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Two Inconel 738 nickel-base superalloy gas reactor turbine blades, in as-cast state
and after operation, were compared by high-resolution Small Angle Neutron Scattering
(SANS) at different positions along their edge, with the aim to assess the influence of
high-temperature operation fatigue on the microstructure. Size distributions and relative
volume fractions of γ′-precipitates were evaluated from measured SANS spectra for each
blade and position.

As results, the precipitate volume fraction increases towards both blades tips. The
blade after operation exhibits a significant increase of precipitates average size and volume
with respect to the as-cast blade, which can be explained by expected stronger precipitate
coarsening under higher stresses. The precipitate size varied along the blade in the as-cast
state.

SANS provides a unique possibility of non-destructive characterization of precipitates
in the turbine blades. The obtained results confirm the same method as a useful tool for
fatigue testing in the considered industrial components.

K e y w o r d s: nickel-base superalloy, precipitation, non-destructive testing, SANS, fa-
tigue

1. Introduction

Due to their attractive properties, nickel-base superalloys [1] offer numerous
application possibilities, namely in turbo-machinery industry (jet engines, pump
bodies and parts, rocket motors, etc.). These alloys exhibit, in general, a high
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strength together with good oxidation and corrosion resistance. The crucial para-
meters for their stability at high temperatures are yield stress, high elastic modulus
and low thermal expansion coefficient [2, 3]. Outstanding mechanical properties
of the same alloys result also from their two-phase structure and strengthening
of grain boundaries by carbides. The duplex structure consists of γ′ precipitates
(FCC ordered L12 structure) coherently embedded in γ matrix (disordered FCC
structure). The high temperature stability and deformation behaviour strongly de-
pend on changes of microstructure caused by complex operating thermo-mechanical
conditions [2, 4].

Inconel 738 belongs to modern nickel-base superalloys utilized at high tem-
peratures in aggressive environments, and its microstructure is composed of the
Ni-rich γ matrix strengthened by the γ′ Ni3(Al, Ti) and γ′′ Ni3Nb precipitates.
The volume fraction of these phases for standard heat treatment ranges from 40 to
43 %. Microstructure control and stabilization is very important for the effective
utilization of this superalloy at high temperatures [5].

The Small Angle Neutron Scattering (SANS) method provides information
about the microstructure through measuring angular dependence (full scattering
angle 2θ) of neutron intensity I scattered by sample to relatively low angles (up to
15◦). A quantity independent on the incident flux Φ0 and on the sample volume
V, which is usually used for the characterization of the scattering, is so called
differential macroscopic cross section dΣ/dΩ. It is connected with I by the formula:

I (Q) = [dΣ/dΩ (Q)] · Φ0 · V · T ·∆Ω, (1)

where ∆Ω is the solid angle per detector pixel and T is the sample transmission.
The scattering-vector (momentum transfer) magnitude Q = |Q| can be expressed
as:

Q = |Q| = |k − k0| = 4π sin θ/λ, (2)

where |k−k0| is the “scattering vector” and λ is the neutron wavelength. If the cross
section is drawn in dependence on variable Q (rather than on θ), then its shape
and amplitude are independent on the used λ (with exception of the multiple
scattering effect not discussed here). dΣ/dΩ(Q) contains information about the
microstructure of the sample through the Fourier transform. The microstructure
is – in case of neutron scattering – represented by the scattering length density
(SLD) ρ(r) and by the scattering contrast:

[∆ρ(r)]2 = [ρ(r)− ρ̄]2, (3)

which are analogous to the electron density in the case of X-ray scattering and
where r in the expression ρ(r) is the size of inhomogeneity (also called “particle”).
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When a two-phase system without compositional fluctuations is investigated, the
scattering contrast simplifies to:

[∆ρ]2 = [ρm − ρp]2, (4)

where ρm and ρp are SLDs of the matrix and the precipitates, respectively. It
is important to note, that inhomogeneities like γ′ precipitates in superalloys have
sufficient contrast to give strong intensity (see, e.g., ref. [6]). For the comprehensive
review of the SANS theory, see [7] and references therein.

SANS represents a useful tool for non-destructive testing although its full
strength has not been employed yet. Some earlier studies of thick samples [8–10]
have shown that the non-destructive measurement is feasible and brings useful in-
formation on the microstructure. In the present study, SANS method has been used
in non-destructive investigation of IN738 superalloy microstructure in real engin-
eering construction components – the gas reactor turbine blades. Two important
parameters characterizing the superalloy microstructure were determined at several
positions of the blades – the volume fraction and size distribution of the precipi-
tates. The variation of such parameters was measured, with the aim to assess the
microstructure response to the thermal fatigue of the examined alloy.

2. Experimental

Table 1 reports the nominal chemical composition [wt.%] of Inconel 738 poly-
crystalline alloy [5]. The experimental superalloy was thermally treated in two
steps: the solution treatment (2 hours at 1120◦C) was followed by ageing at 845◦C
for 24 hours. This thermal treatment suppresses γ′′ and ensures that only γ′ phase
is present in the superalloy [4, 5].

Ta b l e 1. Nominal chemical composition of Inconel 738 polycrystalline alloy [wt.%]

Ni Cr Co Mo W Ta Al Ti C B Zr Nb

Bal. 16.0 8.5 1.7 2.6 1.7 3.4 3.4 0.17 0.01 0.1 0.9

Two turbine blades were investigated, one in the as-fabricated state and the
other one after operation. Nine positions along the blade edge (see Fig. 1) were
tested by adopting the neutron beam cross-section of (3 × 15) mm2. The SANS
measurements were carried out at the double-crystal diffractometer DN-2 at NPI
Řež (Fig. 2) using the neutron wavelength λ = 0.21 nm [11]. The adopted in-
strument allows for measurements with momentum transfers magnitude Q tunable
between 0.002 and 0.2 nm−1, which corresponds to the real size range of about 0.01
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Fig. 1. Turbine blade with marked positions of SANS measurements.

Fig. 2. Scheme of the DN-2 SANS facility at LVR-15 reactor in Řež.

to 1 µm. The resolution of the same instrument can be properly tuned by elastic
bending of the monochromator and analyzer crystals. In our case, measurements
were carried out in two overlapping Q ranges of 0.02–0.16 nm−1 and 0.008–0.07
nm−1, respectively.
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3. Data evaluation and results

Two separate evaluation procedures were used for the extraction of the real-
-space information from the measured data: Guinier approximation and the model
fitting.

3.1 G u i n i e r a p p r o x i m a t i o n

The low-Q region of SANS data provides information about the size of large
precipitates, namely their radius of gyration, Rg. For Q ≤ 1/Rg, the scattering
curve S(Q) can be described by the Guinier approximation, which is expressed for
pin-hole geometry by the relation:

lnS(Q) ≈ lnS(0)− 1
3
(RgQ)

2. (5)

The resolution of double-crystal instruments is adequately described by so-called
infinite-slit geometry, where the approximation (5) still holds, but Q has the mean-
ing of the horizontal component of the momentum transfer Qx and Rg has to be
replaced by a slightly different value Rg slit,

R2g slit =
14
15

R2g, (6)

as can be easily proved. The low-Q ranges of scattering curves were therefore fitted
by the polynomial:

lnS(Qx) = A+
1
3
R2g slitQ

2
x + CQ4x, (7)

where the third term was used to account for higher order of the approximation
(5), see Fig. 3. Resulting radius of gyration was recalculated to an effective sphere
radius using the relation:

Rsphere =

√
5
3
Rg. (8)

The value of scattering cross-section in the forward direction, S(0), in the infinite-
-slit geometry is proportional to volume fraction multiplied by the square of the
particle size. Relative volume fractions were therefore calculated as S(0)/R2 (see
Fig. 4).
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Fig. 3. Guinier plots of the SANS data at the low-Q part of the scattering curves.
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Fig. 4. Effective sphere radii and volume fractions evaluated from Guinier approximation
at small momentum transfers.

3.2 M o d e l o f s p h e r i c a l p r e c i p i t a t e s

The used model consists of two sets of spherical particles with size distributions
represented by cubic splines. The two sets were defined on different size ranges of
4–80 nm and 80–400 nm represented thus small and large particles, respectively.
The maximum sizes were further adjusted as free parameters during the data fit-
ting. The description of precipitates shape by spheres is adequate if one wants to
evaluate the mean size averaged over the variety of particle shapes and orientations
within the large gauge volume. Moreover, a secondary precipitation exists in the
investigated material, as shown in Fig. 5. The size distributions resulting from the
fit are shown in Fig. 6. The integration over R-range gives the volume fraction in
the given range. As the size distributions were defined on the logarithmic scale in
R, the integrated volume fractions of large particles (see Fig. 7) are much higher
than it may seem from the graphs without any scaling. Size distributions for small
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particles were thus scaled by factor 1/25 in Fig. 5, so that they can be displayed
in the same graph as the large ones.

4. Discussion and conclusions

The large precipitates volume fraction increases towards the tip for the used
blades (Fig. 7). This effect can be explained by the coarsening of smaller precipitates
and/or by their coalescence into larger structures (rafting). This process is most
pronounced at the blade tip (point 1) exposed to high temperatures, indicated, e.g.,
by creation of 0.1 mm oxide coat. In contrast to this fact, the mean size of large
precipitates in the non-used blade decreases towards the blade tip (Fig. 4). The
possible explanation can be found in the thermal treatment during the fabrication
process. The turbine blades are heated at high temperatures for relatively long time.
During this holding time, particles are partially dissolved and the solid solution
is saturated. After that, by the cooling, the precipitates grow from the saturated
solution, but the cooling is too fast and the particles mean size is lower than before.
This process, of course, is most intensive at the blade tip, due to the faster cooling
of smaller volume at the same position.

Fig. 5. Inconel 738 γ′ phase at blade root
(Molybdic acid 50 %).

The adopted microstructural model neglects any effects of interparticle in-
terference due to the short-range ordering of the γ′ precipitates, such order-
ing being typical for the same precipitates. Owing to the large interparticle dis-
tances, this effect is significant mainly at small Q values below the limit of our

measurement. Nevertheless, small bias
caused by the precipitates ordering is
possible.

The particles growth at the blade
tip (Fig. 4) during operation is prob-
ably caused by high temperature levels,
which induce a coarsening of turbine
microstructure and a growth of the
precipitates. The particles size, then,
is approximately the same along the
whole turbine blade. The resulting mi-
crostructural parameters could be in-
fluenced, obviously, also by the in-
homogeneous distribution of stresses
and temperatures along the turbine
axis and along the turbine cross-section
after operation.

The big difference between the
scattering power, which is manifested
by the difference in apparent volume
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Fig. 6. Size distributions evaluated from SANS data measured at the nine positions along
the blades. Note the scaling factor used to plot the distributions of small particles and

logarithmic R-scale.
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Fig. 7. Integrated volume fractions (in relative units) of large and small precipitates.

fractions, indicates that there are two different phases contributing to the scatter-
ing. In Fig. 5, the ratio of sizes primary/secondary precipitates can be estimated
to be roughly 10. It fully corresponds to the Fig. 6, indicating that the model
of primary and secondary gamma prime precipitates well describes the observed
scattering curves.

The model of spheres is, of course, too simple to describe all precipitates
which can be present in the material. The peak at small radii just reveals that
there are objects of small dimension present in the material, but we cannot decide
whether we see very small round precipitates or just the thickness of larger but thin
plate-like precipitates. An independent determination of scattering contrast of the
precipitates allows to better identify the phases, which contribute predominantly to
the scattering in both large- and small-Q regions, to determine the volume fractions
on absolute scale and to exclude the eventual presence of small voids.

The porosity in the oxide layer and/or the blade itself, finally, could contribute
to the scattering; hopefully, this contribution is not significant, and its estimation
needs a guess of the pores volume fraction and size – the observable pores are quite
large, around 10 micrometers – and the oxide layer composition.

The high-resolution SANS measurements, in conclusion, seem to be very pro-
spective as a non-destructive method for the assessment of turbine blade degra-
dation during operation. The parameters like mean radius of gyration and volume
fraction can be almost certainly used as adequate quantities, which reflect the
degradation level.
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