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ABSTRACT

Cooling-induced precipitation of the strengthening γ’ phase
is commonly investigated in Ni-base superalloys with a high
γ’ volume fraction, where it is used to control the ﬁnal
microstructure and properties. Less is known about the
phase separation in low-volume-fraction alloys during
cooling, although the microstructural state after cooling
from solution treatment is known to aﬀect subsequent
heat-treatment steps. We use atomic-scale characterisation
of Ni-base superalloy Haynes 282 (equilibrium γ’ volume
fraction around 20%) to show that air cooling after solution
or carbide stabilisation results in precipitation of nm-sized
γ’ particles, whereas precipitation was suppressed during
water quenching. The solution treatment has a signiﬁcant
eﬀect on the hardness and γ’ precipitation during air
cooling from the subsequent carbide stabilisation
temperature. Also, the carbide-stabilisation treatment itself
aﬀects the γ’ precipitation during subsequent air cooling.
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Introduction
Precipitation-strengthened nickel-base superalloys have been developed to
meet the ever-increasing demand for higher operating temperatures in gas turbines used in aircraft and power-generation units [1–3]. One such recently
developed nickel-base superalloy, Haynes 282, has been attracting interest
owing to a combination of properties such as creep strength, thermal stability
and fabricability [4]. A good combination of these properties is achieved on
account of the precipitation of a strengthening phase (γ’, L12 Ni3(Al,Ti)) and
grain-boundary carbides (mainly M23C6 and M6C) during heat treatment [1].
To adequately determine the inﬂuence of microstructure on high-temperature
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performance, it is critical to understand the nature of precipitation during and
after heat treatment.
An earlier heat-treatment study on Haynes 282 sheet material showed that
directly applying a standard two-step heat treatment (1010°C/2 h + 788°C/
8 h) to mill-annealed material, without initial solution treatment, resulted
in an increase in both strength and ductility as compared to the solutionized
(at 1120°C) and heat-treated condition [5]. One observation from that study,
which was left unexplained, was the diﬀerence in hardness measured after
quenching from the carbide stabilisation treatment (2 h at 1010°C; ﬁrst step
in the two-step ageing treatment) of mill-annealed and solution-treated
material. The present contribution is aimed at further probing the eﬀect of
solution treatment, and in particular the cooling rate, on the subsequent
behaviour during carbide stabilisation by detailed characterisation of the precipitation state after diﬀerent heat treatments using atom probe tomography
(APT), a technique that enables atomic-level microstructural characterisation
[6,7].
The hardness of Ni-base superalloys is controlled by the precipitation of γ’,
which exhibits fast enough kinetics to allow nucleation during cooling after solution treatment. The majority of the published studies regarding coolinginduced precipitation in Ni-based superalloys have been focused on highvolume-fraction (typically powder-metallurgy) alloys, in which precipitation
readily occurs even during fast cooling from solution treatment, see for
example [6–15]. Information regarding precipitation during cooling of relatively low-volume-fraction alloys, on the other hand, is scarce in the literature,
especially for high cooling rates. In Alloy 718, no (or very limited) precipitation
of γ’ and/or γ’’ could be seen in transmission electron microscopy (TEM)
micrographs following air cooling or water quenching from solution treatments
at 1045°C/45 min, whereas furnace cooling resulted in signiﬁcant precipitation
of γ’, γ’’ and δ [13]. For Haynes 282, γ’ particles in the size range 10–20 nm have
been reported in thicker solution-treated sections owing to the slow cooling
[16]. Fahrmann and Pike [17] also reported indications of small (< 10 nm in
diameter) γ’ in high-resolution scanning electron microscopy (SEM) images
of mill-annealed thin sheet (1.6 mm thick, mill-annealed at 1149°C), which
was consistent with previous experiments and simulations using controlled
cooling rates [18]. No such indications were found in the previous study of
3 mm sheet used in this investigation [5], which could arise from diﬀerences
in processing history. However, the exact history of the previously investigated
3 mm sheet was not available for comparison. Polkowska et al. [19] also
suggested that the studied 1.6 mm thick sheet in the mill-annealed condition
could contain γ’ particles below the resolution limit of SEM based on the
heat-treatment response when aged below the carbide solvus temperature.
Similarly, slow cooling from solution treatment at 1135°C led to coarser γ’ particles after one-step aging at 800°C (without carbide stabilisation) of a 15 mm
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thick plate [20], indicating the presence of cooling-induced nucleation after
solutionizing.
In order to address the issue of γ’ formation during cooling in Haynes 282 we
investigate the presence of nanoscale precipitation in the mill-annealed condition and compare this with the microstructure obtained after solution treatments followed by cooling at diﬀerent rates. Furthermore, we study the
precipitation state after a carbide-stabilisation treatment of material in
diﬀerent starting states, and cooled at diﬀerent rates, in order to further understand the eﬀect of the initial solution treatment on the precipitation during the
subsequent heat-treatment step.

Materials and methods
The material used in this study was a 3 mm thick sheet (the same as used in [5]),
received in the mill-annealed state. The exact conditions for the mill-annealing
are not known, but it was manufactured as per speciﬁcation AMS5951. The
nominal composition (in wt.%) is Ni-19.5Cr-10.1Co-8.67Mo-2.24Ti-1.48Al1.0Fe-0.053C-0.05Si-0.005B-0.002P-0.002S. The average grain size was
measured to be 150 μm, and primary MC carbides were sparsely dispersed
inter- and intra-granularly. Samples with dimensions of 20 × 20 × 3 mm3
were cut from the sheet by water-jet cutting and heat treatments were performed in a box furnace in air. The diﬀerent heat treatments are summarised
in Table 1. Three diﬀerent starting conditions were investigated: the millannealed state and two states subjected to solution treatment at 1120°C for
30 min followed by air cooling or water quenching. The duration of the solution treatments was chosen to achieve complete dissolution of secondary carbides without inducing noticeable grain growth [21]. Specimens from all
starting conditions were subjected to a subsequent carbide stabilisation treatment at 1010°C for 2 h, followed by air-cooling or water-quenching.
The temperature histories obtained during air-cooling from 1120 and1010°C
were measured using spot-welded thermocouples on dummy specimens. The
resulting temperature and cooling rates are shown in Figure 1. A typical time
to reach a temperature of around 500°C, where diﬀusion is negligible, is
around 1 min when starting from 1010°C (corresponding to an average
Table 1. Summary of the applied heat treatments. Note: solution treatment (ST): 1120°C/
30 min, stabilisation treatment: 1010°C/2 h.
Starting condition

Cooling from stabilisation treatment

Designation

Mill-annealed (MA)

Air-cooled (AC)
Water-quenched (WQ)
Air-cooled (AC)
Water-quenched (WQ)
Air-cooled (AC)
Water-quenched (WQ)

MA + 1010/AC
MA + 1010/WQ
ST/AC + 1010/AC
ST/AC + 1010/WQ
ST/WQ + 1010/AC
ST/WQ + 1010/WQ

Solution-treated (ST) and
air-cooled (AC)
Solution-treated (ST) and
water-quenched (WQ)
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Figure 1. Temperature and cooling rate as a function of time when cooling from 1120°C and
1010°C, respectively, in air. For cooling from 1120°C only the part below 1010°C is shown.

cooling rate of around 10°C s–1), and ﬁnite-element (FE) simulations showed
that the temperature gradient between the centre of the specimen and the
surface, where the thermocouple is placed, was negligible. The cooling curves
in the range 1010°C–500°C are virtually identical, independent of the starting
temperature (1120 or 1010°C). The cooling rate during water-quenching was
not measured but was certainly at least an order of magnitude higher.
All nine conditions were characterised by SEM (LEO Gemini 1550), hardness measurement and APT. Standard metallographically prepared specimens
were etched with γʹ etchant (15 g CrO3, 150 ml H3PO4, 10 mL H2SO4) to
reveal the features in SEM. Hardness testing was performed according to
ASTM standard E92 and a Vickers macro-hardness with 10 kg load. An
average of ﬁve measurements is reported in this study. APT samples were prepared by producing 10 mm long blanks with square cross-section of typical
dimensions 0.2 × 0.2 mm2. The blanks were cut out of the bulk material
using a water-cooled diamond cutting blade. Needle-shape specimens were
produced from the blanks by electropolishing using standard solutions and
conditions for nickel alloys (10% perchloric acid and 20% glycerol in methanol
and 2% perchloric acid in 2-butoxyethanol). The material was characterised
using an atom probe instrument LEAP 3000X HR, from Imago Scientiﬁc
Instruments, using a specimen temperature of 30 K, a laser pulse energy of
0.30 nJ at a wavelength of 532 nm and a pulse repetition rate of 200 kHz.
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Particles were identiﬁed based on Al iso-concentration surfaces (threshold 12
at.%, voxel size 1 nm3 and delocalisation 3 × 3 × 1.5 nm3), and volume fractions
were calculated as the fraction of atoms contained in the identiﬁed particles
divided by the total number of atoms in the reconstructed volumes. Number
densities were calculated as the sum of the number of particles fully contained
in the analysed volume and half the number of particles on the volume edge,
divided by the total analysed volume (which in turn was calculated from the
total number of atoms in the analysis, the detection eﬃciency (37%) and the
lattice parameter for Haynes 282).

Results and discussion
Results from the SEM investigation are shown in Figure 2. A small amount of
grain-boundary carbides is seen in the mill-annealed state, which are dissolved
during solutionizing. The carbide stabilisation treatment produces a distribution of discrete carbide particles in grain boundaries, as expected. No precipitation of γ’ is seen in the grain boundaries, and in no case was intragranular γ’
observed in the SEM.
The hardness of the heat-treated specimens is shown in Figure 3. As previously observed [5], the hardness decreased from the mill-annealed state
after solution treatment and water quenching. In contrast, an increase in

Figure 2. SEM images showing the presence of grain-boundary carbides and the absence of
large γ’ precipitates with diﬀerent heat-treatment conditions revealed by oxalic-acid etching.
Note that particle-like features in the grain interiors (most clearly visible in the ST/AC and
ST/WQ + 1010/AC conditions) are artefacts from electrolytic etching, and not γ’.
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Figure 3. Hardness after diﬀerent heat treatments.

hardness is observed after air-cooling from the solutionizing temperature. As
no grain growth occurred during the solution treatment, these observations
suggest that dissolution of precipitates induced by cooling in the mill-annealed
state is responsible for the decrease in hardness after solution treatment and
water quenching, and that the precipitation process is fast enough to result
in signiﬁcant phase separation during air cooling, but not during water quenching. The higher hardness in the solution-treated and air-cooled samples compared to the mill-annealed condition further indicates that the cooling rate
during mill annealing was relatively rapid, presumably faster than the current
air-cooling.
Water quenching from the carbide-stabilisation-treatment temperatures
results in the same hardness, independent of starting condition, corresponding
to the hardness level observed after solution treatment and water quenching.
This suggests that all prior cooling-induced γ’ is dissolved at 1010°C. It also
conﬁrms that the grain-boundary carbides (which are present after the stabilisation treatment but not after solution treatment) have negligible inﬂuence on
the hardness level. Air cooling from 1010°C, on the other hand, results in signiﬁcant diﬀerences between the mill-annealed and the solution-treated starting
condition, where specimens subjected to an initial solution treatment show
around 20 HV (8.5%) higher hardness. As the specimens showed very similar
hardness after water quenching from carbide stabilisation, this diﬀerence
must arise from diﬀerences in precipitation during cooling and indicates that
this process is aﬀected by the prior solution treatment. Surprisingly, the
eﬀect observed here is opposite to that seen in the previous study, where
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mill-annealed specimens showed higher hardness (equal to that observed in the
mill-annealed starting state) than solution-treated specimens after carbide
stabilisation and quenching. One possible reason is that the grain growth occurring during the longer solution-treatment times used in [5] also reduced the
dislocation density and thus the number of potential nucleation sites, but this
clearly requires further studies. Furthermore, the hardness obtained after air
cooling the solution-treated materials from the carbide stabilisation treatment
showed some 35 HV (∼14%) higher hardness compared to those air cooled
from the solutionizing temperature. As the temperature history in the region
where γ’ precipitation is expected to occur is virtually identical in the two
cases (see Figure 1), this indicates that, besides the eﬀect of the initial solution
treatment, the 2 h spent at 1010°C also alters the subsequent precipitation
behaviour.
The presence of γ’ in the mill-annealed state was conﬁrmed by APT (Figure 4
and Table 2). Water quenching after solution treatment resulted in the complete absence of γ’, conﬁrming the reason for the strength diﬀerence suggested
above, whereas air cooling produced a precipitation state qualitatively similar to
the mill-annealed condition (Figure 4). The average γ’ size was the same in
these two conditions (diameter 2.5 nm), whereas the number density is
higher in the air-cooled solution-treated specimen, which is consistent with
the higher hardness.
As in the solution-treated and water-quenched material, no γ’ was found in
specimens that were water quenched from 1010°C. Air cooling from 1010°C, on
the other hand, results in precipitation of γ’, consistent with the increased hardness of these materials. The size and number density of the γ’ found after air
cooling from the carbide-stabilisation treatment of the two solution-treated
starting conditions are very similar. As the absence of γ’ after carbide

Figure 4. Atom probe tomography reconstructions of the diﬀerent material conditions where
γ΄ precipitation could be detected. 12 at.% Al iso-concentration surface is used to visualise the
γ/γ’ interfaces, with Cr atoms in light blue. The slice thickness is 35 nm.
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Table 2. Results of APT analysis showing the size (average diameter), number density and
volume fraction of γ’ precipitates.
Heat treatment
MA
MA + 1010 /AC
MA + 1010/WQ
ST/AC
ST/AC + 1010/AC
ST/AC + 1010/WQ
ST /WQ
ST /WQ + 1010/AC
ST /WQ + 1010/WQ

Hardness
(HV)

Size
(nm)

Number density
(10−3 nm−3)

Volume fraction
(%)

209
258
187
244
280
185
184
280
186

2.5
6.0
–
2.5
3.9
–
–
4.2
–

0.17
0.43
–
0.33
1.1
–
–
1.2
–

0.2
7.3
–
0.3
5.8
–
–
5.8
–

stabilisation and water quenching indicates that the particles were completely
dissolved at 1010°C, and the temperature histories during air-cooling from
1120 and 1010°C were almost identical below the carbide stabilisation temperature (Figure 2), one would expect the precipitation state to be very similar after
air cooling from the two temperatures. However, the hardness measurements
reported above indicate otherwise. Compared to the solution-treated and aircooled state, the particle size after the 1010°C treatment is larger (∼ 4 nm compared to 2.5 nm) and the number density is higher by a factor of 3–4. The
carbide stabilisation step applied after solution treatment clearly has a pronounced eﬀect on the γ’ precipitation during the subsequent cooling. This
eﬀect is not related to the γ’ precipitated during the cooling from the initial solution treatment, as indicated by the similarity in the γ’ size and number density
after air cooling of the two solution treated conditions from 1010°C, which
again is consistent with the complete dissolution of γ’ at this temperature, as
shown above. These results are entirely consistent with the observations
made from the hardness measurements. As the cooling-induced precipitation
will depend on the distribution of the chemical elements in the matrix,
several diﬀerent explanations for the eﬀect of the carbide stabilisation on the
subsequent precipitation can be considered. Homogenisation during the
carbide stabilisation might play a role, but this eﬀect should be minor in
samples subjected to prior solution treatment. Furthermore, during the stabilisation treatment, the primary carbides, rich in Ti, can partially decompose
according to MC→M23C6/M6C + γ. Since M23C6 does not contain Ti [16],
and M6C only dissolves small amounts of Ti (around 2–3 at.% [16]), it is possible that the increased Ti content released during decomposition can, at least
locally, promote γ’ precipitation. The formation of secondary carbides will
also bind Cr and Mo from the matrix in the carbides, thereby eﬀectively enriching the matrix in γ’ forming elements. The dominating mechanism can,
however, not be concluded from the present study.
Interestingly, further diﬀerences are seen when comparing with the microstructure observed after carbide stabilisation and air cooling of the millannealed starting condition. Here, the γ’ size is even larger (around 6 nm in
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diameter), but the number density is close to that observed in the mill-annealed
or solution-treated and air-cooled condition. This signiﬁcant diﬀerence from
that observed after the 1010°C treatment of the solution-treated starting condition directly conﬁrms the pronounced eﬀect of solutionizing on subsequent
heat treatments, as previously observed from the hardness measurements.
While the detailed mechanisms behind this eﬀect cannot be resolved from
the present investigation, it is likely that the homogenisation of the matrix
during solution treatment plays an important role for the response during subsequent steps.
Conclusions
In summary, a detailed characterisation of Haynes 282 after diﬀerent heat treatments has revealed the following:
(1) The mill-annealed (as-received) state contained nano-scale γ’ precipitates.
The dissolution of these precipitates at 1120°C is responsible for the previously observed drop in hardness after solutionizing and water-quenching.
(2) Whereas water-quenching suppresses precipitation after solutionizing,
air-cooling at an average rate corresponding to ∼10°C/s to 500°C, results
in a state similar to the mill-annealed.
(3) The solution treatment also aﬀects the precipitation during cooling from a
subsequent carbide-stabilisation treatment at 1010°C, as seen from diﬀerences
in the hardness and γ’ distribution after carbide stabilisation and cooling,
when starting from the mill-annealed or the solution-treated condition.
(4) The carbide precipitation treatment itself also aﬀects the precipitation
process, giving a diﬀerent hardness and precipitate structure than after
initial solutionizing, in spite of the virtually identical temperature history
during cooling. Hardness measurements and APT observations were consistent throughout.
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