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SUMMARY

The present work combines process parameter variations, finite element (FE) modeling and
simulations, characterization, and mechanical testing in a study of the effects of laser shock peening
(LSP) on residual stress and microstructure evolution, thermal stability thereof, and fatigue behavior
of high-temperature aecrospace structural alloys ( Ti-6Al-4V, Ti-6Al-2Sn-47Zr-2Mo, IN718 SPF and
IN718 Plus). The aim was to secure a quantified knowledge of the impact of process parameters and
high-temperature exposures on the stability of residual stress, microstructure, and fatigue properties
in laser peened high-temperature structural alloys. The results show that LSP induces deep
compressive residual stresses and near-surface plasticity and hardening that are quite stable to
relatively high temperatures specific for each alloy. Good agreement between experimental and FE
simulation results for LSP-induced residual stress and thermal relaxation behavior was obtained.
Through analytical modeling of the kinetics of thermal relaxation of residual stress, good agreement
was obtained (in the activation enthalpy determined both experimentally and by simulation with
reported literature values) for self or solute diffusion in each of the sets of alloys. FE simulations
were successfully used to develop optimum LSP processing conditions for three-point bend and
axial fatigue testing of coupons. The results indicated that optimally configured LSP enhances
fatigue behaviors in both the Ti6242 and IN718 Plus alloys. This improvement was partially retained
even after thermal exposure of the LSP-treated coupons to high temperatures characteristic of
expected service temperatures for the alloys. The stress intensity range required to achieve a
particular fatigue crack growth rate was higher after LSP treatment when compared with the
unpeened condition, pointing to the beneficial effects of LSP in improving ambient and high-
temperature fatigue properties. The various project results have shown that advanced surface
treatments, such as LSP, can be effective for enhancing the fatigue life and the thermal stability of
fatigue life in high-temperature aerospace structural alloys.
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1.0 INTRODUCTION

There is a continuing demand for improved high-temperature engineering materials and
processes for applications in advanced aerospace structures and other transportation systems. It has
become increasingly clear that while the development of new, higher temperature alloys is desirable,
significant near-term progress in increasing aircraft performance for increased efficiency and power
generation is more likely to come from the development of new processes to enhance the properties
and resistance to damage of current materials during typical operating conditions than from the
design of new alloys. In this context, development of new surface engineering processes is one of
the critical pacing technologies [1].

Several surface enhancement processes such as shot peening (SP), laser shock peening (LSP)
[2-4] and low plasticity burnishing (LPB) [5-7] are used in industry to enhance the fatigue strength of
manufactured components under service operating conditions. The primary purpose of these
processes is to introduce compressive residual stresses which mitigate any tensile stresses resulting
from component design or operating service conditions. Even though these processes generate
compressive residual stresses, the intensity and depth of the compression, the associated cold work,
surface roughness, microstructure, and temperature-induced relaxation effects differ greatly for each
set of process parameters. Thus, each process has its advantages and disadvantages for a given
application.

Shot peening is a well-established process [1] and is used to benchmark the capabilities of
other, newly-emerging technologies such as LSP [2-4] and LPB [5]. While the shot peening process
imparts high magnitude compressive stresses on the surface of a component, the depth of
compression is usually restricted to about 75-250 um, depending upon the peening intensity.
Furthermore, SP can also introduce severe surface damage/roughness and large amounts of cold
work. As a consequence, residual stresses can become unstable and most of the process-induced
compressive stresses are lost quickly at elevated temperatures [1], thereby limiting the use of this
method for high-temperature applications.

The shortcomings associated with SP have led to the development of advanced mechanical
surface treatment technologies such as LSP [2-4] and LPB [5-7] to enhance the service lives of
critical metal parts, ranging from aircraft engine fan and compressor blades and structures fabricated
from Ti and Ni-base alloys to human hip joints to golf clubs. The LSP technology, which was first
introduced by Battelle Laboratories and Wagner Laser Technologies in the 1970s [8-12], is beginning
to be used extensively by the major aero engine companies (General Electric, Pratt & Whitney and
Rolls-Royce) to enhance the fatigue properties of fan and compressor blades in Foreign Object
Damage (FOD) environments. Indeed, studies to date have revealed that LSP leads to a dramatic
improvement in the fatigue strength, life, and resistance to crack propagation in materials and parts
[2,3,12-17]. The LPB process, which was patented and developed by Lambda Research [5] and is
based on the principal of roller and ball burnishing used originally for refinement of surface finishes,
has similar effects on enhancing the fatigue properties and corrosion resistance of a variety of
materials [5-7].

In the LSP process (Figure 1), an absorbing opaque tape or black paint ablative layer is first
applied to the sample or part surface over which a layer of water is passed. Upon incidence of the
high energy pulsed laser, the tape material vaporizes and the explosively expanding plasma that is
created is confined by the water layer, generating powerful shock waves that propagate into the
substrate. The intensity of the resulting pressure pulse on the surface of the sample, which lasts < 50
ns and can approach up to 10 GPa, leads to plastic deformation at the surface and to a depth at
which the peak pressure no longer exceeds the metal’s Hugoniot elastic limit (HEL). The HEL is
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Figure 1: An Illustration of the LSP Process

related to the dynamic yield strength at high strain rates, 6,“" and Poisson’s’ ratio, v, according to

[18]:
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Associated with these plastic deformations is the production of a deep compressive residual stress
layer extending from the surface to depths of up to 2 mm, depending on the energy density and
material.

Typical application of the LSP process utilizes a pulsed Nd:Glass laser (A = 1.07 pum)
providing energy in the range of 1 to 100 ] per pulse with pulse durations ranging from 5-50 ns. The
key to success of LSP is to confine the plasma generated when the laser beam interacts with the
materials surface, against the surface, which, in turn, has the effect of increasing the pressure
developed by the plasma on the surface up to ten times over that developed when the plasma is
unconfined. A recent trend in the industry is to utilize lower power Nd: glass lasers operating at
higher frequencies, but since these lasers operate at <10 | per pulse, the spot sizes are much smaller
[17, 19, 20]. The laser beam can be directed either to one side of the component or simultaneously
to the same location on two opposite sides (double-sided processing) of the component. The latter
is the preferred practice for thin sections to minimize distortion and avoid bulging.

A number of process variables, including laser shock intensity (energy/power density or
fluence), spot size, multiple laser shots, overlapping of laser spots, etc., are available to control the
depth of residual stress, surface roughness and distortion, and many studies of the influence of these
parameters have been conducted [2-4,17]. The intensity of LSP is primarily controlled by the power
density (power per unit area) applied to the laser peened spot, and increasing this quantity increases
both the magnitude and depth of the compressive residual stresses. The depth of compression can
also be increased at a given energy by applying multiple impacts to the same location [2-4, 17].

There is evidence that shows that improvements in fatigue life through LSP are brought
about by the shock wave-induced generation of deep compressive residual stresses in the material
extending from the surface to the interior [2-4, 8, 9]. The increased compressive depth effectively
improves the fatigue life by a factor of three to five times over that provided by conventional
peening treatments. In fact, tests on deliberately nicked (and hence weakened) Ti and Ni fan and
compressor blades show that LSP will actually render these parts stronger than new, unflawed—but
not laser-peened—blades, which points to improved resistance to FOD. Indeed, LSP has also been
used to negate the high mean stresses of blisks, to restore design margins for vibration, and to
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enhance erosion, corrosion and fretting properties of rotating components [17]. In addition, there
are indications that creep performance at elevated temperatures may also be enhanced.

While the LSP and LLPB technologies have been applied with great success to fan and
compressor blades operating at ambient/low temperatures, there is a growing realization that the
properties and performance of other aircraft parts such as rotors, disks, gears and shafts, as well as
those operating at elevated temperatures, could also be improved appreciably. Work to date
indicates that unlike shot peening, both LSP and LLPB generate deep compressive stresses with
relatively low cold work [2-7] and there is also evidence showing that these compressive stresses and
microstructure stability could be retained even after high temperature exposure [6,14], accompanied
by improved fatigue behavior. If a comprehensive understanding can be established of the thermal
stability of the residual stresses, microstructures, and fatigue properties over a wider range of process
conditions and temperatures through fundamental research, the use of processes like LSP and LPB
could be extended to high-temperature alloys typically used in hot sections of aerospace structures,
including exhaust-washed components and hypersonic platforms. The benefits derived from such
applications could be enormous, including extension of the service lifetimes of critical parts
operating at high temperatures and potentially billions of dollars of savings to the aerospace
industry. However, several basic questions must be answered before the application of these
advanced surface treatment processes to high temperature parts can emerge from the realm of
theory to the reality of practical application and, consequently, considerable fundamental research
and development (R&D) will be required to develop these processes for high-temperature materials
applications and study the related effects on materials behavior to optimize both process and
materials performance.

The goal of the proposed research program, which was conducted in close collaboration
with the Air Force Research Laboratory (AFRL), was to develop a fundamental understanding of
the thermal relaxation behavior of residual stresses and material structures at micro- and nano-scales
and fatigue in high-temperature structural alloys induced by advanced mechanical surface treatments,
via process development, residual stress measurements, microstructural analysis, thermomechanical
relaxation behavior, fatigue tests, and multiscale modeling and simulation. The LSP process was
chosen for the study, as UC has the required equipment for the work as well as access to the LSP
equipment at General Electric Aircraft Engines (GEAC) and LSP Technologies (LSPT) and,
furthermore, the results will be applicable to other emerging technologies like LPB [5-7], which also
produces deep compressive residual stresses with relatively less cold work and displays similar
thermal response. Specifically, the project involved the following: (1) development of the LSP
process for selected Ti and Ni-base alloys that experience high temperatures in aerospace structures;
(2) measurement and mapping of surface and sub-surface macro and micro residual strains/stresses
and microstructural changes as a function of LSP process parameters using novel methods; (3)
determination of thermal relaxation of residual stresses (macro and micro), microstructure evolution
with time at elevated temperatures typical of turbine engine operating conditions, and modeling of
the kinetics of relaxation; (4) evaluation of the effects of residual stress, near surface microstructure,
and temperature on fatigue properties and mechanisms of fatigue crack nucleation and growth; and
(5) development of a robust modeling and simulation approach for determining the effects of LSP
on residual stress, microstructure evolution, thermal stability, and fatigue life.
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2.0 METHODS, ASSUMPTIONS AND PROCEDURES

2.1 Materials and Processing

The materials studied in this project included the Ti-base alloys Ti-6Al-28n-4Zr-2Mo
(T16242) and Ti-6Al-4V (Ti64) and the nickel-base superalloys IN718 SPF (super-plastically formed)
and IN718 Plus. The Ti6242 material was obtained from AFRL/RBSM (Dr. Kristina Langer) in the
form of an L-shaped plate approximately 300 mm long x 125 mm wide x 4.3 mm thick. The Ti64
coupons were obtained from GE Aviation in the form of coupons 35 mm? square x 2 mm thick.
Both the T6242 and Ti64 alloys were in the mill annealed condition and their nominal compositions
are given in Table 1. The IN718 SPF material was obtained from Special Metals in the form of a
hot-rolled and then solution annealed sheet having dimensions of 300 mm x 300 mm x 2 mm thick.
Coupons cut from the sheet were aged at 750°C for 5h. The IN718 Plus material was obtained from
ATI Allvac in the form of 250 mm x 250 mm square sheets of various thicknesses, namely 1.875
mm, 5 mm and 12.5 mm. These plates had been hot-rolled and then heat-treated at 953°C for 0.5h
followed by air-cooling. The chemical compositions of IN718 SPF and the IN718 Plus alloys are
given in Table 2.

Table 1. Nominal Chemical Compositions (in Wt.%0) of Ti6242 and Ti64 Alloys

Alloy | Ti Al A\ Sn Zr | Mo 0 Si
Ti6242) Bal | 6.0 - 20 | 40 | 20 0.1 0.1
Ti64 | Bal | 6.0 | 4.0 - - - 0.1 -

Table 2. Chemical Compositions (in Wt.26) of IN718 SPF and IN718 Plus Alloys

Alloy Ni Cr | Co | Fe Al Ti Nb | Mo W C P B

IN718 SPF | Bal |17.90]0.16 | 18.8 | 0.49 | 1.01 | 522 | 2.86 | 0.03 [0.025 | 0.008 [0.004

IN718 Plus | Bal |17.42]9.13] 9.66 | 1.46 | 0.71 | 548 | 2.72 | 1.04 | 0.028 ] 0.013]0.005
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2.2 Laser Shock Peening

The LSP treatments of the test coupons were largely conducted using the Gen I system (Nd-
doped glass) at UC shown in Figure 2, with tape as the ablative medium and water as the confining
medium. Laser beam energies ranged from 2 to 8 ] with a pulse width of 25-30 ns and rise time of 3-
5 ns. Beam energy measurements were calibrated using a Scientech laser calorimeter. Pulse

Figure 2: Photograph of the GEN | System at UC Used for the LSP Treatment of Test
Coupons

waveforms were acquired using a Tektronix TDS640, 2 Ghz oscilloscope and the output data for
each shot was stored on a computer interfaced to the oscilloscope for later use. An LSP spot
diameter of 2 mm was used, which gave a range of power densities from 5 to 16 GW/cm’. Prior to
the LSP treatment, the test coupons were polished to a mirror finish, using colloidal silica in the final
step. A series of LSP treatments involving single dimple, as well as overlapped patterns with
single/multiple impacts, coupled with expetimental measurements and finite element (FEM)
simulations of the LSP residual stresses were conducted to arrive at appropriate conditions to use
for the coupons for studying the thermal relaxation and fatigue behavior. The topography and
geometrical features of single and overlapped LSP-generated dimples were studied using a Veeco
optical scanning probe. Some coupons of the IN718 plus alloy were also LSP-treated using the
facilities at LSP Technologies (Dublin, OH). Details of the coupon geometries, dimensions and LSP
treatment are provided in the Results and Discussion section pertaining to each alloy.

2.3 Microhardness and Nano-/Microindentation Measurements

To evaluate property changes due to LSP and thermal treatments, microhardness testing
using both Vickers and Knoop indenters were conducted using a Leco tester. For the Vickers
hardness tests, a load of 0.5-1 kg and a hold time of 15s was used, whereas for the Knoop hardness
tests a load of 50 g and hold time of 15s was used. Measurements were made at particular distances
from the peened surface and repeated along different rows and the average at each distance was
computed. In addition, nano- and micro-indentation tests were conducted using a CSM Instruments
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Model NHT device. Both load-controlled and depth-controlled modes were used and arrays of
measurements were made inside and outside the peened areas. The load-displacement curves were
analyzed using the instrument software to determine the hardness and modulus.

2.4 Residual Stress Analysis

Both conventional (CXRD) and high-energy synchrotron (SXRD) x-ray diffraction
techniques were utilized to determine the residual stresses generated in the samples from the LSP-
treatment and those in the treated coupons after thermal annealing/aging. For the CXRD

measurements, a dedicated Proto LXRD instrument was used with the standard Sin*y technique,
which is described here briefly, though more detailed descriptions are available in published
literature [21-23]. The energies of conventional X-rays used are small (20-40 KeV) and hence the
diffraction data is obtained from the region closest to the surface (<20 um). This shallow
penetration depth can be coupled with electrolytic layer removal to obtain a high resolution
through -the-depth measurement of stresses. At this shallow depth, plane stress conditions are
assumed, i.e. two principal stresses (¢, and {12) exist in-plane and the out-of-plane [ 5 stress is
assumed to be zero, although a strain component g3 exists as a consequence of the Poisson effect
caused by the two in-plane stresses. Figure 3 illustrates the basic principle and geometry of
conventional XRD measurements. The definitions of the terms are as follows:

Yy (psi):  Defines the sample surface orientation and is the angle between the normal of
the surface and the incident and diffracted beam bisector, which is also the angle
between the normal to the diffracting lattice planes and the sample surface

¢ (Phi):  Angle between a fixed direction in the plane of the sample and the projection in
that plane of the normal of the diffracting plane

d by - Interplanar spacing at given ¥ and ¢

Epy Strain measured in the direction of measurement defined by the angles y and ¢
Gy, O Principal stresses acting in the principal directions

Oy Stress acting in a chosen direction, i.e. at an angle ¢ to G}

Consider tensile stress being applied to a body. The planes parallel to the surface experience
a contraction due to Poisson’s effect and hence the interplanar spacing in those planes becomes

smaller. These planes can be sampled at y = 0. Meanwhile the planes that are oriented at a high
angle to the surface experience different loading and an increase in interplanar spacing (d,, ). In

order to get these planes to diffract the sample surface has to be tilted by the angle y, which allows
measurement of strain in different directions at the same point.

The measured strain at different \y can be related to stress by:
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where s, and s, are plane specific X-ray elastic constants (XEC). These constants can be determined
experimentally or by calculation, and are also available in the published literature and/or in the
instrument software for the alloys of interest. The full derivation of the equation above, relating
diffraction strain to the stress, is available in the published literature [21-23].

The Proto LXRD instrument used in the residual stress analysis contains two position
sensitive detectors, allowing for data collection at two W tilts simultaneously. The instrument was
calibrated using a stress-free sample standard and the alignment of the instrument was checked using
reference standard samples in accordance with ASTM E915-96. Five such measurements were
performed before each set of actual measurements to ensure proper alignment of the instrument.
For residual stress analysis in the Ti6242 and Ti64 alloys, Cu K-alpha x-rays was used, with the
{213} alpha-Ti peak for strain measurements, whereas for the IN718 SPF and IN718 Plus alloys,
both Cu K-alpha x-rays with the {331} f.c.c. peak as well Mn K-alpha x-rays with the {311} f.c.c.
peak were utilized. Measurements of the relevant diffraction peaks were made at five different values
of . The peaks were fitted using a Pearson VII function to determine the interplanar spacing (d)
and hence strain and the strain values were plotted as a function of Sin*y. A regression fit to the dvs

Sin®y data (example in Figure 3(b)) and x-ray diffraction elastic constants available in the software
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module and/or literature were used to determine the in-plane residual stress. Measurements were
conducted in two orthogonal in-plane directions (0°/X, 90°/Y). In addition, the full-width at half
maximum (FWHM) intensity, which is a measure of plastic strain, was determined. The residual
stress as a function of depth from the peened surface was determined by sequentially
electropolishing the surface of the peened samples using a Buehler electropolisher and then
repeating the CXRD measurements. For electropolishing, a solution composed of 12.5% sulfuric
acid-87.5% was used at room temperature, with voltage and flow rate appropriate for obtaining a
mirror finish and controlled rates of material removal. The measured residual stress was corrected
for stress gradients and relaxation due to layer removal using the standard Moore and Evans
procedure available in the instrument software.

The SXRD characterization of residual stress was performed at the Advanced Photon Source
at the Argonne National Laboratory (ANL) in beamline 11-ID-C. The residual stress distributions in
LSP-treated samples of the IN718 Plus alloy and in those subjected to post-LSP thermal treatments
were characterized. Details of the experiments, setup, and analysis are presented in the results and
discussion section.

2.5 Thermal Stability Analysis

The LSP-treated samples were aged at temperatures and times appropriate for each alloy to
study the relaxation of the LSP residual stresses using CXRD and SXRD and to model the kinetics.
The aging temperatures used for the Ti6242 and Ti64 alloys were 316°C (600°F), 482°C (900°F) and
538°C (1000°F), whereas temperatures of 600°C, 650°C, 700°C, and 750°C were used for the
IN718 SPF and IN718 Plus alloys. The aging times varied from a few minutes to 100 h at each
temperature. The residual stress relaxation during initial heating to the selected temperature was also
determined. Samples containing both single dimples and overlapped dimples were studied. In the
case of the single-dimple samples, the residual stress relaxation at a given temperature was measured
on the same dimple as a function of time, with separate single-dimple samples for each temperature.
In the case of samples with overlapped LSP-induced dimples, separate samples were used for each
temperature and time combination. The thermal aging behavior in non-LSP treated samples of the
IN718 Plus alloy over the temperature range of 650 to 850°C was also studied to better understand
the evolution and kinetics of formation of second-phase precipitates and hardening. Details of the
procedures for the latter are described in the results and discussion section pertaining to the IN718
Plus alloy. The various thermal treatments were conducted either in evacuated and Argon back-filled
quartz capsules or in a vacuum using an MRF high-temperature vacuum furnace. The kinetics of
thermal relaxation of the LSP-induced residual stress were modeled and simulated using FEM and a
Zener-Wert-Avrami formulation. Details of the methodologies used are described later in the results
and discussion section.
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2.6 Static, Fatigue and Fatigue Crack Growth Testing

Figure 4: Photographs of the (a) MTS 810 and (b) MTS 1000 Bionix Systems Used for the Static,
Fatigue and Fatigue Crack Growth Tests

Static tensile and three-point bend (3PB) tests were conducted to determine basic properties,
such as the yield strength, of the alloys that were studied. These tests were conducted using 100 kN
MTS 810 and 25 kN MTS 1000 Bionix servohydraulic systems; photographs of these systems are
shown in Figure 4. Tensile and axial fatigue testing were carried out using an MTS 810 machine,
whereas both the MTS 810 and Bionix systems were used system for 3PB static and fatigue tests.
The samples of specified geometry and dimensions were prepared by EDM and the surfaces
generally polished to a mirror finish prior to LSP treatment and testing. A number of sample designs
were attempted towards ensuring repeatability and minimizing data scatter. Some of the typical
samples used are shown in Figure 5(a) below; further details of the specimen geometry and
dimensions in the tests on the various alloys are provided later in the results and discussion Section.

For the axial static tests, both an extensometer as well as a strain gage affixed to the sample
surface were used to measure strain, whereas only the latter was used in the 3PB tests. Fatigue and
fatigue crack growth (FCG) tests were carried as per ASTM recommendations. Tests were carried
out under load control using a sinusoidal waveform with load ratio (K) of 0.1 and frequency of 15
Hz. Unpeened, LSP-treated and LSP-treated + thermally aged samples were tested at room
temperature. The bulk of the 3PB fatigue tests were conducted on notched samples. The notches
were made by EDM on both unpeened, LSP-treated and LSP-treated + thermally aged samples. The
notch tip had a radius of 170 pm and a depth of 250 pm from the bottom/tensile side under load of
the unpeened and peened sample edges.
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The crack length (2) was determined by an elastic unloading compliance technique using a high
sensitivity MTS clip-on gage for measuring load-line displacement, as well as a home-built
alternating current potential drop (ACPD) based lock in amplifier unit interfaced to a PC (Figure
5(b). High-resolution load (P) and displacement (v) data were acquired periodically using MTS online
data acquisition software with a PC. Crack closure values were determined by the compliance
method and validated with ACPD. FCG rate (da/dN) and AK values were calculated following
ASTM E 647 from the P-» data and the number of cycles (IN). Stepwise K-decreasing and constant
amplitude tests were performed during FCG pre-cracking and testing respectively. For the load
shedding technique, before a load reduction (by not more than 10%) was made, it was ensured that
in the previous stage, the crack increment was greater than 2(Ar,), where Ar,, is the current cyclic
plastic zone size, is given by:

a
Figure 5: Photographs of the (a) Typical Test Samples and (b) ACPD System for Crack
Length Measurements

Here, K, is the maximum stress intensity factor corresponding to the previous stage and o, is the
yield strength. This was done to avoid the plastic zone of the previous stage influencing the FCG
behavior in the subsequent stages after load shedding. The frequency ranges employed were 20 - 30
Hz for near-threshold testing and 2 — 20 Hz in the Paris regime.

2.7 Microstructure and Fracture Characterization

The microstructures of the unpeened, aged, LSP-treated and LSP-treated + thermally aged
samples of the Ti6242, Ti64, IN718 SPF, and IN718 Plus alloys studied herein were characterized
principally by optical microscopy (OM), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The OM observations were conducted on metallographically prepared
unetched and etched samples using a Keyence VHX 600 digital optical microscope with
micrographs recorded at a range of magnifications. Kroll’s reagent (92 ml Distilled water, 6 ml
HNO,, 2 ml HF) was used as an etchant for the Ti6242 and Ti64 alloy samples, whereas a solution
composed of 5% HCI + 1% H,O, in ethanol was used for the IN718 SPF and IN718 Plus alloy
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samples. Both unetched and etched samples were also observed in an FEI XI1.-30 ESEM utilizing
secondary electron (SE) and back scatter electron (BSE) imaging, with photographs digitally
recorded at appropriate magnifications. Energy dispersive x-ray spectroscopy (EDS) analysis was
performed to ascertain the chemical compositions of phases present in the samples using an EDAX
Genesis 4000 thin-window EDS system attached to the XI.-30 SEM. Orientation imaging
microscopy (OIM)/electron backscatter diffraction (EBSD) obsetrvations of polished sections were
also conducted, using a TSL 4000 system attached to the XI.-30 SEM, to ascertain texture,
characterize grain boundary types and sub-grains, and to obtain evidence for LSP-induced plasticity.
Fracture surfaces of the failed fatigue-tested samples were also observed using the same SEM to
characterize fracture initiation, features, modes, and the presence of striations for evaluating crack
growth rates. The finer details of the microstructures of the unpeened, aged, LSP-treated, and LSP-
treated + aged samples of the alloys, particularly the nature of second phase precipitates, their
structure, size, distribution, morphology, volume fraction, chemistry, and interface with the matrix,
grain boundaries, and dislocation structures were studied by TEM and selected area electron
diffraction, coupled with the ancillary techniques of EDS, and weak-beam dark field (WBDF)
imaging. Thin foils for TEM were prepared by punching 3 mm discs from the unpeened, peened
(plane as well as cross-section), and thermally aged samples, polished to a thickness of ~100 pum,
followed by twin-jet electro polishing of the 3 mm discs to perforation in a Fischione unit using a
solution of 10% perchloric acid in ethanol at -30°C. The foils were observed in a FEI CM20 TEM
operated at 200 kV and photographs were recorded under bright field (BF), dark field (DF), WBDF
selected area diffraction (SAD), and convergent beam electron diffraction (CBED) modes. Chemical
compositions of the phases present were analyzed using an EDAX Genesis 2000 thin-window EDS
system attached to the same TEM.

2.8 Modeling and Simulation

The objective of the modeling and simulation (M&S) effort was to develop robust models
and simulation codes for predicting and verifying thermal-mechanical stabilities associated with the
LSP process. The M&S work was focused on studying the evolution of residual stresses induced by
LSP and the thermal stability of these stresses, and the results obtained were correlated with the
experimental data to establish a comprehensive understanding of the relations among the process
parameters and residual stress evolution. Specifically, the following areas were addressed:

1. Modeling the pressure load generated by LSP.

2. Performing FEM simulations with appropriate matetial constitutive behavior models to
study the effects of processing parameters (pulse input energy, pressure, spot size, duration)
and specimen configurations (size, shape, boundary conditions) on the residual stress
distributions in the near-surface regions.

3. Petrforming FEM to study the thermal relaxation of LSP-induced residual stresses, validation
with experimental data, and predictions of long-term behavior.

4. Analytical modeling of the kinetics of residual stress relaxation from the experimental and
simulation results.

Detailed descriptions of the methodologies employed and the findings are presented in the resutls
and discussion section.
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3.0 RESULTS AND DISCUSSION

The results of this project are described in the following sub-sections in the form of plots,
tables, micrographs and simulations.

3.1 Experimental and Finite Element Modeling and Simulation of LSP-Induced Residual
Stresses and Thermal Relaxation in IN718 SPF, Ti64 and Ti6242 Alloys

The relaxation of the compressive residual stress in surface treated titanium and nickel-base
turbine engine alloys due to thermo-mechanical loading can significantly affect their fatigue life and
hence the performance of engine and aerospace structures, since the beneficial effect of surface
treatment stems from the compressive residual stress at and near the surface region [24-26]. Hence,
understanding the relaxation of residual stress is critically important in the prediction of the service
life of components. The relaxation behavior is primarily caused by three mechanisms: mechanical,
thermal, and thermomechanical. The latter relaxation is a complex process and generally the
combination of thermal and mechanical effects. When studying the residual stress relaxation
behavior of AISI 4140 steel under conventional fatigue at elevated temperatures, Holzapfel et al. [27]
found that the thermal and mechanical relaxation can be regarded as independent processes, which
was also confirmed Lee and Mall [28] in the investigation of high-temperature fretting fatigue of
shot-peened Ti-6Al-4V. Therefore, a good understanding of the thermomechanical relaxation
behavior of residual stress requires a fundamental study of each of the thermal and mechanical
mechanisms and their interaction. Mechanical relaxation occurs when the superposition of applied
stress and residual stress reach the yield strength of material. The important factors are temperature,
applied stress, loading frequency, and number of cycles.

In contrast, thermal relaxation of residual stress at elevated temperatures is essentially
attributed to the annihilation and reorganization of meta-stable crystalline defects induced by a
peening process [29], creep-controlled dislocation rearrangement, and material softening at elevated
temperatures, etc. For thermal relaxation, numerous studies have shown that the temperature,
exposure time, and level of initial cold work (plastic deformation) are the primary parameters.
Vohringer el al. [30] found no relaxation of SP residual stress at the surface at 300°C in Ti-6AI-4V,
and progressively greater relaxation at higher temperatures (from 400°C up to 600°C). Lee and Mall
[28] found about 94% relaxation of residual stresses in shot peened Ti-6Al-4V exposed to 370 ‘C for
24 h, compared with 11% relaxation at 100°C for 24 h. They also observed the relaxation rate (stress
relaxation/time) increased with increasing temperature. Khadhraoui et al. [31] conducted
experimental investigations of thermal stress relaxation in IN718 after different exposure times at
600°C and 650°C and found that the higher the test temperature, the greater the stress relaxation.
The test temperature had no significant effect on the pattern of the depth profile of residual stress.
The effects of exposure time were also addressed by several researchers [32-34], and these studies
indicated that a large portion of total relaxation occurred in the initial period of exposure, followed
by a stabilization of stress. Prevey et al. [24] studied the thermal relaxation of the compressive layer
produced by SP, gravity peening, and LSP in engine alloys Ti-0Al-4V and IN718 at engine
temperatures. Initial thermal relaxation of highly cold worked surfaces can be extremely rapid in
both alloys, and can result in 50% loss in less than 10 minutes even at moderate engine temperatures
(400~500°C). However, for laser shock peened coupons, only a small relaxation near the surface
occurred in Ti-6Al-4V and no thermal stress relaxation was found in IN718 at even the highest
temperature studied (475°C for Ti-6Al-4V and 670°C for IN718), from which it was concluded that
LSP is more resistant to thermal relaxation than conventional SP due to less cold working generated
at the surface. Later on, Buchanan [35] argued that the depth of plastic strain and not just the
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surface value contribute to the relaxation of residual stresses induced by surface treatments. It must
be emphasized that the thermal stability of peening residual stresses is dependent on several critical
peening parameters, including intensity, coverage, and the resulting cold work. Therefore, the
individual experimental results cited here cannot be regarded as a general case.

Compared to the extensive experimental studies cited here on thermal stability of peening
residual stresses, very limited analytical work [36-38] has been done on this topic by via FEM. The
experimental investigation is necessary, but expensive, and sometimes unreliable due to the factors
arising from setting up the LSP process and residual stress measurement. As a robust mathematical
method, FE simulation can provide guidance for performing better experiments and also serve for
obtaining good predictions of physical phenomena in the absence of experimental data. Motivated
by the importance of this subject, effort has been made in this project to study the stability of LSP-
induced residual stress in the IN718 SPF, Ti64 and Ti6242 alloys under thermal relaxation by
experiments and FE simulation. The experimental results are presented first and then followed with
the FE simulation results.

3.1.1 Experimental Results of Residual Stress and Thermal Relaxation

3.1.1.1 IN718 SPF Alloy. This alloy was obtained from Special Metals Corporation in sheet form with a
thickness of 2 mm. The as-received sheet was annealed and heat-treated as per AMS 5950 specification and
then aged at 750°C for 5 hours to precipitate harden it. An OIM micrograph of the microstructure of the
alloy is shown in Figure 6. Two sets of coupons, measuring 38 mm x 38 mm and 14 mm x 14 mm, were

sectioned using electrodischarge machining (EDM). Coupons were LSP-treated at UC using a GEN 1
Nd:Glass laser (A=1052 nm). Two different laser energy conditions were used:

1. Energy= 8], pulse width = 28.6 ns, spot size (diameter) = 2 mm, power density = 9
GW/cm?

2. Energy= 16], pulse width = 25.3 ns, spot size (diameter) = 2 mm, power density = 16
GW/cm?

Figure 6: Representative (a) OM and (b) OIM Micrographs of Microstructure of As-
Received IN718 SPF Alloy
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Three sets of LSP-treated coupons were made:

Set 1: 38 mm x 38 mm coupons: A patch of 10 mm x 10 mm was peened with a 50 %
overlap with both energy conditions

Set 2: 14 mm x 14 mm coupons: 2 mm diameter single spot was peened with 3 impacts at
the same spot with power density of 9 GW/cm?

Set 3: 38 mm x 38 mm coupons: A patch of 10 mm x 10 mm was peened with a 50 %
overlap with power density of 9 GW/cm®

The LSP-treated coupons were aged as follows: For those in Set 1, one sample was peened
for each temperature- time condition of 600°C 1 h; 650°C (1 h, 24 h, 100 h); and 700°C (1 h, 24 h)
and the through thickness residual stresses were measured in each of the samples. For those in Set 2,
one sample was peened for each temperature-time condition of 600°C (10 mins, 1 h, 24 h) and
650°C (10 mins, 1 h, 24 h) and the through thickness residual stresses were measured in each of the
samples. For those in Set 3, one sample was peened for each temperature of 550°C (5 mins, 10 mins,
20 mins, 40 mins, 1 h, 2 h, 5 h); 650°C (5 mins, 10 mins, 20 mins, 40 mins, 1 h, 2 hrs, 5 hrs); 700°C
(5 mins, 10 mins, 20 mins, 40 mins, 1 h, 2 h, 5 h); and only the surface residual stresses were
measured.

Conventional XRD using a Proto LXRD system with electro polishing was used to obtain
residual stresses from different depths in the as-LSP-treated and LSP-treated + thermally aged
samples. Details are provided in the Table 3 below. All specimens were electro polished using
125mL H,SO,:875mL CH,OH solution to remove layers of the material in the peened region.
Residual stresses were measured at each depth. Strain gradient and layer removal corrections were
performed to determine the actual residual stress profile through the depth.

Table 3. Details of Experimental Conventional XRD Measurements of Residual Stress in
LSP-Treated IN718 SPF Alloy

Item Condition
Equipment Proto LXRD
Detector PSSD (Position sensitive scintillation detector), 20° 20 range
Power 25 KV and 25 mA
Radiation Mn Ko, (A = 2.10314A°)
Tilt axis and angles Q Angles: 0°,2.58°,9.07°, 12.45°, 18.8°, 23.0° (Equal steps of sin” )
Plane(Bragg’s Angle) | {311} set of planes. Bragg’s angle: 152°
X-ray elastic constant | $2/2: 7.14 x 10° MPa"

Set 1: The results of residual stress and diffraction peak FWHM in the as-peened 9 GW/ cm?
and 16 GW/cm’ power density coupons are shown in Figure 7, whereas the same data after aging
the counterpart coupons at 600°C, 650°C, and 700°C for various times are displayed in Figures 8
and 9 respectively. The compressive residual stresses were larger in the near-surface regions to a
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distance of 100 pum in the 16 GW/cm’ peened sample compared with the 9 GW/cm? peened
sample, but were more or less the same at distances beyond 100 pm; the residual stresses became

tensile eventually at distances beyond ~500 um in both cases. Likewise, the diffraction peak FWHM
and hence plastic strain in the near-surface regions of 16 GW/cm” peened sample was greater than
that in the 9 GW/cm® peened samples to a distance of ~350 pm and became more or less the same
at larger distances. Post-aging of the peened samples led to relaxation in the residual stress both at
the surface and sub-surface, with the magnitude of reduction being greater at higher temperatures
and/or longer times and also being dependent on the initial peening energy and distance below the
peened surface (Figures 8(a), 9(a)).

The strong effects of temperature and time can be noticed, but it is significant that ~20% of
the initial compressive residual stress is retained after aging at 700°C for 24 h. The changes in the
near-surface plastic strains as manifested by the diffraction peak FWHM with aging temperature and
time appear to be more complex and these strains seem to be more resistant to relaxation than the
macro (elastic) residual stresses. Indeed, following aging at 650°C for 24 h and 100 h, the FWHM
values at the surface drop only slightly compared with the as-peened condition and remain high and
nearly constant through the distance from peened surface. This may be associated with coherency
strains caused by new precipitation of y” or y’ during the aging, but more work is required to fully
understand this behavior.

Set 2: Figure 10 shows the residual stress vs. depth profile for single dimple samples. Again,
most of the relaxation takes place at the surface (initial 100 pm or so from the peened surface), with
higher temperatures or longer times leading to more relaxation. The sub surface stresses are not
affected much even at longer times and higher temperatures.
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Figure 7: (a) Diffraction Peak FWHM and (b) Residual Stress vs. Depth From Peened
Surface in IN718 SPF Coupons for Two Different Power Densities
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Figure 8: (a) Residual Stress and (b) Diffraction Peak FWHM vs.
Surface of 9 GW/CM? IN718 SPF Sample
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Figure 9: (a) Residual Stress and (b) Diffraction Peak FWHM vs. Depth From Peened
Surface of 16 GW/cm2 IN718 SPF Sample

Set 3: At all temperatures, the residual stresses at the surface show the highest rate of
relaxation during the initial heating period. The rate of relaxation slows down after the initial 10
minutes or so. Figure 11 shows the surface residual stress as a function of time for different
temperatures. In the case of 550°C, 15% of the residual stress is relaxed in the first 10 minutes and is
then more or less stable for up to 5 h, where it then relaxes up to ~22% of the original stress levels.
At 600°C, ~10% of the relaxation happens in the first 5 minutes. The stresses drop by ~30% after
20 minutes and to ~40% after 40 minutes, after which there is little or no relaxation until 120
minutes. On further exposure (5 h), the stresses relax to ~70% of the initial value. At 650°C, rapid
relaxation occurs (~30%) within the first 5 minutes of exposure. No further relaxation occurs until
20 minutes and after 40 minutes exposure the stress drop to ~40% of the initial value. No further
relaxation takes place until 2 hours, but after 5 hours, the stresses are reduced to ~70% of the
original level.
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Figure 10: (a) Residual Stress and (b) Diffraction Peak FWHM as Function of Depth for
Various Aging Treatments in a Single Dimple LSP-Treated IN718 SPF Sample
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Figure 11: Schematic of Determination of Thermal Relaxation Kinetic and
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Figure 12: Surface Residual Stress as a Function of Exposure Time for Different
Temperatures LSP-Treated IN718 SPF SET 3 Samples

The data from the residual stress thermal relaxation measurements were used to perform a kinetic
analysis of the relaxation process and to identify the rate controlling factors. As shown in previous
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studies in shot-peened steels [40], the effect of time on residual stress relaxation can be linearized
with the help of a Zener-Wert-Avarami function [41] to:

rs

7~ exp[- (At,)"] ©)
O

0

where 0" is the macro residual stress at a given time 7, at temperature 1, 0, is the initial (298K)
macro stress prior to annealing, 7 is a numerical term dependent on the dominant relaxation
mechanism, and A4 is a function dependent on material and temperature according to:

A=B exp{— ﬁ_:j'} (6)

a

where B is a constant, £ is the Boltzmann constant, and AH is the activation enthalpy for the
relaxation process in the #-T,, range under consideration. It follows from equation (5) that

O_rs
log In(g_gs] =mlogt, + mlog A 7)
with the result that for a constant annealing temperature T, a plot of /g /n(0”/ 0,") versus lg ¢, gives
a straight line (see Figure 12). Corresponding annealing temperatures and times for constant 6/ o,"
can be derived from such plots, as illustrated schematically in Figure 12 in the /g #, versus 1/ 47T,
plot, where it can be seen that the values for constant 6/ 0," lie on a straight line based on
equations (5) and (6); this line results in:

logt, = constant+

In10- KT, ®

AH
t,=10exp— 9
ey .

where 7, is a time constant. The slope of the /g #, versus 7/£T, plot in Figure 12 yields the activation
enthalpy, AH, for the residual stress relaxation.

The data from the surface stress measurements in samples from Set 3 that had been peened
and aged at different temperatures and times was analyzed as per the above procedures. A plot of /og
In (0,"/ 0") vs log t,is shown in Figure 13(a), from which it is evident that reasonable linear fit to the
data at each temperature is obtained; the value of the slope m at 550°C (~0.14) is somewhat lower
than those at 600 (m=0.21) and 650°C (m=0.19), which points to sluggish kinetics of relaxation at
the lowest temperature. A plot of /g 7, to attain a given constant value of /g /n(c”/ 5,") (of -0.7, -0.6,
-0.5, and -0.4, corresponding to stress relaxation to a level of 82, 78, 72, and 67% of the initial
value) is shown plotted vs 7/4T in Figure 13(b). A reasonable linear fit to each data set is obtained,
especially for those corresponding to the shorter times, giving an activation enthalpy, AH,
corresponding to the above of 239, 264, 289, and 314 kJ/mole (i.e., 2.87 to 3.77 eV). These values
are in the range of 224 to 315 kJ /mole (2.689-3.271 V) reported for volume diffusion of Al and
self-diffusion of Ni in Ni-base alloys from the literature [42, 43]. These results suggest that the
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Figure 13: Plots of (a) log In(¢"/ 6¢"™) vs. logt, and (b) logt, Corresponding to Specific
Levels of Stress Relaxation vs. 1/kTa for Determination of the Activation Energy
Associated with the Relaxation Process in the IN718 SPF Alloy

residual stress relaxation is caused by a creep-like mechanism involving rearrangement and
annihilation of dislocations by climb. It should be noted that after the initial stress relaxation,
subsequent relaxation becomes considerably lower (much higher activation energies) because the
driving force is reduced and the stress levels may have dropped to levels below the creep strength of
the alloy at temperature.

23
Approved for public release; distribution unlimited.



Figure 14: Representative (a) SE, (b) BSE Micrographs of Microstructure of As-received
Ti6242 Alloy and (c), (d) SE Micrographs of As-Received Ti64 Alloy

The Ti6242 material was obtained from AFRL/RBSM (Dr. Kristina Langer) in the form of an L-
shaped plate approximately 300 mm long x 125 mm wide x 4.3 mm thick, whereas the Ti64 coupons
were obtained from GE Aviation in the form of coupons 35 mm?® square x 2 mm thick. Both the
Ti6242 and Ti64 alloys were in the mill-annealed condition. The secondary electron (SE) and back-
scattered electron (BSE) images of the microstructure of the as-received materials are shown in
Figure 14, which in both cases is composed of irregulatly-shaped retained 3 particles in an mostly a
matrix having a grain size of ~5 pum.

The majority of the work was focused on the Ti6242 alloy, with a limited set of single-
dimple LSP treatments being conducted on the Ti64 alloy for calibration and comparison with the
FE modeling and simulation. Initially, two types of LSP-treated coupons were studied for
establishing base-line process parameter effects and for following the thermal relaxation behavior. A
schematic of the first set of Ti6242 coupons is shown in Figure 15(a). Details are as follows:

1. Coupon dimensions of 90 mm long x 10 mm wide x 4.2 mm thick;
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2. One LSP patch of 10 mm x 10 mm with 3 energy conditions (2 mm spot size, 32 ns pulse
width and 8] single patch, 16 J single patch, 8] double-patch/layers); and

Sample layout

90 mm X

81 16 J 8J(double patch)

g
~ s
- 3
constraints 3
.
\\-
——
10mm
30mm

Figure 15: Schematic Showing the Geometry and Dimensions, LSP Patch and Energy

Conditions for the Ti6242 Coupons for (a) Establishing Base-Line Process Parameter
3. Dual side peening with simultaneous shots on both sides. The corresponding power densities are
7.95 ] /cm®and 15.9 J/cm’. Every peening sequence contained 9 shots and there were 9 such
sequences. Dimensional and other details for the second set of coupons for the thermal relaxation
studies is shown in Figure 15(b). In this case, the coupon had a length of 30 mm x width of 10 mm x
thickness of 4.2 mm and a single 10 mm x 10 mm, double sided- LSP treated area was produced,
with beam energy of 8], 2 mm spot size and 32 ns pulse width (power density of 7.95 J/cm?).

Conventional XRD using a Proto LXRD system with electro polishing was used to obtain

residual stresses from different depths in the as-LSP-treated and LSP-treated + thermally aged
samples. The aging treatments were conducted at temperatures of 315°C (600°F), 482°C (900°F)
and 538°C (1000°F) for times from 1 to 1440 minutes. Microhardness of the LSP-treated and LSP-
treated + thermally aged samples was measured. Details of the conditions for the XRD
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measurements are provided in the Table 4 below. All specimens were electro polished using 12.5%
H,SO, - 87.5% CH;OH solution to remove layers of the material in the peened region. Residual
stresses were measured at each depth. Strain gradient and layer removal corrections were performed
to determine the actual residual stress profile through the depth.

Table 4. Details of Experimental Conventional XRD Measurements of Residual Stress in
LSP-Treated Ti6242 and Ti64 Alloys

Item Condition
Equipment Proto LXRD
Detector PSSD (Position sensitive scintillation detector), 20° 20 range
Power 25 KV and 25 mA
Radiation Cu Ko, (A = 1.5412A°)
Tilt axis and angles Q Angles: 0°,1.59°, 6.04°, 12.22°, 19.0°, 23.0° (Equal steps of sin” )
Plane(Bragg’s Angle) | {213} set of planes. Bragg’s angle: 142°
X-ray elastic constant | S;: 2.83 x 10° MPa'; S,/2: 11.89 x 10° MPa’'

The residual stress and diffraction peak FWHM as functions of distance from the peened
surface in the first set of coupons along two in-plane orthogonal directions X and Y for various
beam energies are shown in Figures 16(a,b) and 16 (c,d), respectively. As can be seen, relatively high
compressive residual stresses, with levels approaching -800 MPa at the surface, are present and
diminish in magnitude with distance from the peened surface to ~700 microns before becoming
slightly tensile in nature. The near-surface compressive residual stress values are slightly higher in the
16 ] peened sample compared with the 8] peened samples (single and double hits), but the values
more or less overlap within the depth, which points to a saturation type effect of the laser beam
energy. The FWHM values, which are a measure of plastic strain, are high at the surface, especially
in the 16J peened samples and decrease to a more or less constant value at distances beyond about
100 microns.

The results from the second set of coupons of the effects of the thermal aging on the micro-
hardness changes is shown in Figure 17, whereas those of residual stress and FWHM (i.e. plastic
strain) relaxation in two in-plane orthogonal directions X and Y are shown in Figures 18(a,b) and
18(c,d), respectively. The hardness data shows that the LSP-treatment leads to ~14% increase in the
hardness over that of the unpeened material. There is little to no change/decrease in the hardness
following aging of the peened samples at 315°C, whereas aging at 482°C and 538°C leads to ~5-7%
decrease in the hardness, but the values still remain higher than that of the unpeened sample.

The residual stress data (Figure 18) reveals that there is only a small amount of stress
relaxation in the near-surface and through-the-depth residual stress even after 100 h at 315°C. At
482°C, the stresses relax to about half of the initial value in 10 mins, but do not change further for
longer times up to 100 h. The stresses also relax after aging at 538°C within an hour to more or less
the same levels as the 482°C, 10 mins sample and then to about a third of the initial value after 24h.
The near-surface FWHM in the aged samples remain more or less the same as the initial as-peened
value at all temperature-time combinations, including 24 h at 538°C. This result suggests that the
near-surface LSP-induced plastic strains are quite resistant to thermal relaxation.
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The stress relaxation data from the Ti6242 alloy (Figure 18) were analyzed using the same Zener-
Wert-Avarami formalism that was used in the case of the LSP-treated IN718 SPF alloy described
eatlier. The corresponding plot of log /n (0,"/ 0") (X direction data) vs /g #, in Figure 19(a) reveals a
reasonable linear fit to the data at each temperature (though the number of data points at each
temperature is limited; the value of the slope m at 315°C (m~=0.14) is somewhat lower than those at
482°C (m=0.3) and 538°C (m~=0.34), which points to the sluggish kinetics of relaxation at the lowest
temperature. A plot of /g 7, to attain a given constant value of log /n(0"/ 0,") is shown plotted vs
1/£T in Figure 19(b). A good linear fit to each data set is obtained, giving an activation enthalpy, AH
of 114 kJ/mole (i.e. 1.37 V). Similar analysis of the Y-direction residual stress data gave a AH value
of 98.5 kJ /mole (or 1.185 eV). These values of AH ate in the range of 90 to 160 kJ/mole reported
for self-diffusion of Ti in Ti-base alloys from the literature. These results suggest that the residual
stress relaxation in the LSP-treated Ti6242 alloy is caused by a creep-like mechanism involving
rearrangement and annihilation of dislocations by climb.

LSP treatment of the Ti64 alloy was conducted to produce a number of single-dimple
coupons in order to help in the finite element modeling and simulations of the thermal relaxation of
the LSP-induced residual stresses. In this case, a beam energy of 3 | with three impacts at the same
location were used. The surface and through-the-depth residual stresses were measured before and
after thermal aging at 315°C, 350°C, 400°C, and 482°C for various exposure times. The
experimental results are presented in the next sub-section with the FE analysis and simulations.
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3.1.2 Finite Element Simulation Results of Residual Stress and Thermal Relaxation

Figure 20 shows the simulation procedure used for LSP and subsequent thermal relaxation
processes; the individual steps are described below.
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Figure 20: Flow Chart for LSP and Thermal Relaxation FE Simulations

3.1.2.1 FE LSP Simulation Procedure. In the past decade, FE techniques have been applied to
study LSP induced residual stress and have shown good capability for simulation of the LLSP process.
The first FE simulation to predict LSP residual stresses was reported in 1999 by Braisted and
Brockman [44], and the methodology of sequential switch from explicit to implicit algorithms using
ABAQUS was developed to achieve the equilibrium state of residual stress. Ding and Ye [45,40]
developed the first 3-D simulations to consider different LSP processing on different metal alloys,
and they also developed the two-sided LSP process. Hu et al. [47] studied multiple one-sided LSP at
the same location by LS-DYNA and ANSYS, and found considerable increase in residual stress and
plastically affected depth. Peyre et al. [48] investigated the influence of protective coatings, by
simulation of a thermo-mechanical uncoated LSP, which considered the shock wave impact and
plasma heating. Warren et al. [49] performed FE simulations of one-sided single and multiple shots
to study the effects of spot size, spacing and laser intensity, and achieved the greatest uniformity and
largest stress magnitudes by overlapping of the laser spots.

During the LSP process, laser energy is converted into a high-pressure shock wave exerted
on the material surface, which propagates into the material and causes plastic deformation and the
resulting residual stress field. For modeling the temporal profile of pressure, the methodology
proposed by Fabbro et al. [50] has been employed and the resulting short rise time (SRT) pressure
pulse is applied to the peening area as loading condition of LSP process.

Materials under LSP can experience extreme high strain rate (on the order of 10°/s)
deformation. For modeling the high strain rate behavior of metallic material, a number of material
models have been developed that account for the effect of strain hardening, strain rate hardening
and thermal softening. These models include the Johnson-Cook (JC) model [51,52], Zerilli-
Armstrong (ZA) model [53,54], modified ZA model [55], Khan—Huang-Liang (KHL) model [56],
and others [57]. For LSP simulation, both the JC model and ZA model are applicable. They are
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widely used for studying impact applications, and also available in many material model libraries in
commercial FEM codes such as LS-DYNA that is used for this study. The JC model expresses the
flow stress as,

& =[A+Bg" |[1+CIn(E" / &)I1-T™] (10)

where & is the flow stress, £° is the effective plastic strain, £"is the effective plastic strain rate,
and &, is reference strain rate. A, B, C, # and m are experimentally determined constants.

T =(T-T,)/(T,-T,), where Tis the temperature in Kelvin and T, T, are room temperature and
melting temperature, respectively. The so-called “physically based” ZA model is based on crystal
structure and dislocation mechanics. The flow stress has different expressions in terms of crystal
structures (body centered cubic (BCC), face centered cubic (FCC), hexagonal closely packed (HCP)).
The original expression for BCC metals is,

& =c +C,e &M Lo (ZP)" (11)

in which ¢, ¢, ¢, ¢, ¢; and 7 are model constants.

FE simulation of the LSP process using LS-DYNA is separated into two steps: In the first
step, dynamic analysis is performed in which the laser shock loading is simulated until the plastic
deformation terminates, typically in a few hundred nanoseconds. In the second step, static
equilibrium analysis is carried out in which the state from the dynamic analysis is transferred into a
restart analysis with a relatively larger time step and a suitable damping parameter to obtain a steady
residual stress field.

3.1.2.2 FE Thermal Relaxation Simulation Procedure. After the steady residual stress field is
obtained, mechanical loading is removed. Then the thermal loading condition is applied to the same
FE model with the residual stress distribution from LSP as an initial condition, and thus the thermal
relaxation process is simulated. This is achieved through a coupled thermal-structure analysis using
LS-DYNA, using the implicit algorithm for both the thermal and structure analyses. The purely

thermal loading condition is simulated by a convection boundary condition " =h(T —T_), where

q" is heat flux across the boundaty, 4 is heat transfer coefficient of air, and T_ is the ambient

temperature. The initial temperature of the specimen before thermal loading was taken to be room
temperature.

As discussed previously, thermal relaxation of residual stress is essentially attributed to many
different yet relevant mechanisms. Among them, the material softening at elevated temperatures is
one key mechanism, especially for short-term thermal relaxation. As such, the material model must
be able to capture the high-temperature effect on flow stress. The temperature dependencies of flow
stress are different in the ZA model and the JC model. Some consider the ZA model to be a better
description of the material behavior than the JC model because the mathematical form more
accurately fits the material's strain rate hardening behavior, including the thermal coupling [58].
However, the ZA model is not recommended for temperatures above about one-half of the absolute
melting temperature (965K). More importantly, since thermal relaxation is a quasi-static process, the
ZA model with material constants determined from high strain rate high-temperature experimental
data is not suitable to describe the temperature effect on flow stress at a quasi-static loading
condition. As an example, the reduction in flow stress of Ti-6Al-4V at 10*/s strain rate is roughly
500 MPa when temperature increases from room temperature to 550°C [52], but from the ZA
model (Equation (11)) it is only 30 MPa. On the other hand, although the JC model is a
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phenomenological model, it is able to better represent the temperature dependence at both high and
low strain rates. Therefore, the JC material model will be used in these thermal relaxation
simulations, to keep the material model consistent during the switching from LSP simulation to
thermal relaxation simulation. It is also adopted in LSP simulation.

3.1.2.3 IN718 SPF Alloy. The experimental details and results were described earlier. In the
implementation for IN718 SPF the coupons with dimensions of 14 mm (length) X 14 mm (width) X
2 mm (thickness) were peened on a single side with three repetitions at the same location. The
peening parameters were beam energy of ~8 ], ~2 mm spot diameter, and ~25-30 ns pulse width
for every shot. After peening, the coupons were exposed to 600°C and 650°C for times of 10 min, 1
hour, and 24 hours. Both as-peened and thermally relaxed residual stress distributions were
measured at the spot center area with an x-ray beam diameter of 1 mm.
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Figure 21: Intensity and Pressure Temporal Profiles Calculated from Pressure Model

The recorded laser intensity data during the LSP processing are shown in Figure 21, which are scaled
to the same peak intensity (8 J/25 ns/(@x0.01cm”) = 10 GW/cm?) for each shot, with error bars
showing the variation. The SRT intensity profile assuming 10 GW/cm” peak and 5 ns rise time
agrees well with the experimental data. The resulting pressure pulse calculated from the pressure
model is also plotted in Figure 21, which is applied to the FE model (Figure 22) by assuming a
uniform spatial distribution to simulate the LSP process. The FE model contains 115,002 nodes and
106,692 constant stress 8-noded solid elements. The whole LSP process is simulated through one
dynamic analysis and one static equilibrium analysis for one shot, followed by another shot until all
three shots are completed.

The as-peened residual stress from both FE simulation and experimental measurement are
plotted in Figure 23. We can see that both the maximum residual stress and the compression depth
are comparable, and that the stress distributions along the depth follow the same trend. The only
discrepancy between simulation and experiment is that at the near-surface region (down to depth of
0.2 mm), the simulated residual stress profile is a little wider than experiment data. By simulation of
LSP, we have also calibrated the parameters in the JC model for IN718. The original JC model
parameters (A4 = 1241 MPa, B = 622 MPa, » = 0.6522, ¢ = 0.0134) are taken from Ahmed et al. [59].
These parameters are usually determined using a Hopkinson bar test at strain rates up to ~10"/s,
which is much lower than the typical strain rate in an LSP process (~10°/s). Therefore such JC
parameters (7, ¢) associated with the hardening effects have not accurately reflected the material
response during LSP. After carefully adjusting the constants 7 and ¢, we were able to obtain
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consistent residual stress as experiment data. The calibrated parameters for LSP simulation of IN718
are A=1241 MPa, B=622 MPa, »=0.5, and ¢=0.035. For thermal softening of flow stress, the
parameter 7 was calibrated as 0.5 to match the high-temperature flow stress of IN718 at a quasi-
static strain rate (10°/s) [60,61].
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Figure 22: FE Mesh for LSP and Thermal Relaxation Simulation of IN718 and Ti-6Al-4V.
during Thermal Relaxation Simulation, Thermal Loading Condition Was Applied at All
Exposed Surfaces
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Figure 23: As-Peened Residual Stress Comparison in IN718 SPF Alloy Single-Dimple
Three-Shots Coupon

Based on the results from the LSP simulations, thermal relaxation of residual stress due to high-
temperature heating has been investigated. The comparison between experimental measurement and
simulation results are illustrated in Figure 24. After 1 h exposure, the simulated maximum stress was
relaxed from 697 MPa to 410 MPa and 376 MPa, at 600°C and 650°C, respectively. The magnitude
of relaxation is similar to experiment data, in which the maximum stress was relaxed from 646 MPa
to 470 MPa (600°C) and 496 MPa (650°C). Both experiment and simulation indicate that no obvious
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relaxation was observed when the magnitude of residual stress was lower than ~300 MPa. After
thermal relaxation, the depth distribution of residual stress becomes more uniform compared with
the as-peened distribution. Thermal relaxation in IN718 as a function of exposure time at 600°C and
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Figure 24: Comparison Between Experiment Data and Simulation Results of Thermal
Relaxation of Residual Stress in LSP-Treated IN718 SPF
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Figure 25: FE Simulation of Thermal Relaxation of Residual Stress in LSP-Treated IN718
SPF Alloy at (a) 600°C and (b) 650°C
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Figure 26: As-Peened Residual Stress Comparison Ti64 Alloy Single-Dimple Three-Shots
Coupon

650°C are shown in Figure 25. It is observed that stress relaxation mainly occurs before 20 min,
after that the residual stress tends to stabilize for a longer exposure time and thermal relaxation
stops. It is consistent with the work of previous researchers [30,33,34], who found that a large
proportion of the total relaxation occurred in the initial exposure period, normally between 3 min
and 1h, followed by a stabilization of stress. In principle, more thermal relaxation is expected when
the applied temperature is higher because the intrinsic yield stress becomes lower. In this study of
IN718 SPF, the two temperatures investigated (600°C and 650°C) are very close, therefore the
temperature effect is not very significant. However, we do find a little larger magnitude of relaxation
at 650°C, as is evident when comparing Figure 25(b) with 25(a) and also in Figure 24.

3.1.2.4 Ti-6Al-4V Alloy. The experimental procedure and processing parameters for the thermal
relaxation studied in Ti-0Al-4V is the same as for IN718 SPF, except that the heating temperature
was lower (315°C, 400°C and 482°C for Ti-6Al-4V). The pressure history and FEM model shown in
Figures 21 and 22, respectively, were also used for Ti-6Al-4V. The as-peened residual stress from the
FE simulation is plotted in Figure 26 along with the experiment data, from which a good agreement
between simulation and experiment is achieved. The as-peened residual stress is a little lower than
that of IN718. Following the same procedure as we did for IN718, the JC model parameters for Ti-
6AI-4V are calibrated as . A=1098 MPa, B=1092 MPa, #=0.4, ¢=0.04 and 7=0.2, which are based on
the original parameters taken from Lesuer [52].
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Figure 27: Thermal Relaxation of Residual Stress Comparison in Ti64 Alloy Single-
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The as-peened residual stresses induced by LSP and their relaxation as a function of
exposure time at different temperatures is shown in Figure 27 (a-c). The maximum compressive
residual stress, ~587 MPa, is observed at the surface, and the compressive layer induced by LSP is
approximately 0.4 mm in this case. From Figure 26(a), we can see that maximal thermal relaxation
occurred at the surface, i.e., the location of maximum residual stress. Approximately 36% of the
peak residual stress was relaxed after 10 min exposure to 315°C. For laser shock peened Ti-0Al-4V,
Vohringer el al. [31] found no relaxation at the surface at 300°C, and progressively greater relaxation
at higher temperatures ranging from 400°C up to 600°C. Lee and Mall [29] found about 11%
relaxation at 100°C for 24 h, compared with 94% relaxation on exposure to 370°C for 24 h, at the
specimen surface. Similar temperature effects are obvious for LSP-treated Ti64 specimens in this
study. With an increase of temperature, the magnitude of surface stress relaxation is increased to
42% at 400°C (Figure 27(b)), and 48% at 482°C (Figure 27(c)).

The observed residual stress relaxation is thought to take place due to two main reasons:
material softening at elevated temperatures and non-uniform distribution of as-peened residual
stresses. When temperature increases, the intrinsic yield stress of Ti-6Al-4V becomes lower. As a
result, the as-peened residual stresses with initial value far beyond this reduced yield stress will
decrease to lower values closer to the reduced yield stress. It is expected that more thermal
relaxation occurs when the applied temperature is higher leading to a more significant reduction in
the yield stress, which is apparent from the comparison among Figure 27 (a) to (c). At the same
time, regions with low as-peened residual stresses are not subjected to relaxation. From Figure 26,
we see that the stress relaxation is negligible in the region deeper than ~0.25mm where the initial
residual stress is lower than ~250 MPa. Such that the thermal relaxation process rearranges the
residual stress into a more uniform distribution as is most clear in Figure 27(c), however, the pattern
of stress profiles are not influenced by relaxation. Figure 28 depicts the relaxed residual stress as a
function of heating temperature. Square, circular, and triangular symbols represent residual stress at
the surface, 0.1 mm depth, and 0.2 mm depth, respectively. Similar conclusions can be drawn: higher
temperatures lead to more stress relaxation; lower initial stress is subjected to less stress relaxation;
and relaxed stress exhibits more uniform spatial distribution.

From this study, we also find that stress relaxation mainly occurs before 10 min, after that
residual stress tends to stabilize for a longer exposure time and thermal relaxation stops. It is also
consistent with the work of [30,33,34] and the thermal relaxation behavior in IN718.
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Figure 29: Simulation Results Showing Effect of Temperature and Time on Residual
Stress Relaxation in LSP-Treated Ti-6Al-4V

To analytically describe thermal relaxation of residual stress, the Zener—Wert—Avarami model, which
has been widely used in many studies for various materials, such as aluminum alloy AA6610 [62],
nickel alloy IN718 [39,63], and titanium alloy TC4-DT [35], was used to analyze the residual stress
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relaxation data in the LSP-treated IN718 SPF and Ti6242 alloys and was described earlier. The same
approach was used for the Ti64 alloy data. Thus, Figure 29 shows a plot of logIn(c® / ™) versus

logt, ata given aging temperature T, which gives a straight line with slope 7 and intercept 7logA

and in which the data points are calculated from the simulation results. The 7 value resulting from
the data fit at different temperature gives an identical value of 0.093. The intercepts of these straight
lines give the values of 4 as a function of T/, such that it is possible to estimate the activation
enthalpy for the relaxation process by fitting 4 values to the equivalent form of Equation (6),

In A=InB—AH /KT, .The activation enthalpy of the relaxation process for laser shock peened Ti-

6Al-4V was determined from a plot of log #, to achieve a certain level of relaxation as a function of
1/#T,as AH = 1.0 eV (83.14 kJ /mole), which is close to the reported value of 1.1 eV for thermal
relaxation in Timetal 218 titanium alloy, and 1.4 eV for diffusion of Ti in B-Ti-20wt%V at 900°C
[64]. The activation enthalpy of Ti-6Al-4V obtained here is much lower than 3.45 eV for IN 718
which was determined in our published work [39].

3.1.2.5 Ti6242 Alloy. FE simulations of thermal relaxation of residual stress in the LSP-treated Ti-
6242 coupons with overlapped peening on dual side simultaneously was carried out. Details can be
found in the experimental results described earlier. The dimension of the coupon is 30 mm X 10
mm X 4.2 mm. The LSP patch of 10 mm X 10 mm is located at center, containing 81 shots. The
peening parameters are ~8 J, ~2 mm spot diameter, and ~32 ns pulse width. The FE model shown
in Figure 30 contains 72,409 nodes and 66,492 constant stress 8-noded solid elements, and the LSP
patch location is represented by the fine mesh. In the simulation, a JC model is used for the Ti-6242
target material and the material parameters calibrated for Ti-6Al-4V are adopted since these two
Titanium alloys have similar mechanical properties.

Figure 30: FE Mesh for Simulation of LSP and Thermal Relaxation in the Ti6242 Alloy
Coupons

Thermal relaxation results from LSP-treated Ti-6242 are summarized in Figure 31. The
simulated as-peened residual stress agrees well with experimental data, except for the point at the
surface. A possible reason for this difference is that the experimental data was measured exactly at
the surface while the simulation result was averaged at the surface FE element with a certain
thickness. Both experiment and simulation results exhibit remarkable relaxation due to high-
temperature heating. From Figure 30(b), we can see that the simulation results after 1h at 538°C are
close to the experimental data, especially at the near-surface region. However, the simulation result
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for 24 h heating (not shown since it is the same as 1 h heating result) is not consistent with
experimental data. From the discussion above for IN718 and Ti-6Al-4V, it appears that after certain
exposure time (usually 30 min to 1h), thermal relaxation due to material softening mechanism at
elevated temperatures will stop and stress stabilization is achieved. In contrast, experimental data still
shows a certain relaxation after 1 h, although not very significant. This long-term relaxation is
thought to be dominated by creep-controlled mechanism, which may not be described appropriately
by the material model adopted here. For short term thermal relaxation, the FE simulation presented
here using the JC model is justifiable, wheareas for fully understanding thermal relaxation accounting
for long term relaxation (t>>h), a new material model including both material softening and creep
relaxation should be developed in future work.
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Figure 31: Comparison of Experimental and FE Simulation Results of Thermal
Relaxation of Residual in LSP-Treated Ti6242 Alloy at (a) 482C and (b) 538C

3.2 LSP Process Simulations for Optimizing LSP Treatment and Effects on Fatigue
Behavior of Ti6242 Alloy

3.2.1 Initial LSP Treatments and Three-Point Bend Fatigue Tests

As described in Section 4.1.1.2, LSP treatments on the Ti6242 alloy were conducted for
characterizing and modeling the thermal relaxation of residual stress. Characterizing the fatigue
behavior of surface-treated materials presents a special challenge because these properties can be
affected not just by the state of residual stress, microstructure, and other features at the surface, but
also by the presence of balancing tensile residual stresses in the interior of the material. Three- or
four-point bending fatigue tests have an advantage, because the impact of near-surface residual
stresses (compressive or tensile) and microstructure can be assessed more easily. However, special
considerations must to be given to the design of suitable coupons. Thus, initially two types of
coupons were fabricated for three-point bending (3PB) tests to study the effect of LSP and post-
LSP thermal aging on the fatigue properties. The first set of coupons were 60 mm long x 10 mm
wide x 4.2 mm thick (Figure 32) with an LSP-treated (power density 8 GW/cm?) patch measuring 12
mm x 10 mm was produced on one surface. The static and fatigue properties (S-N curve) were
determined on unpeened and peened samples with the LSP-treated surface on the side opposite to
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the direction of central loading, i.e. the tensile side. The second set of coupons were made the same
way, but had a thickness of 2 mm. The static and fatigue properties of these were also determined.
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Figure 32: Geometry and Dimensions of Third Set of 3PB Test Coupons (2mm Thick) for
Studying the Effects of LSP on the Fatigue Properties
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Figure 33: Geometry and Dimensions of the Initial Sets of 3PB Test Coupons for Studying
the Effects of LSP on the Fatigue Properties. Note: Coupon Has a 10mm X 10mm LSP-

Treated Area in the Middle of the Bottom/Tensile Surface

Fatigue tests on these coupons at the range of load/stress levels to generate S-N curves revealed that
the LSP-treated coupons generally failed, surprisingly, after a shorter number of cycles compared
with the unpeened coupons. Examination of the failed samples revealed that, in a few cases,
premature failure was related to the presence of bad/naked spots (caused by blowing-off of the
ablative tape) on the LSP-treated surface, where cracking was initiated. In other cases, the reasons
for premature failure were not obvious. It was thought that perhaps the peening sequence used may
have produced localized tensile residual stresses on the surface and along the edges of the coupons,
where early crack initiation would be facilitated. Subsequently, we decided to focus on 2 mm thick
coupons, LSP-treated on both surfaces, with the specimen resting on the bottom rollers along the
thickness edge and the sample width and applied load parallel to the peened surfaces. Details of the
geometry, dimensions, and 3PB test configuration are shown in Figure 33.

Three-point bend fatigue tests on the coupons with the above geometry (Figure 33) again
showed that the number of cycles to failure were lower in the LSP-treated coupons compared with
the unpeened coupons. It was thought that perhaps the through-thickness compressive residual
stresses sought by double-sided peening were not achieved and early crack initiation and growth
occurred by a tunneling process because of the presence of the balancing tensile residual stresses in
the central portion of the coupons adding-up to the tensile stresses from the applied load along the
bottom surface. Thereafter, a fourth set of 60 mm long x 10 mm wide x 2 mm thick coupons
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similar to those in Figure 33, but with an EDM-generated notch of radius ~170 pum and 250 pm
depth along the middle of bottom edge into the LSP-treated area were fabricated. The purpose of
the notch was to ensure that crack nucleation occurred at the middle of the bottom edge of the
sample. Fatigue tests on notched unpeened and peened coupons were conducted at a range of stress
levels and the S-N curve established. Based on the results that were obtained, which are described
in a subsequent section, it was felt that LSP process simulations needed to be performed to optimize
the LSP treatment parameters for improved fatigue life, as described below.

3.2.2 Rationale for LSP Process Simulations for Optimizing LSP Treatment

LSP is an engineered process, in that a large number of parameters have to be optimized to
achieve the sought after improvements in component fatigue life. The most important process
parameters include the diameter and energy of the laser beam, pulse width, the number of successive
impacts, and the sequence of impacts used to generate a treated region with overlapped spots. The
magnitude of the generated residual stresses and their depth is governed by the LSP parameters and
the mechanical properties of the material undergoing LSP. Also, the geometrical constraints of the
component affect the distribution of the residual stresses. To obtain improvement in fatigue life,
distribution of the LSP induced residual stresses is very important as it controls fatigue crack
initiation and propagation. Considering the amount of time required for LSP processing and fatigue
testing of LSP-treated components, it makes sense to perform simulations of the LSP process to
predict the residual stress distribution. This type of simulation can guide designers to choose the
ideal processing parameters.

As mentioned previously, LSP simulation can be effectively performed using FEM. Braisted
et al. [44] reported the first simulation of LSP using FEM. In recent years, few authors have reported
simulation of LSP keeping the goal of process parameter optimization. Arif et al. [8] developed a
non-linear finite element model and coupled it with a wave propagation algorithm to calculate LSP
induced residual stresses. Yang et al. [66] performed LSP simulation on 7050-T7451 aluminum alloy
using software package ABAQUS [67]. Warren et al. [49], performed massive parallel simulations of
LSP to study the effect of spot diameter, laser energy and the number of LSP passes on residual
stresses generated in single-shot experiments. Recently, Singh et al. [68], applied optimization
techniques to obtain LSP parameters given a desired residual stress profiles.

However, most of the previous studies have focused on optimizing the performance at a
single LSP spot location. For industrial applications, LSP is performed in patches, which constitute
multiple laser shots performed with some overlap percentage. Overlap is necessary to obtain a
uniform residual stress distribution [69]. For thin components, geometry effects play an important
role in the final residual stress distribution. Dual side peening on thin components might generate
tensile stresses on the edges, which is also called an edge effect (this is shown later in this section).
The sequence in which multiple shots are applied can dramatically affect the residual stress
distribution, which eventually determines the fatigue life. If the processing is not done properly, the
fatigue life may be less than the untreated sample. Therefore, it is important to have an optimized set
of laser parameters as well as the sequence in which LSP is performed to obtain desired
improvement in fatigue life. None of the reported literature has dealt with optimal sequence of shots
for the LSP patch. The goal herein is to obtain the optimal patch sequence for a given loading
condition, material and geometry.

This goal is realized by performing 3D non-linear finite element simulations of the LSP
patch. Focus is on the Ti-6242 alloy thin coupon, subjected to 3-point bending loads. Different
sequences are used in simulations to study the residual stress distribution on the surface as well
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through the thickness of the thin coupon. Through thickness residual stress distribution is important
to prevent crack initiation and propagation. Finally, an optimal set of laser parameters and patch
sequence is presented, which gives the maximum surface compressive stresses while maintaining the
through thickness compression.

3.2.3 LSP Modeling and Simulation Procedure
In the following, the coupon geometry and dimensions utilized are first described, followed

by a detailed description of the LSP modeling and simulation procedure used for predicting the
residual stress distributions within and outside the treated area of the coupon.
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Figure 34: Schematic of the Ti6242 Coupon Used for the LSP Simulations
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3.2.3.1 FE Model. Simulations are carried out on a coupon (see Figure 34) with dimensions 60
mm (length) X 10 mm (width) X 2 mm (thickness). The coupon is supposed to be tested under a 3
point bending fatigue load at an R ratio of 0.1 with a notch machined using wire EDM after the
LSP processing. Considering the nature of the 3-point bend loading and stress concentration
induced by the notch, LSP should be performed in the region indicated in Figure 34. Based on this,
an FE mesh is generated using the commercial package HyperMesh, which is shown in Figure 35.
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Figure 35: Part of the Complete Mesh for the Ti6242 Coupon

To reduce the computational time, very fine element size (0.1 mm by 0.1 mm) is restricted to
the region of LSP. The mesh resolution was gradually increased away from the LSP region. The
complete mesh has 377,800 8-noded brick elements and 402,381 nodes.

3.2.3.2 LSP Simulation. The LSP simulation procedure using FEM is illustrated in Figure 30.

Laser [, Pressure Model .| Laser spatial and
Parameters (Fabbro et al.) "l temporal profiles
. LS-Dyna Explicit
Component N .. Loading and . — Residual
Geometry » Flnlt; ELiTent ! Boundary —»{ Dynamics Solver Stresses
Conditions
Material _| Material Model
Parameters “| (High strain rate
plasticity)

Figure 36: Flowchart of LSP Simulation Procedure

3.2.3.2.1 Pressure Model. In LSP, laser energy is converted into mechanical pressure through
complex interactions between the laser beam, opaque material (tape in this case) and confinement
medium (water). To obtain the mechanical equivalent of the laser energy as a function of spot
diameter, pulse width, and energy of the laser, a pressure pulse model proposed by Fabbro et al. [50]
is implemented. From the given laser parameters, peak power density (PPD) is calculated, which is
used to fit a short rise time (SRT) laser intensity profile. This profile is then used as the input for the
pressure model to obtain the pressure pulse temporal profile. Spatial variation in the laser intensity
can be further applied, however, in this study a uniform spatial distribution of the laser intensity is
assumed. The combination of spatial and temporal pressure profiles are then applied to a finite
element model. Figure 37 shows a sample pressure temporal profile for the given laser energy of 2 J,
pulse width of 27 ns, and a 2 mm spot diameter.

3.2.3.2.2 Material Model. During L.SP, materials are subjected to very high strain rates (on the
order of 10°/s). At such high strain rates, materials show rate dependent strain hardening and
thermal softening due to heat generated during plastic deformation. In the literature, various models
have been proposed for modeling such high strain rate behavior of materials. These models include
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Johnson-Cook (JC) [51,52], Zerilli-Armstrong (ZA) [53,54], modified ZA [55], mechanical threshold
stress (MTS) [70], and Khan—Huang-Liang (KHL) [71]. Zhou et al. [39] applied the JC model for
predicting the LSP induced residual stresses in Inconel 718. It was shown that a well-calibrated
model can predict the residual stresses accurately. Amarchinta et al. [72] performed an optimization
study to obtain the material parameters needed in JC, ZA and KHL models for accurate predictions
of residual stresses in Ti-6Al-4V alloy and Inconel 718. The goal of this was to study the residual
stress distributions and the effect of different shot sequences, with focus on the Ti-6242 alloy.
Meyer et al. [55] discussed a few limitations of the JC model for modeling the nonlinear strain
hardening behavior of the Ti-6Al-4V alloy. They recommended use of the ZA model for titanium
alloys. However, the ZA model does not consider the dependence of shear modulus on pressure and
temperature. Considering this, the ZA model combined with a pressure and temperature
dependence model given by Steinberg et al [74] is used in this study (see equation (12)).

5:[A+ Be (AT +C§”}—G(P’T) (12)
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Figure 37: Temporal Profile of the Pressure Pulse Generated Using the Pressure Model

where & is effective stress, A B,C,n,f,,, are matetial parameters, T is Temperature, & is

Effective visco-plastic strain Rate, £ is effective visco-plastic strain, G, is shear modulus at room
G(P,T)

temperature, and P is pressure. gives the variation in shear modulus as a function of

0
temperature and pressure. The ZA model is available in LS-DYNA. However, the available material
model does not have pressure dependence on the shear modulus. Therefore, a user define code is
written to implement the proposed model in LS-DYNA. Material parameters of A = 810 MPa,
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B=1800 MPa, C=250 MPa, f,= 0.009, B = 0.0005, and n= 0.5 are taken from [73]. The model

parameters related to pressure are taken from [74], which are given as G, = 43.4 GPa, G, =115
GO

TPa’, and Gr = 0.62 kK.
GO

3.2.3.2.3 Solution Procedure. The FE model of the coupon with applied pressure profile is then
solved using the LS-DYNA explicit dynamics solver, which is linked to the user defined material
model. LSP simulation is separated into two stages. In the first stage, the dynamic response of the
material under the action of LSP-induced intensive shock pressure is obtained. Interaction of the
shock waves is effectively captured by the explicit dynamics scheme. This stage is executed up to a
point where additional load will not produce any plastic deformation. In the second stage, travelling
elastic waves in a component are allowed to damp using the dynamic relaxation scheme. Artificial
damping is introduced to obtain a steady state. After completion of this simulation, residual stresses
are extracted at the desired location. For a multi-shot analysis, the two stages are repeated using the
restart capability of the LS-DYNA software. The pressure pulse is effectively transferred onto the
FE model as per the sequence of the LSP patch.

3.2.4 Simulation Results and Discussion

Different sequences of laser shots are explored to obtain the optimal distribution of the
residual stresses. Also, the effect of different laser parameters on the residual stress distribution
is studied. Results for the residual stresses in the component for each sequence are given below.

3.2.4.1 Patch of 12 mm by 10 mm Size.
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Figure 38: LSP Spot Sequence for 12mm x 10mm Patch in Ti6242 Coupon
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A region of 12 mm by 10 mm was processed with LSP. This region is centered lengthwise at the
location where the notch will be machined by EDM after the LSP treatment. Refer to Figure 34 for
the notch location and LSP region. 50 % overlap between the adjacent laser shots in both length and
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width directions was used. It is desired to have compressive residual stresses throughout the
thickness of the coupon. To achieve this goal, dual side laser peening was used in the simulations.
Considering the thickness of the coupon (2 mm), low energy values were used for these simulations.
High-energy dual side processing on thin samples might produce center cracking. The first
simulation was performed with laser energy of 2 J, pulse width of 27 ns and 2 mm spot diameter.
Spot sequence was designed to have minimal tape changes during the LSP processing. Figure 38
shows the spot sequence used for this simulation. Single pass dual side LSP simulation was
performed.

6.027e+02
4.573e+02
3.120e+02 _|
1.6666+02 _
2.122e+01 _
1.241e+02
-2.695e+02
-4.149e+02
-5.603e+02
-7.056e+02

Tensile stress built-up along the 8.510e+02 _|
edges

Figure 39: Contour Plot of the Axial Stresses. Note Build-Up of Tensile Residual Stresses
Along the Edges of the Thin Ti6242 Coupon

Contour plots of the axial stresses (along the length of the coupon) as obtained after simulating this
sequence are shown in Figure 39. To understand the residual distribution through the coupon
thickness, residual stresses are extracted from the final solution at the two locations as indicated in
Figure 40. The first measurement is averaged over the 2 mm by 2 mm area centered at the patch
center. The second measurement is averaged over the 0.6 mm by 0.6 mm area covering the region in
and ahead of the notch location.
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Figure 40: Residual Stress Profiles Obtained From LSP Simulation of 12mm x 10mm Patch
in Ti6242 Coupon

Axial Stress (MPa)

It can be seen in Figure 40 that the 12 mm by 10 mm patch helps to generate through
thickness compression at the patch center. However, the area near the edge of the patch, where the
notch will be machined, has tensile stresses on the surface and through the thickness. This sequence
would help crack initiation and propagation, which is not desired.

3.2.4.2 Patch of 8 mm x 5 mm Size. It is important to reduce the tensile stress build up along the
edges of the patch, which can be realized by reducing the patch area and adjusting the shot sequence
within the patch area. In the 3PB setup, the upper half of the coupon from the neutral axis will
always experience compressive stresses, and thus need not be processed with LSP. Considering this,
the patch area was reduced to 8 mm by 5 mm with the focus on the lower half, covering the region
around the notch. Two types of sequences were simulated. Results are discussed below.
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Fiaure 41: Spot Seauence | for 8mm x 5mm Patch in Ti6242 Coupon

3.2.4.2.1 Spot Sequence I. This spot sequence was similar to the one used for 12 mm by 10 mm
patch. It was designed to have minimal tape changes. Figure 41 shows a schematic of different spot
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Figure 42: Residual Stress Profiles Obtained From LSP Simulation of 8mm x 5mm Patch

sequences. Laser parameters are the same as used in section 2.2.4.1. As mentioned earlier, the focus
was on getting through compression in ‘area 2°, which is critical in terms of crack initiation and
propagation from the notch. Figure 42 shows the residual stress profile averaged over area 2 (refer
Figure 40 for area 2).
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Relative to the residual stress profiles described for the 12 mm x 10 mm patch in section 3.2.4.1, the
magnitude of the tensile stresses in area 2 is reduced. However, the short patch using this sequence
is still not able to deliver through thickness compression near the notch area.

3.2.4.2.2 Spot Sequence II. Spot sequence I, used earlier for the smaller LSP patch, was modified
so that the last shots in the sequence were along the lower edge of the coupon, which contains the
notch. The LSP was performed row by row as shown in Figure 43, with the first row of shots
starting inside the coupon and moving out towards the edge.
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Figure 43: Spot Sequence Il for 8mm x 5mm Patch in Ti6242 Coupon

Within each row, the sequence was designed to have the last shot at the center of the row. Two
passes of LSP patches were simulated, keeping the laser parameters the same as earlier studies.
Figure 44 shows the residual stress profiles averaged over three different areas along the potential
crack growth path. Each of the areas 2, 3 and 4 (Figure 44) are 0.6 mm by 0.6 mm. As seen in Figure
44, the through thickness compression is obtained with the current sequence in area 2 and area 3.
This should ideally help in forestalling fatigue crack initiation and propagation. However, in area 4,
there are still tensile stresses at a few locations through the depth. To push these tensile stresses
further away from the crack path, additional simulations were performed with the laser energy
increased from 2 J to 3 J. The pulse width and spot diameter were kept the same. Two passes of LSP
patches were simulated. Figure 45 shows the residual stress profiles obtained with the modified laser
parameters. As expected, through thickness compression is obtained in areas 2, 3 and 4 with an
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increase in the laser energy. Almost uniform surface stresses are obtained in all the areas with the
current laser parameters. It is also important to note here that, the magnitude of the compressive
stress on the surface in area 2 has not shown tremendous increase compared with the 2 J results.
This suggests that further increase in the laser energy will not increase compressive residual stresses
appreciably. Also, tensile cracking might be an issue with higher energies. Based on these results, the
current sequence and laser parameters (energy 3 J, pulse width 27 ns, spot diameter 2 mm) were
utilized for LSP processing of the fatigue test coupons.
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S0 / % Laser Parametrs: 2J, - ——— Area 3
ol / \ 27ns and 2mm N\ — +— Area 4
/ \ f/ \ e
- / \ |
50} ' 1
g % / \ / \
S ool / \ / /.\‘ N\ i
E £ S * * A * f/ \ \
- A S\ N M AR NN |
Patch 8mm by =" / /N N
5mm Z 2000 Ny \ L 1
/ \ / N
2[0r \ s " 1
y \ /
300+ N \ |

_3500 0:5 I1 115 i 25
Depth (mm)
Figure 44: Residual Stress Profiles Obtained from LSP Simulation of 8 mm x 5 mm Patch

With Modified Sequence and Laser Parameters of 2 J, 27 ns, 2 mm Spot Size
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Figure 45: Residual Stress Profiles Obtained From LSP Simulation of 8 mm x 5mm Patch
With Modified Sequence and Laser Parameters 3 J, 27 ns, 2 mm Spot Size
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3.2.5 Static Tests and Properties

A specimen measuring 75 mm long x 10 mm wide x 4.2 mm thick and gage length of 25 mm
was machined using EDM for tensile tests to determine the yield strength of the as-received Ti6242
material. Prior to the tests, a strain gage was affixed axially to the surface of the specimen. A typical
load vs. strain plot is shown in Figure 46. From this data, the 0.2% yield strength was determined to
be 952 MPa, which is close to the values reported for Ti6242 alloy in the literature. Static and fatigue
tests on 3PB unpeened and laser peened coupons having dimensions of 60 mm length x 10 mm
width x 2 mm thickness (Figures 33, 34) were also conducted to determine the yield load/stress, as
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15000

—0.20% Strain
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0 2000 4000 6000 8000 10000 12000 14000 16000 18000
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Figure 46: Load Versus Strain Data Recorded During a Tensile Test on As-Received
Ti6242 Alloy Coupon

Well as to help decide the range of load/stress levels to use for the fatigue tests. Results of the FE
simulations on these same coupons were presented in the previous section. A photograph of a
typical coupon with the 8 mm x 5 mm LSP-treated patch, together with a higher magnification
photograph showing the notch area are displayed in Figures 47(a) and 47(b), respectively.
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a
Figure 47: Photographs of the 3PB Static and Fatigue Test 60mm Long x 10mm Wide x
2mm Thick Showing the LSP-Treated Area and Details of the Notch
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Figure 48: Load Versus Displacement Data Recorded During a Static 3PB Test on
Unpeened and LSP-Treated Notched 60mm x 10mm x 2mm Thick Ti6242 Coupon

The notch was made by EDM using a 0.01 inch (25 mm) diameter wire after LSP-treatment and has
a radius of ~170 pm and depth of ~250 um (0.25 mm). The stress concentration factor for this
notch calculated using FE analysis was in the range of 3.9 to 4.1. Stress versus displacement data for
the unpeened and LSP-treated coupons is shown in Figure 48. It is evident that the curves from
both overlap and the 0.2% yield stress is near 950-1000 MPa. It should be noted that the stress levels
and strain at the notch would be far higher, so that one would expect yielding to occur near the
notch at much lower nominally applied loads/stresses.
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3.2.6 Fatigue Tests and Behavior

As mentioned in the previous sub-section, 3PB fatigue test specimens were prepared by
EDM having the geometry and dimensions shown in Figures 33 and 34. These specimens were
notched in the center of the bottom/tensile edge (middle of LSP patch) to a depth of 0.25 mm using
a 0.01 inch (25.4 um) diameter wire, as shown in Figure 47. The purpose of the notch was to assure
that the crack will start at the same location (notch tip) in all specimens. The stress concentration
factor for this notch was calculated, using finite element analysis to be in the range of 3.9 to 4.1.
Three kinds of specimens were tested.

1. Unpeened (as machined) and Notched;

2. Laser Shock Peened (LSP’d) and Notched. As described in sections 3.2.3 and 3.2.4, FE
simulations of the LSP process were conducted to determine the laser parameters that would
generate through thickness compressive residual stresses. Based on these simulations we
selected the conditions of 3 J laser energy, 27 ns pulse width, and two hits at the same location
for all LSP processing (see simulation results in Figure 45 and typical specimen with 8 mm x

5mm LSP patch in Figure 47). The surface residual stress in these specimens was determined by
CXRD to be around -425 MPa.

3. Laser Shock Peened and Notched and aged @482°C (899.6°F). The LSP treated (3 J, 27 ns,
2 hits) coupons were heat treated at 482°C for 24 hours in a vacuum furnace. This choice is
based on the study of the thermal stability of the LSP induced residual stresses at several
temperatures described in section 4.1.1.2 (Figure 18); the 482°C, 24h heat treatment was selected
in order to evaluate the thermal stability of the fatigue life at an extreme condition, even though
the normal operating temperature for this material is far below the 482°C. The surface residual

stress in these specimens was reduced compared with the as-peened specimens to a value of
about -250 MPa.

The specimens were tested using an MTS Bionix hydraulic test system in a three-point
bending configuration. The tests were done at 15 Hz with an R value of 0.1 under load control,
with the range of applied loads chosen to be in the elastic regime as per the static load-displacement
data (Figure 46). The maximum bending stress was calculated from the maximum load (Newtons)
during the test assuming the standard elastic stress formula for this specimen geometry, namely, o =
3PL./4bk’, where P = applied load, L. = span length between outer two bottom rollers, b = thickness
(2 mm) and 4 = height/width (10 mm). The fatigue results are tabulated in Table 5 below and the
data of the applied maximum bending stress on the coupon versus number of cycles to failure, N;; is
shown plotted in Figure 47 for the three types of specimens. The stress concentration factor for the
notch is between 3.9 and 4.1, which means that although the nominal bending stress on the entire
specimen is in the elastic regime, those at the notch would be much higher and thus sufficient to
cause local plastic deformation, depending on the magnitude of the applied load.

The unpeened specimens were tested at several stress conditions. The data is well behaved
with a good polynomial fitted curve with an R* value of 0.992; thus we can calculate the fatigue lives
for any stress value in the fitted range. The LSP’d specimens were tested at 175, 200, 225, and 250
MPa. These values were selected to evaluate the High Cycle Fatigue (HCF) behavior. The tests
were terminated at 5 million cycles and are indicated with a horizontal arrow. The life is higher than
5 million cycles at 175 MPa (max stress). The calculated crack tip stress amplitude corresponding to
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this applied stress was calculated to be 384 MPa, based on a stress concentration factor of 4. At
higher stress values the LSP-treated specimens had an increased life between 2.3 to 9.6 times that of
the unpeened specimens.

Table 5. Results of 3PB Fatigue Tests on Unpeened, LSP-Treated and LSP-Treated + Aged
Ti6242 Alloy Coupons

Unpeened, Notched LSP'd (?1.\11’02;1?: (’1 2 Hits), leli;:tsije,dz Z:; ,jgligS)’ LaS:c'ld LSP'd
(@482°C/24hrs LSP'd Aged and Aged
Life/ Life/ Life/
Stress Cycles to Stress Cycles to Stress Cycles to Unpeened LSP'd Unpeene
(Mpa) Failure (Mpa) Failure (MPa) Failure Life Life d Life
150 1,270,000
175 729,000 175 5,000,000 175 5,000,000 6.86
200 410,000 200 939,304 200 437,457 2.29 0.47 1.07
200 410,000 200 200 903,995
225 226,000 225 646,500 225 303,745 2.86 0.47 1.34
225 226,000 225 2,160,000 225 305,799 9.56 0.14 1.35
250 190,000 250 1,006,000 5.29
270 123,000
302 97,000
337 65,000
380 43,670
55

Approved for public release; distribution unlimited.




400
1 & ® Unpeened
| B LSP'd(3 Gw/em2/2 Hits), Notched
350 T A 1SP'd(3 Gw/cm2/2 Hits), Notched and Aged @482°C/24hrs
= power(LSP'd(3 Gw/cm2/2 Hits), Notched )
] = Power(LSP'd(3 Gw/cm2/2 Hits), Notched and Aged @482°C/24hrs)
300 T
©
[+
g |
w 250 T
m -
1]
-
m -
200 T
150 T Run-out
100 - —_— - —_—t - —
1.00E+04 1.00E+05 1.00E+06 1.00E+07

Number of Cycles to Failure

Figure 49: Plot of Applied Maximum Bending Stress Versus Number of Cycles to Failure
From 3PB Fatigue Test on Unpeened, LSP-Treated and LSP-Treated + 482°C, 24b-Aged
Ti6242 Alloy Coupons

The aged specimens were tested at 175, 200, and 225 MPa. Run-out (= 5 million cycles) was
observed at the 175 MPa level. At 200 MPa the fatigue life was reduced to 46% of the as LSP’d
specimen, but is still higher than the unpeened specimen by at least 7%. At 225 MPa the fatigue life
was reduced from ~14% to 46% of as the LSP’d specimen, but is still higher than that of the
unpeened specimen by at least 34%. These numbers are based on test results obtained from one or
two specimens and will vary as more specimens are tested. The data indicate that even after even
after aging at relatively high temperatures, the LSP-treated specimens seem to retain the fatigue life
enhancement over unpeened specimens, thus demonstrating the thermal stability of the fatigue life.

3.2.7 Fractography of Failed Fatigue Specimens and Fatigue Crack Growth

The fracture surfaces of the three kinds of the fatigue-tested specimens were
observed by SEM to shed light on fatigue crack initiation and subsequent growth. Observations
suggested that initially multiple small cracks were initiated from the notch, which then joined into a
single larger crack. Striations characteristic of Stage II fatigue crack growth could be seen only at a
distance of ~2 mm from the notch and beyond. Representative high magnification SEM
micrographs recorded from the fracture surface at a distance of ~2 mm and ~4 mm from the notch
tip of a fatigued tested unpeened specimen are shown in Figures 48(a) and 48(b), respectively.
Counterpart micrographs at approximately the same distances from the LSP-treated and LSP-treated
+ 482°C, 24 h-aged specimens are shown in Figures 49(a,b) and 50(a,b), respectively.
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Figure 50: SEM Micrographs Recorded From the Fracture Surface of a Fatigue Tested
Unpeened Ti6242 Specimens at a Distance of (a) ~2mm and (b) ~4mm From the Notch Tip
Showing Striations Characteristic of Stage 11 Fatiuge Crack Growth

In all cases, striations characteristic of Stage II fatigue crack growth can be seen. The spacing
between adjacent striations, da, which represents the growth of the crack in one cycle, 4N, were
measured from the respective images and were found to increase as the crack grew. The spacings
and hence the growth rates varied between the unpeened, LSP-treated and LSP-treated + aged

specimens. Based on the applied stress range (A0), the crack length (2) and the 3PB specimen
geometry (width »), the stress intensity range, AK, was calculated using the following equation:

K= 1[ 2 ho
(2] s3] 1'99_(;'(1‘;}[2'15_3'93;*2'7(;TD (13)
Ea )
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Figure 51: SEM Micrographs Recorded From the Fracture Surface of a Fatigue Tested
LSP-Treated Ti6242 Specimens at a Distance of (a) ~2mm and (b) ~4mm From the Notch
Tip Showing Striations Characteristic of Stage Il Fatigue Crack Growth
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Figure 52: SEM Micrographs Recorded From the Fracture Surface of a Fatigue Tested
LSP-Treated +482C, 24 b-Aged Ti6242 Specimens at a Distance of (a) ~2mm and (b)
~4mm From the Notch Tip Showing Striations Characteristic of Stage 11 Fatigue Crack
Growth
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Figure 53: Plot of Crack Growth Rate, da/dN Versus Applied Stress Intensity Range, AK,
Based on Measurement of Striation Spacings on Fracture Surfaces and Calculations for
Unpeened, LSP-Treated and LSP-Treated +482°C, 24 b-Aged Ti6242 Alloy Coupons

The plot of the crack growth rate, da/dN, versus the applied stress intensity range, AK, thus obtained
from the analysis of the SEM images and calculations is shown in Figure 53. Although the data are
somewhat limited, it can be seen that the stress intensity range required to achieve a given crack
growth rate is much higher in the LSP-treated samples than in the unpeened specimens, or, in other
words, at a given stress intensity range, the crack growth rates are much lower in the LSP-treated
specimens. These results again point to the beneficial effects of LSP in enhancing fatigue crack
growth resistance. The values in the LSP-treated + aged specimens lie in between, but are higher
than those in the unpeened case. This suggests that the enhancement of fatigue life following LSP is
still retained at elevated temperatures, even above the expected service temperatures for the Ti6242
alloy. The data in Figure 53 suggest that the improvement in fatigue life and crack growth rates
principally arises because of the presence of the compressive residual state in the near-surface
regions brought about by LSP reduces the magnitude of the stress intensity at the crack tip at the
same applied stress range compared with the unpeened material. It should be noted, that though the

FCG data are limited, the exponent » in the relation da/dN = CAK” for Stage 11 crack growth
determined from the striation spacing data, is higher in the LSP-treated specimens compared with
the unpeened specimens, but lowest in the LSP-treated + aged specimens. Additional, proper FCG

tests are required to obtain data over a wider AK range to fully confirm these findings.
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3.3 Results of LSP Effects on Residual Stress, Microstructure, Thermal Relaxation and
Fatigue Behavior of IN718 Plus Alloy

Since the IN718 Plus alloy is strengthened by precipitation of y’, it was felt that it was
important to understand the effects of thermal aging on the precipitation behavior before studying
the effects of LSP and post-thermal treatment effects on residual stress and microstructure evolution
and the fatigue behavior. In the sub-sections that follow, the effects of thermal aging on
microstructure evolution and hardening of non-LSP-treated alloy samples are first described,
followed by those on the effects of LSP on residual stress evolution, thermal relaxation and fatigue
behavior.

3.3.1 Thermal Aging Effects on Precipitation Behavior

The IN718 Plus material was obtained from ATI Allvac in the form of 250 mm x 250 mm
square sheets of various thicknesses, namely 1.875 mm, 5 mm and 12.5 mm. These plates had been
hot-rolled and then heat-treated at 953°C for 0.5h followed by air-cooling. Coupons were cut from
the sheet, covered with sacrificial Ta-foil and vacuum sealed in Quartz tube with Ar back-fill. These
samples were then aged at 650°C (923K), 700°C (973K), 750°C (1023K), 800°C (1073K) and 850°C
(1123K) for times ranging from 5 to 1000 h. Hardening was characterized by micro/Knoop
hardness measurements and microstructures were characterized by OM, SEM and TEM, with EDS.

3.3.1.1 Microstructure of As-received Material. Since the IN718 Plus plates were subjected to
sub-solvus hot rolling, the microstructure based on reported TTT diagram [75] given in Figure 54 is
expected to contain varying amounts of 8-Ni;Nb phase particles at grain boundaries. Our OM
obsetvations of the as-received material (Figure 55(a)) revealed equiaxed grains. EBSD/OIM
observations in Figure 55(b,c) confirm the material is isotropic and devoid of any rolling texture and
has a grain size of ~25 microns. Both Vickers and Knoop hardness tests were conducted on as-
received and thermally aged materials and were found to be in good agreement with each other. The
plots for different aging conditions are shown in Figure 56. The as-received materials show low
hardness due to the solutionizing treatment. Peak hardness occurs at 923K/500h and hardness
reduction is seen at 1123K and 1023K/500h. Isothermal aging between 923K — 1023K leads to a
sharp hardness increase initially for at least up to 50 h followed by progressive reduction once the
peak is reached. Peak hardness magnitude and occurrence time of the peak are inversely related to
aging temperature. The rate of hardness decrease after the peak is smaller than the rate of increase
before the occurrence of peak. Based on hardness results, it can be estimated that the nucleation of
Y’ precipitates, the prime strengthening phase in IN718 Plus, takes place very quickly followed by
rapid growth until achieving peak hardness. The subsequent hardness reduction could be attributed

to conversion to stable phases like 1 at the expense of y’.
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Figure 54: TTT Curve of 8 Phase Precipitation in IN718 Plus [75]

a
Figure 55: Microstructure of As-Received IN718 Plus Alloy: (a) OM, (b) EBSD/OIM Map
and, (c) Grain Mis-orientation Map

c
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Figure 56: Vickers and Knoop Hardness Evolution of IN718+ With Aging Time at
Different Temperatures

3.3.1.2 TEM Observations of Microstructure of As-Received and Aged Samples. Figure 57(a)

shows a TEM micrograph from the as-received material, showing plate-shaped n-Ni;T1 precipitates,
which is confirmed by the SAD pattern in Figure 57(b) recorded from a region containing the plate
and the y matrix. The orientation relationship between the two phases determined from the SAD
pattern is given by:

(-1-11)y // (0001) n-Ni;Ti and [011] v // [2-1-10] n-Ni;Ti (14)

No 7’ precipitates were present in the y matrix, which was also confirmed by the absence of
expected supetlattice reflections at the {100} and {110} positions from the former in the SAD
patterns. A few 6-Ni;Nb particles were also observed (Figure 57(c)).
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Figure 57: TEM Micrographs Showing the Microstructure of As-Received IN718+ Alloy.
a) BF Micrograph Showing n-NizTi Precipitates b) SAD Pattern Recorded From Region
Containing y Matrix and 1} and ¢) BF Micrograph Showing 8-Ni3sNb Precipitates

TEM micrographs recorded from the samples aged at different temperatures (650-850°C)
for various times are shown in Figures 58-61. It can be seen from Figures 58 and 59 that the ¥’ size
is very fine at short times, especially at the lower aging temperatures (650°C) and progressively
increases with aging time and temperature. Also, longer times and particularly at higher
temperatures, formation of plate shaped precipitates is observed which increase in thickness and
number density at the expense of y’. These precipitates were identified as 1-Ni;(Nb,ALTi) and 6-
Ni;(Nb,Ti) by SAD, EDAX analysis and comparison of their observed orientation relationship with
the y matrix with computer simulations of the SAD patterns (Figure 62). The 8-Ni;Nb has been
reported in earlier studies [75], and is found often at grain boundaries and is seen to have the
following orientation relationship:

Figure 58: Microstructure of IN718+ Alloy Aged at 650°C, 250 b (a) DF TEM Micrograph
Showing Ultrafine (5-10 nm) y Precipitates (Inset [001] SAD Pattern) and b) BF
Micrograph Showing n—Ni3Ti Precipitates

(1-10)y // (100) 8-Ni,Nb, [1-1-1] y// [010] 8-Ni,Nb (15)
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1123K, 15h

Figure 59: DF TEM Micrographs Recorded From IN718+ Alloy Aged at (a) 800C, 1000b, (b)
850°C, 15b and (c) 850°C, 200b Showing y Precipitates

a b
Figure 60: DF TEM Micrographs Recorded From IN718+ Alloy Aged at 750°C for (a)
250b (inset [011] y // [011] v’ // [11-20] n-Ni3Ti SAD Pattern) and (b) 500 b Showing y’
Precipitates Containing Faults, as Well as n-Ni3Ti Plates Cutting Through the y’ (in "a'")

[0001] CBED patterns confirmed the hexagonal symmetry associated with the DO,, n-Ni;Ti. This is
the first confirmatory study for the occurrence of Ni;Ti in this alloy.

3.3.1.3 y’ to n-Ni;Ti Transformation Through a Faulting Mechanism. The larger size y’
precipitates showed the presence of faults parallel to the {111} planes (Figures 60,61), which

appeared to be precursors for the formation of M-Ni;T1 from y’. Kear et al. [76] had proposed that
plate shaped particles of Ni;Ti form through a faulting mechanism operative in the L1, structure of

Y. The faults were proposed to be intrinsic and lie on the [111] y// [0001] Ni;Ti planes and
transform to stable precipitates through a superlattice faulting mechanism involving shear with
Frank sessile along {777}7/3<112> ot climb along {777}1/3<111 > to give tise to abc/abc DO,,
Ni;Ti. The mechanism for creation of a stacking fault was thought to be segregation of solute atoms

at the Frank sessile. Since the matrix is enhanced in Ti as Al migration takes place to y’ during
coarsening based on the phase diagram, there exists a viable mechanism for n-transformation which
is thermodynamically more stable compared to y” at longer durations and higher temperatures. Since
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the driving force for this transformation is lattice mismatch, we attempt to model the driving force
for this transformation based on the same. For an .1, structure with lattice constant, a; ;,, mismatch
with the DO0,, lattice of constant, ay,, is given by:

aDO a'Ll . . . .
d =| —% ——= |/ atom in slip direction <110> (16)

2 A2

1023K, 500h

Figure 61: DF TEM Micrographs Recorded From IN718+ Alloy Aged at 700°C for (a)
250b and (b) 500b Showing y’ Precipitates Insets [001] SAD Pattern

The maximum size to which the precipitate can grow before a dislocation is geometrically necessary
is:

apo,,aLl,
aD024 —\/Eau_z

Dmax = (17)

Upon substituting for Ni;T1 (a = 5.12 A) and y* (a = 3.6 A) we get a value of 44 nm for the y’ size
beyond which faulting is expected. This result matches with our TEM observations of faulting
incidence in Y’ particles as they grow in size as shown in Figure 59-61. Faulting was observed in ¥’

particles larger than 60 nm, whereas there is no faulting observed at smaller y” sizes, which is a good
confirmation of the mechanism.

3.3.1.4 y’ Coarsening Kinetics and Activation Energy Analysis. Precipitate coarsening is driven
by reduction in surface energy as originally proposed by Ostwald and then formulated by Lifshitz,
Sloyozov and Wagner (LSW). The driving force for coarsening was found using particle size
measurements from TEM data and activation energy analysis. The LSW theory proposes that for
dilute solutions the coarsening kinetics follows a law of the type:

D®-D; =Kt (18)
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Where: D, = initial particle diameter, D = particle diameter at aging time t, K = temperature
dependent rate constant and 7 = aging time.
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Figure 62: (a,c) Experimental and (b,d) Computer Simulated SAD Patterns Confirming
the Plate-Shaped n-Ni3Ti Precipitates. (a,b) [011] y // [11-20] n and (c,d) [111] y// [0001] n

4.4. General Discussion

Based on observed particle data, we determined the activation energy for coarsening. Since
particle size measurement is fundamental to ascertaining the rate law, two concurrent methods of
particle size measurement were attempted in arriving at a reliable measure as follows:

(1) Manual measurements with tracing: While the basic aim was to remove human
intervention and attempt measurement using image analysis, local variation in contrast conditions
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due to foil thickness, illumination or foil bending rendered it ineffective and introduced scatter, thus
manual measurements were required. Tracing of particle contours was done carefully using MS-
Office suite and the images created were analyzed with the WPIC Image] software version of the
image processing program IMAGE], developed by National Institute of Health (NIH) and freely
available for academics and research. Particle sizes are based on direct measurements of y'-
precipitates from dark field TEM images taken on the Philips CM20 TEM with Gatan CCD based
image acquisition. Regions of good contrast in the images with at least 10 to 100 distinct y'-
precipitates for each aging time and temperature condition were identified for image analysis.
Tracing of the individual precipitates was done manually using MS-Office 2007 software, and the
dimensions of traced particles were determined utilizing the WPIC Image] software. Since the
particles were generally spherical for all aging conditions investigated, with a few cuboidal shapes
arising at longer aging times, the particle diameter, D, required for coarsening kinetics was estimated
from the measured area based on circular equivalence, i. e. D* = area/n. Typical results are shown
in Figure 63.

(2) Image analysis by segmentation: A computer algorithm based on maximizing entropy
has been found to have good success in TEM image analysis [78] for nanoparticles, in comparison
with other methods. This plug-in is built into the WPIC-Image] software. Hence, for
smaller particles that occur at lower temperatures and are very small and not well-defined, and where
manual methods were subject to personal bias, image analysis using this technique was employed.
The key to such measurements is to reduce the area to be analyzed to a very small part of the image
where local variations in background contrast are minimal. The image histogram is then normalized
and a background-subtracted binary image generated. This image is used for thresholding, i.e.,
determining a cut-off range in the intensity profile between which particle contrast variations are
identified as a boundary using the WPIC Image] software. In all images, pixels were calibrated to the
length scale for each image magnification to arrive at the final dimensions. An example thresholded
image and a normal image are shown in Figure 64.

The profiling was done manually using MS Office Suite and elliptical, spherical and rounded
rectangular particle shapes were identified and closely fitted to the TEM images. Particles were often
found to touch each other. In such cases small nudging of particles was allowed to prevent boundary
overlap, which creates problems in Image]J. The difference in particle counting due to overlap
between raw and corrected images for the same set of particles is presented in Figure 65 (a) and (b),
respectively. In can be seen that overlap leads to improper thresholding of the image, which in turns,
makes the software contour two or more particles together and count them as a single particle. This
leads to an incorrect estimate of particle number, and more importantly of area, which is used to
arrive at the particle diameter and would give false results on coarsening. While the total count is 95
with an average size of 950 pixel” for the corrected case, the original overlapped image gives a total
count of 21 and an average size of 2475 pixel’, which is unreasonably high and incorrect.
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973K, 250h
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c: Traced Image

Figure 63: Manual Tracing for y* Size Measurement
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Figure 64: Maximum Entropy Thresholding For y’ Size Measurement

Initial activation energy analysis for y’ coarsening was performed on the overlap corrected
data using procedures explained eatlier based on image analysis of coarsening data and manual
measurements. However, since the particles grow very slowly at low temperatures and shorter aging
durations, the estimate is subject to manual bias while tracing. Hence for the 5h data used, image
analysis was performed to estimate particle size and the rate constant was determined. Even though
the particle size following 5 hours of aging is very small, the difference between measured sizes at 5h
and longer times is large. Hence, the error is significantly reduced for rate law estimation. The y’
particle size for different aging conditions were measured from TEM micrographs of the kind
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shown in Figures 59-61, coupled with the procedures described above (Figures 63-65). The cube of
the y’ particle diameter as a function of time is plotted and the slopes are used to determine K. The
detived K values are used to plot Ln(K) vs. 1/T data as in Figure 66 and a good straight line for the
data is obtained, whose slope gives an activation energy value of 327.60 k] /mole; the latter are
compared with literature data in Table 6

The determined activation energy value compares well with those reported for coarsening of
Y’ in nickel based literature, as well as the value of 303 k] /mole reported in a recent study on IN718
Plus alloy [78], though the test temperature range is slightly higher. The value is also close to the
activation energy for Ni self diffusion (293 kJ/mole) and that of Al in Ni (346 to 373k]/mole)
reported in the literature [79].

It was observed during analysis that the activation energy for coarsening at small particle
sizes is high while that for higher temperatures follows LSW kinetics. This is expected and is in line
with the C- curve kinetics observed in the TTT diagram for y’ precipitation shown in Figure 67
(from [80]). The kinetics of coarsening of ¥’ at lower temperatures is slow, and also diminishes at
higher temperatures due to thermodynamic instability and start of dissolution. In our measurements,
the temperature range is close to the nose of the C-curve, which lays around 1188K (for the
experimental curve) and suggests a probable cause explaining the higher activation energy and lower
rate constant. Small time and low temperature data is not available for IN718 Plus in literature even
though early kinetics at these temperatures, which lie close to the service temperature of this alloys
are important for residual stress relaxation.

While there had been eatlier reports of volume dependence of Ni,Ti coarsening
kinetics [81] where it was shown that increased volume fraction tends to decrease the coarsening
kinetics, it was recently suggested [82] based on simulations that diffusion does not take place across
a sharp interface but rather a rough evolving Y-y’ coherent interface in Ni-base alloys. This new
approach predicts a square dependence on the time of the particle radius as:

<r>?-< o >2:k1t (19)

From plots of t* vs t, the rate constants K at each temperature were determined, based on
which activation energy at small particle sizes was determined for the above model. A good linear fit
to the LnK vs. 1/T data, Figure 68, was obtained and the slope yielded an activation enetrgy of
305.274 kJ /mole which is in good agreement with the values reported for ¥’ coarsening in this alloy
as well as others (Table 4.1), validating the goodness of fit analysis and Ardell’s proposition that the
LSW theory is not applicable for small sizes and the corrected radius square dependence has to be
considered.
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Figure 65: Difference in particle counting due to overlap between raw and corrected
images for the same set of particles: (a) Overlapped and (b) separated
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Figure 66: Variation of Cube of Diameter of y' Precipitates With Aging Temperature and
Time and (b) Plot of In K Versus 1/T for Determining the Activation Energy for
Coarsening
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Figure 67: TTT Diagram for y' Precipitation in IN718 by [75] With Simulated (solid) and
Experimental (Dashed) Line
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Table 6. Activation energy for y’ coarsening from present study compared with literature

Alloy

ATI Allvac®
718Plus™

ATT Allvac®
718Plus™

Ni—13.5 at.% Al
Ni—12.3 at.% Al
Ni—12.5 at.% Al
Alloy PE 16
Alloy PE 16
Alloy PE 16
Alloy PE 16
Alloy 80a

Alloy 80a

Alloy IN 738
Alloy IN 738
Alloy IN 738
Alloy SC 16
Alloy 700

Alloy Mar-M247
Alloy TM-321

Temperature Range

[K]

973-1123

1048-1223

898-1048
943-968
823-973

973-1123

900-1313

973-1113

943-1113

1023-1203
973-1123
1023-1123
1023-1223
1123-1373
1123-1373
1144-1366
1143-1293
1143-1293

[78]

Experimental

techniques

TEM

SANS

TEM
TEM
XRD
TEM
SANS

TEM, SANS

TEM
TEM
TEM
TEM
TEM
TEM
TEM
TEM
TEM
TEM
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Activation energy
Reference

Q [K]J mol ']

327.6

303

270
374
160*
280
342
339*
331*
274.1
392¢
269
269
330
340
270
272
277
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Square Law Formulation

3.3.2 LSP Effects on Residual Stress and Thermal Relaxation

LSP is found to introduce lower cold work and deeper compressive residual stress compared
with conventional shot peening [2]. Surface residual stress has been reported to relax to less than
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Figure 69: (a) LSP Specimen Dimensions, Geometry and Experimental Setup and (b)
Information Relating to Analysis of In-Plane and Out-Of-Plane Strains in the Peened
Samples From the Diffraction Pattern
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40% of the as-treated value after 1 h heat treatment at 943K for a conventional shot peened alloy,
but in our results up to 1 h at 1023K heat treatment, the residual compressive lattice strains in LSP
remains about 45% in IN718 Plus alloy based on synchrotron XRD measurements. High energy
Synchrotron XRD (SXRD) maps the deeper through thickness compressive residual stresses in the
material, without the need for layer removal. The SXRD experimental setup and measurement
methodology is discussed below and shown in Figure 69, and residual strain results are presented in
Figures 70 and 71. Analysis of angle-resolved x-ray data, especially changes in peak positions, width
and shape, provide depth-resolved 3-D structural, strain, stress and cold work information from
individual phases in multiphase materials at high spatial resolution. Figure 69 (a,b) shows the SXRD
setup. A 115 keV X-ray beam (100 um high x 400 pm wide on 11-ID-C) was incident on the treated
area of a rectangular sample in the transverse direction and the diffraction pattern recorded on an

image plate sequentially from the top to the bottom specimen surfaces at 50-100 um steps.
Calibration (CeO2 standard) and sample data were resolved with data conversion (Fit2D) and fitting
the routines (MatLab) of Dr. John Almer and Dr. Uhlrich Leinert at APS, Argonne.

LSP introduces compressive in-plane strains/stresses (X7, X3 direction) and out-of-plane
tensile strains/stresses (in the peening direction X2) to some depth in the matetial, resulting in
elliptical diffraction rings: the radii of circular rings shrink (i.e. increase in ) in the out-of-plane
peening direction X2 (azimuthal angles h=90° and 270°), but expand (i.e. decrease in d) in the in-
plane direction X7 normal to peening (azimuthal angles h =0 and 180°). Quantifying ring distortion
is the basis for diffraction strain measurement and stress by calculation [96]. Examples from an LSP-
treated IN718 Plus sample are shown in Figure 70. From the measurements and plots of the radius
(and hence the Bragg angle and d-spacing) the in-plane (0/180° g,,) and out-of-plane (90, 270° €,,)
strains are obtained from a pseudo-Voigt fit to the data, and the following equations:

£ = Rn —R — dn — do g, = R0,180° -R, — d0,180° - do C g = Reozre —R d90,270° —d
" R d, = " R d, = ” R d

0 0 (] 0 (o]

0

= = °(0)

0

As can be seen in the plot of diffraction strain versus azimuth, the near-surface region shows
compressive (negative at 0°, 180°) in-plane residuals strains and tensile (positive 90°, 270°) out-of-
plane strains, where as the opposite occurs in the regions farther into the depth from the peened
surface.
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and (b) LSP-Treated + Aged 700°C, 1b/750°C, 1b

The residual stress is then determined by employing the 3-D Hooke’s Law assuming equal bi-axial
in-plane strains as follows [97]:
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The in-plane residual strains as a function of depth from the top to the bottom surfaces are shown
in Figure 71. The in-plane strains/stresses are compressive in the near-surface regions to a
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Figure 71:In-Plane Residual Strains as a Function of Distance From the Surface of In718
Plus Alloy (a) As LSP-Treated and (b) LSP-Treated + AGed700C, 1b/750C, 1b

depth of ~500 um, then become tensile further in the depth while diminishing in magnitude.
Synchrotron LSP results were generated to estimate the volumetric strain profile for the samples. As
can be seen in the SXRD results in Figures 70 and 71, there is a reduction in residual diffraction
strain to around 50% of the as-peened value in the sample aged after peening. This is in agreement
with data reported in literature where a similar reduction in residual stress is reported within the first
hour of higher temperature exposure [2].
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Reduction in residual diffraction strain and its gradient
across laser peened and unpeened boundary by Thermal ageing
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Figure 72: In-Plane Residual Strains as a Function of Distance Across the LSP-Treated
Surface of IN718 Plus Alloy Before and After Aging

Figure 72 shows the evolution of the residual stress profile at the edge of the region treated
by laser shock. Under the peened condition, the region outside the patch shows strong gradients
from compressive towards tensile residual stresses, which is expected from the overall force balance
consideration. As the material is progressively aged the compressive residual stresses relax below the
shock treated region. The compressive to tensile gradient is also found to decrease. Hence, while
thermal treatment relaxes residual compressive stresses in the material, it also decreases the
compensating tensile stresses in the region adjacent to the shock boundary. Thus during in-service
thermal aging of LSP-treated alloys, a different precipitation tendency should be expected at this
interface for coherently strengthened alloys like IN718 Plus.

Industrial LSP practice involves multiple overlap patterns and it is important to be able to
determine the effect of different overlap designs on the resultant residual stresses. Figure 73 shows a
lateral scan across the sample using SXRD to reconstruct the peening scheme of a multiple overlap
LSP sample. Residual strains are observed to follow the LSP chronology in the case of multiple
overlap samples, and by using 2 directions of beam orientation in SXRD, the history of peening can
be determined. It also implies that the order in which the dimple overlaps are placed during LSP will
result in different residual stress profiles with different locations of local maxima and minima, hence
it needs to be looked into before comparing two overlapped samples which may look identical in
pattern from visual inspection.
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Figure 73: In-Plane Residual Strains as a Function of Distance From the Surface of IN718
Plus Alloy (a) As LSP-Treated and (b) LSP-Treated + AGed 700C, 1b/750C, 1b

Conventional XRD measurements were performed using a dedicated residual stress
measurement LXRD by Proto Manufacturing Systems. The LSP coupons were heat treated as per
the details given earlier at 973K for 1 and 24 h. Since the LSP treatment and sample size used for
these coupons was different from those used in SXRD, the stress values measured are different. To
eliminate the effect of variations in measurements due to precipitation behavior, the heat treatment
temperature was kept identical in both cases. After the surface measurements, the samples were
ground under water flow to uniformly remove material layer from the peened and unpeened surface.
After grinding, samples were electrochemically polished in a 10% H,SO, - 90% Methanol solution to
remove 30 -100 microns of surface layer to remove the effects of grinding and the XRD
measurement was conducted again. This process was incrementally repeated to obtain depth profile
for the measurement. The results are given below in Table 7 and Figure 74. Residual stress is found
to decrease to around 50% of the original value upon thermal aging, which is in agreement with our
SXRD results. Accompanying this change is a drop on the microhardness across the LSP-treated
surface from the levels prior to aging and to values close to those in the unpeened area. The sample
dimensions and LSP treatment were different in the two cases, suggesting that residual stress
relaxation is dependent strongly on temperature and a master curve for residual stress relaxation can
be generated based on multiple measurements to arrive at a prediction methodology for engineering
structures subject to LSP treatment. Such an approach will need systematic XRD data generation
and calibration of the same using independent high accuracy measurements like SXRD, and would
be the focus of future research.
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Table 7. Residual Stress Versus Depth in LSP-treated IN718 Plus Before and After Aging

Depth (Microns)

As-LSP-Treated LSP-Treated + 700°C, 1h

(MPa) (MPa)
0 (Surface) -830 -
50 -633 -433
100 -330 -282
150 -230 -115
300 -50 -
600 -0.55 -

3.3.3 Mechanical Properties of Unpeened Alloy

Tensile tests were carried out on IN718 Plus at room temperature after the age hardening

treatment recommended

by the manufacturer. The stress-strain curve is presented below (Figure 75)

and is found to be in agreement with that reported for this material. Monotonic 3PB compression

tests were carried out on

IN718 Plus at room temperature prior to 3PB fatigue testing. The stress-

strain curve is presented in Figure 76 below. This data was used to estimate percent yield strength
values for selecting the loads/stress levels for the 3PB fatigue testing towards the S-N curve

determination.
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Figure 75: Tensile Stress-Strain Curve for As-Received + Standard Aged IN718 Plus Alloy

The S-N curve for IN718 Plus material in 3PB compression fatigue is presented in Figure
77. The tests were carried out at 30Hz under sine waveform with R=0.1. The curve is plotted with
peak stress to correlate with 3PB monotonic compression data reported eatlier. The 3PB fatigue
tests on the LSP-treated samples gave highly variable results, which could be due to surface
roughness, brittle phases or hot spots and additional tests are required to get more reliable data.
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3.3.4 LSP Effects on Fatigue Behavior

3.3.4.1 Fatigue Crack Growth. Fatigue crack growth rate was measured using a lock in amplifier
based ACPD system. The SR530 Lock in Amplifier and SIM 983 scaling amplifier based 4 probe-
ACPD crack length measurement system with dynamic resolution up to 0.1mm and optical crack
length calibration all along with additional elastic compliance calibration for first samples. One side
of the sample surfaces was etched prior to fatigue to identify the transgranular mode of failure
(Figure 78(a)) while the other was polished to observe crack growth (Figure 78(b)). For ACPD
calibration a mean value for both sides of the crack faces was used. A typical long crack composite

image is shown in Figure 78(c). Crack closure was measured using a COD gage and corroborated
with ACPD.

.3 ML #J

Transggamllar Fatlmle mIN7181

Figure 78: Optical Micrographs of Transgranular Fatigue Crack Growth in IN718 Plus
(a) One Surface, (b) Opposite Surface, (c) Montage

After the IN718 Plus material was subjected to double side laser peening with 6], 25 ns, 2mm spot
size Nd-glass laser multiple overlay patch with 50% overlap using adhesive tape overlay and water
confinement, the crack was allowed to grow further in the material under fatigue as mentioned
below. Upon entering the LSP patch, the crack exhibits a deflection in one direction (Figure 79(a,b),
which indicates it is not due to plane stress effects. This is resolved in Figure 80 from profilometry
observations of the crack tip in the LSP treated sample. A Veeco interferometric profilometer with
0.1micron depth resolution is used for profilometry, which indicates the surface topology around the
crack tip is inhomogeneous with peaks in one direction and valleys on the other (Figure 80). This
suggests the crack tip residual stress field is inhomogeneous and results in the crack deflection
observed above when the crack enters the LSP patch.
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Figure 79: Crack Deflection During Fatigue Crack Growth Upon Entering the LSP-
Treated Single Dimple (center) in IN718 Plus (a) Side 1 and (b) Side 2 Surface of Test
Coupon
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Figure 80: 3-D Profile of Crack Tip in LSP-Treated IN718 Plus-

The results of constant amplitude fatigue crack growth tests on the unpeened IN718 Plus
material are presented below in Figure 81. Crack opening displacement increase with number of
cycles, indicative of progressive damage in agreement with theory, is shown in Figure 81(a). In
another sample, the crack length measurement from ACPD data (Figure 81(b)) showed typical
accumulating damage with number of cycles more also. Figure 81(c) shows a pre-LSP COD
displacement, which appeared to follow elastic behavior without much deviation due to crack
closure. Figure 81(d) is the FCG curve da/dN vs AK. The curve lies predominantly in the Paris
regime.
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Constant amplitude FCG tests were also conducted to study the effect of LSP on FCG rates
in IN718 Plus. The results are presented in Figure 82. The crack length increase with the number of
cycles, indicative of progressive damage in agreement with theory as before, is shown in Figure
82(a). In another sample the crack growth rate measurement from ACPD data (Figure 82(b)) also
showed typical accumulating damage with number of cycles. Figure 82(c) shows a post LSP COD
displacement, which appeared to follow elastic behavior but with steady increases, indicating
increased crack growth rates without much indication of crack closure. Figure 82(d) shows the FCG
da/dN vs AK cutve. The curve lies predominantly in the Paris regime and the slope is compared with
non-LSP treated sample and found to be higher in agreement with the crack opening displacement
deviations.
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Figure 81: Fatigue Crack Growth Data for Non-LSP-Treated IN718+ Alloy. (a,b) COD
Data, (c) Crack Length vs. Number of Cycles From ACPD Measurements and (d) da/dN
vs. AK Curve From ACOD Data

Fractographic observations were conducted on representative fatigue fractured samples. A
transition band is observed close to the peening edge, about 0.6 — 0.7 mm wide as shown in Figure
83(a). Incidence of secondary cracking in the centre of the LSP treated regions could also be seen

(Figure 83(b)).
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3.3.4.2 Tensile Fatigue S-N Curves and Room and High Temperatures. In addition to the
3PB fatigue and FCG tests, a number of tensile fatigue tests were also conducted on unpeened and
LSP-treated IN718 Plus alloy to generated S-N curves at room temperature and at 650°C. The
samples for this purpose were ~75 mm (3”) long with the
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Figure 82: Fatigue Crack Growth Data for LSP-Treated IN718+ Alloy (a,b) Crack Length
and Crack Growth Rate vs. Number of Cycles From ACPD Measurements, (c) COD vs.
Load and (d) da/dN vs. AK Curve From ACPD Data
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Figure 83: (a) Low Magnification and (b) High Magnification SEM Micrographs of
Fracture Surface of Failed LSP-Treated FCG Sample. Note Transition Band as the Crack
Enters the LSP-Treated Region

dimensions of the gage portion being 25 mm long x 2 mm wide x 2 mm thick. The entire gage
section of these samples was LSP-treated simultaneously on both sides with tape using beam energy
of 2] and pulse width of 25 ns. XRD measurements revealed a surface compressive residual stress

with a magnitude of -150 to -200 MPa. The fatigue tests were conducted under load control at an R-
ratio of 0.1 and frequency of 25 Hz.
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Figure 84: Tensile Fatigue S-N Curve for Unpeened and LSP-Treated IN718 Plus Alloys at
Room Temperature and at 650°C

The S-N curves obtained from unpeened and LSP-treated samples at both room temperature
(278K) and at 650°C (923K)are shown compared in Figure 84. As can been from the data at room
temperature, the number of cycles to failure at the same stress are higher in the LSP-treated samples
at both low and high stress levels, pointing to the beneficial effect of LSP in improving fatigue life.
This improvement amounts to ~10-20% depending on stress level compared with the unpeened
material. The results also indicate that the fatigue strength is higher at 650°C in both the unpeened
and LSP-treated samples compared with those at room temperature. This feature has been reported
before and may be associated with additional age hardening that occurs at the elevated temperature
during the tests. In addition, as in the case of the room temperature-tested samples, the LSP-treated
samples show higher fatigue lives at equivalent stress levels compared with the untreated samples.
This result reveals that the beneficial effects of LSP in improving fatigue life are retained at elevated
temperatures also, which is an important finding from the standpoint of extending the use of
advanced surface treatments like LSP for improving the performance of structural components
operating at high temperatures.
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4.0 CONCLUSIONS

The results of this research have led to a number of new findings relating to the effects of
LSP on residual stress generation, microstructure evolution, thermal stability and relaxation
behavior, modeling aspects, and the fatigue behavior of high-temperature structural alloys, including
Ti64, Ti6242, IN718 and IN718 Plus alloys. These are summarized below.

The LSP process parameters for Ti6242, IN718 and IN718 Plus alloys were developed and
optimized using finite element simulations. Residual stresses and thermal relaxation thereof at
temperatures relevant for each alloy were characterized experimentally using conventional and high
energy synchrotron x-ray diffraction. Residual stresses were also modeled and simulated using three-
dimensional nonlinear finite element method using LS-DYNA. From the FE analysis of residual
stress evolution and relaxation at elevated temperatures, the following conclusions can be drawn.

e A new set of Johnson-Cook material model parameters for IN718 [98] and IN718 SPF [99]
alloys was proposed based on comparison with experimentally measured residual stresses
following LSP, and the numerical simulation of LSP-induced residual stress was found to be in
good agreement with the experimental results.

e For IN718 with initial residual stress lower than 400 MPa, neatly no thermal relaxation takes
place at temperatures lower than 700°C. At higher temperatures, the maximum relaxation occurs
at the depth of maximum compressive residual stress, and a significant decrease of the residual
stress is observed during the initial exposure period (between 1 min and 3 min in this study),
followed by a stabilization of the stress relaxation at longer exposure times [98].

e The thermal relaxation amplitude increases with the increase in temperature, and the effect of
temperature is more significant at longer exposure times. The Zener—Wert—Avarami function was
adopted to describe the thermal residual stress relaxation, and the associated parameters for laser

shock peened IN718 were determined [98] as #=0.77, AH =3.45 eV and B =2.18x10" min~.

e The magnitude of thermal relaxation depends on the degree of plastic deformation developed
during the LSP process. It was found the larger the initial plastic strain, the greater the stress
relaxation.

e Single shot LSP treatments and experimental measurements of residual stress in IN718 SPF
alloy were used to successfully calibrate the Johnson-Cook parameters for finite element
simulations of LSP-induced residual stress. Good agreement between experimental and
simulation results was obtained with these parameters for both single dimple and overlapped
dimple samples [99].

e The thermal relaxation of residual stress over the 550-650°C temperature range in IN718 SPF
alloy was characterized experimentally and by finite element simulations for both single dimple
and overlapped dimple samples. Good agreement was obtained between the experimental and
simulation results. A Zener-Wert-Avarami analysis of the kinetics of relaxation of residual stress
yielded an activation enthalpy AH of around 270 kJ/mole, which is close to the values for
volume diffusion of Al and Ti in Ni-base alloys. These results suggest that the residual stress
relaxation is caused by a creep-like mechanism involving rearrangement and annihilation of
dislocations by climb [99].
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Based on a 3-D nonlinear finite element method framework, laser shock peening induced

residual stress in Titanium-base alloys (Ti-6Al-4V and Ti-0Al-2Sn-4Zr-2Mo), and the associated
thermal relaxation behavior of residual stress due to short-term exposure at elevated temperatures,
were investigated [100,101]. A nonlinear constitutive model in the form of Johnson-Cook was
developed by validating against both high strain rate and thermal relaxation experiments. Based on
the FE analysis of thermal relaxation, the following conclusions can be made.

The magnitude of thermal relaxation is influenced by the combined effects of the test
temperature and the order of magnitude of the LSP-induced residual stress. Maximal relaxation
occurs at the depth of maximum compressive residual stress, and lower initial stress is subjected
to less stress relaxation. Residual stress distribution becomes more uniform after thermal
relaxation. Stress relaxation mainly occurs during the initial exposure period (between 10 min to
20 min in this work).

An analytical model based on the Zener—Wert—Avarami formalism has been developed to
describe the thermal relaxation of residual stress. The activation enthalpy of the relaxation
process in LSP-treated Ti-6Al-4V is calculated as AH = 1.47 eV [100], which is close to the
values reported for other titanium alloys.

Good agreement between the experimental and simulation results of thermal relaxation of
residual stress between 316 to 538°C (600-1000°F) was obtained for Ti-6Al-2Sn-4Zr-2Mo LSP-
treated overlap samples [101]. A Zener-Wert-Avarami kinetic analysis of the experimental
residual stress data yielded an activation enthalpy AH of ~114 kJ/mole, which is close to the
values reported for self-diffuson of Ti in Ti-base alloys. These results suggest that the residual
stress relaxation in the LSP-treated Ti6242 alloy is caused by a creep-like mechanism in involving
rearrangement and annihilation of dislocations by climb [101].

The proposed modeling methodology for thermal relaxation analysis can be further applied to
other high-temperature materials, giving a fundamental understanding of thermal stability of
residuals stress and hence better prediction of service life.

Finite element simulations were used to study the effects of sequencing of the LSP spots on

residual stress distributions [102] and effects on the fatigue behavior [103] in the Ti6242 alloy. Based
on these results, coupons were LSP-treated and the fatigue behavior studied in three-point bending,.
The following conclusions were made.

The FE simulations were successfully used for optimizing the LSP process parameters for
obtaining through thickness compressive residual stresses in the Ti6242 alloy coupons [102].

Three-point bend fatigue tests on coupons LSP-treated with the optimized parameters revealed
that LSP leads to a marked improvement in the high cycle fatigue life of the Ti6242 alloy at
room temperature. The results also indicated that even after aging at relatively high temperatures
the LSP-treated specimens seemed to retain the fatigue life enhancement over unpeened
specimens, thus demonstrating the thermal stability of fatigue life [103].

Fatigue crack growth rates were assessed based on measurement of striation spacings in SEM
images of the fracture surface of failed specimens. The results indicated that the crack growth
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rates at a given stress intensity range were much lower in the LSP-treated samples compared
with the unpeened samples, pointing to the beneficial effects of LSP. This enhancement of
fatigue life following L.SP was still retained at elevated temperatures, even above the expected
service temperatures for the Ti6242 alloy [103].

LSP effects on residual stress generation, near-surface microstructure, thermal stability of
both and on the fatigue behavior in IN718 Plus Ni-base superalloy were studied. The results led to
following findings.

e Kinetics of precipitation and coarsening of ¥’ precipitates in IN718 Plus alloy were studied over
the temperature range of 650K — 850°C [104]. ¥’ coarsening was found to follow LSW kinetics
in general. The average activation energy for coarsening was found to be 327.6 kJ/mol, which is
close to the value of 303 kJ/mol for IN718 Plus reported previously using SANS measurements
[78] and to those for volume diffusion of Al and Ti in Ni-base alloys.

e Coarsening of y’ precipitates in IN718 Plus alloy at low temperatures was observed to deviate
from LSW kinetics and follow a radius square dependence proposed by Ardell and O.Vidvuds
[82] with an activation energy of 303 kJ/mole 104].

e Plate-shaped n-Ni;Ti (hexagonal, DO,, structure) precipitates were identified in both as-received
and aged samples through experimental and computer-simulated electron diffraction patterns
and convergent beam electron diffraction.

e The v’ precipitates above a certain size were observed to transform to N-Ni;Ti through a faulting
mechanism.

e Rapid relaxation of the LSP-induced residual stress takes place within 1 h of heat treatment of
the sample to about half the original value at temperatures of 700 and 750°C in agreement with
previous reports. Despite the relaxation, depth profile of the stress field is retained to a good
extent and the residual stresses are present in materials to original depth but at reduced values.
Also stress gradients observed across the shocked treated region boundary are reduced with
thermal aging [105].

e LSP is observed to lead to a reduction in the fatigue crack growth rates. The results are,
however, subject to variation, and seem to be highly dependent on the peening pattern and
sequence, specimen geometry, edge effects, consistency in laser energy, and surface conditions.
Further combined FE simulation and experimental work is required to optimize the LSP
parameters for adequate levels of compressive residual stress and improved fatigue life [106].

e [SPis found to lead to a 10-20% improvement in fatigue life over unpeened material, depending
on the stress level. This improvement is particularly seen in the high cycle regime [1006].

e The beneficial effects of LSP in improving fatigue life are retained at elevated temperatures also,
which is an important finding from the standpoint of extending the use of advanced surface
treatments such as LSP for improving the performance of structural components operating at
high temperatures [106].
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