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Abstract

Laser shock peening (LSP), a surface treatment technique, exhibits promising
applications to improve strength and wear resistance for Ni-based superalloys. To
understand the strengthening mechanism in a laser shock peened Ni-based superalloy
DZ17G, we utilize advanced synchrotron poly- and monochromatic X-ray
microdiffraction, as well as scanning electron microscopy and micro hardness testing
to quantify the microstructure and mechanical properties at different depths from the
peened surface. It is found that a hardened layer of more than 1.2 mm depth is

generated, in which the micro hardness increases continuously and monotonically by



about 50 % from the unaffected interior to the surface. Quantitative analysis of
microdiffraction data has shown that large amounts of dislocations are introduced by
LSP. High densities of 7.1 x 10" m™ and 11.8 x 10"° m™ are seen close to the peened
surface for the y and the y’ phases, respectively, which are about 5 and 20 times of
those in the unaffected region. Different gradients of dislocation density are observed
for the two phases from the sample interior to the peened surface, and their combined
effect accounts well for the hardness gradient. This large population of dislocations
dominates the observed strengthening. Combined poly- and monochromatic X-ray
microdiffraction allows quantifying the local microstructures of plastic deformation
over a large sampling scale that can hardly be achieved using other materials

characterization techniques.

Keywords: Hardening; Dislocation density; Laser treatment; Ni-based superalloys;

Synchrotron diffraction

1. Introduction

Ni-based superalloys, due to their exceptional combination of high-temperature
strength, toughness, and resistance to corrosion and oxidation, are widely used to
manufacture gas turbine blades and bladed disks (blisks) for aircraft engines and
power generating systems, which are exposed to extreme environments in service
[1,2]. The superior properties of these superalloys are mainly due to the strengthening
effects provided by cuboidal precipitates of ordered y'-phase in the y-phase matrix [3].
On the other hand, fretting fatigue damage occurring in the connecting structures
between blades and disk such as dovetail attachments is one of the major failure
sources in gas turbine engines [4,5]. Surface mechanical treatments such as shot
peening and laser shock peening (LSP) are thus necessary to strengthen the dovetail
attachments of turbine blades [6,7]. During LSP, a high-power laser pulse ablates a

protective overlay (tape, paint or aluminium foil) into plasma. A transparent confining



overlay (glass or water) prevents the generated plasma from expanding and moving
away from the treated sample surface. Shock waves with peak pressures of the order of
several GPa are produced. As they propagate into the interior of the samples, the
peened material is severely plastically deformed at an ultrahigh strain rate (10° s or
higher), resulting in substantial hardening [8]. A particular advantage of LSP over shot
peening is its ability to induce a hardened layer (termed case) substantially deeper into
the material below the peened surfaces. Case depths of more than 1 mm can be
achieved using LSP, causing at the same time much smaller surface roughness than
shot peening [9]. These two factors improve fatigue strength, friction and fretting wear
resistances greatly [10-15].

For Ni-based superalloys, LSP has been shown to increase room-temperature
tensile strength and vibrational fatigue strength by 25-33% and 169%, respectively
[14,15], and introduce compressive residual stresses up to 600 MPa near the surface
[16]. Moreover, even after annealing for 10 hours at 900 °C, which is a higher
temperature than the typical service temperature of dovetail joints of turbine engines,
the beneficial effects brought up by LSP are still effective without significant relief
[17]. All these advantages make LSP a promising technique for extending the lifetime
of Ni-based superalloy blades.

While LSP is already deployed in certain industrial fields of Ni-based superalloy
and other alloys, some crucial problems the strengthening mechanisms involved still
require in-depth understanding. Transmission electron microscopy (TEM)
investigation of the microstructures have revealed that the severe plastic deformation
during LSP produces high densities of dislocations, and sometimes, microstructure
refinement [18-23]. A detailed quantitative analysis that assesses the potential
contributions from dislocations and microstructure refinement to the overall
enhancement in strength is yet to be performed. LSP produces a deformed layer in the
millimeter range with decreasing plastic strain from the surface to the interior. The
correlation between the local microstructure and the local strength has not been

established yet, because the high dislocation density produced by LSP is scarcely



possible to measure using TEM, in which the sampling scale of micron is three orders
of magnitude smaller than the thickness of the cases, hence a plentitude of specimens
would be required to cover the entire case (as obvious from [22]). More importantly,
it has not been attempted to establish a direct evidence for microstructural differences
between y and y' phases after severe plastic deformation at the ultrahigh strain rate
induced by LSP, as e.g. the local dislocation density. It is important to quantify the
contributions of the different strengthening mechanisms from each phase locally in
the laser shock peened Ni-based superalloys. All these issues demand a novel
investigation method allowing quantitative measurement of both, the local mechanical
strength and the local dislocation density in y and y' phases while covering the whole
depth of the peened case.

In this paper, we utilize the advanced scanning synchrotron technique micro X-
ray diffraction (uXRD) [24] to study the gradient microstructure in a directionally
solidified Ni-based superalloy after LSP. With a micro-focused, high-brilliant X-ray
beam and a high-precision scanning stage, the local microstructure is readily mapped
to cover a millimetre-sized area from the peened surface to the interior with spatial
resolution on the scale of micrometers. By combining polychromatic and
monochromatic X-ray diffraction signals [25], the local dislocation content in each
individual phase, y and y', is quantified. The quantitative analysis of the dislocation
contents in each phase provides key insights for understanding the effects of LSP and
for revealing the strengthening mechanisms of laser shock peened Ni-based

superalloys.

2. Materials and Experiments

2.1. Materials and LSP treatment

A directionally solidified Ni-based superalloy DZ17G is investigated. The
nominal composition of the alloy is listed in Table 1. The material shows dendritic

growth. As illustrated schematically in Figure la, the primary dendrites were about



200 pm in width and grew along an <001> crystal direction. Grain boundaries,
defined by boundaries with misorientation angles of 15° and above, were almost all
parallel to the primary dendrite growth direction (indicated as Y-direction). Transverse
grains boundaries were essentially absent, and the resulting grain width ranged from
200 um to 2 mm. The DZ17G superalloy was composed mainly of Nis(Al, Ti) y'-
precipitates with ordered L1, structure within the solid-solution-strengthened y-matrix
with face-centered cubic structure. The volume fraction of the cuboidal y'-particles
was about 70%, and they precipitated coherently within the y matrix obeying the cube-
on-cube orientation relationship, (001),//(001), and <100>,//<100>, [26]. The
cuboids were distributed regularly in the y matrix, which appeared as interconnected
3D channels separating the cuboids. MC and M,;C¢ carbides were detected in the
superalloy with a volume fraction less than 1%; thus their impact on the mechanical
properties is not considered in this study.

Table 1. Nominal composition of DZ17G Ni-based superalloy (wt. %)

Composition Co Cr Al Ti Mo \'% Fe C B Ni

<0.
Content 9.0-11.0 8595 4857 4147 2535 0.6-09 5 0.13-0.22  0.012-0.024  Balance

Besides newly manufactured blades, LSP is also used for repair of blades after
some time in service. Thus, the specimen investigated in this study was vibration
fatigued with a peak stress of about 257 MPa for 107 cycles to simulate service
conditions, following the standard of the Ministry of Aviation Industry of the P.R.C.
(HB5277-84) prior to LSP. The surface to be treated was mirror polished using SiC
papers of grits varying from #180 to #2400. A 0.125 mm thick aluminum foil was
used as protective and absorbing layer, and water was applied as confining overlay to
promote the generation of shock waves. The specimen was laser shock peened using a
Q-switched Nd:YAG laser system. The shock peening direction (indicated as X-
direction in Figure 1a) was perpendicular to the dendritic growth direction. LSP was

performed with the processing parameters listed in Table 2, an overlapping rate of



50% and repeated three times.

Table 2. Processing parameters of the LSP

Laser energy Spot diameter Pulse width Frequency Power density

567 2.2 mm 20 ns 1 Hz 7.4 GW/cm?

(c) uXRD experiment
(a) Laser shock peening

Laser Detector

Diffracted
beam

Incident

Peened
surface

Peened

surface Sample

stage
Figure 1. Schematic diagrams showing the set-up for LSP, hardness testing and uXRD, with the
aid of a Cartesian coordinate system O-XYZ. (a) LSP is carried out on the YZ-surface with the
peening direction perpendicular to the primary dendrite growth direction. Grain boundaries,
parallel to the primary dendrites, are indicated using the dark blue curves. After LSP, (b) hardness

and (¢) uXRD are conducted on a cross-sectional XY-plane.

2.2. Hardness test

Three regions were arbitrarily chosen on the cross sectional XY-plane to
investigate the depth dependence of the hardness at different locations in the case

(illustrated in Figure 1b). In each region, the Vickers hardness was tested along two



lines approximately 100 pm separated from each other, both parallel to the peening
direction using a HXD-1000TMC/LCD instrument, with a load of 200 gf and a dwell
time of 30 s. A total of 14 - 15 indentations were performed along each line. The
distance between two adjacent indents was fixed at 120 um (Figure 1b). On one line,
the first indent was placed at a depth of 60 pm from the surface, while at 120 pm from
the surface on the other. The diagonal length of the indents was about 30 um, i.e. less
than one-fourth of the space between adjacent indents, which is considered sufficient
to eliminate disturbing effects of the deformation zones between neighbouring indents

[27].

2.3. Synchrotron pXRD

Synchrotron polychromatic uXRD (a.k.a. Laue pXRD) was conducted at
beamline 12.3.2 of the Advanced Light Source at Lawrence Berkeley National
Laboratory [28]. A polychromatic X-ray beam (5 - 24 keV) was focused to about 1 x 1
um? using a pair of Kirkpatrick-Baez mirrors. The samples were mounted on a high-
resolution XY scan stage that was 45° inclined with respect to the incident X-ray
beam. An area of 1705 x 234 um? on the XY-plane, was scanned with the
polychromatic X-ray beam with a step size of 5 um along the peening direction (X-
direction) and 3 pm along the dendrite growth direction (Y-direction). At each scan
position, a Laue diffraction pattern was recorded using a two-dimensional Pilatus-1M
detector (DECTRIS, Baden-Dittwil, Switzerland), mounted in 90° reflection geometry
about 150 mm above the sample (Figure 1c). All 26598 recorded Laue diffraction
patterns were analysed using the software package XMAS [29], adopting the custom-
developed peak position comparison method [30].

To analyse the peak shape in Laue uXRD, the 004 diffraction peak was converted
from detector coordinates to reciprocal space coordinates 20-x (Figures 2a and b). 20
is the diffraction angle between incident and diffracted beam, while x is the angle
between the diffraction plane defined by the incident and the diffracted beam and the

plane defined by the incident beam and the detector normal. The intensity



distributions in the 20-x space usually appear anisotropic with an elliptical shape.
Therefore, for the intensity distribution of each peak in reciprocal space coordinates
20-x, the long and short axes were determined. The full widths at half maximum
(FWHMs) of the intensity profiles along these long and short axes are denoted as .
and fs, respectively (Figures 2c and d). In the present Laue diffraction experiment, the
OON reflection signals (N = 2, 4, 6, 8) from y phase and the 00M reflections (M = 2, 3,
=+ 8, 9) from y' phase appeared at the same position. Therefore, referring to a certain
peak such as 004 (to comply with following monochromatic investigations), actually

means the superposition of several contributing harmonic reflections.

(c)
(a) (b)

Br

Intensity (a.u.)

20

Long axis (Angle)

(d)

«————

Bs

Intensity (a.u.)

Detector o

Short axis (Angle)

Figure 2. Example illustrating how the shape of the Laue diffraction peak is quantified. A 004
Laue diffraction peak is (a) presented in detector coordinates and (b) converted into 20-x
coordinates. The corresponding intensity profiles along the long and the short axes are displayed in

(c) and (d), respectively.

In order to determine locally the radial line profile of the diffraction peaks for
quantification of the dislocation density [31,32], mapping was performed using a
monochromatic beam by scanning the X-ray energy in minute energy steps, which is
termed energy scans in this article. For the present study, the 004 peak was chosen for
energy scan in the range of 9950 - 10250 eV with a step size of 1 eV on Beamline
21A at the Taiwan Photon Source. The measurements were conducted in a depth range
of 0 to 1.7 mm along two lines that were 100 pum apart from each other and parallel to
the peening direction on the XY-plane. Based on the energy scan, the raw radial

intensity profile (black circles in Figure 3) was determined in dependence on the



diffraction vector /. where A is the wavelength and O half of the angle

between the incident and diffracted beams. After fitting the experimental data, the
radial line profile was decomposed into two subprofiles, representing the diffraction
signals from y and y' phases, respectively (orange and green curves in Figure 3). For
decomposition, it was assumed that the integrated intensity ratio of the two subprofiles
was equal to the ratio between the volume fractions of the corresponding phases, i.e.
30:70 between y and y' phase. The FWHMs for both phases, 8, and d,, were then
determined for quantification of the dislocation density using a procedure [33] adapted
from the classical Wilkens’ theory [34]. Further details about peak fitting and

dislocation density calculations are found in Ref. [33].

~ Experimental

Intensity (a.u.)

Figure 3. Radial line profile of a 004 peak of the Ni-based superalloy determined from an energy
scan with monochromatic X-ray beam. The black circles represent experimental diffraction data at
one particular position, while the black curve is a fit to the circles using multiple Gaussian
function. The orange and green subprofiles originating from y and y' phases, respectively, are

obtained by decomposition of the black profile following the procedure described in [33].
2.4. Electron microscopy

To observe the morphology of the y' precipitates and their spatial distribution in
the y matrix, XY-plane sections of the specimens were electrochemically etched in
H;PO, aqueous solution (25%:75%) under a constant voltage of 5 V. A Hitachi
SU6600 field emission scanning electron microscope (SEM) was used for imaging the

cuboidal y' precipitates at various depths along the peening direction on the cross



section. The sizes of individual y' cuboids were determined as geometric mean of the

lengths of two of its adjacent sides.

3. Results

3.1. Hardness profile

The microhardness profile from surface to interior along the peening direction is
shown in Figure 4. The hardness of the Ni-based superalloy without LSP is measured
to be (391 £ 11) HVO0.2, which is indicated by the dashed blue line. LSP induces a
significant increase in hardness reaching 50% near the peened surface, which has a
hardness of 587 HVO0.2); the case, defined as the region in which an increased

hardness is detected, ranges from the surface to a depth of 1.2 - 1.4 mm.

600
550+
500+
450+
400+

350 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8

Depth (mm)

Hardness (HVO0.2)

Figure 4. Vickers microhardness as a function of peening depth of the laser shock peened Ni-
based superalloy. The hollow and solid diamonds are the determined and their average values,
respectively. The dashed blue line represents the average hardness of the fatigued superalloy

without any LSP.

3.2. Laue pXRD

The patterns obtained by Laue uXRD are evaluated in two manners. The peak
positions allow determination of the local crystallographic orientations, and the shape
of the peaks acts as an initial manifestation of the presence of dislocation structure.
The crystallographic orientations in the area scanned by polychromatic X-rays are
displayed in Figure 5a, where the colours represent the crystallographic directions

along the Z-direction, i.e. the normal of the cross section. Two large grains are



identified in the examined area by their appearance in different colours in the map
(Grain 1 in red and Grain 2 in orange). The alternating appearance of both colours in
the region on the right is due to the co-existence of both grains in the volume
penetrated by the synchrotron X-ray beam and giving rise to diffraction. Only the
orientation from the grain dominating the diffraction signal, i.e. with larger volume
fraction along the path of the incoming X-rays, is presented in Figure 5a. The exact
location of the grain boundary between these two grains in 3D is unknown, which is
however less important for the present analysis. No other orientation is detected in the
mapped region. Apparently, the original grain structures are preserved and no grain
refinement occurred.

Three typical Laue diffraction patterns taken at various depths from the peened
surface at positions marked by B, C and D in Figure 5a are shown in Figures 5b, c, and
d, respectively. The diffraction peaks obtained from the location close to the peened
surface (position B) are significantly broadened compared to those obtained from the
same grain but about 1 mm away from the surface (position C). The diffraction peaks
from the second grain (position D) are comparatively sharp and intense. The
misorientation profiles along the lines marked EI1-E2 and F1-F2 on Figure 5a are
displayed in Figure S5e. The majority of the misorientation angles between
neighbouring pixels is below 1.5°. The point-to-origin misorientation angle increases
to about 2° from the peened surface to a depth of about 150 pm, indicating an
accumulation of misorientation over this distance. In larger distances from the surface,
i.e. in deeper regions, the point-to-origin misorientation angle remains this high level.

The observed scatter is caused by occurring point-to-point misorientations.
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Figure 5. Laue pXRD on the cross section of the laser shock peened Ni-based superalloy. (a)
Orientation map, colored according to the crystallographic orientation along the Z-direction. The
peened sample surface is to the left, non-indexed pixels are shown in grey. (b)-(d) Three
representative indexed Laue diffraction patterns collected at positions B, C and D marked in (a),
respectively. The white cross in each Laue pattern marks the position where the beam is diffracted
by a diffraction angle 20 of 90° and x of 0°. (¢) Misorientation profiles along the peening direction
in the two grains, marked E1-E2 and F1-F2. Both, point-to-origin (with respect to E1/F1) and
point-to-point misorientations, are shown.

The 004 reflection is selected for further peak shape analysis for two reasons.
Firstly, it is the strongest peak and has a high signal-to-noise ratio. Secondly, the 004
peak is observed for both of the detected orientations (marked by red circles in Figure
5b, ¢ and d). The peak widths along the short (fs) and long (f.) axes determined at
each position in the scanned area are plotted in Figures 6a and b, respectively. Both
widths decrease with increasing distance from the peened surface. The ratio between
Bs and P at each position in the scan is computed and displayed in Figure 6¢. Up to a

depth of about 1.1 mm, i.e. in Grain 1, this ratio is close to 1, implying that the



diffraction peaks are broadened almost isotropic. The ratio in Grain 2 is generally
lower (about 0.5), reflecting that the intensity distributions of the 004 diffraction peaks
in the 20-x coordinates are slightly elliptical. The B¢/, ratio varies significantly within
each grain. Moreover, the peak widths and Bs/p, ratios are affected by the presence of
interdendritic carbides, as pointed out by the black arrows, due to different plastic

deformation close to the carbides [35].

Figure 6. Quantitative results of the 004 Laue diffraction peak in the laser shock peened Ni-based
superalloy. Maps of peak widths (a) along short and (b) long axes and (c) their ratios of the 004
Laue peak in the laser shock peened Ni-based superalloy. The white curves correspond to colour

changes between red and orange in the orientation map, i.e. the high angle grain boundaries.
3.3. Energy scans with monochromatic beam for dislocation characterization

From energy scans with monochromatic X-rays, the radial line profile of
diffraction peak 004 is obtained and separated into subprofiles for each phase, based
on which FWHM and dislocation density are determined. The FWHMs of these radial
subprofiles, 0, as a function of distance from the peening surface are shown in Figure
7a. At positions deeper than 200 - 300 pum below the peened surface, the FWHM
obtained for the y phase is larger than that for the y’ phase. Near the peened surface,
the FWHM is similar for both phases.
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Figure 7. Quantitative results based on monochromatic energy scans. (a) FWHM 6 and (b)
redundant dislocation density p obtained from energy scans for both y and y’ phases as a function
of depth in the peened case. Hollow circles represent the original data from two individual

measuring lines, while solid dots indicate average values.

Following a recently developed procedure [33], the redundant dislocation
densities p were determined locally in each of the two phases based on the radial
subprofile in dependence of the depth below the peened surface (Figure 7b). Similar to
the depth depending variations in FWHM for both phases, higher dislocation densities
are detected in y phase than in y’ phase in most regions except close to the surface. In
the regions unaffected from LSP (deeper than 1.4 mm from the peened surface), the
average dislocation density in the y phase is 14.6 x 10" m?, while only 5.3 x 10" m™
in the y’ phase. These dislocations are probably introduced during the vibration fatigue
test [33]. The dislocation density in the y' phase increases continuously from the
unaffected interior to a depth of 100 um. Within the region up to 100 ym from the
peened surface, the dislocation density is constant, or even drops slightly. For the y
phase, the dislocation densities increase from low values at 1.3 mm from the surface
and deeper to an almost constant value in a depth range between 100 pum and 800 pm.
The two courses of the dislocation densities cross each other at the depth around 300

um (Figure 7b), leading to a lower dislocation density in the y phase than in the y’'



phase in a region between 100 pm and 300 um below the peened surface. In the region
up to 200 um below the peened surface, the average dislocation density detected in y
and y' phases are 7.1 x 10" m? and 11.8 x 10" m?, respectively. These are about 5

and 20 times higher than the respective values in the unaffected region.
3.4. Microscopic observations

The shape and size of y' precipitates after LSP were investigated in a cross
section using SEM. The overall shape of y' precipitates remained cuboidal, despite
occasionally observed coalescence (Figure 8a and b). As seen from Figure 8c, the size
of the y' cuboids varies around an average of 360 nm and does not show any
noticeable systematic variation within the investigated region, i.e. the case formed by

LSP.
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Figure 8. SEM investigation of y' precipitates. The secondary electron images are taken at a depth
of (a) about 10 um and (b) 1.0 mm. (c) shows the size of the y' cuboids in dependence on depth. At
each depth, 96 cuboidal y' particles are measured and the error bars represent the standard

deviation of their size distributions.

4. Discussion

The present study has demonstrated that synchrotron uXRD is a powerful tool for
quantitative analysis of the local microstructures. The small beam size of 1 x 1 um?
micrometer ensures a high spatial resolution. Based on the Laue diffraction patterns

collected with a polychromatic beam, both the crystallographic orientation and the



shape of the peaks can be determined. When using monochromatic beams, dislocation
density, lattice parameter and residual elastic strains can be quantified separately for
different phases, even for cases like the present Ni-based superalloy where the two
phases have similar lattice parameters. It is evident that pXRD can be used for
studying severely deformed samples containing dislocation densities in the order above
10" m?, which is challenging to quantify by TEM.

With a suitable subprofile separation and fitting algorithm, the dislocation
densities in both y and y' phases are quantified in the present DZ17G superalloy
locally within the whole laser shock peened case. Such information is crucial for
understanding the plastic deformation induced by LSP and for quantifying the

contribution of each phase to the strength increase.

4.1. LSP induced plastic deformation

The hardness and synchrotron uXRD data reveal that in the region up to 1.2 - 1.4
mm from the peened surface a case is formed by LSP where both, the hardness and
the dislocation density, are higher than those in the interior. The size and morphology
of y' precipitates are the same throughout the case, proving that no pronounced phase
transformation between y and y’ phases occurs during LSP. Also, no grain refinement
is observed, which is similar to what has been reported in LSP treated mono- and
polycrystalline Ni-based superalloys [9,36,37] as well as other materials systems
[38,39]. The LSP induced hardening is therefore mainly caused by dislocations.

The nearly isotropic broadening of the Laue diffraction peaks in the 26-x space
(see Figure 6) suggests that the dislocations generated by LSP are mainly redundant,
and a small fraction of non-redundant [40]. The non-redundant dislocation content to
produce a misorientation 6 across a distance d as in the orientation gradient near the
surface is given by the Read Shockley equation p = 6 / bd and determined by the
Burgers vector b of the dislocations [41]. Figure Se shows an orientation gradient

accumulating a misorientation angle of 2° across a distance of 150 um below the



peened surface, resulting in a non-redundant dislocation density of 9.2 x 10" m™. In
larger depth, the misorientation angle of 2° with respect to the orientation at the
surface does not vary systematically. Similar orientation gradients within a similar
range of depth have also been observed in LSP treated Ti6Al4V [42] and Inconel
718SPF [43]. Even the non-redundant density 2.1 x 10" m™ expected locally from the
point-to-point misorientation angle of 1.5° between points in a distance of 5 um is 2
orders of magnitude lower than the redundant dislocation density (Figure 7b).
Consequently, the non-redundant dislocation density is negligible and the total
dislocation density is determined dominantly by redundant dislocations. The
considerable amount of redundant dislocations generated by LSP affects the
mechanical properties to much larger depth than non-redundant dislocation density
responsible for the orientation gradient close to the surface.

The dislocations distribute heterogeneously between the y and y' phases. For
depth deeper than 0.7 mm from the surface, the dislocation density in the y channels is
roughly twice of that in the y' cuboids. In the region close to the peened surface, the
dislocation density in the y channels remains at a constant value probably due to
dynamic annihilation, while the dislocation density is higher in the y’' cuboids. The
annihilation of dislocations in the y channels becomes easier as the dislocations are
confined, while the L1, structure of the y' cuboids makes annihilation more difficult as
the motion of superdislocations is restricted to their slip plane by an anti-phase
boundary.

The dislocation density revealed in DZ17G is much higher than the ones reported
for Ni and other Ni-based superalloys after shock loading. For example, after shock
loading with a pressure of 25 GPa a dislocation density of 1.3 x 10" m? is found in
single phase Inconel 600 [44]. This dislocation density is only about 1/5 of that in the
y channels of the present sample. Both the presence of dislocations prior to LSP and

the pinning by y' cuboids may be important factors for this difference.



4.2. Strengthening mechanism

In general, the strength of metallic materials is a combined effect of lattice
friction, solute atoms, dislocations, grain boundaries and precipitates [45]. Since no
new grain boundaries are generated by LSP in our study and the precipitate size
throughout the case are the same as those in the interior, the effects of grain
boundaries and precipitates are ruled out for explaining the observed hardness
increase. Likewise, hardness differences in the case caused by different solid solution
strengthening can be excluded as no hint of any partial or full dissolution of the y’'
precipitates is demonstrated and long range migration and redistribution of solute
elements are not likely to occur in the short period of time of LSP. Consequently, the
observed hardness profile must root in the locally different dislocation density
generated by LSP.

The contribution to the flow stress due to interactions among dislocations is

described by the Taylor relation [46]:

AT, :mt-fr.;s:J; "

where a is an interaction coefficient, M the Taylor factor, G the shear modulus, b the
Burgers vector, and p the total dislocation density. The contributions from the y and y'
phases are considered separately obeying the rule of mixtures:

Aer, = fiher, +il- A,
s =BG o 5)

where f, is the volume fraction of the y phase (30%). Using the determined redundant
dislocation densities presented in Figure 7b and the parameters a = 0.24, M = 2.449, b
= 0.253 nm, G = 76 GPa for the y phase and 78 GPa for the y' phase in Equation 5
[47], the strength increase (compared to the unaffected interior) contributed by the
dislocations in the peened case are calculated. They are compared with the hardness
increase AHV with respect to the average value for an unpeened, fatigued specimen
reported in Figure 4 converted to a contribution to the tensile strength Aoy, by Tabors

relation oy, =HV/3 [48].



As seen from Figure 9, the calculated strengthening effect Aoy, from the
determined dislocation densities agrees well with the observed strength increase A oyy
determined form the hardness, proving that work-hardening by dislocations is
responsible for the hardness increase in the case of the laser shock peened Ni-based
superalloy DZ17G 1in this study. A deviation is seen for the first 300 um below the
peened surface, which is probably attributed to the heterogenous dislocation density in
the phases and may indicate that there is an overestimation of the resolved dislocation

densities due to the difficulties with profile separation in this case.
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Figure 9. Strength contribution of redundant dislocations induced by LSP in comparison with
hardness increase depending on the depth from the peened surface. Hollow symbols display values

obtained locally at different lines, while solid ones represent their average values.

5. Conclusions

In the present study, a laser shock peened Ni-based superalloy DZ17G was
characterized using advanced synchrotron uXRD with the aim to analyse and quantify
the relevant strengthening mechanism. The main conclusions are:

(1) LSP develops a hardened case in the Ni-based superalloy to a depth of 1.2 -
1.4 mm from the peened surface. After three impacts, a maximum hardness of 587
HVO0.2 is obtained close to the surface, which is about 50% higher than that in the
unaffected region.

(2) Plastic deformation caused by LSP results in a high redundant dislocation
density. Only a small density (2.1 x 10" m?) of non-redundant dislocations are

required as determined from the local misorientations.



(3) The redundant dislocation densities induced by LSP near the surface regions
reach 7.1 - 11.8 x 10" m? in y and y' phases, which is about 5 and 20 times higher
than that in the unaffected region. The redundant dislocation density in the y phase
remains a plateau value between 100 um and 800 pum depth from the surface, while
the dislocation density in the y' cuboids increase continuously from the unaffected
region towards the surface except the first 100 um from the surface.

(4) The work-hardening effect of the redundant dislocation density induced by
LSP is quantified based on the UXRD measured dislocation densities. The excellent
agreement with the local hardness measurements confirms accumulation of

dislocations as the major strengthening mechanism.
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