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VDM Alloy 780 is a new polycrystalline nickel-based superalloy developed for acronautical
applications. In most of the targeted applications, grain size after forging must be precisely
controlled to meet the targeted mechanical properties and in-service life requirements. Grain
size in forgings is the direct consequence of the recrystallization and grain growth kinetics which
are addressed in this paper at high temperatures, above the solvus temperature of y” and #/6
phases. The dynamic and post-dynamic recrystallization kinetics as well as the grain growth
kinetics of VDM Alloy 780 are detailed over a range of thermomechanical conditions. Dynamic
recrystallization appears to be limited, with only 30 pct recrystallized at quite high strain of 1.7
applied at 1050 °C and 0.01 s' for instance, but this is compensated by fast post-dynamic
evolution. Within the investigated thermomechanical range, recrystallization is completed with
5 minutes of post-deformation hold in VDM Alloy 780 independent of the prior strain, strain
rate and dynamic recrystallization fraction. For a strain as low as 0.08, an isothermal annealing
of 30 minutes at 1050 °C generates a homogenous and fully recrystallized microstructure.
Capillarity driven grain growth following recrystallization is also relatively slow, for instance an
exposure at 1050 °C (50 °C above the solvus temperature) for 2 hours results in an increase in
average grain size from 20 to 70 um. This opens the possibility to fine tune the grain sizes by
subsequent heat treatments within a time scale that is compatible with industrial conditions. The
high cobalt content (25 pct) is suspected to play a role in the control of microstructure evolution
kinetics. It is noteworthy that VDM Alloy 780 is shown here to not undergo the heterogeneous
grain growth phenomenon reported in low strain regions for other nickel-based superalloys,
which is also an asset for applications requiring strict control of grain sizes and grain size

distributions.
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I. INTRODUCTION

NICKEL-BASED superalloys provide excellent
properties at elevated temperatures which make them
indispensable in aircraft engines especially in low and
high-pressure turbine discs but also in other high
temperature applications where creep resistance must
be guaranteed. Ni-based superalloys constitute almost
40 to 50 pct of the total weight of an aircraft engine.!

M. HAFEZ HAGHIGHAT, B. GEHRMANN, and H. ALVES are
with the VDM Metals International GmbH, KleffstraBe 23, 58762
Altena, Germany. Contact e-mail: masood.hafez@acerinox.com J.
SHARMA and N. BOZZOLO are with the MINES ParisTech, Centre
de Mise en Forme des Matériaux (CEMEF), CNRS UMR 7635, PSL
University, CS 10207, rue Claude Daunesse, 06904 Sophia Antipolis
Cedex, France.

Manuscript submitted August 23, 2022; accepted February 20, 2023.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Published online: 21 March 2023

Alloy 718 is still to date the most used turbine disc
material due to its ease of processing, mechanical
properties, and relatively low cost. The operating
temperature of jet engines using Alloy 718 is limited to
temperatures close to 650 °C mainly due to its
microstructure and the resulting mechanical properties.

Developing new alloys with higher operating temper-
atures to increase the efficiency of aero engines has been
the focus of different studies in the last decades, most of
those are strengthened by j’ phase precipitation. Fol-
lowing this trend, VDM Metals GmbH in collaboration
with the Institute for Materials Science in the Technical
University of Braunschweig has developed a polycrys-
talline Ni-based superalloy namely VDM®Alloy 780
aiming service temperatures up to 750 °C. It is aimed to
tune the microstructure characteristics for obtaining
specific mechanical properties as well as good formabil-
ity and weldability. These promote VDM Alloy 780 to
be employed in different product forms like bars, wires
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Table I. Nominal Chemical Compositions (Wt Pct) of Alloy 718 and VDM Alloy 780
Alloy Cr Co Mo Nb Fe Al Ti C Ni
Alloy 718 18.1 — 2.9 5.4 18.0 0.45 1.0 0.025 bal
VDM Alloy 780 18.0 25.0 3.0 5.0 <3.0 2.0 0.3 0.025 bal

and sheets through complex production processes. The
alloy being potentially suitable for a wide range of
applications (and associated properties), grain size after
forging needs to be precisely controlled, which is the
underlying motivation of the present work.

The alloy development strategy of VDM Alloy 780 is
based on the modification of the chemical composition
of Alloy 718. The main differences between VDM Alloy
780 and Alloy 718 is the replacement of Fe by Co,
higher Al content along with a lower Ti content in the
former case to favor )" phase (Table I). This composition
results in a microstructure consisting of the FCC-y
matrix strengthened by nano-sized intermetallic precip-
itates of NizAl (y") and micrometric precipitates of
NisNb-based () and Ni;Ti-based (1) ﬁ)hases, which will
be referred to as 5/d in the following," for pinning grain
boundaries and to help controlling the grain size during
thermomechanical processing.*

Here, the focus is placed on the behavior of
microstructure during and following the hot deforma-
tion process in single phase supersolvus domain to
determine to what extent the grain size can be controlled
during industrial forging in the absence of second phase
particles to pin the grain boundaries. Dynamic and post
dynamic recrystallization (DRX and PDRX, respec-
tively) mechanisms and kinetics are studied based on
laboratory hot compression tests and quantitative
microstructure analyses. The earlier work published in
Reference 9 is completed using a parametric study of the
microstructure evolution allowing a better understand-
ing of the influence of strain, strain rate, temperature
and holding times on the grain sizes achieved in the
VDM Alloy 780.

II. EXPERIMENTAL METHODS

A. Material and Initial Microstructures

VDM Alloy 780 is produced by triple melting,
Vacuum Induction Melting (VIM)/Electro-Slag Remelt-
ing (ESR)/Vacuum Arc Remelting (VAR) and cogged
into billet with a diameter of 156 mm over multiple
forging heats. The samples for heat treatments and
compression tests were taken out from the mid-radius of
the billet.

The microstructure of the as-received billet material
exhibited few Nb-rich carbide and Ti-rich nitride par-
ticles (zoomed in Figure 1(a) and arrowed in
Figures 1(c) and (d)) along with presence of fine
precipitates that are somewhat coarser at the grain
boundaries (Figure 1(b)). Noteworthily, no #/d phase
particles were observed in the as-received billet state.
The as-received billet material was partially recrystal-
lized with an average grain size of 38 um and involved
residual stored energy as revealed by the contrast inside

some of the grains, arrowed in the FSE image in
Figure 1(c).

To study the recrystallization and grain growth
kinetics in the single-phase domain without any bias
induced by the residual stored energy present in the
starting material, heat treatments at different tempera-
tures used for the subsequent hot-compression experi-
ments (1050 °C, 1080 °C and 1120 °C) were performed
on the as-received billet material. All the three heat
treatment temperatures are above the solvus tempera-
tures of y” and /o phases (around 1000 °C). Holding
time at each temperature has been adjusted to reach
similar grains sizes, as shown in Table II. As the initial
grain size also influences the recrystallization kinetics,
the holding time at each temperature was adjusted to
obtain grain sizes in a reasonable range (50 to 90 um). A
hold of 10 minutes at 1120 °C was required to ensure
temperature homogeneity after introducing the sample
between the compression tools, thus the annealing time
could not be shortened more.

The three thermal treatments led to microstructures
like the example shown in Figure 1(d), where the
Forward Scattered Electron (FSE) intensities providing
homogeneous color per grain indicate that the
microstructure is free of the remnant stored energy.
After thermal treatment (those of Table II), the carbide/
nitride particles were still present but the y” phase was
fully dissolved and did not form again during water
quenching (Figure 1(e)). Except the presence of insol-
uble carbide and nitride particles, the heat treatment
conditions in Table II thus generated single-phase
microstructures free of stored energy, thus suitable for
the forthcoming recrystallization kinetics study.

B. Hot Compression Tests

Isothermal hot compression tests were performed
using a MTS Landmark 370 device equipped with a
radiative furnace. Temperature is controlled thanks to
thermocouples placed in the tools close to the samples.
Double-cone and cylindrical compression samples were
machined from the mid-radius of the wrought billet
(geometries presented in Figure 2) with the compression
direction along billet axis.

The double cone geometry offers the possibility
to generate a range of plastic strain (0.4 to 1.3 with the
employed geometry) along the radial direction of the
sample. The cylinder geometry is used to obtain the flow
curves from the compression tests when required in
addition to the microstructure analyses (flow curves not
shown here, being out of the scope of the paper).
Compression tests on cylindrical samples have been
performed up to different height reductions and corre-
sponding local strain values at the center of the
compressed samples (0.9, 1.3 or 1.7).

[10,11]
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Ti-rich nitride Nb-rich carbide

(a) BSE image of AR billet microstructure with

presence of carbides, nitrides and remnant
stored energy

(b) BSE image of AR billet microstructure with
presence of y’ precipitates

(c) FSE i |mage of AR billet mlcrostructure reveallng

presence of stored energy

(d) FSE image after a heat treatment of
1050°C-30 min-WQ

(e) BSE image after a heat treatment of 1050°C-30 min-WQ showing absence of y’ precipitates

Fig. 1-—(a) through (c¢) As-received (AR) billet material and (d, ¢) heat treatment at 1050 °C-30 min—-WQ.

The applied thermomechanical conditions to investi-
gate DRX and PDRX kinetics in VDM Alloy 780 is
summarized in Figure 2. The thermomechanical param-
eters (temperature, strain, and strain rate) for the
compression tests were chosen in line with the industrial
practices of VDM Metals. The deformation tests were
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performed using two nominal strain rates, 0.01 and
0.1 s™', and three different temperatures (1050 °C,
1080 °C, and 1120 °C) following the holding times at
each temperature given in Table II. The initial investi-
gations suggested that the strain rate sensitivity in this
alloy is weak and the impact of strain rate on



microstructural evolution weakens with temperature."’ from 1 to 3 seconds after deformation (measured after

Therefore, the PDRX experiments on cylinder samples video recording). To study post-dynamic recrystalliza-
were performed at only 0.1 s~' (Figure 2(d)). tion, deformed samples were maintained inside the

To study dynamic recrystallization kinetics, the sam- furnace of the compression testing machine for different
ples were water quenched (WQ) as rapidly as possible holding times (6, 30 and 300 seconds) before water
after the end of deformation. In the current experimen- quenching.

tal set-up a quench delay of 1 to 3 seconds could not be

avoided as the furnace has to be lifted out before the C. EBSD Anal

sample can be pushed into the quenching bath. There- : natyses

fore, microstructures considered for the DRX kinetics The compressed samples were cut through their
are actually obtained after a short quench delay ranging diameter and polished for EBSD characterization using
a Zeiss SUPRA40 Field Emission Gun Scanning Elec-
tron Microscope (FEG-SEM) equipped with a Bruker

Table II. Heat Treatment Conditions Applied onto the . g
e-Flash detector. Microstructures were analyzed in the

As-Received Billet Material Before Compression to Obtain

Single-Phase Microstructures (Without Second Phase longitudinal section at three equidistant points along the
Particles) and Without Stored Energy with Resulting Average radius of the double cone samples: center, one-third
Grain Sizes from the center and two-thirds from the center corre-
R ' ) ' . sponding to local strain levels (eyy) of 1.3, 0.9 and 0.4
Temperature, °C Holding Time, min Grain Size, um respectively. In case of cylinder samples, the microstruc-
1050 30 52 tures were observed at the center at the three applied
1080 15 66 local strain levels: 0.9, 1.3 and 1.7. On all EBSD maps
1120 10 90 shown below, the compression direction is vertical.
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Fig. 2—Schematic representation of the applied thermomechanical conditions to study (a, b)) DRX and (¢, d) PDRX using double cone geometry
and cylinder geometry.
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An accelerating voltage of 20 keV was used at a
working distance of 15 mm and maps were acquired
with different step sizes varying from 0.19 to 0.63 um on
a region of 1200 x 900 um. A minimum of around 2000
grains were taken into consideration for the calculation
of grain size. A misorientation angle threshold of 10 deg
was used to define a high angle grain boundary (HAGB)
whereas a threshold of 5 to 10 deg was defined as a low
angle grain boundary (LAGB) or a subgrain boundary.
Twin boundaries were defined with a misorientation of
60 deg around (111)111> axis with a tolerance of 7 deg.
In the calculation of grain sizes, twin boundaries were
considered as intragranular defects. The average grain
size (defined as the mean equivalent circle diameter) was
calculated by excluding grains smaller than a given value
(2 to 3 um) corresponding to the size of carbides/nitrides
that were misindexed within the FCC structure in the
raw EBSD maps.

As a result of plastic deformation, intragranular
misorientations induced by the presence of dislocations
can be quantified to semi-quantitatively estimate stored
energy and to assess the extent of recrystallization using
different parameters. The data obtained from EBSD
analyses were post-processed using the open source
MTEX toolbox in MATLAB."? The raw EBSD data
were first filtered using the recently developed Local
Linear Automatic Smoothing Splines method
(LLASS).["*! This filter reduces the EBSD orientation
noise that lies in the resolution of the classical EBSD
(typical range of 0.5 to 1 deg) down to below 0.2 deg!'?
and allows better recognition of recrystallized grains.!'*

Different parameters can be used to evaluate intra-
granular misorientations. In this study, Kernel Average
Misorientation (KAM) maps were plotted to qualita-
tively visualize the extent of recrystallization and com-
pare different microstructures within a given KAM
scale. KAM is defined here as the average of the
misorientation angles 0; between a given pixel i and its n
neighbors j as given by

1 n
KAM; = - >0, I
j=1

The recrystallized grains were characterized by low
KAM values and could thus be easily recognized on
KAM maps. In the present case, as the initial grain sizes
achieved after the thermal treatments of Table II were
much larger than the recrystallized grains sizes obtained
after hot deformation, the recrystallized fraction was
calculated using a simple grain size threshold.

III. RESULTS AND DISCUSSION

A. Dynamic Recrystallization

Dynamic recrystallization (DRX) constitutes the for-
mation and growth of the recrystallized grains during
hot deformation. Like most nickel-based superalloys,
VDM Alloy 780 is prone to necklace discontinuous
DRX. Higher dislocation density at the grain
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boundaries lead to higher KAM values as visible in
Figure 3(b), and in turn to the preferential nucleation of
recrystallized grains at these locations of higher stored
energy. A typical example of the resulting necklace-type
structure observed after partial DRX during hot defor-
mation is shown in Figure 3. This mechanism of
recrystallization is well-reported for nickel-based super-
alloys, for example for Nimonic 80A from 950 C to
1180 °C at 1 s~'" Alloy 625 from 900 C to 1200 °C
at 0.1 s~',l'® UNS N07208 nickel-based superalloy from
1060 C to 1080 °C at 0.05 to 0.5 s~ ' I'" Alloy 718 from
920 °C to 1040 °C at 0.001 to 1 s~ ".['*!]

The zoomed area of Figure 3(c) reveals that there are
two types of recrystallized grains at the former grain
boundaries: (i) few of them with intragranular misori-
entations arising from dynamic recrystallization, and (ii)
others with much lower internal misorientations which
are likely to have grown post-dynamically despite the
quenching delay being as short as possible (1 to
3 seconds). The effect of post-dynamic evolution even
with a quench delay of 3 seconds could thus not be
completely avoided, which is consistent with the very
fast PDRX kinetics reported earlier in the Alloy
718.29211 Noteworthily, as clearly visible on Figure 3,
the necklace recrystallized grains exhibit quite a high
twin density, which is a common feature for grains
obtained after recrystallization.*”

The influence of the thermomechanical parameters
(temperature, strain and strain rate) on DRX kinetics
are analyzed below.

1. Effect of strain

The effect of the amount of plastic deformation on
recrystallization can be understood by an increase in the
number of potential nuclei as a result of stored energy
getting to the critical level for nucleation at more and
more locations in the microstructure, and of time
available for these nuclei to form.**

Figure 4 presents the microstructural evolution at
1080 °C with increasing strain at 0.1 s~' With the
increase in strain from 0.9 to 1.7, the recrystallized
fraction (F;) increases from 0.28 to 0.52. Recrystalliza-
tion progresses by the appearance of new grains and the
average size of the dynamically recrystallized grains (D,)
decreased slightly from 6.7 to 4.4 um as the strain
increased from 0.9 to 1.7. The recrystallized grain sizes
are usually not highly affected by the applied strain
leye] [16:20.24.25]

The influence of strain on the recrystallized fraction is
summarized in Figure 4(d) where recrystallized fraction
increases with strain at a given temperature. However, it
should be reminded that the initial grain size before
deformation slightly differs at each temperature
(Table II), which may affect the resulting recrystallized
fractions through the density of grain boundaries
available for nucleation. The DRX at 1120 °C remains
faster even with a larger initial grain size before
deformation which suggests that the influence of tem-
perature is predominant over initial grain size in these
experiments. Even at the highest temperature 1120 °C, a
strain level as high as 1.7 was nevertheless still
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Fig. 3—Necklace-type structure observed after deformation at 1050 °C-0.1 s™'-¢ = 0.9 with fast water quenching (< 3 s). (¢) Band contrast
image and (b) KAM map. Grain boundaries (> 10 deg) are plotted black. Twin boundaries (60 deg <111> with a tolerance of 7 deg) are plotted

in red color in (a) and (b), in white in (¢) (Color figure online).

insufficient to achieve full DRX (about 20 pct non-re-
crystallized left at 1.7 strain).

The DRX kinetics in the VDM Alloy 780 appear to be
drastically slower than those of Alloy 718 investigated by
Zouari et al' At a strain rate of 0.1 s~', Alloy 718 is
fully recrystallized dynamically after a strain of 1 at
1050 °C or 1.5 at 1080 °C, while the recrystallized
fraction hardly reaches 25 and 50 pct in the VDM Alloy
780 for the same conditions respectively. When deforma-
tion is carried out at 1050 °C to a strain of 1.0 at lower
rate, 0.01 s~', Alloy 718 is fully recrystallized whereas
VDM Alloy 780 is not even 30 pct recrystallized.

The exact reason for the slower DRX kinetics would
deserve being further studied. One assumption that can
be raised is related to the high cobalt content. Cobalt is
known to decrease the stacking fault energy in nick-
el-based superalloys.?*?®) Recovery mechanisms are
disfavored by lower stacking fault energy values as
dissociated dislocation climbing. In turn the formation
of dislocation substructures, prefiguring the formation
of recrystallization nuclei, is more difficult as stacking
fault energy gets lower. This way the high cobalt content
could play a role in the slow DRX kinetics in the VDM
Alloy780. Noteworthily, the dynamically recrystallized
fraction in Alloy 718Plus at 1025 °C was 48 pct for a
strain of 0.8 while 59 pct for a strain of 1.2 using a strain

rate of 0.01 s~'.*’! The resulting recrystallized fractions

in Alloy 718 Plus (9 wt pct cobalt) seem thus to be
intermediate between the ones obtained in Alloy 718
(<1 wt pct cobalt) and VDM Alloy 780 (25 wt pct
cobalt) under similar deformation conditions. This is
also in favor of assuming cobalt to be involved in the
control of DRX kinetics.

Comparing the results of the present work with those
published for the Alloy 718, it also turns out that the
DRX grains sizes are different between both alloys. At a
strain rate of 0.1 s™', the DRX grain size is 10 to 12 um
in the range at 1050 °C to 1080 °C in Alloy 718,!"”) while
it is about twice smaller in the VDM Alloy 780. This
suggest that either the DRX grains grow slower, or they
appeared later and had shorter time to grow in the case
of VDM Alloy 780. A late appearance would be
consistent with the assumption of a slow or difficult
nucleation process evoked above. Nevertheless, a lower
mobility of the recrystallization front cannot be
excluded from these few observations and both effects
could possibly be at play together.

2. Effect of strain rate

Higher strain rate increases the dislocation density
and consequently potential sites for nucleation of
recrystallized grains. However, shorter deformation time
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(c)e=1.7;F,=0.52; D,=4.4 um
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Fig. 4—(a) through (¢) KAM maps at different strain levels (¢) at 1080 °C—-0.1 s~'-QD = 1 to 2 s and () evolution of dynamically recrystallized
fraction with strain at different temperatures at 0.1 s~!. Grain boundaries (> 10 deg) and twin boundaries are plotted black. The recrystallized
fraction and recrystallized grain sizes are mentioned at each strain level. A zoomed KAM map is provided for each condition.
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Fig. 5—Influence of strain rate on («) recrystallized fraction and (b) average recrystallized grain size at different strain levels and temperatures.

available with higher strain rates limits both the number
of formed nuclei and the extent of their growth as
recrystallized grains, thus lowering the recrystalllsatlon
kinetics (as described in a strain scale).'"® Conversely, a
longer time available for the microstructure to evolve at
lower strain rates can lead to an early onset of DRX
(i.e., at a lower strain value).'"” Such a decrease in
dynamic recrystallization kinetics with increasing strain
rate is a common observation and has been reported in
many different alloys.[!3040

The influence of strain rate on the recrystallized
fraction experimentally obtained in this work is sum-
marized in Figure 5(a). Indeed at a given strain level,
lower strain rate (0.01 s™') results in higher recrystal—
lized fraction. However, this effect is less pronounced as
the temperature increases from 1050 °C to 1120 °C. At
higher temperatures, the sensitivity of recrystallization
kinetics to strain rate becomes much weaker.

The effect of strain rate on the recrystallized grain
sizes is presented in Figure 5(b). For a strain of 0.9 at
1050 °C, the DRX grain size 1ncreased from 4.5 ym at
0.1s7' to 5.6 um at 0.01 s~'. The higher strain rate
generates comparatively finer DRX grains. At higher
strain rates, the higher nucleation density, and less time
available for grain boundary migration can limit the
growth of recrystallized grains.”>>*! On the other hand,
due to lower dislocation density, the driving force for
the migration of the recrystallization front is lesser at
low strain rates. Nevertheless, it is interesting to note
that the DRX grain sizes do not differ significantly
between the two applied strain rates.

This is contrary to Alloy 718 where the dynamically
recrystallized grain sizes were significantly affected by
the applied strain rates I The DRX grain size was
around 10 ym at 0.1 s~' and 20 ym at 0.01 s~' when the
samples were deformed to a strain of close to 1.1 at
1050 °C.1"! It must also be noted that at higher strain
rates, self-heating may play a significant role and
post-dynamic recrystallization can affect the measured
recrystallized fraction even with quenching delays as
short as 2 to 3 seconds.”'*¥ The tendency for a slight

decrease in the DRX grain sizes with increasing strain
rate in Figure 5(b) could be explained by the impinge-
ment of the recrystallized grains owing to higher
nucleation density or to late nucleation and thus less
time to grow.

3. Effect of temperature

A rise in temperature increases the grain boundary
mobility and thus should accelerate the growth of the
recrystallized grains. Conversely, higher temperatures
promote dynamic recovery which reduces the disloca-
tion density and hence lowers the driving force for the
migration of the recrystallization front. Regarding
nucleation, the effect of temperature is not trivial either
since the decrease in dislocation density and recrystal-
lization driving force should lead to lower nucleation
density, but on the other hand the formation of nuclei
proceeds by local arrangement of defects or recovery
mechanisms which are promoted by higher tempera-
tures. Figures 6(a) through (c) shows that the recrystal-
lized fraction increases with temperature at a given
strain and strain rate. The recrystalhzed fraction
achieved upon a strain of 1.3 and 0.1 s~ ! increases from
0.26 at 1050 °C to almost 0.6 at 1120 °C.

At a given strain and strain rate, temperature was
found to have a favorable influence on recrystallization
as illustrated in Figure 6(d). Grain sizes increased also
with temperature for all the strain levels in Figure 6(e).
On the contrary, the number of recrystallized grains per
unit area decreased as temperature increased
(Figure 6(f)). This indicates that the higher recrystallized
fraction at higher temperature results from growth of
recrystallized grains and is not linked to an increase in
the density of nuclei.

B. Post-dynamic Recrystallization

Once deformation is completed, the material can still
experience high temperatures that lead to metallurgical
phenomena such as static recovery, recrystallization,
grain growth, and even precipitation while cooling. Such
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Fig. 6—(a) through (¢) KAM maps showing the effect of temperature on DRX at ¢ = 1.3 and ¢ = 0.1 s~!, (d) Recrystallized fraction at 0.1 s~ !,

(¢) DRX grain sizes for different strains at 0.1 s~', and (f) Number of recrystallized grains per unit area for the two applied strain rates at
¢ = 1.3. Grain boundaries (> 10 deg) and twin boundaries are plotted black. The recrystallized fraction and recrystallized grain sizes are
mentioned at each temperature. A zoomed KAM map is provided for each condition.
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Fig. 7—KAM maps showing post-dynamic evolution at 1050 °C—¢

0.1s'-¢ = 1.3 as a function of holding time; (a) shortly after

deformation, after (b) 6 s, (¢) 30 s and (d) 300 s. Grain boundaries (> 10 deg) are plotted white. Twin boundaries (60 deg (111) with a tolerance

of 7 deg) are plotted red (Color figure online).

post-dynamic evolution is usually always present in
industrial forging processes due to the slow cooling of
the large industrial parts. In addition, transfer of the
part between successive processing steps also involves
post-dynamic evolution.

The dynamically recrystallized microstructure is
heterogeneous and consists of (a) freshly formed small
dynamically recrystallized nuclei and grains which are
almost dislocation free, (b) larger recrystallized grains
with higher dislocation content which have grown
during deformation, and (c) deformed grains with much
higher dislocation density.[*"! The main driving force for
PDRX is the consumption of stored energy present in
the non-recrystallized matrix and in the work hardened
DRX grains by the growth of the DRX nuclei and
grains with low dislocation density. Such development
of pre-existing DRX grains or nuclei is referred to as
meta-dynamic recrystallization. If the latter is not too
fast, static nucleation may also occur concomitantly, so
that post-dynamic recrystallization can results from a

combination of metadynamic and static recrystallization
phenomena. In practice discriminating PDRX grains
arising from either metadynamic or static recrystalliza-
tion is not feasible since both types of grains have low
intragranular misorientations.

The influence of different parameters on the
microstructure evolution during the PDRX process is
discussed below, based on experiments with post-defor-
mation isothermal holding times.

1. Effect of post-deformation holding time

The samples after deformation were kept at the
deformation temperatures for different holding times or
quench delays (QD). The post-dynamic evolution was
found to be rapid, especially at the beginning, owing to
the high amount of stored energy present in the
microstructure at the end of deformation. Post-dynamic
microstructural evolution is illustrated on Figure 7 at a
strain of 1.3 applied at 1050 °C and 0.1 s~ . Figure 8
shows the corresponding grain size and recrystallized
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fraction evolutions, in red, as well as the results obtained
when varying strain level.

Although the dynamically recrystallized fractions are
different at each strain level (Figure 6), all microstruc-
tures were almost completely recrystallized after 5 min-
utes of post-deformation hold, with significant changes
already in a first few seconds (Figures 7(b) and 8(a)).

The recrystallized grains grow as the quench delay
increases (Figure 8(b)); for each strain level, recrystal-
lized grain size increased with post-deformation holding
time. During early stages of PDRX, the recrystallized
grain sizes increase from 4 um after 2 seconds to almost
twice after 6 seconds and to 11 um after 30 seconds of
post-deformation hold at ¢ = 1.3 (Figures 7(b) and
8(a)). However, towards the later stages of PDRX, from
30 seconds to 5 minutes, the growth kinetics slowed
down, and recrystallized grain sizes increased from 11 to
20 um. The final microstructure appears to be quite
uniform in terms of grain sizes in Figure 7(d) compared
to the situation right after deformation (Figure 7(a)).

Similar analysis has been conducted at 1080 °C and
1120 °C at a constant strain level (1.3) and a strain rate
of 0.1 s™'. The evolution of recrystallized fraction and
recrystallized grain sizes are shown in Figure 9. The
same trends as on Figure 8 are retrieved again: kinetics
are faster in the early stages of the post-dynamic regime,
when stored energy is at play (at the three deformation
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temperatures, microstructures are already around 70 pct
recrystallized with only 6 seconds of post-deformation
hold), and the recrystallized grain sizes increase with
both temperature and post-deformation holding time
(Figure 9(b)).

At the beginning of post-dynamic evolution, the
growth of recrystallized grains is primarily controlled
by the presence of stored energy in the microstructure.
However, the recrystallized grains impinge each other as
they get into contact and at this stage the grain size
mostly depends on the density of the recrystallized
grains. Beyond that, after stored energy has been fully
consumed, the material enters the so-called grain growth
regime, that is driven by capillarity forces. The thermo-
dynamic driving force for capillarity driven grain growth
is the reduction of grain boundary energy, which is
much lower than that of recrystallization.*'? The driving
pressures due to stored energy and to grain boundary
curvature are indeed in the order of 2 to 20 and
1072 MPa, respectively.*"! This implies that the grain
boundary migration under capillarity is much slower as
compared to that during recrystallization, which
explains why the increase in grain size slows down in
the late stages of the post-dynamic regime.
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Fig. 10—KAM maps showing the effect of strain levels on PDRX for different temperatures at ¢ = 0.01 s~'-QD = 5 minutes. Grain
boundaries (> 10 deg) are plotted white and twin boundaries (60 deg (111) with a tolerance of 7 deg) are plotted red. Strain level increasing
from left to right and temperature increasing from bottom to top. The recrystallized grain size is provided for each condition (Color

figure online).

2. Effect of prior strain level and of strain rate

Here the influence of strain level and strain rate on the
resulting microstructure following PDRX is considered
for a constant hold time of 5 minutes in Figure 10. It
appears that at 1120 °C or 1050 °C, the microstructure
obtained after 5 minutes isothermal hold is not signif-
icantly affected by the amount of prior deformation
(Figures 10(a) through (c) and (d) through (f) respec-
tively). Only the sample deformed at 1000 °C to 0.4
strain was not fully recrystallized after 5 minutes
isothermal hold (Figure 10(g)). However, for higher
strain levels at 1000 °C (¢ = 0.9 or 1.3), the microstruc-
ture was almost fully recrystallized with a smaller
recrystallized mean grain size (around 13 um) than at
the other two temperatures.

The evolution of DRX and PDRX fractions as a
function of strain is plotted in Figure 11(a) for the two
strain rates and different holding times at 1050 °C. Here,
the DRX fractions obtained with the shortest quench
delay are marked as DRX. It is worth noting that, at
this temperature, despite the different initial DRX
fractions for the two strain rates, recrystallization is
completed for all deformation conditions with a quench
delay of 5 minutes including for the lowest applied
strain level (0.4). The recrystallized grain sizes plotted in
Figure 11(b) do not differ significantly for the two strain
rates. With the progress of PDRX, the effect of
deformation (strain and strain rate) on the microstruc-
tural evolution becomes secondary. The final
microstructure appears to be mainly controlled by
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Fig. 11—Evolution of (a) recrystallized fraction and () grain size as a function of strain for two applied strain rates at 1050 °C.

temperature. Similar observations were found in case of
another nickel-based superalloy (UNS N07208) where
the post-dynamic evolution was found to be weakly
coupled to the prior deformation steps and primarily
dependent on temperature.!”? Such a behavior is an
asset from industrial point of view as the strain level is
never uniform in a forged piece, and therefore the DRX
microstructure can be quite heterogeneous throughout
the piece. Some time left at high temperature after
forging to let PDRX proceed allows for microstructure

homogenization.
Figure 12 shows the microstructures obtained after
deformation at ¢ = 0.1s™' up to ¢ = 1.3 and with

5 minutes hold at the three temperatures. Grain size
increased from 20 um at 1050 °C to 41 um at 1120 °C.

As discussed in Section ITI-A the DRX kinetics of
VDM Alloy 780 are relatively slow, slower than those of
Alloy 718, but the PDRX kinetics are shown here to be
quite fast, comparable to those of Alloy 718 based on
the data of Reference 19. On the other hand, the
recrystallized grain size in Alloy 718 increased
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post-dynamically from 10 to 50 ym in 5 minutes at
1050 °C.1") For VDM Alloy 780, the grain sizes grew
from 4 to around 32 um at this same temperature. This
suggests that the final recrystallized grains generated
after the end of the forging process would be finer in the
case of VDM Alloy 780.

C. Critical Strain to Achieve Full Recrystallization

A fully recrystallized microstructure and homogenous
grain sizes at the end of forging operations are crucial
with regards to the industrial requirements. Sec-
tion III-A revealed that the DRX kinetics in VDM
Alloy 780 is slow, which could make recrystallization
achievement difficult in low strain areas. However, the
fast post-dynamic evolution can compensate for this
slow DRX kinetics. The question addressed in this
section is to determine what is the strain threshold (and
related DRX fraction) below which the microstructure
would not recrystallize post-dynamically.
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Fig. 12—KAM maps showing the effect of temperature on PDRX microstructures at ¢ = 0.1 s

“l¢ = 1.3-QD = 5 minutes. Grain boundaries

(> 10 deg) are plotted white. Twin boundaries (60 deg (111) with a tolerance of 7 deg) are plotted red. The recrystallized grain sizes are

mentioned at each temperature (Color figure online).

Critical conditions to achieve complete recrystalliza-
tion were investigated using a low strain double cone
geometry sample (where the local strain varies from 0.08
to 0.36).'”) The sample was first heated and held for
30 minutes at a deformation temperature of 1050 °C
followed by deformation at a strain rate of 0.1 s~'. A
post-deformation hold of 5 minutes was first applied
before the sample was water quenched. The microstruc-
tures at different strain levels are shown in Figure 13. It
can be noted that a strain of 0.36 and even 0.2 are
sufficient to obtain an almost fully recrystallized
microstructure with 5 minutes of post-deformation
hold. However, the microstructure when the strain level
is around 0.08 is not fully recrystallized and involves
large non-recrystallized grains (shown by arrows in
Figure 13(a). The same sample was then heat treated at
1050 °C for 30 minutes, followed by water quenching,
to check whether the low strain areas would recrystallize
further with longer hold.

Following this additional heat treatment, the
microstructures were found to be completely recrystal-
lized for all the strain levels (Figures 13(d) through (f)),
including the lowest one of 0.08. The recrystallized grain
sizes obtained after 30 minutes of hold were close to
60 um and were found to be similar at the three strains.
During isothermal annealing, the recrystallized grains

observed after 5 minutes of post-deformation holding
time at the low strain end of the sample, in Figure 13(a),
grew to complete the recrystallization, while already
recrystallized areas at high strain levels underwent
capillarity driven grain growth. Quite surprisingly, both
these mechanisms—of recrystallization completion at
the low strain end of the sample and of grain growth at
the other end led to a uniform grain size after 30 min-
utes cumulated time at 1050 °C after deformation. This
opens another perspective to this work which would aim
at determining whether the same grain size would been
obtained at other temperatures and then why, or if it is
just fortuitous at the temperature used here, 1050 °C.
It is worth pointing out that low strain regions have
been many times reported to be prone to the develop-
ment of bimodal grain size distributions after thermal
treatment in nickel-based superalloys. At low deforma-
tion conditions such as ¢ = 0.02, isolated grains of
700 um in size were observed in René¢ 88DT nick-
el-based superalloy after compression at room temper-
ature followed by a solutionizing treatment of
60 seconds at 1150 °C.*?) In Alloy 718 processed at
subsolvus temperature, selective growth of few grains
consisting of fine grains of 6.2 um along with one
overgrown grain population of 47 um was observed
when the samples were deformed at 985 °C to a strain of
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Fig. 13—(a through ¢) Microstructures obtained after hot-compression to different strain levels (0.08, 0.2, 0.36, respectively) at 1050 °C to
0.1 s~!' with 5 minutes hold after the end of deformation followed by water quenching and (d through f) Same samples after additional heat
treatment for 30 minutes at 1050 °C. KAM maps with overlaid grain boundaries (> 10 deg) plotted white and twin boundaries (60 deg (111)
with a tolerance of 7 deg) plotted red. Recrystallized grains sizes are provided under each map (Color figure online).

0.1 followed by an annealing at 985 °C for 2 hours."*’
Recrystallization at low strain levels can result in limited
nuclei density for static recrystallization due to low
stored energy. These nuclei and recrystallized grains
once formed grow and consume the available stored
energy of the deformed grains.'” This leads to larger
grains during annealing due to the limited number of
nuclei impinging each other. Sometimes, deformation
close to critical conditions can lead to selective growth
of few grains over others leading to a heterogeneous
microstructure in terms of grain sizes.'” This phe-
nomenon is referred using different terminologies such
as abnormal grain growth, critical grain growth, inho-
mogeneous grain growth, secondary
recrystallization.[** "]

However, in VDM Alloy 780 such phenomenon
leading to heterogeneous grain sizes was not observed
down to a strain value of 0.08. The microstructures
evolved similarly irrespective of the amount of defor-
mation once recrystallization is completed (Figure 13).
The final grain sizes after the isothermal hold at 1050 °C
for 30 minutes) are similar in the strain range from 0.08
to 0.36. This is another important characteristic of
VDM Alloy 780 from an industrial point of view. This
study revealed that a hold of 30 minutes at 1050 °C after
deformation could generate homogenous and fully
recrystallized microstructures for a strain as low as 0.08.
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D. Tentative to Extend Single Phase Domain Below
the (n/o and ') Solvus Temperature

To further refine the recrystallized grain sizes (com-
pared to Sections III-A and III-B), attempts were made
to extend the singe-phase domain to lower temperatures
(below the solvus temperature of #/6 and 7" phases).

When the as-received billet sample was held at 980 °C
(below solvus temperature of 1/6 and 7" phases), for
1 hour followed by water quenching (Figure 14(a)),
spherical 7" precipitates are indeed observed in addition
to a few /0 particles (Figure 14(c)). However, when the
billet sample was first solutionized at 1050 °C—15 min-
utes followed by a holding of 1 hour at 980 °C
(Figure 14(b)), the microstructure was free of second
phase particles after quenching as shown in
Figure 14(d). This suggests that the precipitation kinet-
ics is slowed down in the latter case even though 980 °C
is below the solvus temperature of n/0 and 7" phases.
This treatment results in an average grain size of about
44 pm.

To study dynamic recrystallization, a double-cone
billet sample was first continuously cooled from 1050 °C
to 980 °C followed by a hold of 15 minutes at 980 °C
before undergoing deformation. The microstructure
after such thermal path (Figure 15(a)) is free of y” and
n/é phase particles (Figure 15(b)). Deformation was
then performed to a strain of 1.3 using a strain rate of
0.1 s~! followed by water quenching as schematized in
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Fig. 14—Effect of thermal path on 7" precipitation in billet samples. (a) Isothermal heat treatment at 980 °C—1 h-WQ and (b) supersolvus
treatment of 1050 °C—15 minutes followed by furnace cooling to 980 °C and subsequent holding of 1 h before water quenching. Micrographs (c)
and (d) show the microstructure following the heat treatments (a) and (b), respectively.

Table III. Initial Grains Sizes and Heat Treatment Conditions Applied for Establishing Grain Growth Kinetics
T, °C Billet, ym Holding Time PDRX, um Holding Time
1050 44 15 min, 30 min, 1 h, 2 h 22 15 min, 30 min, 1 h, 2 h
1080 66 15 min, 30 min, 1 h, 2 h 28 15min, 1 h
1120 90 15 min, 30 min, 1 h, 2 h 39 15 min, 30 min, 1 h

Figure 15(c). Formation of new recrystallized grains of
about 1 to 2 um with the typical necklace morphology is
seen in Figure 15(d). Precipitation of fine y” precipitates
could not be avoided despite fast quenching (QD = 1.3
s), mainly in the non-recrystallized grains (red arrows in
Figure 15(e)). Interestingly, 1/ phase was not observed
under these conditions indicating their slow precipita-
tion kinetics.

The evolution of )" could be clearly seen after a
post-deformation holding time of 5 minutes in
Figure 15(f). In this case, )" precipitates are seen
throughout the deformed matrix where the dislocation
density is relatively higher as compared to the recrys-
tallized grains. This kind of rapid precipitation of 7" in
the non-recrystallized grains as compared to the recrys-
tallized grains was also observed in AD730.*¥! Disloca-
tions can accelerate nucleation events by providing
faster diffusivity paths for the precipitate forming
elements!*”>" and may also help nucleation by relaxing
the elastic strains associated with the formation of
precipitates.*® Therefore, the results in Figure 15
demonstrated that the single-phase domain cannot be

extended to 980 °C in VDM Alloy 780 due to fast
dynamic precipitation of y” particles.

Despite the slow 7 phase precipitation kinetics
observed under static conditions in the VDM Alloy
780, the experiments reported in this section shown that
precipitation is drastically accelerated dynamically and
in turn strongly hinders recrystallization. In a super-
solvus industrial forging route, one should thus avoid
local cooling of the forged piece below the solvus
temperature, as 7" phase precipitation is shown here to
be onset within few seconds of hot deformation and then
to be detrimental for recrystallization.

E. Grain Growth Kinetics

Grain growth kinetics, meaning capillarity driven
grain growth, in VDM Alloy 780 were determined using
a series of isothermal heat treatments. The capillar-
ity-driven grain growth was established in the temper-
ature range of 1050 °C to 1120 °C using (i) as-received
billet samples after a heat treatment of 15 minutes at
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Fig. 15—(a) Extension of single-phase domain after 1050 °C—15 min-980 °C—15 min—-WQ, (b) BSE image showing absence of second-phase
particles, (¢) Schematic representation of deformation on billet sample at 1050 °C—15 min-980 °C—15 min-0.1 s '=¢ = 1.3-WQ-QD = 1.3s, (d,
¢) BSE images showing )" precipitates in the non-recrystallized grains, and (f) evolution of y” precipitates after adding a post-deformation hold of
5 min to (c). Microstructures obtained after electrolytic polishing in (f) and mechanical polishing in (b, d through e).

each temperature to release initial stored energy present
in the as-received state and (ii) post-dynamically recrys-
tallized samples with finer grain sizes (Table I1I).

As shown in Figure 1, the microstructure of as-re-
ceived billet comprised remnant stored energy in addi-
tion to the fine y” precipitates. A hold of 15 minutes at
1050 °C, 1080 °C and 1120 °C was applied to release the
remnant stored energy in the as-received billet material
before proceeding to the (capillarity-driven) grain
growth annealing. It is a useful precaution to accurately
control the nature of the driving force leading to
microstructure evolution when seeking to assess intrinsic
properties of the alloy.
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Grain growth is indeed defined as the process by
which grain boundaries keep moving driven by capil-
larity forces which tend to reduce grain boundary
curvature and lead to an increase in grain size after
the stored energy in the microstructure has been
consumed by the recrystallization processes. In the
kinetics shown on Figure 16, the increase in grain size is
initially faster when starting from an initially smaller
grains size (PDRX microstructure compared to the billet
material) because grain boundary curvature, and thus
the grain growth driving force, is higher in finer grain
microstructures.

For a given temperature, grain growth is slower in
VDM Alloy 780 than in Alloy 718.™! For example, the
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Fig. 16—Grain growth kinetics in VDM Alloy 780 in the
temperature range 1050 °C to 1120 °C.

grain size increases from about 70 to about 130 um in
45 minutes at 1080 °C in the Alloy 718, while it
increases from about 65 to only 90 um during the same
time at the same temperature in the VDM Alloy 780.

The relatively slow kinetics can be advantageous to
achieve finer grain sizes after forging and subsequent
thermal treatments in the single-phase domain, i.e.,
without second phase particles. Once microstructure is
fully recrystallized, holding the material at elevated
temperatures for longer times would lead to relatively
slow and thus controllable capillarity driven grain
growth. One of the possible explanations for this kind
of slow grain growth kinetics could be chemical segre-
gation of alloying elements at the grain boundaries. The
effective grain boundary mobility would be reduced due
to chemical segregation through solute drag effect.[*!!
On the other hand, apart from possible segregation
effects on mobility, chemical composition is a factor
which controls also grain boundary energy; lower grain
boundary energy provides a lower curvature induced
driving force and in turn leads to slower boundary
migration. Such effects could be related to the high
cobalt content (25 wt pct) in VDM Alloy 780 or to a
combined effect of several alloying element, which
remains to be confirmed through further dedicated
investigations.

IV. SUMMARY AND CONCLUSIONS

The recrystallization behavior of VDM Alloy 780 was
studied in a temperature range of 1000 °C to 1120 °C,
strain varying over 0.08 to 1.7 and using two nominal
strain rates (0.01 and 0.1 s—'). The necklace-type topol-
ogy which is typical of discontinuous dynamic recrys-
tallization and very common in polycrystalline
nickel-based superalloys was observed, with the new
recrystallized grains mostly found at the grain bound-
aries where the dislocation densities are relatively higher
as compared to the grain interiors.

The microstructural evolution during dynamic regime
was analyzed as a function of strain, strain rate and
temperature. As expected, DRX fraction increased with
both strain level and temperature. Lower strain rate
(0.01 s™") resulted in a higher recrystallized fraction for
a given strain level and temperature. However, at high
temperatures, the sensitivity of recrystallization kinetics
to strain rate became much weaker. The DRX grain
sizes did not vary significantly with the applied strain
rates at a given temperature and strain level.

Dynamic recrystallization kinetics in VDM Alloy 780
were shown to be slow, compared to Alloy 718 for
example, but this is compensated by the fast post-dy-
namic evolution kinetics. Most of the deformation
conditions, except for strain levels below 0.4, led to
fully recrystallized microstructures after only 5 minutes
isothermal holding after deformation. In addition, these
fully recrystallized microstructures appeared to be
almost independent of the prior deformation conditions
(strain and strain rate) and related initial dynamically
recrystallized fraction, but primarily on dependent
temperature.

For strain levels in the range 0.08 to 0.4, an additional
thermal treatment for 30 minutes at the tested defor-
mation temperature of 1050 °C allowed to complete
recrystallization even for the lowest strain levels, and to
achieve again homogeneous grain size independent from
the prior strain level applied and related dynamically
recrystallized fraction. It should be pointed out here that
the VDM Alloy 780 was thus shown to not be sensitive,
at least at this temperature, to the heterogeneous grains
size development phenomena which have been reported
for many other nickel-based superalloys.

Once the microstructure is fully recrystallized (be-
cause of both dynamic and post-dynamic recrystalliza-
tion), the grain size keep increasing slowly by capillarity
driven grain growth, again dependent on temperature.
Grain growth kinetics are also slower (about twice) than
those of Alloy 718, which makes fine tuning of grain size
easier in industrial conditions, meaning when short
annealing times are not applicable.

The high cobalt content (25 pct) of VDM Alloy 780
resulting in reduced stacking fault energy could explain
the slow dynamic recrystallization kinetics, by difficulty
in the formation of nuclei, by hindering local recovery
mechanisms. Cobalt and more generally chemical com-
position must somehow be also involved in the slow
grain growth kinetics, by segregations or solute drag
effects leading to low effective grain boundary mobility.
The latter nevertheless does not prevent post-dynamic
recrystallization to occur and to be fast, because it is
then compensated by the high driving force associated
with stored energy consumption and by time available
for the completion of nuclei formation.

With recrystallized grain size primarily dependent on
temperature and almost independent of the applied
strain (including strains as low as 0.08) and of strain rate
(within the range typical for hydraulic forging), the
overall supersolvus recrystallization behavior of VDM
Alloy 780 can be beneficial for the industrial forging
processes where the deformation conditions are never
uniform throughout the process and the piece. The
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post-dynamic recrystallization behavior coupled with
the slow grain growth behavior in VDM Alloy 780
provide control over the microstructural evolution and
resulting grain sizes. These characteristics make VDM
Alloy 780 suitable for forging in single phase domain,
especially when applications require fine and uniform
grain sizes.
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