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The Microstructure and Properties of Laser Shock
Peened CMSX4 Superalloy

MAGDALENA ROZMUS-GORNIKOWSKA, JAN KUSINSKI, LUKASZ CIENIEK,
and JERZY MORGIEL

The influence of laser shock peening on the surface morphology and microstructure of
single-crystal CMSX4 nickel-based superalloy was investigated by optical profilometry and
atomic force microscopy, scanning and transmission electron microscopy as well as scan-
ning-transmission electron microscopy in high-angle annular dark-field mode. Maps of chemical
elements distribution in the laser-affected areas were determined using energy-dispersive X-ray
spectroscopy. Furthermore, after the LSP, nanohardness tests were conducted on the cross
section of the treated samples as well as the untreated material. Laser shock peening caused an
ablation and melting of the surface layer and hence enlarged the surface roughness. Beneath the
surface, in the laser shock-peened areas, severe distortion of the regular y/y’ microstructure was
observed. In the surface layer, down to about 15 um, shear bands of localized deformation were
formed. Moreover, the result showed that the average nano-hardness value was obviously
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increased in the laser-treated region.
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I. INTRODUCTION

CMSX4 is a second-generation Ni-base sin-
gle-crystal superalloy, which is used to make blades
for gas turbines in aero-engines and power plants.
Chemical composition of CMSX-4 superalloy contains
more than ten elements and is especially designed to
achieve an around 70 pct volume fraction of 7’ phase.!'-”
Its microstructure in the annealed state consists of
cuboidal precipitates of 7" phase SNi3A1—based), coherent
with a y solid solution matrix."”

Turbine blades are subjected to high loads at high
temperatures during operation; they must possess good
structural quality and high strength. Laser shock peen-
ing (LSP) is an innovative surface treatment which can
be used in the power generation industry to improve the
fatigue life of the components.>*®! Laser shock peening,
also known as laser shock processing, is a process of
material surface layer strengthening by means of
high-intensity pico- and nanosecond laser pulses. It
modifies the surfaces of metallic materials and induces a
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compressive residual stress state into the surface layer of
the component.’*! Compared to other surface treat-
ments, LSP has unique advantages of controllable
energy and small heat distortion of the treated parts.”-'"

Before the laser shock processing, the material is
covered by a sacrificial ablating layer to prevent the
surface from damage during the treatment. This layer,
as a black adhesive film or a metal foil, which is opaque
to the laser radiation, strongly absorbs it. When the
laser pulse strikes the sample, the absorbing layer and a
thin metal surface layer are instantly vaporized. Due to
vapor ionization and heating by laser energy absorption,
plasma is formed.!"""'?! Thus, the plasma is created in the
sacrificial opaque layer with detrimental effects such as
thermal effects and ablation. Moreover, during the
process, the material is covered by a transparent, inert
tamping overlay (for example, a thin layer of flowing
water). The transparent to laser light water layer limits
free plasma expansion over the sample surface. This
plasma confinement generates high pressures and shock
waves, which propaﬁate into the bulk and generate
compressive stresses.!'"'? Generation of the compres-
sive stresses in the surface layer improves the fatigue life,
which is very important, ie., for turbine blades of
aircraft engines.!'¥ When these stresses reach the yield
strength of the treated metal, plastic deformation
occurs. Moreover, the surface layer properties would
change greatly, affected by a high temperature, in a wide
range from the ambient or close to the critical temper-
ature, which may accompany the LSP. Numerous
metals and alloys have been successfully laser peened,

VOLUME 52A, JULY 20212845


http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-021-06277-7&amp;domain=pdf

including titanium alloys, steels and aluminum
alloys.'* 181 Most papers describe increases in hardness,
dislocation density, compressive stresses, surface rough-
ness, corrosive resistance, and so on. However, a limited
number of studies have been carried out to understand
the influence of LSP on the microstructure and prop-
erties of nickel superalloys, especially for single-crystal
[19,20] . .. . .
superalloys. In this alloy, the elimination of grain
boundaries leads to improved creep properties, typical
damage mechanisms on high-pressure turbines.”'! The
microstructure of CMSX-4 superalloy has been exten-
sively studied,?>?*! but there is a lack of detailed TEM
microstructure investigations on this type of alloy after
LSP treatment. It is worth mentioning that character-
ization of the near-surface regions of the material after
LSP is important for understanding the fundamental
microstructural changes introduced by this surface
treatment. Therefore, the aim of this contribution is to
investigate the surface morphology and roughness,
microstructure and nanohardness of the CMSX-4 nickel
alloy subsurface layer after LSP.

II. MATERIALS AND EXPERIMENTAL
PROCEDURES

The investigation has been performed using CMSX4
superalloy delivered by Howmet Ltd, UK, in the form of
a (001) oriented bar. Specimens for LSP experiments
were cut parallel to {001} planes from the bar. The
chemical composition of the alloy is (in wt pct):
Ni-9.5C0-6.4Cr-6.4Ta-6.4W-5.6A1-2.9Re-1Ti-0.6-
Mo-0.1Hf. Samples were received after standard heat
treatment: solid solution annealing at 1280 °C to
1305 °C for 6 hours followed by the aging at 1140 °C
for 4 hours and at 870 °C for 16 hours.

Prior to LSP, sample surfaces were ground with SiC
sandpapers with grit of 500 to 4000 and then polished to
make the average surface roughness Ra 100 nm. The
polished sample surfaces were etched before the laser
shock processing, so after treatment the surface
microstructure, unchanged by additional post-process-
ing metallographic preparation, could be examined. The
etching was carried out in two stages: in a solution of 24
mL C,HsOH, 25 mL HNO; and 27 mL HCL followed
by etching with a solution of 4 g CuSQy4, 20 mL HCL
and 20 mL C>HsOH. Before laser treatment, the etched
surfaces were coated with black paint as a laser energy
absorbing layer and then immersed in flowing water
with a thickness of ~1 mm. LSP experiments were
performed using a 1 J Q-switched Nd:YAG laser
(Q-switched Powerlite Precision 11 9010 DLS) operating
in the 1064-nm wavelength range (first harmonic) and at
a frequency of 10 Hz and pulse duration of 18 ns.
During LSP, the samples were treated by a series of
single laser shots. The diameter of the laser beam on the
target was 2 mm and the laser energy density ~ 13.2 J/
cm”. After LSP, the remaining black paint coating was
stripped off with acetone. Surface microstructure and
cross sections before and after laser treatment were
examined by scanning electron microscopy (SEM,
Hitachi S—3500 N, FEI Nova NanoSEM 450). TEM
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and plain view examinations were carried out on thin
foil specimens obtained from ~ 0.5 mm slices cut parallel
to the laser-treated surface and ground down from the
core side to about 0.1 mm. The 3-mm discs were
punched from these slices. The disk centers were then
dimpled down, from the core side, to 30 to 50 um and
electropolished, using a Struers Tenupol-2 double-jet
electropolishing unit, and a 450 mL CH;COOH + 100
mL HCI04; + 450 mL CH,OHCH,OC4Hy electrolyte,
to make them suitable for STEM and TEM observa-
tions. Moreover, TEM lamellas were excised perpendic-
ular to the treated surface by means of a focused ion
beam (FIB) using an FEI Quanta 3D 200 Dual Beam
Focused Ion Beam instrument. The microstructure
observations were performed with Philips CM20, Tecnai
G2 F20 and Jeol 200CX transmission microscopes.

Maps of chemical element distribution in the nano
areas were determined using energy-dispersive X-ray
spectroscopy. Morphology of the laser-treated surfaces
was examined by atomic force microscopy (AFM, Veeco
Dimension®Icon™ SPM). Surface roughness, before
and after LSP, was examined by interferometry (Veeco
Wyko NT 9300 profilometer). All measurements of
surface roughness were performed three times in each
region, and the average values are reported.

Moreover, after the LSP treatment, nanohardness
tests were conducted on the cross sections of the treated
sample surfaces as well as the untreated material.
Nanoindentation tests were performed using nanoin-
denter NHT 50-183 instruments equipped with a
Berkovich diamond indenter. Tests included cross-sec-
tioned measurements with a step size of 5 um, along the
line perpendicular to the surface treated by LSP. A load
of 15 mN was applied for each indentation.

III. RESULTS AND DISCUSSION
A. SEM, AFM and Interferometry Examinations

Figure 1 is a SEM image showing the microstructure
of CMSX-4 superalloy before laser treatment. The
cuboidal y’ precipitates surrounded by channels of y

Fig. 1—SEM image showing the microstructure of CMSX4 alloy
before laser treatment.
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phase are marked with arrows. According to the
literature, the cuboidal precipitates of 3 phase
(NizAl-based) are coherent with the y phase matrix
(Ni-based solid solution).!"* Figure 2(a) shows a SEM
image of a sample surface with four laser-shocked areas
(indicated with arrows), with a sufficiently large distance
between their centers, i.e., so that the laser spots do not
overlap. Figure 2(b) shows the structure at a higher
magnification of the area marked in Figure 2(a). The
numbers [-1V are designated in the following order: I,
the melted area; II, the area of the y/y’ interface melting;
I11, the deformed material area (without remelting); IV,
the initial material 1.

Although a black coating was applied before the LSP
treatment, as an opaque target to the laser beam, a
material melting at the sample surface was observed in
the central area of the spots. According to the literature
data,® the carbon plasma temperature in the early
phase of expansion, near the surface, determined using
optical emission spectroscopy, exceeds 8000 K. Since the
black coating also contains carbon particles, it is
possible that during the interaction with the laser beam
the target is heated to a temperature exceeding its
boiling point and also its critical temperature. Indeed,
this may explain the sample surface melting in our
experiments. In case of CMSX-4 alloy, its liquidus
temperature is ~ 1669 K, which is much lower than the
sample surface temperature in contact with the plasma
plume. Moreover, Moscicki® showed that, at the laser

fluence of 10 J/em? and wavelength 1064 nm, the
maximum surface temperature at the beam center,
during ablation of tungsten and boron, enriches 11,700
K and > 10,000 K adequately. Also, Tan et al*®
showed that the Al surface temperature during laser
ablation reaches > 8000 K. Since for Ni (main super-
alloy component) the boilin% Point is 3186.15 K and
critical temperature 8000 K.’ one may expect even
some evaporation of the thin surface layer. Thorslund
et al.®® applying a developed mathematical model show
that the surface temperature of LSP 304 steel (14,500 K)
exceeds its boiling temperature (3000 K). If surface
melting occurs in the central area of a laser-shocked
spot, a part of the melted material is explosively ejected
as the liquid forming splashes (spreading in all directions
from the central zone), which resolidifies on the sample
surface (see Figure 2(d)).

Figures 2(c) and (d) shows the microstructure at
higher magnification in areas II and III. In Figure 2(c),
the deformed areas are indicated with ellipses. The areas
in which the alloy melting starts at the y/y" interfaces are
marked with circles in Figure 2(d). Distortion of the
regular y/y’ cell structure, as compared to initial alloy
structure (Figure 1), is observed in the peripheral area
(IIT) of the laser-shocked spot. It should be noted that
before the LSP (Figure 1), 7 phase (gray region) and y
phase (bright region) can be observed with clear and
sharp interfaces, as shown also in Figure 2(b) (in area
IV) and Figure 2(c) (in the lower left corner). Blurred

Fig. 2—SEM images show the surface morphology of the CMSX4 alloy after LSP. Arrows in (@) indicate laser-shocked spots, while numbers in
(b) mean: I, melted area; II, area of the y/y’ interphase melting; III, deformed material area (without remelting); IV, initial material; (c) is the
magnified image of areas II and III in (b); (d) typical SEM image of the area where the y/y’ phase interphase melting was observed (arrow
shows the direction in which plasma spread, while circles indicate melted phase interphases).
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Fig. 3—Profiles of surface roughness after laser treatment measured along two perpendicular lines [horizontal (a) and vertical (b)] passing

through the laser spot (optical profilometer).

p/y" interfaces are observed in Figure 2(c) (circulated
area in the top right corner) and in Figure 2(d). This
could be caused by the melting at the y/’ interfaces. The
temperature in the ring area, lying ~ 0.8 to 1.3 mm from
the spot center, is lower than the alloy melting point,
1654.5 K + 4 K,* but higher than the y' solvus
temperature. According to Reference 29 the 7' precip-
itates dissolve during heating in a wide temperature
range between 1523 K and 1623 K, depending on the
heating rate, adequately 1 °C to 10 OCérnin. Taking into
account a laser heating rate of ~ 10° K/s,B%3! the ¢/
phase could not dissolve in solid state below the alloy
melting point. Indeed, in this zone 7y phase remelting
begins in areas of the increased energy state, i.e., at the
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/7" interfaces. This is probably why the interfaces look
blurred in the SEM images (in Figures 2(c) and (d)). The
consequence of surface melting and spreading of a
portion of the melted material—which resolidified on
the sample surface—is an increase in the roughness of
the surface. The surface morphology of a sample before
and after treatment was characterized using an optical
profilometer. The example of the surface profiles after
the LSP process measured along two perpendicular lines
is shown in Figure 3. It was found that both Ra and Rz,
originally estimated at 10 and 100 nm, increase because
of the LSP to 460 nm and 11.4 um, respectively. A
representative shear band, visible on the surface in the
laser shock-peened area, is shown in the AFM

METALLURGICAL AND MATERIALS TRANSACTIONS A



10 pm

306.5 nm

Fig. 4—Typical AFM micrograph of shear bands (arrowed) in CMSX4 alloy after LSP process.

micrograph (Figure 4). This AFM micrograph was
taken from the peripheral area of the laser-shocked spot.

The cross-sectional observations were performed to
understand the modifications of the sub-surface layer
caused by the applied LSP. Structural changes in the
surface layer may be considered a result of the simul-
taneous interaction of the temperature gradient and
compressive stresses involved during LSP. Significant
microstructure modifications in the surface layer of the
shock-peened samples were observed in comparison to
the core as well as to a reference sample (see Figure 1).
The SEM images in Figures 5(a) through (¢) show, in
the plane perpendicular to the treated surface, the
microstructure of the surface layer formed in different
areas of the Ilaser-shocked spot. Figure 5(a) was
recorded about 200 to 300 wum from the spot center,
while Figures 5(b) through (d) was taken on the
peripheral parts of the melted area (~ 600 to 700 um
from the spot center). In general, depending on the
examined spot area subjected to the LSP impact, the
surface layer consists of three (Figure 5(a)) or two zones
(Figures 5(b) through (d)). Numbers in Figure 5 indi-
cate: (1) the recrystallized zone, (2) heavily deformed
zone, (3) deformed zone (with narrow y phase channels
in the vicinity of the slip bands) and (4) matrix (not
affected by LSP). Figure 5(a) shows a typical SEM
microstructure in the area close to the spot center, where
surface melting occurred (see Figure 2). In this case, we
can distinguish three zones. The first, the subsurface
melted zone, is approximately 0.3 to 0.5 um thick. This
zone is created as a result of partial material melting and
probably a chemical reaction with plasma. The second,
recrystallized zone (1), lies under the melted zone (about
2 um thick) and comprises the zone of material which
was heavily deformed and recrystallized because of the
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high temperature (details are presented in the TEM
section). The orientation preference occurs as a result of
unidirectional forces deforming the material. The third
zone (2 and 3) comprises the zone of deformed material
with many deformation bands, reaching from 12 to 15
um. This is characterized by its preferentially oriented
fibrous structure (2, below the recrystallized zone) and
material area with a structure close to the original one,
with the presence of slip bands (3, closer to the core
material). The crystals’ flattening and elongation are due
to the action of forces accompanying the LSP. Also,
under the impact of the high LSP pressure, y’ phase,
initially cuboidal or rectangular (see Figure 1), assumes
a rhombohedral (diamond-like) shape.

In Figures 5(b) through (d), the microstructure of the
peripherals of the laser-shocked spot is shown. The
surface layer consists of two different zones, recrystal-
lized (1) and deformed (2 and 3), with only signs of
melting (arrowed in Figure 5(b) and as splashes in
Figure 5(c)). As the distance from the center of the spot
increases, the thickness of the recrystallized zone
decreases, respectively (Figures 5(b) to (d)). The thick-
ness of the recrystallized zone is gradually reduced from
~1 pum to 100 to 200 nm with the distance from the
center of the spot. This is probably due to both the lower
temperature and level of stresses generated at the spot
peripherals. Below this ultrathin recrystallized zone (1),
there is a zone of deformed material with numerous
shear bands (2 and 3). Figure 5(e) is a magnified image
of the region marked by the rectangle in Figure 5(d).
The areas denoted by circles at the shear bands show v
phase displacement of about 150 nm, which proves quite
severe alloy deformation caused by LSP. As Lu er al.’%
showed during laser shock peening, the )" precipitates
deform by lateral expansion (parallel to the sample
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Fig. 5—SEM presenting the microstructure of the surface layer formed in different areas of the laser-shocked spot in the plane perpendicular to
the treated surface: («) in the melted zone, (b, ¢ and d) in the peripheral area of the laser-shocked spot. (¢) Region marked by a rectangle in (d)
at higher magnification. Numbers indicate: 1: the recrystallized zone; 2: heavily deformed zone (with narrow y phase channels oriented
perpendicular to surface); 3: partially deformed zone (with narrow y phase channels in the vicinity of slip bands, indicated with arrows in (d); 4:

matrix (not affected by LSP).

surface, roughly parallel to the (001) orientation),
and therefore 7y channels are directly extruded.
Moreover, they are also reoriented (both " and 7y
phases, Figures 5(b) and (c)). As a result, the SEM
image in these areas looks different from that in the
non-laser-treated alloy matrix.

Figure 6 presents the schematic view of the multidi-
rectional shock wave expansion in the laser-affected
area. The SEM images show the microstructure in the
plane perpendicular to the treated surface in three
different areas: (a) the left side area, (b) central laser

2850—VOLUME 52A, JULY 2021

affected area and (c) right side area. In the images taken
in the areas (a) and (c), it could be observed that the y/y’
interfaces are bent in the impact direction. SEM analysis
revealed that in the subsurface areas, the regular
arrangement of the y” and y phases is totally destroyed.
This is due to severe plastic deformation induced by the
plasma pressure generated during the laser pulse/sub-
strate interaction. It should be emphasized that, as a
result of severe plastic deformation, there was a signif-
icant distortion of the cuboidal 7" phase. In the areas
near the surface (up to ~ 5 to 6 um beneath the surface),

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 6—Schematic view with arrows showing the shock wave expansion in the laser-affected area illustrated by SEM images of the
microstructure in the plane perpendicular to the treated surface; images show the structure in: (a) the left side area, (b) central area and (c) right

side area.

they assume diamond-like shapes. The shear bands are
indicated with arrows in the SEM images (a), (b) and (c).
The shear bands and the y/y’ interfaces in the image (a)
are oriented to the left of the center, while in image (c) to
the right of the center of the laser pulse. In image (b)
taken in the central part of the laser-affected area, where
the greatest deformation occurred, the shear bands run
in different directions and are oriented both to the right
and to the left of the sample surface. In Figure 6(b), a
subsurface zone (~ 2 pm thick) of the recrystallized
material is visible. Electron diffraction analysis (TEM
examination) as well an angle of ~ 55 deg between the
slip bands marked in Figure 6 indicates that the shear
bands are parallel to {111}. The laser shock peened
spec1men experiences an extremely high strain rate
(> 10° s7") during a short period of time (10 to 20 ns).
Moreover, spread of the shock wave in the laser affected
area is multidirectional. This could cause other slip
systems to operate than those appropriate for the Al
structure {111}(110).

Figure 7 shows the microstructure in the left side
periphery, ~ 1.5 mm from the spot’s center. The studies
show that, in the ~ 1 to 2 um sub-surface zone (encircled
as A), the simultaneous interaction of severe plastic
deformation and temperature resulted in considerable y’
and 7y grain refinement and their alignment. In the areas
B and C, marked with ellipses, a serrated distortion of
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Fig. 7—SEM image shows the microstructure in the left side
periphery of the laser-affected area (areas marked with ellipses,
showing a serrated distortion of y/y" interfaces).

the y/y interfaces (those parallel to the surface) is
visible. This type of deformation can be explained using
the mechanism proposed by Ting ez al.**! The rhombo-
hedral (diamond-like) shape of 7" precipitates can be
formed during LSP because of multidirectional yielding
and the influence of high temperature. As shown by
Wen et al.,”¥ this deformation mode was observed in
fractured samples of a nickel-based single-crystal super-
alloy. In this work, the authors examined the fracture
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Fig. 8—Plain view TEM images presenting the microstructure for
CMSX-4 single-crystal superalloy: (a) substrate (inset is the SAED
pattern of the y” phase along the [001] zone axis), (b) microstructure
of the heavily deformed zone after the LSP experiment; (¢) SAED
pattern from a few deformed (" phase precipitates; circles in
micrographs a and b indicate areas in which diffraction was
performed.

morphology of notched, nickel-based, single-crystal
superalloy specimens with [001], [011] and [111] orien-
tation. Fractured specimens displayed an uneven cleav-
age configuration with multi-level features and many
cleavage planes parallel to the (001), (011) and (111)
crystal plane, respectively. The cleavage planes, which
are attributed to the cracks propagated along the y/y
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Fig. 9—SEM images (¢ and b) show two stages of lamella
preparation in the LSP deformed surface layer (a: sample surface
coated with a platinum bar and b: lamella cut using the FIB
technique; arrows indicate a thin melted surface layer), numbers 1 to
4 indicate areas of TEM analysis.

interfaces, displayed square-like, rhombus-like and
hexagon-like features, adequate to the sample
orientation.

B. TEM and STEM-EDS Examinations

Figures 8(a) and (b) presents the plain view TEM
images of the single-crystal CMSX-4 superalloy in the
as-fabricated state (Figure 8(a)) and in the highly
deformed zone after the LSP (Figure 8(b)). Figure 8(a)
shows a typical two-phase y/y’ microstructure of the
CMSX-4 superalloy substrate. After annealing, the
1’-NizAl precipitates (average size ~ 500 nm) have a
cuboidal shape with unimodal distribution in the y-Ni
matrix. The inset is the SAED pattern of one large 7
precipitate (encircled in Figure 8(a)) oriented along the
[001] zone axis. Figure 8(b) is a TEM plane view image
of the highly deformed zone (marked as 2 in Figure 3)
after LSP. A distortion of the regular y/’ cell structure,
in the laser shocked region, as compared to the initial
alloy structure (Figure 8(a)), is evident. The SAED
pattern in Figure 8(c) of the central part of the image
(from the area marked with a circle in Figure 8(b))
represents few differently oriented (probably superim-
posing), deformed y/y" particles.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 10—Low-magnification TEM image showing the structure of the subsurface deformed layer in zones 2 to 4; arrows indicate slip bands; inset

is the SAED pattern registered in the circulated area.

Fig. 11—TEM image (a) shows the nanostructure of the CMSX-4 alloy in the heavily deformed surface zone (in the area marked as 1 in
Fig. 9(b)); the inset shows the ring-type SAED pattern characteristic for nanostructures; (b) shows the identified ring pattern of y/y’ phases.

To analyze in detail the structural changes in the
surface layer of the CMXS-4 alloy after LSP, FIB
lamellas were cut from the deformed area in a plane
perpendicular to the treated surface. Figure 9 shows
SEM images of the sample surface coated with a
platinum bar [up to ~ 15 um beneath the surface
(Figure 9(a))] and the lamella cut with FIB
(Figure 9(b)). The numbers 1 to 4 in Figure 9(b) indicate
individual zones on the lamella, in which detailed TEM
observations were carried out at a higher magnification.
Figure 9(a) clearly shows that right next to the heated
surface the sample is porous. Indeed, in these areas,
holes are also observed on the cut lamella (SEM image
in Figure 9(b)).

Figure 10 shows a typical low-magnification TEM
image of the surface layer resulting from a single LSP
impact. Arrows in the TEM micrograph indicate slip
bands, while the inset is the SAED pattern, which was
registered within the circulated area. Image analysis
shows that the structure of the surface layer clearly
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changes along its cross section, from nanocrystalline
(right next to the surface, in zone 2), through heavily
deformed rhombohedra of y’ phase (zone 3) to cuboidal
7 with high dislocation density (zone 4). The deformed
surface layer shows numerous shear bands (arrowed)
parallel to {111}, the density of which increase near the
sample surface (in zone 3). Analysis of the electron
diffraction patterns allows to conclude that the shear
bands are parallel to {111} (inset in Figure 10).
Figures 11 through 15 are magnified TEM images of
the lamella taken in zones 1 to 4 indicated in
Figure 9(b). TEM analysis of zone 1 (Figures 11 and
12) indicates that the plastic strain caused by LSP
treatment induced grain refinement, with the character-
istic ring diffraction Eattern of nano-grains present in
the area of ~ 6 pum~ (see inset and resolved SAED
pattern in Figure 11(b)). In this figure, diffraction spots
form concentric ring patterns characteristic of a poly-
crystalline structure. This indicates the presence of an
ultrafine structure and high disorientation between

VOLUME 52A, JULY 2021—2853



Fig. 12—TEM images showing a recrystallized area located next to the LSP surface: (a) area lying approximately 100 to 300 nm beneath
surface, (b) area 300 to 500 nm from surface and (c¢) area 600 to 900 nm below the surface, where highly strained grains were observed.

Fig. 13—TEM image shows coarser nanostructure of the CMSX-4
alloy in the deformed surface zone (in the area marked as 2 in
Fig. 9(b)).

2854—VOLUME 52A, JULY 2021

grains. The average size of grains is much smaller than
50 nm. The rings are discontinuous. Some spots have a
different brightness and spread, which may suggest a
preferred orientation of the grains, an accumulation of
dislocations and the existence of lattice distortions.
The grain refinement is attributed to their fragmen-
tation as a result of shearing of the material during LSP.
The generation of a high density of dislocations inside
these small domains during LSP would lead to fine sub
grains and eventually grains with high angle boundaries
from the rotation of the subgrains, while the tempera-
ture increase could promote the partial recrystallization
of the deformed material. The y’ phase is also susceptible
to intensive deformation twinning during plastic defor-
mation.®*” Figures 11 and 12 showing ultrafine grains
with a size < 50 nm readily developed in the near surface
zone (zone 1) during LSP. The development of new
ultrafine grains in CMSX-4 alloy during large strain

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 14—TEM image shows the structure of the CMSX-4 alloy in
the deformed surface zone (in the area marked as 3 in Fig. 9(b)).
Note: cuboidal y" precipitates deformed to rhombohedral shape
(diamond indicated with dotted sides).

Fig. 15—TEM image showing the microstructure for CMSX-4 in the
deformed surface zone (in the area marked as 4 in Fig. 9(b)); inset is
the SAED pattern of y” phase (two beam condition close to the [001]
zone axis).

deformation can be considered a kind of continuous
dynamic recrystallization of grains with intersecting
deformation micro-twins and/or slip bands.?®

In presented case, it is clear that the thin near surface
region is affected by both thermal and mechanical strain
caused by the laser pulse. In the central area of the laser
beam, where the subsurface zone was most strongly
heated, recrystallized grains can be observed. As men-
tioned, they can arise as a result of recrystallization of
highly deformed areas due to the heat transfer back to
the water-cooled surface. Some of the grains in this zone
are twinned (Figure 12(b)). The grains are (011) ori-
ented and parallel to the sample surface. The average
grain size is approximately 30 4+ 5 nm. Figure 12(c)
shows the structure of the recrystallized zone in the area
lying ~ 600 to 900 nm below the treated surface. The
high-strain rate and short duration of the laser pulse
play an important role in the formation of refined grains
during microplastic deformation by LSP. The grains are
highly imperfect in the sense that they were heavilgl
deformed as the plasma expanded. Similarly, Lu ez a/l.l*”
showed that LSP impacts, due to the ultra-high strain
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rate and ultra-short laser pulse, involve grain refinement
in ANSI 304 stainless steel.

Figure 13 shows a magnified TEM image of zone 2 in
which grains are coarser than in zone 1 (with diameter
larger than 100 nm). A corresponding diffraction pat-
tern (inset in Figure 13) also indicates that these grains
are preferentially oriented. The contrast inside grains is
non-homogeneous and often wundergoes complex
changes. This may indicate a high level of internal
stresses and elastic distortions of the crystal lattice. In
the surface layer (in zones 1 and 2), LSP caused the
formation of a highly disperse structure.

In Figure 14, the microstructure of the zone 3 (lying
~ 6 um beneath the surface) shows the presence of
significant and strong distortions of the cuboidal
crystals. In this zone the cuboidal " precipitates are
deformed to a rhombohedral shape (the diamond is
indicated with dotted sides). In zone 4 (Figure 15), ¢
particles have the same regular shape as in the matrix
(compared with Figure 8(a)), but of high dislocation
density. Also, slip bands, aligned in one direction, are
present in this zone (Figures 10 and 14).

Figures 16(a) through (c) shows the STEM-HAADF
microstructure images of the CMSX-4 surface layer with
the corresponding EDS combined maps of elements
forming the y” phase (Al, Ni) and the y phase (Cr, Co).
As in the work of Dubiel er al..*”" in our research, we
also noted the presence of Co, Cr, Re, Mo and W in the
y phase and Al, Ti, Ta and Ni in the y” phase. However,
to show the influence of LSP on changes in the alloy
surface layer, we limited ourselves to only presenting the
complex maps of Cr + Co and Al + Ni. The intensity
of the y phase in the STEM-HAADF images in
Figures 16(a) through (¢) is brighter than that of the )
phase (this type of image contrast intensity is closely
related to the atomic number Z), since this phase
contains Co, Cr and other heavy elements while 7" phase
mainly contains Ni and Al. In Figure 16(a) (recorded in
zone 3), Co and Cr are distributed in y phase surround-
ing the cuboidal y” precipitates containing mainly Ni and
Al Shear of y phase, caused by bands cutting both the vy
and y” phases, is also visible in Figure 16(a).
Figure 16(b) shows the STEM-HAADF image and
EDS maps recorded in zone 2 (as marked in
Figure 9(b)). As shown in Figures 11 and 12, due to
severe plastic deformation, the structure is refined and
preferentially oriented. Indeed, the y and y” phases form
isolated channels, well visible in the combined distribu-
tion maps of Al + Ni and Cr + Co. Figure 16c was
performed in zone 1, at much higher magnification than
those in zones 2 and 3. The icrostructure in this zone is
strongly refined, with the grain size well below 50 nm.
Nanograins of y/y’ phases are arranged in the isolated,
nanometric size bands. In fact, the distribution of
elements (as shown in the combined maps of Al + Ni
and Cr + Co) in this area is more homogeneous than in
zones 2 and 3.

From the above, it can be stated that the homoge-
nizing process in the surface layer in zones 1 and 2
results from microstructure refining due to severe
deformation but not from diffusion. During the diffu-
sion-controlled process, the )" precipitate dissolution can
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Fig. 16—STEM-HAADF images of CMSX-4 superalloy as deformed by the LSP surface layer (images a—c were recorded adequately in areas
3-1, as marked in Fig. 9(b)) and EDS combined maps of chemical element distribution in y” (Al + Ni) and y (Cr + Co) phases. Note: due to
structure refinement images and maps were recorded at different magnifications.

be described considering Fick’s law as a motion of the
precipitate/matrix interface, x = (D7)"/?. Even at a high
temperature range, from 1423 K to 1623 K, the main
CMSX-4 alloy elements, Ni, Al, Cr, Co, W, Ta and Re,
have very low diffusion coefficients in Ni (10~'* to
10~'® m?/s).*”) The duration of the LSP is in the order
of nanoseconds (18 ns), so redistribution of substitu-
tional elements by diffusion will be negligible. During
this ultra-short (ns) time, substitutional atoms practi-
cally do not change their places (x = 0.0424 nm, for
D = 107" cm?/s and + = 18 ns). This means that

2856—VOLUME 52A, JULY 2021

during such a short heating time the ~ 400 nm precip-
itates of 7' phase remain unaffected by diffusion.

C. Microhardness

Nanohardness tests were conducted on the cross
sections of the LSP-treated samples as well as the
untreated material. The nanohardness as a function of
the distance from the treated surface is presented in
Figure 17. It shows that the laser shock substantially
increased the nanohardness of the laser-shocked
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Fig. 17—Nanohardness as a function of distance from the surface.

samples. The nanohardness values of the CMSX4 alloy
measured on the polished cross sections without LSP
treatment were approximately 530 + 3 nHV. The
laser-treated alloy showed ~ 40 pct increase in hardness
values as documented in Figure 17. An increase in
hardness is probably associated with the grain refine-
ment, high density of dislocations and slip bands
generated in the surface region during the LSP. The
shock hardening effect decreases gradually with increas-
ing distance from the surface. At a distance of 15 um
from the surface, the nanohardness approaches values
proper for the core material. A similar trend of hardness
increasing after the LSP process was also observed in
previous reports on various alloys after laser shock
peening ¥ Nath ez a/.*® examined the influence of laser
shock peening on the microstructure, residual stress and
hardness of Hastelloy-X superalloys. Using the 10 J
Nd:YAG laser for the LSP experiments, the authors
observed a microhardness increase from 260 to 360—-380
uHV in the ~ 600-um-thick surface layer. They related
the increased microhardness to the strain hardening
caused by increased dislocation density. It should be
emphasized that the authorsP®® used the Nd:YAG laser
with an energy ten times greater than that used in our
experiments; thus, the range of microhardness changes
in their case goes much deeper under the surface.

IV. CONCLUSIONS

The following conclusions may be drawn from the
present investigation:

e The microstructure of the surface layer is formed as
a result of simultaneous interaction of temperature
and compressive stresses involved during LSP.

e Based on the laser-target interactions, three separate
heating regimes, depending on the laser beam
intensity distribution, the absorption coefficient of
the treated material and the thermal diffusion
distance, have been identified at the sample surface:

e a melted area covering the central region of the laser
affected spots with a diameter of 0.5 to 0.8 mm;

e at the ring area of 0.8 to 1.3 mm, there was a shell of
solidified, ejected material;
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e the external ring with a diameter of approximately
1.3 to 2 mm, the microstructure was visibly affected
by the laser impact.

e Based on the SEM and TEM studies of the sample
microstructure, it can be concluded that, depending
on the examined spot area subjected to LSP impact,
the surface layer consists of:

e three zones: melted, recrystallized and deformed (in
the central areca of the laser-irradiated dots)

e or

e two zones: recrystallized and deformed (at the
peripherals of the laser irradiated dots).

e After LSP experiments, nanograins of 7/y" phases in
the near surface zones are arranged in the isolated,
nanometric size bands. In fact, the distribution of
elements (as presented in the combined maps of
Al + Ni and Cr + Co) in this area is much more
homogeneous than in the sample core.

e Nanohardness measurements showed an increase in
hardness in the superficial surface layer. This could
be associated with the high density of dislocations
generated in the surface region as well as a high
density of slip bands strongly refining the y/y’
structure.
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