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Abstract: Various thermal cycles at the end of solution
heat treatment and their influences on microstructure of
single crystal superalloy DD6 were studied by experiments.
During various thermal cycles, the qualitative and quanti-
tative microstructure of samples quenched of the transfor-
mations is microscopically characterized. This completely
includes the large changes in volume fraction, size distri-
bution and morphology of gamma prime precipitate
experienced in the upper temperature transformation.
Noticeable deviation from the equilibrium volume fraction
of γ’ phase is detected in both the dissolution and preci-
pitation processes above 1,120°C for both moderate cooling
and heating rate; differences were mainly attributed to the
unsteady nature of the turbulent flow. The growth and
alignment of the γ’ precipitates are deeply influenced by
several factors, e.g. ageing time, cooling rate and quench-
ing temperature. In addition, interesting findings such
as “labyrinth” and “cluster” morphologies were observed
by scanning electron microscope. During precipitation
processes, the complicated microstructure evolution is
illustrated by considering the consecutive equilibrium
shapes of a coherent precipitate, which grows under the
interaction with its neighbors and the coherency of the
precipitates improves their potential to resist dissolution.

Keywords: γ/γ’ phase transformation, post-heat treat-
ment, single crystal, micro-structure, crystal growth

Introduction

The mechanical properties of single crystal superalloys
are intensely influenced by the kinetics of precipitation

strengthening caused by the ordering that produces the
L12 crystal structure, denoted by γ’, from the face-cen-
tered cubic (FCC) matrix phase-γ [1]. The morphology of
the γ’ precipitates has been detailedly reported and mas-
sive γ’ precipitate shapes have been observed (spheres,
cubes, aligned cubes, plates, short plates, doublet of
short plates, octet of cubes, large plates, rafts, etc.)
[2–9]. It has been figured out that most of these structures
actually form under the effect of the elastic energy corre-
lated with the lattice mismatch between the γ’ precipi-
tates and the γ matrix [10]. With regard to the wide range
of morphologies reported in the literature, it appears that
the shape evolution strongly depends on the alloy com-
position and on the heat treatment parameters [11]. From
the theoretical point of view, the coherent precipitates of
γ’ phase in γ matrix are therefore appropriate for testing
predictions of precipitate morphology and a variety of
theories that explain the influence of lattice strain have
been put forward to interpret the different shapes and
microstructures [11–16].

Despite the numerous observations of precipitate
shapes after various kind of thermal and thermal
mechanical treatment, unfortunately, some of the results
documented seem to be contradictory and the mechan-
ism is not clear at present about the consecutive devel-
opment of the precipitate morphology during various
heat treatments. Furthermore, it is noticeable that little
work has focused on the high temperature γ ↔ γþ γ’
phase transformation which contains a large γ’ volume
fraction and shape changes.

In order to supply with a better understanding of the
microstructure evolution in the case of cooling rate and
isothermal heat treatment, this work was then to experi-
mentally research the γ ↔ γþ γ’ transformation in
advanced single crystal superalloys. This paper is funda-
mentally related to investigation associating microstruc-
ture characterization of the phase transformation without
applied stress.

Experimental details

DD6 is the second-generation single crystal superalloy
developed by Beijing Institute of Aeronautical Materials
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and has many advantages such as high strength at ele-
vated temperature, excellent comprehensive performance
and good microstructure stability [17]. The difference
in lattice parameters between the coherent γ and γ’
phases is characterized by the misfit parameter
δ¼ 2(aγ’–aγ)/(aγ’þ aγ), where aγ’ and aγ are the lattice
parameters of the precipitate and matrix in a non-con-
strained state. For the DD6 alloys, the misfit was found to
be negative at high temperature. The relationship between δ
values and temperature in 2% Re alloy can be approxi-
mately expressed as: δ ¼ � T

200000 � 0:0021 for DD6 [18].

Materials

This study was carried out on the DD6, of which the
chemical composition is listed in Table 1 [19]. Single
crystal rods of the alloys were cast using a directional
solidification method. The heat treatments of the speci-
mens were carried out according to following heat treat-
ment regime: (1,290°C, 1 h)þ (1,300°C, 2 h)þ (1,315°C,
4 h, AC)þ (1,120°C, 4 h, AC)þ (870°C, 32 h, AC).

It has previously been revealed that rods which do
not contain any chemical segregation should be used for
a more exact study of the phase transformation [20]. The
homogenization condition will be referred hereafter as
H4hr. The crystal orientations of the specimens were
determined by Laue X-ray back reflection method, and
the crystal orientation deviations of the specimens were
maintained within 10° to the [001] orientation.

Heat treatments

The two types of heat treatments we used to characterize
dissolution (γþ γ’ → γ) are as follows: (i) continuous
heating at a rate of 0.15°C/s interrupted by water cooling
at different temperatures above 1,120°C; (ii) continuous
heating at a rate of 0.15°C/s followed by isothermal

treatments at various temperatures below the γ’ transus,
then water cooling. Precipitation (γ → γþ γ’) was char-
acterized by cooling samples after 30 min of isothermal
treatment in the γ’ field. Three different precipitation
routes were used: (i) qualitatively, continuous cooling
using furnace cooling (FC), air cooling (AC) and water
cooling (WC); (ii) continuous cooling at a rate of 0.15°C/s
interrupted at various temperatures by water cooling; (iii)
continuous cooling at a rate of 0.15°C/s followed by iso-
thermal treatments then water cooling.

Temperature control and measurements

All these treatments were carried out using a specific
apparatus developed by Luoyang Sigma instrument man-
ufacture Co., Ltd. This apparatus can easily keep specific
temperature rather constant and as many as 30 periods
for continuous temperature control. Meanwhile, its fine
overshoot and high accuracy provide strong support for
experiment. Bulk samples (3 mm� 3 mm� 2 mm) were
tied to a high temperature resistance rod and put in the
furnace from the hole on the back wall when the furnace
reaches 1,315°C, which was used for fast heating. In order
to ensure the accuracy, the samples should be as far as
possible to the tip of the temperature sensor. Fast cooling
was realized by removing the specimen outside the fur-
nace at 1,315°C and then dropping into water as soon as
possible. Regulating both resistance-wire heating and
water cooling allows a perfect control of complex thermal
cycles. The temperature was measured and controlled
with a Pt-Rh thermocouple (WRP) spot welded on the
surface.

Microstructure characterization

Microstructures resulting from the different heat treat-
ments were characterized by scanning electron microscope

Table 1: Chemical composition of Ni-based single DD6 crystals/%.

C Cr Ni Co W Mo Al Ta Nb Re Hf

.~. .~. Balance .~. .~. .~. .~. .~. ~. .~. .~.

Other elements ≤

Ti Fe B Zr Mn Si P Cu S Mg

. . . . . . . . . .
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(SEM). The surfaces observed were generally perpendicu-
lar to the rod axis (i.e. parallel to a (001) plane). The
surfaces for the SEM observations were mechanically
polished, then etched for about 3 s in a solution of gly-
cerol, hydrofluoric acid and nitric acid in the proportion
3:2:1. Attention should be paid that the solution needs
to be put in a closed vessel since it will be expired in a
week after use. Aimed at an efficient quicker view, obser-
vations were carried out on both QUANTA600F-SEM
and JSM6700F-SEM microscope for two sets. Taking
the uniform distribution of γ’ phase into account after
solution treatment, it is adequately reasonable to assume
that the content of γ’ precipitates is approximately the
same in every layer of samples, that is, we can only just
count up the area fraction of γ’ precipitates on the SEM
micrographs to substitute the volume fraction of the
whole samples. On the basis of this assumption, area
fraction of γ’ precipitates at a given temperature were
measured by a software (called “Image J”) on SEM
micrographs.

Results: effects of heat treatment
on microstructure and properties

The effects of heat treatment, specifically quenching and
ageing on the microstructure evolution of the nickel-
based superalloy DD6 are now studied in detail, with

emphasis placed on four aspects: (i) volume fraction,
(ii) gamma prime size distribution, (iii) microstructure
evolution during precipitation, (iv) dissolution. To this
end, bulk specimens subjected to different heat treatment
conditions have been analyzed using SEM microscopy to
describe the size of the precipitates. Image J was used to
count and measure the precipitates.

Volume fraction

Figure 1 shows quantitative image analysis results for
the H4hr DD6 alloy. The volume fraction parameter of γ’
phase, at different temperatures on heating at (0.15°C/s),
cooling at (0.15°C/s) or after subsequent isothermal heat
treatments – leading to approaching equilibrium condi-
tions – is shown in Figure 1(a) in the temperature range
between 1,170 and 1,260°C. It can be seen that the γ’
volume fraction varies significantly within the first 90°C
below the solvus. It is also clear that the volume fraction
of γ’ phase on heating and cooling is always far from the
equilibrium fraction, especially for the heating condition.
This is confirmed by the evolution of the volume fraction
of γ’ phase with time for the temperature of 1,240°C
shown in Figure 1(b). The volume fraction approaches
approximately 65% with the decreasing temperature.
Luckily, the results (see Figure 1(a)) were in reasonable
agreement with the China Aeronautical Materials
Handbook [21].

Figure 1: Quantitative image analysis for H4hr DD6: (a) Evolution of the relative volume fraction of γ’ phase with temperature under cooling
and heating at 0.15°C/s as well as equilibrium conditions. (b) Evolution of the volume fraction of γ’ phase during ageing at 1,240°C
subsequently to continuous cooling from 1,315°C (0.15°C/s) or continuous heating from room temperature (0.15°C/s).
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Gamma prime size distribution

Ageing

The heat treatment consisted of a continuous heating at
0.15°C/s from room temperature to 1,260°C, followed by
isothermal treatment for 40 or 80 min and then water
cooling. Typical precipitate size in the as quenched struc-
ture and its evolution as a function of ageing time is
presented in Figure 2 for the DD6. Here, micrograph (a)
presents the “as quenched” structure that shows a rather
interesting distribution of γ’ with a spherical “labyrinth
morphologies”. Figure 2(b)–(c) shows the evolution of the
structure with ageing time: the precipitate size increases
slowly in the first 40 min, followed by a sharp coarsen-
ing, with mostly an increase in order and a reduction in
the channel width.

Cooling rates

Figure 3 shows micrographs of the structure resulting
from the γ field in the case of DD6 alloy. Their shape

and size distributions are intensely dependent on the
cooling conditions. Figure 4 presents the particle
number and volume fraction of γ’ precipitates in differ-
ent cooling rates. These two figures reveal that higher
cooling rates make less γ’ precipitates, simultaneously,
Figure 3(b) (air cooling) has the smallest average
edge length of γ’ precipitates, of which the largest one
is observed in Figure 3(c). Namely, lower cooling rate
make for the growth as well as an ordered arrangement
of γ’ precipitates. For water cooling (see Figure 3(a)) as
well as air cooling (see Figure 3(b)), the γ’ precipitates
were so tiny with a chaotic arrangement. Comparatively,
for furnace cooling (see Figure 3(c)), the microstructure
observed by SEM was a mixture (with larger size) of
cubes, groups of cubes and intermediate more
complex shapes (arrowed), which will be discussed
later. Compared with Figure 3(c), a large number of
cross-shaped dark stripes proved to be primary dendritic
were observed in both Figure 3(a) and (b), which were
just like crisscross of paths in fields. Apart from ageing
factor, the order of the structure also correlates with
cooling rates. In fact, by comparing the samples with
different cooling rates (see Figure 5), one can visually

(a) (b) 

(c) 

Figure 2: Evolution of precipitate micro-
structure with isothermal ageing at
1,260°C. (a) DD6 as water quenched;
(b) After 40 min of isothermal ageing;
(c) After 80 min of isothermal ageing.
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detect that the sample that has been water quenched
(Figure 5(c)) tends to have a more regular shape of the
gamma prime cuboids. At the same time, Figure 5(d)
shows that the gamma prime size gets slightly bigger
with the cooling rate increases.

Microstructure evolution during precipitation

Figure 6 shows the microstructure of H4hr DD6 samples
quenched during precipitation process for a continuous
cooling rate of 0.15°C/s sometimes followed by isothermal

30 min 1,315°C

(a) (b) 

(c) 

Figure 3: The effect of different cooling
rates on the formation of the γ’ mor-
phology after isothermal treatments at
1,315°C for 30 min: (a) water cooling;
(b) air cooling; (c) furnace cooling.

Figure 4: Particle number and volume fraction of γ’ precipitates in different cooling rates.
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heat treatments. Isothermal treatment just below the γ’
solves made the precipitation proceed randomly
throughout the grain in a homogeneous manner, as
demonstrated by micrographs 6(a) and (b) from samples
quenched at 1,280 and 1,260°C after subsequent isother-
mal heat treatment, respectively. Among the small sphe-
rical precipitates resulting from the quench, the first
“resolvable” precipitates had a so-called dewdrop
cubic morphology (arrows A in micrograph (a)). In addi-
tion to these small cubic morphologies, the precipitates
presented three kinds of morphology as a function of
their size in the early stage of precipitation. The largest
precipitates (arrows D) consisted of a structure of four
adjacent trapeziform particles. The “goblet” morphology
(arrow B) actually consisted of two small cubic one. The
other precipitates (arrows C) consisted of a structure
made of particles with fillet angles but attached to
each other just like cross. At 1,260°C (micrograph
Figure 6(c)), the precipitates have grown in size and
protrusions could be observed at the tip of some
squared shapes (arrows E). It is rather clear from the

succession of micrographs 6(a)–(c) that the different
precipitate shapes arrowed A→B→C→D→E→AþD
depicts various stages of a splitting process going from
a single precipitate (A) to a structure made of adjacent
particles (D). As we can see, the particle (E) represents a
transition condition that ultimately divides into two
parts: a single precipitation (A) and four adjacent parti-
cles (D). Visual image is drawn in Figure 7. For further
cooling, the clustering phenomenon was observed
(arrow F) in Figure 6(d), compared with the structure
of four adjacent “square” particles (arrow D), this mor-
phology (arrow F) contains more particles in number as
well as more complicated characteristic in formation.
The formation of clustering is more or less related to the
specific quenching temperature (1,240°C); furthermore, it
is the quenching temperature that leads the γ’ particles to
a rapid growth in narrow local area and those small
particles are not ready for uniform distribution in the
following water cooling. In comparison to Figure 6(f), the
precipitates shown in Figure 6(e) had a slightly bigger size
and their morphology seemed to be more uniform. This

(a) (b)

(c) (d) 

Figure 5: Evolution of precipitate micro-
structure with isothermal ageing at
1,260°C followed by different quenching
rates: (a) continuous heating at 0.15°C/s
from room temperature until 1,260°C
followed by isothermal treatment for 40
min and then furnace cooling simplified
as 1,260°C-40 min-f.c.; (b) 1,260°C-40
min-a.c.; (c) 1,260°C-40 min-w.c. and
(d) shows the gamma prime average size
for above three quenching conditions.
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shows that isothermal heat treatment makes for the
growth as well as the orderly arrangement of precipitates,
which is consistent with the conclusion mentioned above,
actually. In addition, clustering has not been found in
Figure 6(e), it is the elastic field existed in every between
γ’ precipitate forces those particles to be uniform from
clustering condition.

Dissolution

Figure 8 shows micrographs of specimens quenched dur-
ing heating (0.15°C/s) or after an isothermal ageing at
1,240°C for 80 min. While in some areas precipitates have
dissolved or were undergoing a dissolution process
(arrows A), in other areas stable precipitates aligned
along the <001 > directions were still existent (arrows

B). More information about the comments specific to the
fine scale structure of the γ’ precipitates under dissolu-
tion can be found in Ref. [7]. After 80 min at 1,240°C the
precipitates had lost their cubic shape for a more
rounded one (see Figure 8(d)).

Discussion

Volume fraction

The quantitative image analysis results in Figure 1(a)
indicates that the volume fraction of γ’ phase under dis-
solution was further away from equilibrium than under
precipitation, which is in agreement with Grosdidier [10].
Although the volume fraction of γ’ phase under

C 

B A 

1 µm 

B 

(a)

5 µm 

D

C 

(b) 

1 µm 

E 

E

D 

(c)

F 

1 µm

(d) 

1 µm

F 

(f) (e)

1 µm

Figure 6: SEM micrographs showing the microstructure
of samples quenched during the precipitation process
after a continuous cooling at 0.15°C/s or continuous
cooling followed by isothermal treatments for the H4hr
DD6 superalloy. (a) Isothermal treatments at 1,315°C for
30 min, and continuous cooling at 0.15°C/s followed by
isothermal treatments at 1,280°C for 40 min and then
water cooling on DD6 specimens (simplified as 1,280°C-
40 min); (b) 1,260°C-40 min; (c) Isothermal treatments
at 1,315°C for 30 min, and continuous cooling at 0.15°C/
s until 1,260°C followed by water cooling on DD6 spe-
cimens (simplified as 1,260°C); (d) 1,240°C; (e) 1,220°C-
40 min; (f) 1,220°C.
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dissolution could be slightly over-estimated because a
possible increase in volume fraction during the quench-
ing process cannot be eliminated, it is doubted whether
this deviation from the equilibrium could be attributed to
the fact that the coherent γ’ precipitates withstand
dissolution.

Gamma prime size distribution: ageing
and cooling rates

The γ’ precipitates are major strengthening phases in the
superalloys. They coherently precipitate from the γ
matrix during the cooling process. Figure 2(a) shows a

Goblet 
B 

Cross 
C

The four     
D 

Protrusions 
E 

Cell division 
A and D 

Dewdrop 
A 

Cluster 
F Figure 7: Various stages of a splitting process going

from a single precipitate (A) to a structure made of
adjacent particles (D). Protrusion (E) is a transition
condition. Cluster (F) is observed in Figure 6(d)
and 6(f).

1 µm 

A 

B 

B 

A

1 µm 

(c)

(a)

1 µm

(d)

1 µm 

(b) 

Figure 8: (a)–(d) SEM micrographs showing the microstructure of samples quenched during the dissolution process after a continuous
heating at 0.15°C/s (a), (b) and (c) or continuous heating followed by isothermal treatment at 1,240°C for 80 min. (d)H4hr DD6 superalloy.
(a) continuous heating at 0.15°C/s from room temperature until 1,170°C and then water cooling (simplified as 1,170°C); (b) 1,240°C;
(c) 1,260°C; (d) continuous heating at 0.15°C/s from room temperature until 1,240°C followed by isothermal treatment for 80 min and then
water cooling (simplified as 1,240°C-80 min).
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rather interesting distribution of γ’ with a spherical
“labyrinth morphologies”, regrettably, similar morphol-
ogy has not been found in other documents. There is a
doubt that this reveals the splitting mechanisms in
unknown manner.

Precipitation

For the cooling rate of 0.15°C/s set in this work, a main
part of the precipitates grown freely until the octocubic
stage (Figure 4). In fact, their precise shape during cooling
due to an equilibrium between effects related to elastic
strain and others resulting from kinetics of diffusion. The
matrix is supersaturated in the initial stage of the precipi-
tation process and, for kinetics effects, the precipitates are
“dewdrop” and “goblet” in shape, although this is not an
equilibrium shape from a merely elastic point of view [11].
Precipitates emerging branches attached to one another
(the “cross”) are metastable structures of precipitates
growing rapidly in a supersaturated matrix while under-
going splitting. Next in the process, when growth is
delayed by the effect of the diffusion field, the precipitate
interfaces tend to the equilibrium flat ones. At this stage,
further increase in the γ’ volume fraction can also be
achieved by the growth of new precipitates (i.e. dewdrop)
in the depleted γ corridors [10].

Dissolution

The observations show that the dissolution process of the
γ’ phase is also intensely affected by the presence of the
elastic field associated with the misfit. The preferential
selection of the precipitates to dissolve is determined by
differences in local stability associated with the elastic
interactions. The dissolution of the γ’ precipitates is
related to the consecutive disappearance of precipitate
groups tending to be unstable to others [7]. Because of
this, small precipitates within the alignment have to grow
at the cost of larger ones which are not in an actively
favorable position. In a similar way, coherency strain was
shown to be accountable for preferential coarsening
under ageing in other alloys. This was demonstrated by
the point that small precipitates did not dissolve all for
the growth of larger precipitates [6]. Without large
enough elastic strain field, the dissolution process is far
more continuous and uniform. This was observed when
the dissolution process was carried out under applied

stress so that a dislocation network could form at the γ/
γ’ interface [7].

Conclusions

The effect of post-heat treatment on the microstructures
in commercial material DD6 is fully investigated. The
following conclusions can be drawn from this work:
– The major part of the transformation occurs in the

range from 1,120°C to 1,315°C. Though the moderate
cooling and heating rate of 0.15°C/s are selected in
this work, noticeable deviation from the equilibrium
volume fraction of γ’ phase is detected for both the
dissolution and precipitation processes above 1,120°C.

– Figure 2(b)–(c) shows the evolution of the structure
with ageing time. They indicate that ageing time
contributes to both the size and ordered distribution
of γ’ phase.

– Lower cooling rate make for the growth as well as an
ordered arrangement of γ’ precipitates when sam-
ples quenched at 1,315°C; comparatively, under the
condition of continuous heating at 0.15°C/s from
room temperature to 1,260°C, it is not difficult to
conclude that the quicker the cooling rate is, the
bigger size and ordered arrangement of γ’ precipi-
tates will get.

– Specific quenching temperature (1,240°C in this
paper) contributes to the clustering of γ’ precipitates.

– The experimentally defined shape sequences are as
follows: Dewdrop→ Goblet→ Cross→ The four→
Protrusions. The consecutive shape changes wit-
nessed during precipitation can be understood by
considering the consecutive equilibrium shapes of a
precipitate which grows initially in an infinite matrix.
In addition, the phenomenon of cluster in local area
can be attributed to the elastic field between γ’ pre-
cipitates and its neighbors.

– Providing that the γ’ precipitates stay coherent, the
choice of the precipitates to dissolve first is deter-
mined by differences in local stability related to the
elastic interactions. It is also illustrated that the
coherency of the precipitates improves their potential
to resist dissolution.
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