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ABSTRACT
To exploit new hybrid nickel-based superalloys, physics-based computational models are needed to
predict material properties and describe material behavior during exposure to complex life cycles. Such models
will allow an iterative assessment of microstructural morphology as related to mechanical properties prior to
production of large-scale test specimens or components, thereby reducing development time and cost.
Development of these models is currently hindered by a gap in the understanding of local deformation behavior at
the intra- and intergranular level. A new in-situ experimental methodology is being developed to characterize local
strain heterogeneities in nickel-based superalloys that have a relatively fine grain size (d ave<50μm). Initial work
has been performed on Rene 104 that was heat treated to produce two sets of samples with a similar grain size
but different γ’ distributions and grain boundary morphologies. One sample set had planar boundaries and a
bimodal γ’ distribution, the other set had serrated boundaries and a trimodal γ’ distribution. Progress has been
made towards implementation of a suitable speckle pattern for digital image correlation (DIC). Quasi-isostatic
room temperature tensile tests were performed in a scanning electron microscope, with images acquired at
regular strain intervals. This preliminary data was qualitatively analyzed using Correlated Solutions VIC-2D
software. The data for the serrated boundaries indicates that there are indeed interesting strain heterogeneities
being developed that are related to grain orientations, boundary relationships to the tensile axis and other
boundaries.

INTRODUCTION
With existing nickel-based superalloys it will be difficult to achieve the performance requirements of future
turbine disc designs. This is due to conflicting property requirements at the bore (center) and rim of the disc. At
the bore, strength and fatigue resistance are optimized with a fine-grained microstructure, while at the rim
damage-tolerance and creep resistance are optimized with a coarse-grained microstructure [1]. For existing alloys
and processing methods, these competing design requirements are extremely difficult to achieve using a single
alloy composition and microstructure.

One method to address this problem is to develop hybrid superalloys that are both compositionally and
microstructurally adaptable, that can tailored to meet the different temperature and stress demands required in
different regions of the component [2, 3]. To exploit these new hybrid systems, physics-based computational
methods are needed to predict material properties in the gradient regions, and describe material behavior during
exposure to complex life cycles.
Currently, development of physics-based deformation models for high-temperature alloys systems is
hindered by the type of validation data that can be provided via traditional testing techniques. Traditional tensile
and creep tests determine averaged bulk properties, but provide limited insight into local deformation behavior.
Even with post-testing microstructural evaluation, only a limited understanding can be gleaned relative to how
local strain accommodation is controlled by variations in the microstructure. This makes it difficult to apply the
experimental data collected to computational models of both traditional and hybrid alloys. Therefore, novel
experimental techniques are required to characterize the local deformation fields produced during creep of these
materials.
This paper highlights progress made towards the development and utilization of an in-situ, elevatedtemperature tensile frame that operates inside of a scanning electron microscope to characterize the local
deformation behavior in Ni-based superalloys. This work includes characterizing the microstructure of samples
prior to testing, development of a speckle patterning technique for digital image correlation analysis of
deformation fields, set-up of the test frame and preliminary results.
EXPERIMENTAL PROCEDURES
1.1

Materials

Prior to testing any hybrid alloys, in-situ testing procedures are being developed using a traditional Nibased superalloy. The alloy selected was the γ’ strengthened alloy Rene 104 (15wt% Cr,18.2% Co, 3.8%Mo,
1.9%W, 1.4%Nb, 3.5%Al, 3.5%Ti, 2.7%Ta, 0.03%C, 0.03%B, 0.05%Zr, bal Ni) [4]. Samples of Rene 104 were
heat treated to produce samples with two different microstructures. The first heat treatment produced a “standard”
microstructure consisting of relatively planar grain boundaries, while the second heat treatment produced a
microstructure consisting of a serrated grain boundary structure, as shown in Figure 1 [5, 6]. Previous work has
indicated that serrated boundaries have beneficial effects on fatigue crack growth resistance [6].

Figure 1. SEM backscatter electron images of the (a) standard heat treatment produces planar grain
boundaries, (b) while the second heat treatment produces a serrated boundary structure.
1.2

Sample preparation

Following heat treatment, samples were electrical discharge machined to have a gage length of 1.78 cm,
and nominal rectangular cross-section of 0.31 cm by 0.081 cm. Tensile samples were prepared for scanning
electron microscopy (SEM) analysis using conventional polishing techniques, culminating with a final vibratory
polish using 0.02 μm colloidal silica. Once polished, four microhardness indents were placed at the corners of a
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0.01 cm square centered in the middle of the gage section. These hardness indents indicate the location of the
speckle pattern needed for in-situ testing, and assist in post-experiment registration of microstructural data with
the local displacement maps. Other samples were prepared for γ’ particle morphology and distribution analysis.
These samples were cut parallel and perpendicular to the tensile loading direction and were mounted and
polished similar to tensile samples. For these metallographic samples, after final polishing step the γ’ particles
were revealed using a selective etchant (2ml HF, 30ml HNO 3, and 50ml lactic acid).

1.2.1

Characterization techniques
Electron backscatter diffraction (EBSD) mapping was used to characterize grain size and grain orientation
with respect to the tensile axis. EBSD was conducted on an FEI ESEM XL-30 SEM using EDAX TSL orientation
image mapping system. Grains were defined as containing at least 5 data points, with less than 5° misorientation
between adjacent data points. Twin boundaries of Σ3 orientation were not included in grain area calculations.
Grain size distributions were determined using techniques developed by Payton for converting 2-dimensional
grain information into 3-dimensional grain information [7]. Analysis of grain size distributions were conducted for
each processing type using at least 2000 grains, ASTM standard E112 recommends at least 250 grains be
counted to determine mean and standard deviation [8].
SEM images for particle analysis were conducted in an FEI Sirion XL-30 FEG-SEM nominally set at
15keV using ultra-high resolution, backscatter imaging mode. Particle size distributions were determined using
image analysis techniques following procedures developed by Payton et al. [7, 9]. An average particle area was
determined and linear particle size was calculated by converting area to cube length.
1.2.2

Speckle patterning
Correlated Solutions Inc. VIC-2D digital image correlation (DIC) software was used to analyze local
deformation fields. In order to characterize intragranular deformation of the Rene 104 microstructure, digital
images needed to be acquired at 1500x magnification, which necessitated the use of an SEM. Therefore, the
speckle pattern needed for DIC had to be applicable for electron imaging. The DIC software produces optimum
accuracy when the minimum speckle size is at least three pixels, and a greater number of speckles per grain
produces a more detailed characterization of the strain distribution within each grain [10, 11]. Based on the typical
pixel size of SEM images taken at the required magnification and limiting the image acquisition time to less than a
minute in time, a random pattern was generated using square speckles with a size range between 0.25 and 0.6
μm.
Electron beam lithography was used to fabricate the desired pattern. This technique uses a focused
scanning electron beam to locally expose photo-resist on the sample surface, which results in the point-by-point
construction of the desired pattern [12]. Once exposed, the resist is developed and metal or dielectric can be
deposited onto the sample surface. After deposition the developed resist is lifted off to reveal the pattern.
Following standard clean-room procedures, 4 A PMMA resist was spin coated onto the sample surface. Once
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coated, the sample was exposed at 50 keV with a dose of 800 uC/cm using a Vistec EBPG 5000 electron beam
lithography machine. The resist was then developed in a 9:1 mixture of methyl isobutyl ketone and isopropyl
alcohol. The location of the speckle pattern on the sample surface was determined by the microhardness indents
placed on the surface before EBSD analysis, as shown in Figure 2. A Denton 502A evaporator was utilized to
deposit 10nm of titanium followed by 140nm of gold onto the surface. Once coated the developed resist was lifted
off the sample using an acetone bath, leaving a pattern of gold speckles on the sample surface, Figure 3.

Figure 2. EBSD map of the standard heat treated microstructure showing the location of the
microhardness indents used for applying the speckle pattern. In this image each color represents a
particular crystal orientation as indicated by the inserted inverse pole figure.

Figure 3. SEM secondary electron image of the Au speckle pattern created by e-beam lithography
1.3

Experimental test set-up

An Ernest Fullam® in-situ tensile stage was employed for this study. The stage is able to apply loads up
to 4448 N, heat the specimen to temperatures up to 1200°C, provide measurements of load and crosshead
displacement, and allows for EBSD acquisition while the sample is mounted in the test frame. The data
acquisition system provided with the test frame was used to acquire load and displacement data every 30
seconds. Initial tensile testing was conducted at room temperature, and the total strain accumulated during each
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test was approximately 5% at a strain rate of 5x10 s . Secondary electron images were collected at
approximately 0.2% strain intervals. SEM operating parameters were as follows: 20kV accelerating voltage, dwell
time of 10μsec, and an image size of 2048x1768 pixels, which corresponds to an image acquisition time of 37sec.
Images were taken at 1000 and 1500x magnification at resolution of 6.7 or 10 pixels/μm.
Elevated temperature image acquisition capabilities of the SEM were tested by imaging a specimen
which was incrementally heated to 600°C. At 100°C intervals the sample was held at temperature for 3 to 5
minutes before backscatter and secondary images were acquired using the same SEM operating parameters as
discussed previously.
Correlated Solutions VIC-2D software was selected for conducting digital image correlation techniques for
determining local strain distributions. Analysis was conducted using 35x35 pixel subset size and spacing between
subset centers of 5 pixels. No distortion corrections were conducted for strain analysis, thus, the data presented
in this paper is qualitative in nature.
RESULTS
1.4

Microstructural characterization

1.4.1

Grain size
2
The standard heat treatment produced an average 3-D grain size of 415 μm , while the serrated heat
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treatment produced and average 3-D grain size of 371 μm . The distribution of grain sizes is presented in Figure
4. The grain size distributions of these two processing types are very similar, indicating that the major difference
between processing types are their boundary morphologies, as seen in Figure 1. The boundary serrations still
need to be characterized in accordance with work by Mourer et al. [6].
γ’ morphology and distribution
The standard heat treatment produced a bimodal γ’ distribution consisting of spherical tertiary γ’
precipitates that are typically less than 20 nm (true distribution undetermined), and cuboidal secondary γ’
precipitates that are 160 ± 30 nm in width, Figure 5. The serrated heat treatment produced a trimodal γ’
distribution with small spherical secondary γ’ 86 ±18nm, large dendritic shaped γ’ in the grain interiors, and
globual γ’ along the grain boundaries Figure 5.
1.4.2

Figure 4. Grain size distributions for both the standard and serrated Rene 104 microstructures

Figure 5. SEM backscatter images of the (a) bimodal γ’ distribution of the standard microstructure as
compared to the (b) trimodal γ’ distribution of the serrated microstructure.
1.5

High temperature imaging

SEM imaging at incremental temperatures indicates that backscatter imaging in this microscope is only
possible to about 300°C, above which thermal radiation causes excessive signal noise ratios – an effect which is
consistent with other studies [13, 14]. Secondary images showed minimal visible degradation in quality up to
600°C, though specimen cleanliness is important consideration. Organic deposits on the sample surface (dirt,
acetone, etc.) charge more readily at elevate temperature and obscure the true sample features. This experiment
indicates that for elevated temperature testing above 300°C the speckle pattern for DIC must produce good
secondary imaging contrast.
1.6

In-situ strain mapping

Bulk measurements of load and displacement were used to calculate the engineering stress and strain
curve, which is shown in Figure 6. Here, sample displacement was obtained by measuring the cross-head
displacement, and system compliance (i.e. elastic deflection of the load train) was not accounted for, thus, the
stress-strain curves in Figure 6 are not accurate in the elastic regime. Nonetheless, the raw data shows that the
serrated samples have higher yield strength then the standard samples by 10%.
Local strain data of the serrated sample, as calculated with the VIC-2D software, is presented for different
bulk strain levels in Figure 7. The figure also shows the initial EBSD microstructure overlaid with the speckle
pattern in the initial image, and the initial EBSD microstructural boundaries overlaid with the strain fields. None of
the local strain levels at the end of the test are at or above the bulk strain levels calculated from crosshead
displacement, indicating three possible problems: (a) the load cell is compliant and contributing to the cross-head
displacement readings, (b) the sample slipped in the grips during testing, and or (b) spatial and drift distortions in
the SEM images are high enough to cause inaccuracy in the quantitative assessment of local strain
measurements [15, 16].

Qualitatively, the local strain field maps indicates that some of the grain triple points act as strain
localization sites, while other triple points show no appreciable strain build-up. The calculated Schmid factors for
the grains oriented for {111}<110> slip under tensile loading along the horizontal axis indicates that due to the
high symmetry of the face centered cubic system very few grains are oriented for hard slip, with low Schmid
factors. This is indicated by grains that are blue or green in color in Figure 8 (b). With this limited data set, it is
seen that most regions of no deformation occur at triple points, or boundaries between favorably and unfavorably
oriented grains. There does not appear to be as definitive relationship between areas of maximum strain, but
grain boundaries appear to play a dominant role. A more detailed analysis of grain orientations is needed to
determine correlations between strain field characteristics and local microstructure.

Figure 6. Bulk stress-strain data for standard and serrated heat treated samples

Figure 7. Local strain maps overlaid with the initial EBSD grain information (e xx) at selected points along
the stress-strain curve shown in Figure 6. bulk strain levels (as indicated in Figure 6). The loading
direction is along the x-axis

Figure 8 (a) Final strain distribution as compared with the (b) Schmid factor for {111}<110> slip. Blue and
green grains are those that have low Schmid factors for octahedral slip
CONCLUSIONS
The ambient temperature data shows there are strain heterogeneities observed in this alloy at the grain
size level that cannot be directly linked to Schmid factors. There appears to be a relationship between the
extreme strain values and proximity to grain boundaries and grain boundary triple points, this is consistent with
another ambient temperature study on a similar nickel based superalloy [17]. Future work includes set-up of the
resistance heating equipment for conducting high temperature experiments, 600-800°C. For these high
temperature conditions slip by {111} <112> partial dislocations should be predominate.
This study also indicates that the lithography pattern created was too dense to facilitate imaging at low
enough magnifications to have a statistically significant representation of grain orientations and grain boundary
triple points. At lower magnifications the discreet pattern was not longer recognizable and interference fringes are
produced. The lithography pattern needs to be optimized to allow for SEM images at desired magnifications and
testing temperatures. In addition, we would like to develop procedures for depositing hafnia speckle patterns, in
order to have a pattern that is compatible with high-temperature testing between 600 and 800°C, as other studies
have shown that gold and platinum speckles exhibit transient behavior on the surface of Ni-based superalloys at
temperatures above 500°C [18]. Another needed modification is the placement of special markers (numbers,
different shapes, etc) to help the researcher manually overlay the strain images with EBSD grain images taken
after testing. Also, a series of lines parallel and/or perpendicular to the tensile axis needs to be added if grain
boundary sliding contributions are to be examined [19].
Following calibration of the equipment for high temperature testing using conventional nickel based
superalloys, the system will be utilized to probe heterogeneities in hybrid nickel based superalloys. Testing will be
conducted on two different hybrid alloys, a dual heat treatment turbine disc and a bonded turbine disc [3, 4]. The
dual heat treatment disc has a very shallow microstructural gradient, while the bonded disc has a very sharp
microstructural gradient. This full field in-situ technique should help facilitate better understanding and in turn
modeling of deformation behavior in these gradients in microstructures.
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