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Abstract: Precipitation of γ’ phase in nickel-base superalloy IN792-5A was studied using in-situ
Small Angle Neutron Scattering (SANS). It was found that additional precipitates are formed after
reheating above 600 ˝C when the material is previously fast cooled (100 K/min) from 900 ˝C. The size
distribution and volume fraction of the additional γ’ precipitates as well as of the already present
medium-size precipitates in dependence on temperature were evaluated. The small precipitates
can influence mechanical properties of the alloy, which exhibits an anomaly in the temperature
dependence of the yield stress. Volume fraction of all precipitate populations above 900 ˝C was
estimated as well.

Keywords: metals; high temperature alloys; superalloy; precipitation; neutron scattering; in-situ
neutron diffraction; small-angle neutron scattering

1. Introduction

Excellent strength of Ni-base superalloys comes from their microstructure composed of
strengthening γ’-precipitates (L12 lattice) coherently embedded in γ solid solution (fcc) matrix [1,2].
Morphology of γ’ precipitates after standard heat treatment is spherical or cuboidal, depending on the
lattice misfit, with dimensions in the range 1000–7000 Å [3].

Precipitate microstructure was examined in the past in IN738LC alloy both ex situ and in situ
at elevated temperatures [4] using Small-Angle Neutron Scattering (SANS) technique [5]. It was
found that additional precipitates in the channels between the large primary ones are formed either
during slow cooling from high temperature or after reheating above 570 ˝C [4]. The new precipitates
presumably affect mechanical properties as such small (tertiary) precipitates very significantly
contribute to strengthening in polycrystalline superalloys [6,7].

Neutron diffraction offers a unique tool for ex- or in-situ bulk investigation of superalloy
microstructure. While ex-situ SANS brings information on precipitate morphology, size and specific
interface in superalloys (see e.g., [8,9] and references therein), in-situ SANS studies, moreover, are
able to follow the evolution of the microstructure of superalloys directly at high temperature [10–14].
This approach has important benefits when compared with room temperature measurements, as the
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morphological changes occurring on cooling do not influence the results of the microstructural
characterization. Moreover, SANS is an integral method that can extract information from a large
amount of precipitates in bulk («4 ˆ 1011 particles in the present experiment when counting only large
precipitates). The results are thus not influenced by local inhomogeneities in the specimens, which
could be the case when using microscopic methods. Therefore, SANS technique can be effectively
used to map the temperature threshold where the formation of precipitates starts, to investigate
the kinetics of their growth and to find the temperature limit for their dissolution. It can also
bring information on volume fraction of precipitates, which is an important input parameter for
strengthening modeling [6,15].

The present experiment was focused on in-situ investigation of precipitate formation and
dissolution at elevated temperatures in another type of Inconel superalloy, IN792-5A. The initial
ex-situ SANS tests carried out with IN792-5A alloy indicated that the formation of a new population of
precipitates with slow kinetics occurs similarly to that in previously investigated IN738LC superalloy.
The principal task of this study was similar as in the case of IN738LC alloy: to examine if and at
which temperature the secondary precipitation occurs in IN792-5A and at which temperature the
small precipitates disappear. The temperature intervals corresponding to the changes in the precipitate
distribution can be correlated with the temperature domain where the anomaly of the mechanical
properties appears. Simultaneously, the dissolution of large primary precipitates was studied in the
present in-situ SANS experiment.

2. Material and Methods

2.1. Specimens and Thermo-Mechanical Treatment

IN792-5A is a cast polycrystalline Ni-base superalloy for turbine rim of small supplementary
energy units in aircrafts. Its composition is reported in Table 1. The heat treatment of the superalloy was
as follows: (1120 ˘ 5) ˝C/4 h air stream cooling, (1080 ˘ 5) ˝C/4 h air cooling, and (845 ˘ 5) ˝C/24 h
air cooling.

Table 1. The chemical composition (wt. %) of the IN792-5A superalloy [16] and the approximate
chemical composition of γ´ precipitates in this superalloy taken from the reference [17] determined
by energy dispersive spectroscopy. (Note: Hf reported in 0.5% to be present in the alloy used in [17]
was not present in the alloy used in the present experiment. Proportional adjustment for the other
elements to 100% was done). Scattering length densities (SLDs) at room temperature of the respective
alloy (average) and of the γ´ precipitates calculated using the given compositions are reported in the
last column.

Cr Mo C Co Fe Zr Nb Al B Ti Ta W Ni SLD (109 cm´2)

alloy 12.28 1.81 0.078 8.87 0.16 0.031 0.1 3.36 0.015 3.98 4.12 4.1 rest 64.1
γ´ 3.48 4.92 4.61 7.17 7.17 2.56 rest 66.8

Morphology of γ’ precipitates after this standard heat treatment was bimodal, with large (mostly
cuboidal) precipitates with size 630 nm and smaller spherical precipitates with dimension 190 nm [18].
Figure 1 displays Transmission Electron Microscopy (TEM) micrograph of typical precipitate
microstructure in the material. 68% volume fraction was found using image analysis software
(Adaptive Contrast Control) [18]. Table 1 also includes estimated composition of γ’ precipitates
taken from the EDS measurement reported by Dahl and Hald [17].

The specimens with diameter of 6 mm were subjected to cyclic loading (low-cycle fatigue
test) [18] at various temperatures. The specimens were cyclically strained in a computer controlled
electro-hydraulic MTS testing system with constant strain rate 2 ˆ 10´3 s´1. The total duration at
the elevated temperature in the low-cycle fatigue test was roughly 6 h (approximately 4 h hold at the
given temperature prior the cycling and 2 h cycling). The specimen was cycled at 900 ˝C with strain



Metals 2016, 6, 37 3 of 12

amplitude 0.28%. The saturated stress amplitude reached 375 MPa. The overall number of cycles was
3245. Nevertheless, similarly as in the case of IN738LC alloy [4], no influence of stress exposure on
small precipitate formation and dissolution is expected.
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Figure 1. Transmission Electron Microscopy (dark field) micrograph of IN792-5A.

An interesting result for IN792-5A superalloy from an earlier study [19,20] was that it exhibits an
anomaly in temperature dependence of the tensile properties in the temperature region 600–800 ˝C (Figure 2).
Nevertheless, it is well known that strength of polycrystalline superalloys often increases between room
temperature and 800 ˝C [6]. Such behavior cannot be explained by simple models of strengthening, and
rather complex model considering all relevant strengthening mechanisms should be used [6].
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Figure 2. Temperature dependence of the yield stress for three Inconel superalloys. An anomaly (yield
stress increase) was observed in the temperature region 600–800 ˝C [19].

2.2. SANS Technique

The IN792-5A sample was investigated by SANS in situ using vacuum furnace at temperatures
up to 1120 ˝C. The pinhole SANS-II facility [21] at SINQ (PSI Villigen) was used for the measurement.
Preliminary tests were performed using MAUD double-crystal SANS diffractometer (NPL lab of
CANAM, NPI Řež, Czech Republic [22]).

Scattering length densities (SLDs) of the alloy and γ´ precipitates, necessary for the evaluation
of the SANS data in an absolute scale, are reported in Table 1 (last column). When assuming volume
fraction of precipitates to be 68% [18], then also the SLD of γ matrix can be calculated [4] with the
result 58.3 ˆ 109 cm´2. The corresponding scattering contrast between γ´ precipitates and γ matrix is
then 8.5 ˆ 109 cm´2.
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Cylindrical samples were used for measurement. The neutron beam path was slightly less than
6 mm. The attenuation was still acceptable and multiple scattering did not influence significantly
the scattering curves in the accessible region of scattering vector magnitude Q. The width of the slit
was only 3.35 mm in order not to have an excessively broad distribution of thicknesses in the gauge
volume. The average thickness (used in the raw-data treatment) was thus 5.62 mm. The slit height
was 10 mm. Each sample installed into the furnace was adjusted to the beam using neutron sensitive
camera. Expected thermal expansion of the stick, which was used for mounting the sample at high
temperatures, was taken into account during the adjustment.

The scattering data were collected at several (reproducible) geometries during the hold at a particular
temperature, i.e., the measurements at various geometries were done with the same sample. The data
acquisition time for one SANS pattern (i.e., at one geometry) was 5–10 min, which enables to see possible
microstructural change during hold at a temperature (the hold time > 50 min was always used).

The sample-to-detector distance was varied from 1.2 m to 6 m and the neutron wavelengths λ of
6.3 Å and 10.5 Å were used. The full covered range of Q (Q = |Q| = |k-k0|, where k0 and k are the
wave vectors of the incident and of the scattered neutrons, respectively, and |k| = |k0| = 2π/λ), was
4.0 ˆ 10´3 Å´1–0.13 Å´1 (i.e., 4.0 ˆ 10´2 nm´1 < Q < 1.3 nm´1).

The in-situ SANS experiment was performed using tantalum furnace with maximum cooling
rate approximately 100 K/min in the temperature region 900–600 ˝C. The uncertainty in temperature
determination using a thermocouple was ˘8 K due to the possible gradient of temperature in the
relatively large gauge volume. The temperature profile during in-situ SANS measurement is plotted in
Figure 2. It consists basically of three regions: temperature increase (step-by-step, the step equal to
25 K) from 550 up to 700 ˝C, which should provide information on formation of the small additional
precipitates, then the further part where dissolution of these small precipitates between 700 and 900 ˝C
was tested, and finally the temperature increase from 900 up to 1120 ˝C which was intended to provide
information on dissolution of large primary precipitates in IN792-5A.

The part dealing with dissolution of the small precipitates between 700 and 900 ˝C consisted
of series of thermal cycles 900 ˝C–400 ˝C–700 ˝C–TD, hold at each of the given temperatures for
1 h. Temperature TD has been increased in the subsequent cycles always by 25 K. The list of TD is
thus as follows: 725, 750, 775, 800, 825, 850, and 875 ˝C. The aim was to ensure—for each TD—the
same preconditions and thus the same microstructure of small precipitates at the beginning of the
hold at TD temperature. The temperature 900 ˝C served (similarly as in the case of previous study
with IN738LC [4]) for dissolution of all populations of small- and medium-size precipitates from the
previous heat treatment steps. The annealing at 900 ˝C was thus a kind of “reset” of the precipitate
microstructure—only large precipitates remain, all the others were dissolved. Then, the sample was
cooled to 400 ˝C and later heated to 700 ˝C (1 h hold) in order to produce a new population of small
precipitates. Afterwards, the sample was heated to TD in order to test the precipitate dissolution.

The last part of the in-situ experiment, i.e., the temperature increase from 900 up to 1120 ˝C
(step equal to 50 K) with one-hour hold at the particular temperature was carried out for assessment
of the volume fraction of all precipitates (i.e., not only small and medium, but also the large ones)
in IN792-5A. Since the same sample was used, the evolution of the γ’ volume fraction in the whole
temperature range up to 1120 ˝C could be determined (see Evaluation and Discussion Section).

The measured raw SANS data were corrected for background scattering and calibrated to absolute
scale using the measurement of the (attenuated) primary beam [23]. In this way, macroscopic
differential cross section dΣ/dΩ (Q) was obtained. A correction for efficiency and solid angle of
the individual pixels of the 2D detector was also performed. The scattered intensity is assumed to
originate predominantly from the compositional variations in the superalloy, i.e., due to the presence
of γ’ precipitates.



Metals 2016, 6, 37 5 of 12

3. Results

The in-situ SANS experiment was mainly focused on the determination of the temperatures at
which the formation of small precipitates starts and at which the γ’ precipitates are dissolved.

3.1. Formation of Precipitates

The temperature was increased step by step (see Figure 3) up to 700 ˝C and the sample was
held at each temperature for a long time in order to observe if the formation of precipitates occurs at
that particular temperature or not. This can be recognized from scattering intensity increase at the
largest Q-values as the smallest precipitates after their formation contribute to the intensity just in that
Q-range. A clear increase of the intensity occurs first at 625 ˝C during 2.5 h hold, as can be seen from
the scattering curves in Figure 4.
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Figure 4. The large-Q part of the selected scattering curves (the scattering cross section dΣ/dΩ (Q))
taken at different temperatures in order to detect formation of the precipitates. Precipitates start to
form only during 625 ˝C hold.

3.2. Evolution and Dissolution of Precipitates between 700 and 900 ˝C

Selected full scattering curves measured during in-situ heating are shown in Figure 5. From the
scattering curves, it can be deduced that small precipitates grew with increasing temperature and also
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that they form a dense system for which the interparticle interference has to be taken into account
when evaluating the SANS data.

The second part of the in-situ SANS experiment was focused on the determination of temperatures at
which the small- and medium-size precipitates dissolve. The evolution of small precipitate morphology
in the given temperature range can be deduced from the measured scattering curves. This temperature
range was tested in a special sequence of temperatures described previously in the Experimental Section.
The scattering curves measured in this temperature range can be seen in Figure 5.
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3.3. Dissolution of Precipitates at and Above 900 ˝C

Primary large precipitates start to dissolve above 900 ˝C. A sequence of temperature steps and
corresponding scattering curves at which this dissolution was tested by in-situ SANS can be seen in
Figure 6. The intensity decreases with increasing temperature, but does not disappear completely at
the highest temperature 1120 ˝C.

NOC program [24] was used for volume fraction estimation as this software takes into account
multiple scattering from a thick sample, which is important for the large-precipitate scattering (unlike
the scattering from the small and the medium-size populations).

Changes in the asymptotic part of the scattering intensity originating from the large precipitate
population during the in-situ thermal exposure above 900 ˝C were then treated as coming from the
relative decrease of their volume fraction. Proportionality was assumed.
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4. Evaluation and Discussion

4.1. Model for Evaluation

The SANS measurements at and below 900 ˝C were evaluated by the SASFIT program for SANS
data treatment [25]. The analysis procedure is based on the simulation of a scattering profile generated
from a set of size distributions of the particle system. In order to find the microstructural parameters
which can be extracted from the measured data, the calculated SANS profile was matched with the
experimental curve.

From the first qualitative analysis of SANS data and the observations using electron microscopy,
a model was proposed which was used for the detailed analysis of the SANS data. The microstructural
model was generally composed of three γ´ precipitate distributions:

(1) Small precipitates, mean sizes below 120 Å (radius < 60 Å), modeled by spherical-particle
population with log-normal size distribution.

(2) Medium-size precipitates, mean sizes 70–600 Å, modeled by spherical-particle population
with log-normal size distribution.

(3) Large precipitates with sizes larger than 600 Å (radius > 300 Å); these correspond
predominantly to the secondary precipitates in the alloy. [Although shape of these precipitates
is rather cuboidal, the spherical shape of particles was used in the evaluation also for these particles.
It does not matter for evaluation as only the asymptotic part of the scattering is recorded from these
particles at the used SANS facility and no details on shape and size of these particles are extracted
from the measured data].

Pronounced interparticle interference effect for small particles (due to their relatively narrow size
distribution as well as relatively dense arrangement of the small precipitates in the channels between
the large precipitates) was observed in the initial period of new precipitate population formation.
Therefore, hard-sphere model was used to approximate structure factor in SASFIT program. In all
cases, this approximation was sufficient and the resulting model curves described very well the
scattering data.

4.2. Volume Fraction

It has to be stressed that it is not possible to determine the total volume fraction of γ´ precipitates
only from the SANS measurements because the size of the largest precipitates (size 6300 Å) is well
above the detection limit for the used Q range. The scattering from these precipitates has nearly
asymptotic character (except of the lowest Q-values) in the used Q range. At very low Q-values, due
to the sample thickness, it is certain that also the multiple scattering takes place and influences the
scattering curve.

Therefore, the estimate of the total volume fraction of precipitates in IN792-5A alloy at room
temperature had to be taken from other techniques. The value 68% mentioned in the Experimental
section of this paper was used.

As already mentioned above, the size of the large precipitates is well above the detection limit
for the Q-range of the pin-hole SANS facility (SANS-II at SINQ) used for the in-situ measurements.
The scattering from these precipitates is present but has nearly asymptotic character (i.e., decreases as
Q´4 with increasing Q) and the size cannot be determined from such shape of the scattering curve.
Nevertheless, the scattering from the large precipitates has to be included in the model. Therefore, we
modeled the scattering from large precipitates by scattering from the particles of their expected size
(according to TEM results—see Figure 1) in order to get a realistic approximation of their part of the
scattering. Naturally, no conclusion for size and for absolute volume fraction of large precipitates was
drawn from the fit parameters for this particular part of the scattering. The volume fraction of large
precipitates was adjusted in such a way, that the total volume fraction was equal to 68% at maximum.

On the other hand, the volume fraction of the medium-size and small precipitates can be
determined from the SANS data. The magnitude of the scattering cross section can be employed for the
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evaluation of the volume fraction providing that the scattering contrast ∆ρ is known. We approximated
∆ρ by the value 8.5 ˆ 109 cm´2 (see the Experimental Section).

4.3. Formation and Dissolution of the Precipitates

The evaluation of the in-situ SANS data resulted in a series of size distributions of small and
medium precipitates at different elevated temperatures. The determined distributions are depicted in
Figure 7. Further parameters were derived from these size distributions.
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Figure 7. Size distributions determined for small- and medium-size precipitates at various
temperatures. They corresponds to the fitted curves in Figure 6. Rather narow peak corresponds
to the small precipitates, which is followed (towards larger radiuses) by a broader peak corresponding
to the medium-size precipitates.

Figure 8 summarizes temperature dependence of the volume fraction during formation and
dissolution. The volume fraction of small- and medium-size precipitates determined from the
magnitude of the scattering cross section using the estimated scattering contrast is reported.

Precipitation of small particles—previously suppressed due to the fast cooling from high
temperature (900 ˝C)—appears only after heating to temperatures above 600 ˝C. While the small
precipitates form only on reheating, there was a certain amount of medium-size precipitates present
already at 400 ˝C (i.e., after the fast cooling from 900 ˝C).

The small- and medium-size precipitates are fully dissolved already around 875 ˝C. As can be
seen from Figure 8, the dissolution process is size dependent: whereas the volume fraction of small
precipitates decreases in the range 725–825 ˝C with increasing temperature, the volume fraction of the
medium-size precipitates is constant or even slightly increases.

The volume fraction of small precipitates is at maximum in the temperature region 700–725 ˝C and is
estimated to be around 0.045. On the other hand, there is less than 0.02 volume fraction of medium-size
precipitates with maximum in the temperature region 775–800 ˝C. Figure 8 also shows total volume
fraction of small- and medium-size precipitates with the maximum around 0.06 at 725 ˝C. Similarly as
in [4], we estimate—thanks to the uncertainties in the scattering contrast determination—the error for the
volume fraction determination of small- and medium-size precipitates to 30%.

The evolution of the size of the small precipitates after their formation could be determined from
the in-situ SANS data. The size evolution for small- and medium-size precipitates in dependence on
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temperature and hold time is displayed in Figure 9. The small precipitates radii grew with time and
temperature from 14 Å (at 625 ˝C) to 60 Å (at 850 ˝C, 50 min hold at the temperature).

The medium-size precipitates radii grew with time and temperature from 37 Å (at 400 ˝C) to
290 Å (at 775 ˝C, 50 min hold at the temperature). For the medium-size precipitates above 775 ˝C,
it is not possible to determine their size due to the limited Q-range accessible at SANS-II and used
for the measurement. Therefore, the size of medium-size precipitates was fixed for the evaluation of
scattering curves above 775 ˝C, as shown in Figure 9.
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Figure 8. Volume fraction evolution of small- and medium-size precipitates in dependence on
temperature and hold time.
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Figure 9. Size evolution of small- and medium-size precipitates in dependence on temperature and
hold time.
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In Figure 10, the volume fractions of individual precipitate populations are shown also for the
temperatures, where large precipitates dissolve appreciably (particularly for temperatures 950, 1000,
1050 and 1120 ˝C). At 900 ˝C, both small- and medium-size precipitates are fully dissolved and only the
large precipitates remain. Their volume fraction then gradually decreases with increasing temperature.
Figure 10 also shows the total sum of all three precipitate populations.
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4.4. Strengthening by Tertiary Precipitates

As found by Kozar et al. for IN100 superalloy and its modification [6], the largest contribution
to strengthening in multimodal superalloys are tertiary precipitates (they correspond in size to the
small precipitates reported in the model used in this paper). Although there is several contributions
for strengthening in polycrystalline superalloys (solid-solution strengthening, Hall–Petch mechanism,
cross-slip pinning, strong pair-coupling, and weak pair-coupling), the main mechanism for the
strengthening according to modeling [6] is—for alloy with large grains and significant amount of
tertiary precipitates—weak pair-coupling due to tertiary (i.e., small, with size less than 10–20 nm for
IN100) precipitates followed by the strong pair-coupling mechanism due to the presence of larger
(secondary) precipitates.

The earlier models of precipitate strengthening like the one of Kozar et al. [6] were improved
recently to unify the weak pair-coupling and the strong pair-coupling mechanism into one
comprehensive model [7]. Moreover, this model can be used for complex multimodal precipitate
distributions as well. The new modeling approach was tested on several types of polycrystalline
superalloys (RR1000, Udimet, IN100, KM4). Nevertheless, the qualitative output of the novel modeling
approach [7] is for tertiary precipitates the same as found by Kozar et al.: the tertiary, i.e., the small,
precipitates provide the main part of strengthening.

Therefore, it is clear that small (tertiary) precipitates play a very significant role in strengthening.
If they are formed at elevated temperatures in the channels between the larger (secondary)
precipitates—as in our IN792-5A case—they certainly contribute to the strengthening of the superalloy
and cause the increase of the yield strength with respect to lower temperatures. Moreover, the weak
pair coupling strengthening, which is active up to the certain precipitate size, depends on the square
root of precipitate size [6]. When the small precipitates grow, it thus additionally increases the strength
of the alloy.

The last step of the standard heat treatment of the IN792-5A superalloy was the hold for 24 h
at 845 ˝C, followed by air cooling. Such long hold resulted in microstructure with very low amount
of tertiary precipitates (see Figure 8, small precipitate volume fraction at 845 ˝C) having, moreover,
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relatively large size. The relatively fast cooling (air cooling) from that temperature and slow kinetics
hindered formation of new population of tertiary precipitates. Nevertheless, when heated again to
elevated temperatures used for yield strength examination shown in Figure 2, new population of
tertiary precipitates was formed during the tensile test in the temperature region 600–800 ˝C. It caused
the observed (Figure 2) yield strength increase.

5. Conclusions

New precipitates in IN792-5A alloy arise at temperature (625 ˝C), higher than in IN738LC alloy
(575 ˝C). The fast cooling from high temperature (900 ˝C) suppresses the precipitate formation
due to the slow kinetics. The small precipitates (up to diameter of 120 Å) appear only after
heating to temperatures higher than 600 ˝C. At temperatures above 875 ˝C, small precipitates are
dissolved. The full dissolution of these small precipitates occurs in IN792-5A at a temperature that is
approximately 25 K higher than in IN738LC alloy. The volume fraction of the small newly formed
precipitates in IN792-5A is significantly lower than in IN738LC.

The size evolution and the volume fraction evolution of the small- and medium-size precipitates
with temperature were determined. The maximum volume fraction of small precipitates at 725 ˝C is
4.5%. The full dissolution of the small- as well as the medium-size γ’ precipitates occurs around 875 ˝C.
The presence of small- and medium-size precipitates in the temperature range 600–875 ˝C influences
the yield strength of the IN792-5A alloy which exhibits an anomaly in this temperature range. Since
the additional precipitation affects the mechanical properties of the alloy, these properties depend on
the thermal history of the material. The observations in this study fit well with the modeling presented
in earlier [6] or recent [7] studies highlighting significance of strengthening by tertiary precipitates in
polycrystalline superalloys.

The volume fraction evolution of large primary γ’ precipitates at and above 900 ˝C was estimated.
It was found that 1120 ˝C solution treatment (40 min) is not sufficient for their full dissolution.
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