. context of the Superalloy MA 6000E (y’-volume
fraction of 50%) for a thermal gradient of > K mm™. High y’-volume fractions will suppress the
motion of the grain boundaries for te n7c "atures below y’-solvus, therefore the grain growth in front
of the hot zone is pinned. The thei.nal yradient is not a critical parameter for CMSX-4 which exhibits
a y’-volume fraction of approxu~ately 85%. Based on this high-volume fraction it can be assumed
that even for small therme' gre dients a sufficient amount of y’-particles exists to hinder grain growth.
For ODS-alloys with lo y’-volume fractions high thermal gradients are crucial to prevent grain
growth ahead of the hot zone as reported in [26].

On the right-hand side of Fig.8 the temperature distribution after 2500s of processing is shown.
The hot zone moves about 7 mm along the growth path for a time of 1000s which results in a hot
zone velocity of 0.42 mm min™. As consequence the calculated maximum grain growth velocity is
limited to 1mm min™ [44]. The numerical model applied in the present work was successfully

validated in advance by comparison to experimental results as reported in [34]. In this context further
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work is required to facilitate the comparison of the simulation and the experimental results for the

processing applied in the present work.

. Conclusion

In summary, the present work has demonstrated that using a zone annealing methodology on
densified VPS-repair coatings (for SX Ni-based superalloys) does offer some promise. The
directional annealing experiment resulted in a columnar structure with large grains. AGG occurred
for CMSX-4 at temperatures slightly above the y’-solvus. Calc. ated grain boundary velocities for
these samples are of the order of several mm min™. This voull be a satisfactory magnitude in
technical terms. The FEM simulation results of the therm.' «ield evolution within the Bridgman
furnace indicate a hot zone movement rate of 0.42 mr.. mir ** for a distance of 7 mm. Such conditions
seem to be adequate to allow hot zone movement . ough a thick polycrystalline VPS-repair coating.
In view of producing single crystal repair ¢haungs which are epitaxial with the substrate further

investigations are required.
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Code Heat-Treatment
A8 (HIP) HIP: 2 h 148 K, 4h 1413 K; Vac: 16 h 1133 K
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E3 HIP: 2 h 1548 K; Vac: 0,5 h 1568 K
E4 HIP: 2 h 1548 K; Vac: 0,5 h 1571 K
E5 J HIP: 2 h 1548 K; Vac: 0,5 h 1574 K
Eb HIP: 2 h 1548 K; directional grain growth exp.

Table I  Sample codes and heat-treatment conditions
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Figure Captions

Fig.1

Fig.2

Fig.3

Fig.4

Fig.5

Fig. 6

Fig. 7

Fig.8

Experimental set-up in order to achieve directional grain growth: (a) Temperature profile of
the tube furnace in the transition zone; (b) Cross section of polycrystalline repair coating on
single crystal CMSX-4 substrate, with good insulation except for the interface between them
(c) Sample in the transition zone of the tube furnace, with four locations indicated where
temperature was monitored

Geometry of the FEM model of the applied vertical B:."gman furnace, on the right-hand
side a magnification of the mesh of the melt feedstock .1u *he crucible is presented

SEM micrograph of sample E1 after the HIP-heat- rea.ment (below y’-solvus) at 1548 K for
2 hours, at a pressure of 150 MPa, showinn (a, decreased y/y’-volume fraction and
(b) suppression of grain growth by remaining ~ * P2 Sicles (red arrows)

Grain size distribution from more than 2030 grains, obtained using EBSD results for
samples: (a) A8 (HIP), (b) E1, (c) E2, (d® E>, (e) E4 and (f) E5

Microstructure of sample E6 after Jirectional grain growth SEM: (a) SEM micrograph of
backscattered electrons; (b) EB.D quality pattern and (c) EBSD without twin grain
boundaries. The inverse pole figure n.licates the crystal orientation

Plot of the misorientations be v .~n the adjacent grains within the microstructure presented
in part a of Fig. 5

Frequency Distribution  f the measured misorientations within the microstructure
as illustrated in Fig. &

Simulated therme ( fie'd evolution for the time steps of 1500s and 2500s in the sample E6
when processea 1 a vertical Bridgman furnace; the isotherm of the y’-solvus temperature is
superimposed as b ue line
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Figures
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Fig.1 Experimental setup in order to achieve directional grai~ g1 ~wth: (a) Temperature profile of
the tube furnace in the transition zone; (b) Cross section o' polycrystalline repair coating on
single crystal CMSX-4 substrate, with good insulat’on ~xcept for the interface between them
(c) Sample in the transition zone of the tube furna>=, with four locations indicated where
temperature was monitored
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Fig.2 Geometry of the FEM model of the applied vertical Bridgman furnace, on the right-hand
side a magnification of the mesh of the melt feedstock and the crucible is presented
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Fig.3 SEM micrograph of sample E1 after the HIP-he~t-treatment (below y’-solvus) at 1548 K for
2 hours, at a pressure of 150 MPa, <hawing (a) decreased y/y’-volume fraction and
(b) suppression of grain growth by remai.+'ng y’-particles (red arrows)
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Fig.4 Grain size distribution from mc.e 'han 2000 grains, obtained using EBSD results for
samples: (a) A8 (HIP), (b) E1, (c) < (d) E3, (e) E4 and (f) E5

Fig.5 Microstructure of sample E6 after directional grain growth SEM: (a) SEM micrograph of
backscattered electrons; (b) EBSD quality pattern and (c) EBSD without twin grain
boundaries. The inverse pole figure indicates the crystal orientation
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Fig. 6 Plot of the misorientations between the adjacent . *ains within the microstructure presented

in part a of Fig. 5
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Fig. 7 Frequency Distribution of the measured misorientations within the microstructure

as illustrated in Fig. 6
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Fig.8 Simulated thermal field evolution for the time <teps of 1500s and 2500s in the sample E6
when processed in a vertical Bridgman furnac»; t/ e isotherm of the y’-solvus temperature is
superimposed as blue line
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Highlights:
e Abnormal grain growth behavior of vacuum plasma sprayed superalloy coatings
Directional annealing of fine-grained repair coating results in columnar grains

e FEM simulation of a Bridgeman furnace for directional annealing

Single Crystalline repair by simulating grain growth from single crystal substrate
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