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ABSTRACT

Phase composition in nickel-based superalloy Inconel 718 is a determinant factor of its overall mechanical properties. Ultrasound has been shown to have sensitivity
to the phases through its wave speeds in a previous qualitative feasibility study. This paper demonstrates the capability of ultrasonic wave speed (UWS) mea-
surements for the quantitative characterisation of delta (8) phase in the nickel-based superalloy Inconel 718, which is fundamentally due to the zeroth spherical
harmonic coefficient of velocity, V0O, being sensitive to changes in microstructure. A variety of samples having undergone different processing histories were used for
the UWS measurements, alongside extensive metallurgical investigations — including advanced microscopy techniques such as high-speed atomic force microscopy
(HS-AFM), as well as hardness testing to fully understand the microstructures of each sample and corroborate the UWS results. By combining the data from these
experimental techniques, and through an iterative parameter search, it was confirmed that the VOO measurements could be used to deduce the § phase content in the
Inconel 718 samples; more significantly, the strength of a combined materials characterisation framework — incorporating UWS measurements, hardness testing and
microscopy — was demonstrated, establishing a powerful tool for the phase characterisation of nickel-based superalloys for the future.

1. Introduction

The nickel-based superalloys are a group of materials of huge
importance across the engineering industry, due to their superior me-
chanical properties at elevated operating temperatures and ability to
withstand extremely harsh conditions. The extensive use of these nickel-
based superalloys across various applications in aerospace [1-6], nu-
clear [7,8] and chemical industries [9], often in critical components,
requires a robust and reliable method for the monitoring and charac-
terisation of their microstructure throughout their lifecycle to ensure
that they are still meeting requirements. Indeed, microstructural evo-
lution in time during service (such as variation in phase composition, or
the precipitates present) which may arise from unpredictable stresses,
strains, and thermal conditions due to anomalous operating conditions,
could impact material properties, and subsequently both the compo-
nent’s short- and long-term performance [10].

As discussed by Jobling et al. [10], the main existing microstructural
characterisation methods available are, in general, destructive,
requiring metallurgical sectioning with long overall preparation and

inspection times. In addition to optical microscopy, these include
scanning electron microscopy (SEM), electron backscatter diffraction
(EBSD), and transmission electron microscopy (TEM), which do offer
extremely high spatial resolution but with very stringent sample size
limitations, particularly for EBSD [11] and TEM [12]. Although the
process of surface polishing and etching itself can be used to assess local
microstructure in a component, it is not entirely non-destructive and
limited to local areas; indeed, the polishing can affect part dimensional
tolerances, and etching can reduce component fatigue life. The more
recent technique of Spatially Resolved Acoustic Spectroscopy, or SRAS
[13,14] is theoretically non-destructive, and has been developed for
deployment on rough surfaces [15]; however, current inspections
require polishing to a very smooth finish, and thus the total time of in-
spection is still relatively long. In addition, SRAS does not have sufficient
resolution to detect changes in phase composition of very small-scale
precipitates. All of these techniques have the further disadvantage of
being surface inspection techniques only. The most powerful bulk
characterisation techniques of neutron diffraction [16,17] and X-ray
synchrotron [18-20] measurements also have their limitations in terms
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of sample size, and the high energies required — in addition to the
challenge of acquiring access to the limited number of facilities avail-
able. There is therefore still the need for a non-destructive, robust,
inexpensive, and easily accessible method for the bulk characterisation
of material microstructures for the nickel-based superalloys, as micro-
structural characteristics — including phase composition - are highly
influential on material performance.

It was successfully demonstrated in a feasibility study [10] that there
was the potential for ultrasonic wave speed (UWS) measurements to
detect microstructural variation in nickel-based superalloy Inconel 718.
This study built on previous work by Lan et al. [21,22], which had
established that the wave speeds in a polycrystal can be expressed as a
convolution between material texture and single crystal wave speeds,
using a spherical harmonic expansion framework. The zeroth order
expansion coefficient of the polycrystal in this convolution, V0O, cor-
responds to the average wave speed across all 3D propagation di-
rections, and it was demonstrated in the study that phase changes
(resulting from heat treatments) resulted in small but consistent and
unquestionably measurable changes in V00. This conclusion, as well as
the fact that VOO is also independent of texture, rendered the UWS
technique a promising method in the characterisation of phase compo-
sition of materials [23]. The underlying theoretical framework is also
independent of frequency, meaning that the inspections can be scaled as
necessary for component dimensions or material grain size.

As discussed, this feasibility study presented an exciting opportunity
for the non-destructive testing (NDT) of engineering materials, estab-
lishing a foundation for the development of a reliable, non-destructive
materials characterisation technique with rapid feedback which could
quickly analyse materials and components to ensure they were still
suitable for use in service. Indeed, one particular benefit of this method
is its ability to offer a statistical average measurement through the
material volume in the thickness direction, rather than solely surface (or
sub-surface) information, and thus negating the need for multiple layer
inspections. If these UWS measurements were also incorporated into a
broader materials characterisation methodology which included other
established metallurgical techniques, such as hardness testing and mi-
croscopy, this would further enhance the strength of this ultrasonic in-
spection method - creating a holistic and robust materials
characterisation framework that would give a detailed insight into the
microstructure of a material or component, enabling further under-
standing of its behaviour. This is what the work discussed in this paper,
drawing on material from the author’s doctoral thesis, is aiming to
accomplish.

Having completed the feasibility study and successfully demon-
strated the VOO measurement’s sensitivity to phase changes within
Inconel 718, the further work in this paper has focussed on the quanti-
tative estimation of phase composition within this nickel-based super-
alloy; for these investigations, the delta (8) phase has been selected as an
example. Additional experimental methods have also been incorporated
into this work, including hardness testing and high-speed atomic force
microscopy (HS-AFM) imaging, in order to fully understand the micro-
structures of the samples being used, and begin laying the foundations
for a larger characterisation framework. Indeed, the detailed metallur-
gical examinations undertaken, as well as extensive ultrasonic wave
speed measurements for each sample, have provided a deeper under-
standing of the expected microstructures, and the corresponding me-
chanical and ultrasonic behaviours, which have undergone a variety of
different processing histories.

This paper will first summarise the experimental materials used for
this study and the rationale behind selecting the specific heat treatment
processes used, before detailing the results; first, from the UWS mea-
surements, where the data from 16 rounds of experiments showed a
clearly observable and quantifiable convergence to different VOO values
for each of the sample microstructures, as well as from the metallurgical
investigations which included hardness measurements, optical micro-
scopy and SEM, and HS-AFM. Having gained a detailed insight into the
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microstructures, the phase estimation investigations could then be car-
ried out, of which the key trials and iterations have been included. In
addition, the strength of a combined characterisation framework,
incorporating UWS measurements, has also been demonstrated through
the discovery that the samples in their as-received condition did not
have a suitable microstructure for use in-service. The paper concludes
with a brief discussion of these results and analyses, and outlines future
work to further refine the technique for phase composition estimates in
other materials within the nickel-based superalloy family.

2. Materials and Methodology

The following section outlines the experimental materials and pro-
cessing used for these studies, as well as the various metallurgical
techniques used to analyse the microstructural characteristics of each
sample to compare with the UWS measurements. A flowchart of the
techniques in the order of use for these investigations is shown in Fig. 1
to summarise the experimental work for this study. These techniques
include SEM, for the initial verification that the heat treatments had
impacted the microstructures of the samples as required (in the elimi-
nation/formation of the § phase), followed by HS-AFM, for higher res-
olution imaging of the microstructures, and topographical analysis of
the surface, to validate the findings from SEM inspections. The Vickers
hardness testing was performed in order to link the hardness values of
particular microstructures to VOO measurements, and begin the
compiling of a dataset which could be used for a holistic characterisation
framework. It should be noted that the microscopy was carried out to
investigate the microstructures prior to the UWS measurements for this
study, but when deploying this characterisation framework in industry,
the experiments would be led primarily by the UWS measurements. For
a full description of the underlying theoretical framework and experi-
mental procedure for UWS measurements, as well as a discussion on the
microstructure of Inconel 718, the reader is referred to earlier publica-
tions by the authors [10,23].

2.1. Experimental materials

For these investigations, five samples were machined from a billet of
Inconel 718, heat treated to AMS 5662 (comprising a solution treatment
between 941 and 1010 °C followed by an air cool), purchased from a
commercial supplier. These were each ~5 mm thick with a diameter of
approximately 70 mm, for which a sample holder in a dodecagon shape
was designed to enable accurate rotations for the UWS measurements.
The heat treatment processing then followed, having selected the &
phase to investigate quantitative phase characterisation for Inconel 718.
This selection was primarily due to its relative ease of manipulation,
compared to the other major precipitate phases such as the gamma
prime (y) and gamma double prime (y) — from the classic time-
temperature-transformation (TTT) diagram of Inconel 718 proposed
by Oradei-Basile [24], shown in Fig. 2, it can be seen that there are no
regions where solely the y' or y’’ can be isolated. Additional challenges of
using these precipitates include their extremely small scales, which can
be difficult to detect visually, even with high resolution microscopy.
Conversely, it can be seen that there is a large region where there should,
in theory, be solely the 5 present, and there is also the fact that this phase
naturally forms as much larger particles within Inconel 718, enabling
much easier detection. Although the § precipitate does not contribute
directly to the strengthening of the material, it is key in the grain size
control [9] as well as improving stress rupture ductility [1] and is
therefore still an important phase to be able to quantify.

The TTT diagram for Inconel 718 was used to develop the appro-
priate heat treatments for the experimental samples. The aim was to
generate two contrasting microstructures with regards to 8 phase con-
tent; first, a microstructure with the maximum amount of & phase
possible, and another which was nominally precipitate-free. One of the
five discs was retained in the as-received condition, supplied as
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Fig. 1. Schematic to summarise experimental techniques.
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Fig. 2. Time-Temperature-Transformation (TTT) diagram adapted from Oradei-Basile [24], depicting expected phase content in Inconel 718 under various thermal

and temporal conditions.

conforming to AMS 5662 (referred to as the ‘Datum’ sample); one disc
was then subjected to a heat treatment of a hold at 900 °C for 50 h
followed by a water quench (‘WQ900), and another held at 1000 °C for
10 h followed by a water quench (‘WQ1000’). The two remaining discs
were also subjected to these heat treatment procedures, but erroneously
furnace cooled, allowing all of the precipitates to come out of solution.
However, these were retained and also used for experiments to inves-
tigate the applicability of the VOO measurements, denoted ‘FC900° and
‘FC1000°, where ‘FC’ represented furnace cooling, followed by the
temperature of holding. For the phase quantification studies, additional
discs of Inconel 718 (previously used for the feasibility study) were also
utilised; these were denoted OG1HD, OG2HD, OG3 and OG4, where
‘OG’ denotes original (in the as received, AMS 5662 solution treated
condition) and ‘HD’ a heat damaged sample, where the heat treatment
simulating ‘heat damage’ involved a hold at 1100 °C for 4 h, followed by
an oil quench. Detailed microstructural analysis of these samples can be
found in a previous publication [10].

It has been assumed for this study that the acoustoelastic effects of
residual stress are negligible, as per prior work by Lan et al. [21-23]. The
machining of the samples has a release effect of the macro- and inter-
granular residual stresses, with predominantly intragranular residual
stresses remaining; the additional heat treatments for the majority of the
samples result in a further reduction, due to an annealing effect. The

impact of these residual stresses on the ultrasonic wave speeds is ex-
pected to be small, and is planned to be investigated further in future
studies.

2.2. Metallurgical investigations

To corroborate the findings of the UWS measurements, a number of
different metallurgical techniques were utilised to gain a detailed un-
derstanding of each of the sample conditions being examined for this
study. In addition to conventional methods, including optical micro-
scopy, SEM and hardness testing, there was also the opportunity to use
the more advanced technique of high-speed atomic force microscopy, or
HS-AFM. This latter technique offers the ability to topographically
image microstructures at extremely high resolution (of up to 1-2 nm
lateral resolution, dependent on tip radius, compared to the 10 nm
achievable by SEM [25]) by traversing a very fine cantilever tip, of less
than 10 nm radius [26], across a sample surface; in addition to the
greater resolution achievable compared to SEM, the fact that it is a
topographical imaging method means that it is possible to eliminate
uncertainties which can arise in SEM micrograph analysis, such as
whether a surface feature is due to a precipitate being present or some
remaining residue from the preparation process. (In this instance, the
method was employed to further study and understand the distribution
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and presence of y’/y”’, which was precluded by the SEM investigation.)
Although there are several different configurations available, the setup
used for these investigations involves a laser Doppler vibrometer (LDV)
detection system measuring the cantilever tip displacement, with the
HS-AFM in contact mode. The UWS measurements, for which the
metallurgical investigations were used to corroborate, are described in
the following section.

2.3. UWS measurements and phase estimations

The UWS measurements were carried out using the experimental
setup described in previous publications [10,23], with 16 individual
trials carried out for each sample; each consisted of 3 individual runs of
the experiment, with an average VOO value taken after each trial. The
measurements are obtained with using an immersion tank setup,
comprising a non-focussed 10 MHz transducer in pulse-echo configu-
ration, of 6 mm diameter and 69 mm near-field length. The sample is
supported between the transducer and an acoustic mirror at the base, in
order to allow for the through-transmission ultrasonic signals to be ac-
quired. Once the calibration procedure is complete (which involves
scanning the sample from end to end to ensure that there is zero sample
tilt, to within &+ 3 pm tolerance, and that the transducer is perpendicular
to the sample surface), the tilting of the sample during data acquisition is
fully automated. A full statistical analysis of the error associated with
this approach can be found in the prior feasibility study [10]. Having
acquired the VOO values, the following equation could be used to esti-
mate the amount of § phase present within a given sample in terms of its
volume fraction h, assuming it is solely the y matrix and & precipitates
present [10]:

V00|overall = VOO“S(h) + VOO‘y(l - h) (€}

When using the single crystal elastic constants (SCECs) for the indi-
vidual phases, however, it is the single crystal coefficient, Koo, which is
calculated; this is simply related to the zeroth order velocity coefficient,
Voo, via the following, which can instead be used in Equation (1) —

Koo = Voo V4r @)

Although this phase quantification technique is therefore reliant on
knowledge of SCECs of the individual phases of interest within the
material — which may be more challenging to acquire, particularly for
smaller scale precipitates — experimental data from VOO measurements
can be used to approximate these values in the first instance, and veri-
fied against metallurgical examinations of materials. The results and
data obtained from all experiments are discussed in the following
section.

(a
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3. Results and Analyses

This section will first detail the findings of the microscopy in-
vestigations across the samples, before moving on to the UWS mea-
surements; further investigation of the materials, using hardness
measurements, have then been included, as well as a brief discussion of
the consolidated results across the techniques. Having acquired the VOO
measurements, the phase quantification trials could begin, the results of
which have been summarised to conclude the section.

3.1. SEM examinations

To ensure that the heat treatment processes had resulted in the
intended microstructures for the study, small 5 mm-sided cubes were
machined off the edge of each disc, and prepared for microscopy using
the polishing and etching process detailed previously [10]. Figs. 3-6
show the SEM images obtained across the samples; the low magnifica-
tion images of Datum and WQ1000 (Fig. 3a and b) appear to be as ex-
pected, with the needle-like & phase visible on the grain boundaries for
the former, and absent from the latter due to the fast cooling preventing
the precipitate from re-forming. Higher magnification micrographs are
shown of FC900, FC1000, and WQ900 in Fig. 4; it can be seen that the
900 °C heat treatment has been extremely effective in precipitating the &
phase, as it is not solely forming on the grain boundaries but also within
the grains themselves. The more typical precipitation behaviour of the &
phase can be seen in the microstructure of FC1000, where the slow
cooling rate has allowed this precipitate to reform (largely at grain
boundaries).

Further higher magnification images of FC900 and WQ900 are
shown in Figs. 5 and 6, with the background mottling visible in Fig. 5b
tentatively proposed to be the y’/y”’. Although the presence of these
precipitates in FC900 was predicted, the fact that the mottling in the
WQ900 sample (which suggests they may also be present here) was
more unexpected, as this heat treatment was determined with the aim of
isolating the & phase without the formation of other precipitates. To
confirm that these were precipitates, rather than surface residues or
etch-pitting features, the WQ900 sample was also examined using the
topographical microscopy technique of HS-AFM.

3.2. HS-AFM micrographs

Some HS-AFM images acquired of WQ900 are shown in Fig. 7. Fig. 7a
shows a composite image of several consecutive tiles acquired using the
HS-AFM, stitched together and then analysed using the Gwyddion [27]
software, with Fig. 7b an individual image from a scan of the WQ900

Fig. 3. Low magnification SEM images of (a) Datum and (b) WQ1000.
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Fig. 4. SEM images of (a) FC900, (b) FC1000, and (c) WQ900. The high levels
of & phase precipitation is visible in FC900 and WQ900, with sparse needles
only on the grain boundaries in FC1000.

sample surface. The fact that the background mottling seen in the SEM
images is now clearly visible as precipitate in the HS-AFM micrographs
creates surety that, despite the high temperature hold and rapid cooling,
the y’/y’” have not been eliminated completely from the microstructure
of the sample as intended. This may be due to the fact that the water
quenching rate was not sufficiently fast to suppress the y’/y”’ from
returning out of the solution, due to the volume of water being too small
to rapidly cool the material fully down to room temperature. The fact
that these precipitates are present in the WQ900 sample implies that
they are present across all of the Inconel 718 samples used. Although the
volume fraction, size and morphology of these y’/y’* will differ, and may
account for some variability in the VOO measurements, it is known that
there is a significant volume fraction of y’/y”’ present across all the
samples; it has therefore been assumed for the purposes of this study that
that the effect of the y’/y’” on VOO is constant, and hence the overriding
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effect of the larger & phase can be studied and explored for the phase
estimation trials.

The following section will discuss the UWS measurements acquired
in order to begin the quantitative estimation of the & precipitate within
the Inconel 718 samples.

3.3. Ultrasonic wave speed measurements

The cumulative mean VOO from the ultrasonic experiments are
shown in Fig. 8, from which it can be seen that, not only is there a clear
convergence to an average VOO for each sample condition, but that the
average VOO is reached after approximately 8 experiments. As well as
illustrating the convergence towards a ‘true’ mean V00, the cumulative
averaging process is used to reduce the errors in these measurements. A
detailed statistical analysis of this experimental technique can be found
in previous publications [10,28]. However, the interpretation of these
results was not as straightforward as initially theorised; it had been
assumed that the greater the proportion of a stiffening and strengthening
precipitate, such as the § phase, the higher the overall wave speeds
which would result in a higher VOO value. The values shown in Fig. 8,
however, do not align with this trend; the Datum sample, which should
have more of the § phase present than WQ1000, exhibits the lowest VOO,
with the WQ900 also being unexpectedly low in the overall ranking of
VO00. One possible explanation proposed was that the excessive precip-
itation of the & phase, with a saturating effect on the microstructure
effect on the microstructure inside the grains, may have had a retarding
effect on the wave speeds, though this was deemed unlikely given that
the VOO is theoretically only affected by chemical and compositional
changes. Before proceeding with the phase estimates, however, the final
metallurgical technique planned for this study - Vickers hardness
measurements — was carried out for each of the samples, to investigate
whether there may be any other factors affecting the wave speed results.

3.4. Vickers Hardness testing

In order to acquire Vickers hardness data for the samples, a standard
Vickers mechanical hardness tester with a 30 kg load was used (both
UCAS accredited) and calibrated with a control sample of nickel prior to
testing of the samples. Three indentations were made in each sample in
the ground, polished, and etched condition; the average of the diagonal
lengths was used to calculate the HV30 value for each sample, which
have been plotted against the zeroth coefficient of velocity, V0O, in
Fig. 9. The indentations were made at least 3 diagonal lengths apart, to
ensure that they did not interfere with the other indentation results; as
each indentation had a length of around 500 pm, it was assumed that the
hardness measurement would be a good representation of the bulk
material (with the largest 8 precipitates being no more than 40 pm in
length). For completeness, two Inconel 718 samples used in the previous
feasibility study [10] — OG, representing a sample in the as-received
condition, and OGHD, a heat-damaged sample — have been included
here. Although the two measurements are quantifying slightly different
phenomena (with a hardness test indicating resistance to plastic defor-
mation, whereas ultrasonic velocity is most significantly impacted by
elastic stiffness), the hardness does relate to the elastic modulus, and a
positive correlation is expected. The UWS measurements are predomi-
nantly affected by changes of phase (with density also having an effect,
but to a lesser extent) — similar to the main factors influencing material
hardness, in addition to the microstructure and grain size. As shown in
Fig. 9, there was indeed a strong positive correlation between the HV30
and VOO0 of each sample, with a Pearson correlation coefficient r of 0.83.

Despite this correlation, however, there are some noticeable outliers
of this trend - these are the water quenched samples, WQ900 and
WQ1000. It is proposed that these samples’ deviation from the overall
line of best fit could be rationalised by the effects of solid solution
strengthening, or lack thereof — which may also explain the order of the
V00 values for the samples. The VOO of WQ900 sitting below the line of
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’phase |
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Fig. 5. SEM Micrographs of FC900, with the needle-like & phase clearly identifiable. It is thought that the background mottling in (b) may be the y’/y’’ precipitates,

but cannot be resolved for certain in the SEM.

Fig. 6. Higher magnification SEM micrographs of WQ900; the background mottling appears to be comparable to the tentatively identified y’/y’’ observed in the
FC900 sample, despite the intention of the 900 °C heat treatment of eliminating all but the & phase.

best fit may be due to a lack of solid solution strengthening, where the
excessive precipitation of the § phase may have resulted in a deficit of
some of the elements (namely Nb, with the & phase having the compo-
sition NisNb) which may have otherwise provided the matrix with
elastic stiffness. Conversely, the result of WQ1000 could be due to an
opposite effect, where elements from other precipitates which have been
taken back into solution (such as molybdenum, titanium and niobium
[29,30], all of which are present in the y’’ phase [31]) may in turn have
returned to the matrix and provide a solid solution effect — contributing
to an overall more elastically stiff structure, but with no change in the
resistance to plastic deformation. The effects of solid solution strength-
ening being responsible for the outlying results would be an interesting
investigation to pursue using more in-depth microscopy examinations in
the future; further HS-AFM imaging would also be useful in a more
detailed study of the y’ and y’* present.

In addition to providing insight into the impact of solid solution
strengthening on the VOO measurements, and an explanation as to why
the VOO measurements of the samples were not in the expected order, a
further key finding from these tests was the extremely low hardness of
the Datum sample compared to the typical value of Inconel 718, which
should have a HV30 value of around 400 [32]. The fact that the Datum
sample had the lowest VOO of all the samples, combined with the low
hardness, posed the question of whether this sample did indeed have the
expected microstructure of Inconel 718 in a service deployable condi-
tion; if this were the case, the strengthening precipitates (y' and y**, as

well as the 5 phase) should be present to an extent where the VOO value
would be larger than the WQ1000 sample. These combined results led to
further investigation of the sample billet specification, where it was
subsequently found that — although the material had been supplied to
conform to AMS 5662 (the standard Inconel 718 specification) - it had
been solution treated only, and not aged; it is the latter ageing stage
which is key in allowing for the strengthening precipitates to be brought
out of solution.

This analysis proved to be an excellent demonstration of the poten-
tial place of VOO measurements within a materials characterisation
framework; the fact that the microstructure was nonconformant to the
required specification was deduced from combined experimental data of
V00 and HV30 measurements (which additional microscopy may also
support) was an excellent example of how the V0O technique could be
deployed in industry when assessing materials or components for
microstructural changes. Having established that the Datum sample had
not been fully aged, however, it was decided that this should be aged to
be fully conformant to AMS 5662, as it would be useful for the VOO
technique to be trialled on a sample relevant to industrial applications.
The ageing comprised a hold of 720 °C for 8 h, followed by a furnace
cool to 620 °C after which there was a further hold for 8 h, and finishing
with an oil quench [33]. The heat treatment schematic is shown in
Fig. 10, and was carried out on a previously investigated sample of
Inconel 718 in the as-received condition, OG3; these generated new
microstructures, for which the samples were named DatumA and OG3A
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Fig. 7. HS-AFM images of the WQ900 sample, where (a) is a composite image of several individual image tiles, such as that shown in (b). The § phase needles are the
larger white particles in (a), with the y’/y"" clearly visible in (b). The y’/y’’ appear triangular in some instances due to the cantilever tip becoming blunt over the

course of scanning.
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Fig. 8. UWS results showing the cumulative average VOO for each of the Inconel 718 samples.

respectively (with A denoting ‘aged’). On testing in the UWS water tank,
it was confirmed that the VOO measurements were significantly higher
than the other sample microstructures (with just FC1000 having a
higher VOO value than the DatumA sample). The cumulative mean VOO
values for each of the samples are tabulated below together with the
hardness values to summarise, where the VOO of the OG samples have
been taken from the prior feasibility study [10]. Table 2 gives the
average grain size for each of the sample heat treatments for
completeness. It should be noted that the grain size was assessed using a
linear intercept methodology, examining one area in a microsection for
each sample; a visual assessment confirmed that the measurement was

representative of the whole image. However, despite the fact that the
individual measurement may not be representative of the average grain
size in that particular sample, each heat treatment condition comprised
multiple sample measurements, and hence the average grain size quoted
is a good indication of the typical grain sizes expected for each sample
condition.

On completing the UWS measurements and the metallurgical ana-
lyses to fully understand the sample microstructures, the quantitative
estimation of the & phase using the VOO results could then be studied.
These trials will be discussed in the following section.
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Fig. 10. Heat treatment schematic for ageing process of Inconel 718, according
to specification AMS 5662.

4. Quantitative Estimation of § Phase

The first stage in the estimation of the & phase proportion involved
finding the zeroth coefficient of the single crystal elastic constant, KOO,
of both the y matrix as well as the & phase, in order to deploy the phase
estimation equation derived in previous work [21-23]. The main diffi-
culty was posed by the fact that, unlike those for the alpha and beta
phases in titanium (for which the phase estimation has been successfully
demonstrated [28]), the SCECs of each of the phases within Inconel 718
were not widely known. In addition, there was the additional challenge
of not being able to obtain accurate percentages of the & precipitate
present from the samples themselves. It was the intention to use an
accessible image analysis software to estimate the amount of § from the
micrographs obtained, but it was found that the area shading was
inconsistent and highly inaccurate; any estimates acquired in this
method would also have been a 2D slice from a small area only, rather
than a realistic 3D representation. It was therefore necessary to use
consolidated data acquired from the UWS experiments, combined with
microstructural studies reporting phase percentages for given heat
treatments in the literature, to first estimate suitable values for both the
y and 6 phases. From the metallurgical examinations and as discussed in
Section 3.2, it has been assumed that the y' and y>’ precipitates are

Table 1
Summary of Inconel 718 samples, with VOO and HV30 values.
Sample Heat Treatment V00 [m/s] Hardness
(HV30)

OG1HD Hold at 1100 °C for 4 h, oil quench 5.7442 x 155
103

OG2HD Hold at 1100 °C for 4 h, oil quench 5.7442 x
103

OG4HD Hold at 1100 °C for 4 h, oil quench 5.7391 x
103

0G3 N/A 5.7588 x 230
103

0G4 N/A 5.7600 x
103

OG3A Hold at 720 °C for 8 h, furnace cool to 5.7995 x 434

620 °C, hold for 8 h, water quench 103

Datum N/A 5.7417 x 207
103

WQ900 Hold at 900 °C for 50 h, water quench 5.7464 x 249
10°

WQ1000 Hold at 1000 °C for 10 h, water quench 5.7691 x 173
10°

FC900 Hold at 900 °C for 50 h, furnace cool 5.7869 x 336
10°

FC1000 Hold at 1000 °C for 10 h, furnace cool 5.8027 x 399
103

DatumA Hold at 720 °C for 8 h, furnace cool to 5.7916 x 434

620 °C, hold for 8 h, water quench 103

present across all samples which have not been ‘heat damaged’, and
assumed to have a negligible effect on the phase estimates (with respect
to the variations in the amount of & present).

From the numerous iterations which were investigated, there were
three trials — denoted A, B, and C — which resulted in estimating realistic
proportions of the & phase. All of these used the KOO of OG4HD,
20344.58 m/s (calculated from the VOO value of 5739.1 m/s as given in
Table 1), to approximate that of the y matrix; this was then used, with a
KOO calculated using combinations of the aged samples’ VOO values
(OG3A and DatumA), to approximate the KOO of the y phase, assuming a
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Table 2
Average grain size measurements for Inconel 718 heat treatments.
Heat Treatment Samples Grain Size
ASTM Value Average Size [micron]
None 0G3, 0G4, Datum 8.95 16.67
900 °C for 50 h 'WQ900, FC900 8.35 19.32
1000 °C for 10 h WQ1000, FC1000 5.38 88.64
1100 °C for 4 h OG1HD, OG2HD, OG4HD 0.67 248.66
720 °C for 8 h, 620 °C for 8 h OG3A, DatumA 8.00 22.75

4.2 % & phase composition typically found in fully aged Inconel 718
[34]. The KOO values used to represent the & phase for each trial are
shown for reference in Table 3, together with the corresponding V0O
values; the results of the & phase estimates using these values are given
in Table 4, together with the average across all trials. By using experi-
mental data, this approach had the advantage of essentially giving a
‘homogenised’ KOO value for the y matrix which would include any y'
and y*’ particles present. An additional point to note was that the KOO of
the y matrix aligned closely with that of Inconel 718 (calculated using
the SCECs from Ref. [35] to then solve the Christoffel equation of
anisotropic media [36]), further validating these values; there was also
the fact that the KOO values of the y and & phase were far apart, which
has been known to improve accuracy in phase estimations [28].

All of the iterations generated erroneous results for the WQ900
sample, giving & phase proportions much lower than observed from the
obtained micrographs; however, this was to be expected, as the VOO of
this sample was significantly lower than the other samples (and indeed,
lower than the OG samples’ before heat treatment). The WQ900 sample
was therefore not considered when assessing the feasibility and accuracy
of the VOO phase estimation approach. It can be seen, however, that for
the other samples there were still reasonable and realistic estimates of
the proportion of § phase present, including OG3 and OG4, as well as
FC1000, from comparison to the literature-reported values. The differ-
ences between the estimated & proportions across the trials are of a very
small order, and the aged samples both have predicted 5 phase amounts
which line up well with the average of 4.2 % [34] — for DatumA, be-
tween 3.65 % and 3.91 %, and for OG3A between 4.20 % and 4.83 %
(although, as variant B solely used OG3A to represent KOO for the &
phase, this yielded the exact value of 4.20 %). In addition, the per-
centages of & phase in the WQ1000 sample of between 2.09 % and 2.40
% were initially thought to be inaccurate; however, it was subsequently
found that this in fact aligns well with the literature reported value of
having around 3 % & phase [37] (despite this heat treatment being given
specifically to eliminate all precipitates).

For the samples OG3 and 0G4, the lower percentages of the  phase
predicted could be explained by their being not fully aged, and hence the
precipitates were not able to form completely. The higher percentage of
the 6 phase in sample FC1000 could be rationalised by its being held at a
higher temperature than the aged samples, potentially allowing more
time for the & phase (albeit in addition to other precipitates) to form in
comparison to the OG samples; however, the predicted amount of &
phase is still realistic, and corresponds to the & phase precipitation
visible on the grain boundaries. Further analyses of the phase estimation
results are presented in the following section.

Table 3
KOO values used for each trial variation, with corresponding VOO values for
reference.

Variation 8 phase
KOO0 [m/s] V00 [m/s] Source
A 25109.90 7083.37 OG3A/DatumA
B 25443.55 7177.49 OG3A
C 24776.24 6989.25 DatumA

4.1. Analyses of phase estimation results

Despite the lack of available literature data for the SCECs of the y and
8 phases within Inconel 718, this study still generated some key results
in terms of the application of VOO measurements to the quantitative
estimation of the § phase in Inconel 718; not only was it shown that there
were realistic estimates of the & phase percentage generated, but
through these investigations it has been possible to identify a range of
KO0 values that these phases could be expected to have, to be used for
future experimental work.

Across the various trials of § phase estimation, it was found that the
V00 of OG4HD to represent the y phase was the optimal value; this was
likely due to its being the lowest of all HD samples, and thus resulting in
the maximum difference possible between the KOO of the y and § phases,
as well as being unlikely to result in negative phase proportion estimates
(which had previously been observed in earlier attempts). The fact that
the ‘HD’ heat treatment temperature was above the & solvus temperature
of 1000 °C [24][38] meant it was the most likely material condition to
be free of the & phase, and hence validated its use for estimating a KOO
value for the y matrix (or, as the case may be, a homogenised value for
the y matrix which included any y’/y’’ which may have remained, or
been on the cusp of formation).

Of all variants, Trial A appears to have the best compromise across all
of the samples, with the amount of 5 phase in the HD samples being close
to 0 %, the aged samples close to the theoretical 4.2 %, and the WQ1000
sample predicted to have a similar value to the 3 % also reported in the
literature. The FC1000 sample also predicted a similar amount of the &
phase to WQ1000, which is a promising result given the same hold
temperature and time.

Through carrying out these studies, some key discoveries were made
which highlighted additional aspects for consideration when using the
V0O technique for phase quantification; most significantly, it was
observed that this phase estimation technique using UWS measurements
may not be applicable for all conditions of Inconel 718 (or indeed, any
nickel-based superalloy) where there is excessive precipitation of a

Table 4
Results of trials A, B, and C, and their average, for estimating the & phase within
each sample.

Variation Estimated & phase [%]

A B C Average
Feasibility Study Samples
OG1HD 0.38 0.35 0.41 0.38
OG2HD 0.38 0.35 0.41 0.38
OG4HD 0.00 0.00 0.00 0.00
0G3 1.47 1.37 1.58 1.47
0G4 1.55 1.45 1.67 1.56
OG3A 4.49 4.20 4.83 4.51
Present Study Samples
Datum 0.19 0.18 0.21 0.19
DatumA 3.91 3.65 4.20 3.92
WQ900 0.54 0.51 0.58 0.54
WQ1000 2.23 2.09 2.40 2.24
FC900 3.56 3.32 3.82 3.57
FC1000 4.73 4.42 5.09 4.75
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particular phase, such as the 6 phase in WQ900, which yielded such a
low measurement of VOO that any phase estimations for this sample
would be highly inaccurate. One challenge which was not anticipated
was the acquisition of a visual validation of these phase composition
estimates; attempts to use conventional image analysis tools were un-
successful due to inconsistencies and inaccuracies in shaded regions, and
in imaging the samples using high resolution EBSD scans it was found
that the sample drift was too large to obtain micrographs which could be
used. Conversely, it was found that lower resolution maps had insuffi-
cient contrast to detect the & phase. However, the micrographs of
WQ900 (see Fig. 4c) were useful in justifying the elimination of this
sample when considering the accuracy of the § phase estimation, as it
was immediately apparent that the low VOO was an outlier, and for its
extremely high precipitate content a higher value would have been
expected.

5. Discussion

Despite the challenges encountered during the phase estimations, the
fact that the obtained estimates aligned well with the literature were
promising, and indicated the potential of this method to be further
developed and refined for accurate phase quantification. Indeed, a key
outcome was the calculation of a range of KOO values, without the SCECs
of the y and & phases being available, which could be used for future
phase estimations on different samples of Inconel 718. Also highlighted
through these experiments was the observation that the effect of a
precipitate’s morphology, and extent of formation, could have on VOO
measurements; for example, the y' and y”’ not being fully precipitated in
the heat damaged samples clearly having a lower impact on the overall
wave speeds, such that they were far removed from those of the other
materials which had been subjected to different processing. In the
WQ900 sample, it was observed that the excessive amounts of & phase
did have a drastic effect on the ultrasonic wave speeds, but it was clear
that the greater the amount of a strengthening precipitate did not
necessarily correspond to a higher VOO measurement. The cause of this
would be an interesting investigation to pursue in the future.

Throughout these experiments and investigations, it has become
apparent that the microstructure of Inconel 718 - and its behaviour
having undergone different heat processing — is far from straightfor-
ward. As this UWS phase estimation technique can only be deployed
effectively for dual phase materials, it has been the case that the more
complex microstructural characteristics of Inconel 718 has made the
quantitative estimation of the & phase more challenging than expected,
and future work could focus on deploying this UWS phase estimation on
dual-phase nickel-based superalloys, such as Udimet 720Li or RR1000.
Nevertheless, it was found that the phase estimates could be successfully
deployed in some instances, and there have now been generated a set of
KOO0 values for the y and & phases which could be used for phase esti-
mations in the future. An additional point to note is that these variations
could be detected even when they were small (for example, between 4.2
% for the aged samples compared to 0 % & phase in the heat damaged
samples), a promising aspect of this technique which has also been
demonstrated.

A further exciting outcome from these investigations is the successful
deployment of the UWS measurements, in combination with other
metallurgical methods, in being able to determine that a sample was not
suitable for industrial use. From the extremely low VOO of the Datum
sample relative to others of Inconel 718, it was possible to immediately
deduce that its microstructure was not as expected, which was then
corroborated by hardness tests (and higher magnification microscopy
may have also been able to validate these results). This discovery was
possible despite the lack of available data for a fully conformant sample
of Inconel 718; the fact that there is now a full set of VOO measurements
for each sample condition available means that this will be more
straightforward in the future.

Indeed, the UWS measurement technique alone would have
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numerous advantages to both research and industrial applications; not
only does it offer a high inspection efficiency, due to the speed of
acquiring the UWS measurements as well as the rapid feedback of re-
sults, but is also a low cost technique. There is no sample surface
preparation required, and the components required to assemble the full
water tank and sample rotation system are inexpensive, as well as being
very easily accessible, and can thus be adapted to suit the application
and environment — whether in a research laboratory, or on a larger scale
production line. With the VOO measurements giving a bulk average of
the overall microstructure, there is not the need for inspections in
multiple orientations, hence further increasing inspection efficiency
compared to other microstructure inspection methods, such as EBSD.
The nature of the frequency-independence of the spherical convolution
framework offers additional advantages; samples are not limited in size,
and the frequency of inspection can be adapted as required. The mea-
surements are also not limited by the requirement for the piezoelectric
transducer and water tank setup, which currently limits the samples
which can be inspected to having parallel sides; other emerging tech-
niques, including laser ultrasound excitation or resonant ultrasound
spectroscopy (RUS) could instead be used, enabling a more flexible
approach to inspections [10].

Incorporating these UWS measurements as part of a framework
would enable an even more robust inspection technique; there could
also be further developments to integrate ultrasonic attenuation mea-
surements, which are more closely coupled with grain size, another key
microstructural characteristic which affects mechanical behaviour; this
could offer an additional non-destructive method to the overall frame-
work, and provide further insight into the overall microstructure of a
sample. By testing a range of different sample conditions, a database of
different values for different materials could be compiled, enabling a
quick comparison following an inspection — similar to comparing the
diagonal of a hardness test indentation to a Vickers hardness chart. In
the future, the use of ultrasonic inspections alone — the UWS measure-
ments together with attenuation characterisation — could minimise the
need for destructive inspection techniques, or those which are theoret-
ically non-destructive but can increase risk of damage; the indentations
required for hardness testing, for example, can increase the risk of crack
propagation, or create fatigue initiation sites [10]. The use of hardness
tests is often used to indicate changes in fatigue life during service life,
which is closely linked to grain size; thus, attenuation measurements
could potentially be used instead, reducing the time of inspection as well
as minimising the risk of damage to the component.

6. Conclusions

Having previously demonstrated in a feasibility study that the zeroth
spherical harmonic coefficient of velocity, VOO, was sensitive to micro-
structural changes within nickel-based superalloys, this experimental
technique has been investigated further and applied to samples of
Inconel 718 with specific processing programmes, with the aim of
eliminating all precipitates except for the & phase within the main y
matrix, to begin phase estimation trials. Two heat treatments were
developed, with the aim of precipitating the maximum amount of &
phase possible, as well as generating a nominally precipitate-free
microstructure. A total of five new sample microstructures were gener-
ated; in addition to the Datum sample, the two heat treatments were
carried out with both furnace cooling and water quenching after fin-
ishing the hold at temperature. These samples were used alongside 4
discs of Inconel 718 used for a previous feasibility study [10]. The
experimental results and subsequent analyses can be summarised as
follows —

1. The UWS measurements of these samples demonstrated a high level
of consistency; the cumulative mean value of VOO was approached
after 8 experiments across all samples, converging to separate,
distinguishable values.
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2. Subsequent metallurgical investigations, including conventional
electron microscopy and hardness tests as well as the more advanced
high-speed AFM, revealed that these heat treatments had not been
successful in completely eliminating the y' and y>> phases; however,
for the purposes of this study, the y’/y’* proportion in each sample
was considered to have a consistent effect on the VOO results, and
hence a quantitative estimation of the effect of the § phase could be
made.

3. Although there was no available data in the literature for the SCECs
of the y and & phases in Inconel 718, there were promising results
from these trials of phase estimates carried out using the experi-
mental VOO measurements, with there being realistic proportions of
this phase predicted across the samples (excluding WQ900, which
had an abnormally low VOO for its & phase content), comparing
favourably with the literature. Through the course of these in-
vestigations, a range of values for the single crystal elastic term, KOO,
of the y and & phases in Inconel 718 have been estimated, which
could be used for additional investigations.

Finally, further analysis — in comparing these VOO measurements
with Vickers hardness values of each sample — proved to be an excellent
demonstration of how a materials characterisation framework, incor-
porating VOO measurements, could be deployed in research and industry
alike. The fact that the Datum sample did not have a service-useable
microstructure was rapidly deduced using a combination of these
techniques, led predominantly by the abnormally low VOO value. This
conclusion was despite the fact that there was little experimental data
available; the fact that there have since been extensive investigations,
and subsequently an increase in the expected VOO and hardness values
for a given processing history, means that future deductions will be
much more straightforward, thus representing an exciting application of
the UWS measurement technique in the future.
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