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Abstract

The impact response of Nickel-based superalloys is still poorly documented with respect to
the industrial interest in these materials. Here, laser-driven shocks are used to study and
compare the dynamic behavior of Rene 65 superalloy with different microstructures at very
high strain rates in the order of 10° s™*. Rene 65 specimens studied here are either in cast and
wrought or additively manufactured (laser powder bed fusion) and subjected to different heat
treatment conditions. Time-resolved velocity measurements provide the yield strength
(Hugoniot elastic limit) and spall strength (resistance to dynamic tension) of each variant. In
addition, post-recovery characterization gives insight into the initiation and propagation of
dynamic fracture, which are shown to depend on the different manufacturing routes and
thermal histories.

1. Introduction

Nickel-based superalloys are used in many of the driving sectors of industry due to their
remarkable combination of mechanical properties and corrosion resistance at high
temperatures. In particular, they are key materials for the extraction of fossil resources, power
generation and aerospace applications such as aero-engines. The literature on the mechanical
behavior of these alloys subjected to quasi-static loadings [1-4], or cyclic loadings [5-7], is
abundant, but much less yet on their behavior under dynamic loading [8,9], in particular at
very high strain rates [10-13]. The response of these high performance materials to intense
shocks thus remains a largely unexplored issue although they may face severe pulsed loads
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[14], e.g. within aircraft engines in case of in-service failure or in-flight collision, bird strike or
particle ingestion.

Conventional processing routes, including steps such as casting, forging and machining, have
long been the only means of manufacturing these alloys for structural parts. In recent years,
a new family of processes has emerged in the industry: Additive Manufacturing (AM). Its rapid
development extends to "high performance" sectors such as the aerospace industry, which
seeks to remain competitive in a sustainable environment. These processes offer
opportunities on two main fronts: technological, with the realisation of complex shapes and
simplified assemblies, and economic, with fewer tools and less matter than in conventional
ways. While many reports summarize the challenges of AM [15-17], some of which specific to
superalloys [18-21], studies focussing on the consequences of AM on the high strain rate
behavior of materials are still scarce [22-28], although this question attracts increasing
interest [29,30].

In this paper, we study the response to laser driven shocks of the Rene 65 Ni-based superalloy,
[4,6,31,32], which is widely used in the latest generation of aircraft engines. The results
complement data obtained at lower strain rates and lower shock pressures in previous impact
experiments reported recently [13]. Samples manufactured by laser powder bed fusion (LPBF)
and cast and wrought (C&W) were considered as they display different microstructures. To
evaluate the anisotropic character of deformation and fracture, the AM targets were shocked
in two directions, either parallel or normal to the building direction. Planar shock loading is
driven by direct irradiation of a high intensity laser pulse. Time-resolved velocity
measurements provide the Hugoniot Elastic Limit and spall strength of the different variants
tested. Using complementary characterization techniques, post-recovery analyses give insight
into the initiation and propagation of spall damage and their dependence on the initial
microstructures.

2. Materials

The nominal composition of the Rene 65 alloy employed in the present study is reported in
Table I. AM-Rene 65 was produced by Laser Powder Bed Fusion. This technique involves local
melting of a powder bed for layer-by-layer manufacturing. The building direction will be
referred to as Z throughout the present manuscript. A hot isostatic pressing was then
performed to reduce porosity. A cast and wrought reference Rene 65 was tested too for
comparison between AM and conventional processes. C&W specimens were machined out
from forgings submitted to a 1h/1070°C/Air quench solution heat treatment + 8h/760°C/Air
guench aging. After building, AM specimens were subjected to a solution heat treatment at
1065 ° C (subsolvus specimens) or 1150 °C (supersolvus specimens) for 1 h and cooled to room
temperature at 2°C/min. They were then aged for 8h at 760 °C followed by air quench. More
details on these processes can be found elsewhere [33].

Table I. Nominal composition (in wt. pct) of the Rene 65 alloy.

Ni Cr Mo W Co Fe Nb Ti Al Zr B
Rene 65 | Base 16 4 4 13 1 0.7 3.7 2.1 | 0.05 | 0.02




Rods with a diameter about 14 mm were extracted along the Z direction and perpendicularly
to this direction from the bulk AM part. They were then sectioned into thin plates by electrical
discharge machining. Plate thickness was reduced to about 400 um by mechanical polishing
with 500 grit silicon carbide paper. The final samples consist of thin disks with a mean
thickness of 404 um and a standard deviation of 19 um (about 5 %).

The microstructural features of these different variants of Rene 65 have been characterized
using scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD)
[6,13,31,33,34]. A specific polishing procedure was applied using suspensions of diamond
particles of decreasing size before a final step involving a colloidal silica solution containing
0.04 um particles. Fig. 1 illustrates the different microstructures of the three types of target
materials. The C& W Rene 65 (Fig. 1a) presents a refined microstructure composed of equiaxed
grains with an average diameter about 10 um. Also, a high twin density is observed. These
features are consistent with literature data [6,13]. Primary y' precipitates with an average
diameter from 1 to 5 um are located at grain boundaries, where non-metallic inclusions are
present too. In contrast, the subsolvus-treated AM Rene 65 exhibits a strongly anisotropic
microstructure (Fig. 1b,c) as also reported by Wessman et al. [6]. No inclusions, twins, nor
primary y' precipitates are detected. Grains are elongated along the building direction Z. They
are about 100 um in length. The inverse pole figure map displayed in Fig. 1b reveals a preferred
orientation of the FCC crystals. The [001] direction of the FCC lattice is closely aligned with the
Z direction in most grains. These columnar grains compose the successive layers of the AM
process, separated by thin regions of small grains (black dotted lines) resulting from
recrystallization after strong laser heating. In the plane normal to the build direction (Fig. 1c),
the melting tracks can also be recognized. The microstructure of the supersolvus-treated AM
Rene 65 is shown in Fig. 1d. It is composed of equiaxed grains with an average grain size of
about 100 um and no preferred crystallographic orientation such as found in the subsolvus
treated material. A high twin density is observed, like in C&W Rene 65 and in previous studies

[6].

The density po and elastic sound velocities, longitudinal C; and transverse C;, were measured
in both C&W and AM Rene 65 [13]. They were found to be roughly independent of the
manufacturing route or the orientation of the AM samples, and consistent with data from the
literature. Values are recalled in Table Il.



Fig. 1. Inverse pole figure maps showing crystallographic orientations in Rene 65 alloys: cast
and wrought (a) (from Ref. [13]), additively manufactured and subsolvus (b, c) or supersolvus
(d) heat treated. Z is the build direction, orientations are given relative to this direction for (b,
¢, and d) and relative to the direction normal to the observation plane for (a).
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Table Il. Measured values of the density (po) and sound velocities, longitudinal (C) and
transverse (Ci), which classically give the bulk sound velocity (Cp), for the three Rene 65
superalloys under study (from Ref. [13]).

po (g/cm3) Ci (km/s) Ct (km/s) Cb (km/s)
8.27 5.90 3.19 4.61

3. Experimental setup

Laser shock experiments were performed at the LULI2000 facility of the Laboratoire pour
I’Utilisation des Lasers Intenses (LULI, Ecole Polytechnique, France). A high power pulsed laser
is focused on a spot of a few mm-diameter in the sample surface. A thin (um-order) absorbing
layer of the sample is ablated into a plasma cloud. Its expansion towards the laser source
drives by reaction a short compressive pulse which propagates from the irradiated spot into
the metal. In order to avoid laser breakdown in air and prevent oxidation after shock-induced
heating, all specimens were shot in primary vacuum. Two beams (North and South) of a high
power Nd-glass laser of 1053 nm-wavelength were shot alternately (Fig. 2), focused on a 2-3
mm-diameter spot in the sample surface (one single shot per sample). The maximum laser
energy was about 800 J per beam, pulse duration was 5 ns or 10 ns, leading to laser intensities
ranging from about 1 to 3 TW/cm?.

Laser beams

Ni-superalloy Camera
specimen (400 pum) SIMD
Ll

Laser

s

illumination Lenses _
Mirror
Primary vacuum
chamber X (VAR o] .
VISAR 1w Free surface
_» velocity vs. time
ContinuouA VISAR 2w

laser

Fig. 2. Schematic view of the experimental setup.



Ultra-fast transverse shadowgraphy was implemented to visualize fragmentation and debris
ejection [35,36]. Transverse illumination is provided by a continuous laser of 527 nm-
wavelength. Shadowgraphs are recorded with an ultra-fast intensified camera providing
1360x1024 pixel images every 200 ns, with an ultra-short exposure time of 5 ns to ensure
minimum motion blur (typically 5 um for a fragment ejected at a 1 km/s-order velocity).

The velocity of the sample free surface, opposite to the loaded spot, is recorded by two
Velocity Interferometer Systems for Any Reflector (VISAR) [37-39] developed and
manufactured by the LULI team, with a time resolution of about 200 ps and a spatial resolution
along a 0.5 mm line. This line is illuminated by a Nd:YAG laser, using two wavelengths, the
fundamental mode at Ao = 1064 nm for the so-called 1w and the second harmonic (532 nm)
for the 2w. The 1w and 2w beams are reflected by the free surface and sent to two VISAR
interferometers having two different glass etalons leading to two different velocity-per-fringe
factors, 0.498 km/s and 3.44 km/s for 2w and 1w, respectively. The first record gives a precise
evolution of the velocity in time while the second one removes the uncertainty due to possible
fringe jumps upon shock breakout. Fringe patterns are recorded with two streak cameras
triggered by the laser shot (drive beam) after a controlled delay time adjusted to capture shock
breakout at the free surface and subsequent velocity variations (see analysis in Section 4A)
during the ~100 ns duration of the laser probe. Fig. 3 illustrates raw records at 2w (a) and 1w
(b) for a 2.2 TW/cm? shot on a C&W sample. The colour scale is light intensity, which varies
both in time and along the line in the free surface due to changes in reflectivity. Note that
times 0 on the vertical axes, which differ between both cameras, are only the beginning of
fringe acquisition. The real time origin in the velocity profiles coincides with the laser shot on
the loaded surface; it is accurately determined from pre-shot calibration accounting for the
delay mentioned above. The breakout of the pressure waves accelerates the reflecting
surface, which induces a Doppler shift of the fringes. Simultaneous shifting along the 500 um-
long probed line assesses the very good planarity of the shock front emerging at the free
surface. The 2w record (Fig. 3a) shows large displacements of the fringes, which provides an
accurate measurement of velocity, but the shift at shock breakout is greater than one fringe.
The number of lost fringes is given by the 1w measurement (Fig. 3b), where the high velocity-
per-fringe leads to small displacements and low accuracy, but removes the indeterminacy of
possible fringe jumps. To explore possible influence of heterogeneous or anisotropic
microstructures on the free surface velocity, fringe shifts were analysed at three different
locations along the probed line (left, center, right, see the red rectangles in Fig. 3a). However,
no such influence could be evidenced, so the velocity profiles inferred from the records were
averaged across those three locations for each shot.

Such free surface velocity profiles (corresponding to the raw records in Fig. 3) are shown in
Fig. 4. As mentioned above, the acceleration to about 0.96 km/s at shock breakout is greater
than the 0.498 km/s fringe factor in the 2w measurement but the lost fringe is identified based
on the 1w record. The trigger delay is accounted for in such plots, i.e. time t=0 matches the
laser shot on the loaded surface.
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Fig. 3. Time-space profiles of interference fringes recorded simultaneously with VISAR 2w
(velocity-per-fringe=0.498 km/s) (a) and VISAR 1w (velocity-per-fringe=3.44 km/s) (b) along a
500 um-long line in the free surface of a 400-um-thick superalloy sample subjected to a 2.2
TW/cm? laser shock. Rectangles show the windows where velocity profiles were extracted.
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Fig. 4. Free surface velocity profiles obtained from the fringe patterns presented in Fig. 3, for
a 400-um-thick superalloy sample subjected to a 2.2 TW/cm? laser shock. Because no
significant difference was observed between the three analysis windows, data were averaged
across those windows, i.e. along the probed line. Shaded zones are error bars, resulting from
both averaging and intrinsic resolution (better for VISAR 2w due to lower velocity-per-fringe
than for VISAR 1w).



4. Experimental results
A. Analysis of the free surface velocity

Fig. 5 shows two typical free surface velocity profiles from VISAR measurements in two shots
on AM Rene 65. Laser energy was about 800 J in both cases, laser spot diameter was between
2.5 and 3 mm, and pulse duration was either 10 ns Fig. 5a, 1.8 TW/cm? intensity) or 5 ns (Fig.
5b, 2.7 TW/cm? intensity).
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Fig. 5. Typical records of the free surface velocity in samples of Rene 65 subsolvus Z subjected
to laser driven shocks of about 800 J energy and pulse duration 10 ns (a) or 5 ns (b).

Both records start with the arrival of the elastic compression wave (usually called the elastic
precursor, e.g. [12,13,23,26,28,30]) at the free surface. Its amplitude called the Hugoniot
Elastic Limit (HEL) is the dynamic yield strength owe. of the material, given by

OHEL = Po Cj UnEL (1)

where uweL is half the jump in free surface velocity (Fig. 5a). A plastic compression wave follows
this elastic precursor and accelerates the free surface to its peak velocity umax, which provides
a rough estimate of shock pressure Ps just before breakout

Ps = py Cp up (2)

where up = Umax/2 is the particle velocity behind the shock just before it reaches the free
surface and Cp is the bulk sound speed, assumed to be close to the shock velocity in the so-
called acoustic approximation. In the experiments reported here, P varies between 12 and 18
GPa. It increases with the loading pressure on the opposite surface, i.e. with laser intensity
(see Fig. 5), but it is considerably less than this loading pressure due to pulse decay during
propagation throughout the 400 um-thick specimen. Next, the emergence of the unloading
wave following the shock front produces a gradual deceleration of the free surface. Within
the sample, the interaction of this incident unloading wave with the rarefaction wave
produced upon reflection of the shock front from the free surface creates tensile stresses,
which produce damage if they exceed the dynamic tensile strength (or spall strength) of the
material [40,41]. Spall damage starts with the nucleation and growth of voids or cracks near

8



the plane of maximum tension. This creates new free surfaces, from which recompression
waves are emitted that relax the tensile stress. The arrival of such waves reaccelerates the
free surface (at about 98 ns in Fig. 5a). Finally, the record presents velocity oscillations
associated with wave reverberation across the spalled layer, i.e. between the internal spall
plane and the probed free surface. The amplitude AU of the deceleration prior to these
oscillations (see Fig. 5a) is called the velocity pullback. Classic analyses of wave dynamics in an
elastic-plastic material provide a value of the spall strength [40,41] which can be evaluated as

1
Osp = Po Cp AU —; (3)

1+
An estimate of the strain rate during tensile loading is given by

. AU 1
£=—— (4)
At 2Cp

where At is the duration of the free surface deceleration in the record (Fig. 5a). In the present
experiments, € ranges between 1.5x10° s and 4.0x10° s, higher for shorter laser pulse
duration (see the steeper slope in Fig. 5b than in Fig. 5a).

As pointed out in the previous section, velocity data were averaged across three positions
along the probed line so the material parameters inferred at each shot are average values too.

B. Hugoniot elastic limit

The HEL values are summarized in Fig. 6. Error bars, corresponding to the standard deviation
around the mean value, reflect the large scatter between the shots. We attribute this scatter
to the differences in microstructures between specimens of one same type, with respect to
the small lengthscales considered in the experiments (sample thickness, width of the
compressed layer, length of the probed region), and to the tenuous separation between the
elastic precursor and the plastic wave over such short propagation distance (especially at high
shock pressures, where this separation becomes hardly detectable). Within this scatter, it is
difficult to establish clear influences of the manufacturing route, the orientation or the heat
treatment conditions. Nevertheless, the highest yield strength (elastic limit) in the C&W alloy
and the lowest one in the supersolvus-treated AM material are qualitatively consistent with
the Hall-Petch relationship [42]. Indeed, for grain sizes in the range studied here, the yield
strength of polycrystals is observed to increase as the grain size decreases (e.g. [43—45]).
Overall, the HEL values measured here at 1-4x10° s are found to be about 2-3 GPa. For
comparison, under quasi-static loading, yield strengths around 0.9 GPa have been reported
for various Ni-based superalloys, including Rene 65 [4], Inconel 738LC [46], Inconel 792 [47],
Udimet [48] and others [49-51]). Considering dynamic loading conditions with lower strain
rates, typically 10° s, Hugoniot elastic limits vary between 1 and 2.5 GPa in single-crystal
PWA1483 [12] and polycrystalline Inconel 690 [11], Inconel 738 LC [12], Inconel 718 [25,27].
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Fig. 6. Measured values of the Hugoniot Elastic Limit in four types of tested specimens.
Numbers are mean values, within a standard deviation shown as error bars.

C. Spall strength

Fig. 7 shows the spall strength values inferred from the velocity records under laser-driven
shock loading.
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Fig. 7. Measured values of the spall strength in four types of tested specimens. Numbers are
mean values, within a standard deviation shown as error bars.

The average spall strength of the Rene 65 superalloy in such dynamic loading conditions is
around 6.5 GPa. Such value is comparatively high, similar to that of high-strength metals
typically used in military applications such as tantalum [52]. Again, considering the significant
scatter, it appears roughly insensitive to the manufacturing route, the loading direction and
the heat treatment conditions. For comparison, an ultimate tensile stress around 1.3-1.6 GPa
was measured for a variety of Ni-based superalloys [53] including Inconel 718, 718 Plus and
Waspaloy tested using quasi-static loading conditions. At high strain rates around 1.5x10° s
under impact loading [12], the spall strength of single-crystal PWA 1483 was reported to be
3.5 GPa and that of polycrystalline Inconel 738LC was evaluated to 2.9 GPa. Finally, at
intermediate rates produced by the impact of thin laser-launched flyers, the same variants of
Rene 65 exhibited a spall strength of about 5 GPa [13]. Those results are compared with the
present measurements in Fig. 8. osp increases with & up to about 1.5 x 10° s then seems to
saturate. In these experiments, increasing the strain rate goes with decreasing the duration of
pressure application, which amounts to reducing the spatial width of the zone subjected to
tension within the sample upon reflection of the pressure pulse from the free surface (blue
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region in the schematic insets in Fig. 8). Thus, the probability for this region to contain sites
prone to early damage initiation and development (e.g. inclusions, precipitates and grain
boundaries, shown as black dots in the schematic insets in Fig. 8) decreases with increasing
loading rates. This may result in the measured increase in spall strength. Saturation may arise
upon further increase in loading rate as this probability becomes very small, at least beneath
the line probed by the VISAR.
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Fig. 8. Comparison of the spall strength values recorded in Rene 65 impacted by laser-
launched flyers (green dots, from Ref. [13]) or subjected to direct laser shocks (red, this work).
The insets show schematically how the lower width of the tensile zone might explain the
higher strength at increasing strain rates.

5. Transverse shadowgraphy

Fig. 9 shows sequences of three shadowgraphs recorded at 800 ns intervals for five 400 um-
thick targets of C&W samples (a). Similar data is also reported for AM samples subsolvus
treated and tested along Z (b) or XY (c), and supersolvus treated and tested along Z (d) or XY
(e). The laser shot at time to triggers the camera. The shock then travels at a mean velocity on
the order of 4.6 km/s throughout the 400 um thickness so that breakout at the free surface is
expected at about to+90 ns. The target holder and the unshocked part of the target do not
move over the recorded time interval. The good spatial homogeneity of the laser energy in
the beam ensures a good uniformity of the applied pressure on the irradiated surface, leading
to planar wave fronts, as pointed out earlier from Fig. 3. Indeed, earlier shadowgraphs just
after shock breakout (not shown here) show the displacement of a planar central surface of a
few mm-diameter matching that of the loaded spot. At the later times shown here, the spalled
layer has deformed before detaching from the bulk upon shear failure at its periphery, so that
its contour is curved. In the C&W sample (Fig. 9a) the spall is then ejected in vacuum at a
constant speed of about 540 m/s without further deformation and it remains well parallel to
the target surface. Under similar conditions, similar ejection has been observed in pure metals
[35]. In contrast, in the AM material (Fig. 9b-e), the spalled layer is seen to break into distinct
fragments before complete separation from the rest of the target, and an early loss of
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symmetry around the central axis is observed, with the chaotic ejection of fragments of
various sizes, sometimes with significant radial and rotational velocities. Such behavior
probably results from multiple failure at different depths below the free surface, governed by
damage nucleation at preferential sites as discussed in the next section.

a) C&W b) AM c) AM d) AM e) AM
subsolvus Z supersolvus Z subsolyus XY supersol

to+
1.6
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to+
2.4

us

to+
3.2
Hs

Fig. 9. Transverse shadowgraphy of spall ejection (to the right) from samples of Rene 65, cast
and wrought (a) or additively manufactured (b-e), subjected to laser shock loading at time to.

6. Post-recovery observations

The removal of the fragments leaves a crater in the free surface of the recovered samples,
where the fracture surface can be analysed. Observations were made both in the crater
surface and on cross-sections.

A. C&W samples

Fig. 10 shows a typical crater surface in a C&W target subjected to a 3.5 TW/cm? laser shock.
The crater is circular with sharp contours. Its 2.55 mm-diameter is close to that of the
irradiated spot in the opposite loaded surface. Such observation is consistent with the ejection
sequence shown in Fig. 9a. At higher magnification (Fig. 10b), the fracture surface consists of
small dimples typical of ductile damage. As already illustrated and discussed in a previous
article [13], voids nucleate preferentially at inclusions located at grain boundaries such as
primary y’ precipitates (red arrows) and more occasional carbide particles (yellow arrow).

Cross-sectional micrographs of the spall plane in another C&W sample recovered after a 2.0
TW/cm? laser shock are shown in Fig. 11 to illustrate a case of lower damage. They confirm
that primary y’ precipitates and carbide particles provide favourable sites for void nucleation
(Fig. 11a). Then crack propagation follows a tortuous path mixing intergranular and
transgranular fracture (Fig. 11b), which is consistent with previous observations reported
under impact loading [13].
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Fig. 10. SEM micrographs showing the spall crater in the free surface of a C&W Rene 65 sample
recovered after a 3.5 TW/cm? laser shock: overview (a) and magnification in the crater (b)
showing dimples indicative of ductile fracture with signs of crack initiation at carbides (yellow
arrow) and primary y’ precipitates (red arrows).

b)

40 pm

Fig. 11. SEM micrograph showing a cross sectional view of the spall plane in a C&W Rene 65
sample recovered after a 2.0 TW/cm? laser shock, applied from bottom to top (a) and inverse
pole figure map superimposed with image quality showing the same region (b).
Crystallographic orientations are given relative to the vertical (shock propagation) direction.
Cracks nucleate preferentially at primary y’ precipitates (red arrows) and carbides (yellow
arrow) then propagate from one inclusion to the next along a mixed inter/transgranular path.

13



B. Supersolvus-treated AM samples

In the supersolvus-treated AM targets, the crater surface shows stair-like features, with a
combination of ductile transgranular fracture and deeper, smooth facets suggesting
intergranular cracking (Fig. 12). No significant dependence on the direction of shock
application was observed, as expected from the isotropic character of microstructural features
in the supersolvus-treated specimens (Fig. 1d). Again, the observations seem consistent with
the shadowgraphs showing the ejection of large, irregularly shaped fragments (Fig. 9c and Fig.
9e). Fig. 13 shows an EBSD map of a cross-section in a laser shock-loaded supersolvus-treated
sample, near the edge of the loaded region, where the spalled layer (upper part) is still
attached to the bulk target. It clearly shows that voids form mainly at grain boundaries, as
reported under impact loading [13], and that cracks propagate throughout grains, but also
along grain boundaries, deeper beneath the free surface, which supports the interpretation
of Fig. 12.

5m
Fig. 12. SEM micrographs showing the spall crater in AM supersolvus Rene 65 samples
recovered after shock loading along (a) (2.1 TW/cm?) or normal to (b) the Z direction (1.1
TW/cm?).

Fig. 13. Inverse pole figure map showing crystallographic orientations in the vicinity of a spall
fractured region in an AM supersolvus Rene 65 sample recovered after a 1.1 TW/cm? laser
shock loading applied from bottom to top, normally to the build direction Z. Superimposed
image quality highlights void nucleation at grain boundaries, as well as a mixture of
intergranular and transgranular cracking.
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C. Subsolvus-treated AM samples

Although no significant influence of the loading direction was evidenced on the macroscopic
response of the subsolvus-treated AM sample (i.e., Fig. 7), the anisotropic character of the
microstructure (Fig. 1b, c) may imply differences in fracture mechanisms.

A spall crater in a specimen tested along Z (i.e., shock loading direction and the build direction
are parallel) and subjected to a 1.8 TW/cm? laser shock is shown in Fig. 14. It is roughly circular
with sharp edges. The closer view in Fig. 14b reveals dimples characteristic of ductile fracture
as well as short, straight and sharp cracks normal to the crater surface. Fig. 15 shows
micrographs of a spall crater in an XY sample (where shock loading direction and build
direction were normal to each other). The crater is still roughly circular but its contours are
partially hidden below large, irregular petals rising at the edges of the loaded surface. This
feature suggests late separation of the spalled layer and is in good agreement with the
corresponding shadowgraphs in Fig. 9d. The bottom surface is very irregular, with a stair-like
aspect due to the removal of large chunks, consistent with the ejection of large fragments
observed in Fig. 9d. The examination of the fracture surface reveals a mixture of dimples at
the main spall plane and smooth facets in slightly deeper zones of typical size about 250 um,
suggesting intergranular/interlayer cracking (Fig. 15b). Additional cracks normal to the crater
surface seem to propagate in depth perpendicular to the loading direction in that case (Fig.
15c).

Cross-sections were prepared in the subsolvus-treated AM samples where spall damage was
less severe (i.e., without ejection of the spalled layers) to collect the EBSD maps shown in Fig.
16. Samples subjected to shock loading along or normal to the build direction Z were
considered. The Z sample (Fig. 16a) presents mainly transgranular fracture across the
columnar grains, as already evidenced and discussed elsewhere [13]. However, void
nucleation is visible at some grain boundaries. In the XY sample, where loading direction was
normal to the build direction (Fig. 16b, c), the cross section was prepared so that the
observation plane contains the Z direction. Evidence of preferential void nucleation at grain
boundaries is observed (Fig. 16b). However, in contrast with the Z sample, cracking is mostly
intergranular, running between the columnar grains (Fig. 16c).
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1mm — 50

I»l i £,
Fig. 14. SEM micrographs showing the spall crater in an AM subsolvus Rene 65 sample
recovered after a 1.8 TW/cm? laser shock loading along the build direction Z.

200 pm
Fig. 15. SEM micrographs showing the spall crater in an AM subsolvus Rene 65 sample
recovered after a laser shock normal to the build direction Z.
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Shock propagation

Fig. 16. Inverse pole figure maps showing crystallographic orientations of cross sections in AM
subsolvus Rene 65 samples recovered after shock loading along (a) or normal to (b, c) the Z
direction. Superimposed image quality highlights void nucleation at grain boundaries for all
samples, as well as intergranular cracking in the XY sample versus transgranular cracking in
the Z sample.

Fig. 17 schematically summarizes the direction-dependent spall processes operating in the
subsolvus-treated AM Rene 65 samples inferred from the above observations. Shock loading
is applied onto the left surface. Wave interactions generate tension beneath the opposite free
surface (pink shaded zone). In the Z specimen (Fig. 17a), void nucleation preferentially
proceeds at grain boundaries, probably as a result of deformation incompatibility between
grains. Subsequent fracture (red lines) is mainly of transgranular character and develops
through the columnar grains. Indeed, grain boundaries are unfavourably oriented for
coalescence of voids. Nevertheless, crack growth parallel to the loading direction is
occasionally observed along grain boundaries, despite being oriented unfavourably with
respect to the main loading direction (see Fig. 14). Indeed, the tensile stress component acting
on the grain boundaries should be low as most of them are parallel to the shock direction. This
feature highlights the weak character of grain boundaries in the subsolvus treated AM
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samples. In an XY specimen where the loading direction is normal to the Z axis (Fig. 17b), a
more balanced contribution of transgranular and intergranular cracking is observed. While
void nucleation proceeds at grain boundaries, as also observed in the Z samples, grain
boundaries are mostly oriented normal to the loading direction. Hence, they can serve as
preferential crack path. However, transgranular cracking is likely needed depending on the
presence of grain boundaries in the close vicinity of the plane of maximum tension (see Fig.
15), and the features of these grain boundary, that determine their resistance to cracking.
Besides, residual tension after a first fracture may be high enough to produce cracks at grain
boundaries located deeper below the free surface. Such multiple spall scenario is consistent
both with the ejection of successive spalled layers (Fig. 9d) and with the final stair-like fracture
profile (Fig. 15b).

a) b)

Fig. 17. Schematic representation of spall fracture in an AM subsolvus sample subjected to
laser shock loading along (a) or normal to (b) the build direction Z.

7. Conclusion

High power laser irradiation of ns-order duration was used to study the shock behavior of the
Ni-based superalloy Rene 65 at extremely high strain rates above 10° s*. Tested specimens
were either cast and wrought (C&W) or additively manufactured (AM). Subsolvus and
supersolvus heat treatments were applied to AM samples to investigate the influence of
microstructure features on the material response. Time-resolved velocity measurements
provided both the Hugoniot elastic limit (compressive yield strength) and spall strength
(dynamic tensile strength), respectively about 2.3 GPa and 6.5 GPa. This is consistent with
values reported previously upon high velocity impact of laser-launched flyers, under
conditions of slightly lower strain rates leading to slightly lower values. Both values are
comparatively very high, indicative of an excellent resistance of this superalloy to dynamic
loading. Within the relatively large scatter attributed to shot to shot differences in local
sample microstructures, these measurements did not show a significant influence of the
manufacturing route, the heat treatment, and the loading direction relative to the build
orientation of AM samples. Post-recovery characterization was carried out as laser-driven
shocks are much less destructive than more conventional loading techniques. It provided clear
insights into the processes governing spall damage and subsequent fragment ejection. Thus,
void nucleation and crack propagation were found to depend on the sample microstructure
directly inherited from the manufacturing route and the heat treatment. In particular, the
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columnar character of the grains in the subsolvus treated AM sample was shown to induce an
anisotropic fracture behavior at the micro-scale. Nevertheless, the macroscopic response,
including the fracture strength, was relatively insensitive to the differences in mechanism, i.e.
primarily governed by inertia effects rather than microstructural features at such high loading
rates. Future work will include laser shock experiments on pre-heated samples to explore the
effects of high initial temperature, representative of service conditions within aero-engines,
on the dynamic behavior of this superalloy.
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