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ABSTRACT
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Title: The Investigation of Warm Laser Shock Peening as a Post Processing Technique to
Improve Joint Strength of Laser Welded Materials

Major Professor: Yung C. Shin

This study is concerned with investigating the effects of warm laser shock peening (WLSP)
on the enhancement of mechanical performance of laser welded joints. A 3-D finite element model
is presented which predicts the surface indentation geometry and in-depth compressive residual
stresses generated by wLSP. To define the LSP pressure on the surface of the material, a 1-D
confined plasma model is implemented to predict plasma pressure generated by laser-coating
interaction in an oil confinement regime. Residual stresses predicted by the finite element model
for wLSP reveal higher magnitude and depth of compressive residual stresses than room
temperature laser shock peening. A novel dual laser wLSP experimental setup is developed for
simultaneous heating of the sample, to a prescribed temperature, and to perform wLSP. The heating
laser power is tuned to achieve a predefined temperature in the material through predictive analysis
with a 3-D transient laser heating model.

Laser welded joints of AA6061-T6 and TZM alloy in bead-on-plate (BOP) and overlap
configurations, created by laser welding with a high power fiber laser, were post processed with
WLSP. To evaluate the strength of the welded joints pre- and post-processing, tensile testing and
tensile-shear testing were carried out. To understand the failure modes in tensile-shear testing of
the samples, a 3-D finite element model of the welded joint was developed with weld regions’
material strength properties defined through microhardness testing. The stress concentration

regions predicted by the finite element model clearly explain the failure regions in the experimental
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tensile testing analysis. The tensile tests and tensile-shear tests carried out on wLSP processed
AA6061-T6 samples demonstrate an enhancement in the joint strength by about 20% and ductility
improvement of about 33% over as-welded samples. The BOP welds of TZM alloy processed with
WLSP demonstrated an enhancement in strength by about 30% and lap welds demonstrated an

increase in joint strength by 22%.
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1. INTRODUCTION

1.1 Rationale

The mechanical performance of laser welded materials has been an area of concern in the
industry. Difficult-to-weld materials such as Aluminum alloys and Molybdenum alloys have a
considerable drop in strength when welded using fiber lasers. Porosity is one of the primary reasons
for reduction in joint strength. For tough materials like Ti-Zr-Mo alloys, in addition to porosity,
welded joints are marred by low joint strength due to a loss of plasticity and brittle failure under
mechanical loading. For the restoration of the weld strength, post weld treatments such as post
weld ageing treatment, stress relief annealing heat treatment, cold rolling and shot peening have
been implemented in the past with some success. However, these methods have inherent
limitations such as high processing times, high surface roughness, low depth of compressive
residual stresses as well as inaccessibility to areas in a part with complex geometry.

Laser Shock Peening is a surface modification technique that has been perfected over a
time period of two decades by the scientific community. Laser Shock Peening (LSP) is a very
effective surface processing technique that is used to treat metals for enhanced fatigue life, better
surface strength, along with improved wear and corrosion resistance. The advantages of LSP over
other conventional fatigue life enhancement processes viz. shot peening, ultrasonic impact peening,
etc. include: (1) higher magnitude and depth of compressive residual stresses, (2) the ability of
processing complex surface geometries on components, and (3) the ability to control the depth and
magnitude of the compressive residual stresses imparted in the material by virtue of highly
accurate finite element analysis. Laser Shock Peening (LSP) processed materials benefit from

higher fatigue life, higher stress corrosion resistance along with a better surface finish [1].
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While LSP has many advantages, it also faces a few major challenges. Under mechanical
loading or thermal heating, the compressive residual stresses induced by LSP are prone to
relaxation. As these compressive residual stresses are the primary mechanism of fatigue life
enhancement, the relaxation of these residual stresses is an undesirable characteristic. The primary
mechanisms responsible for this residual stress relaxation are: (1) compressive or tensile over
loading, (2) cyclic loading in the vicinity and above the endurance limit, and (3) exposure to
thermal cycling. These practical limitations can be alleviated by a process known as warm laser
shock peening (WLSP). The novel process of wLSP was first developed by Ye et al. [2] in 2010.
WLSP involves heating up the target material to a certain processing temperature and subsequently
processed with LSP. wLSP is a thermo-mechanical surface processing method, which combines
the advantages of LSP, dynamic strain aging (DSA) and dynamic precipitation (DP) to create
highly stable microstructures. With the combined effect of DSA and DP, the dense dislocations
are generated along with highly dense nano precipitates. Under thermal or mechanical loading, the
precipitates and diffused solute atoms resist movement of nearby dislocations, creating a
dislocation pinning effect. This effect improves the stability of the residual stresses generated and
enhances the mechanical performance of the processed materials.

Therefore, laser welded joints are of interest for the application of LSP and wLSP as a post

processing technique to enhance mechanical properties.

One of the common and yet time consuming method of restoring weld strength is post weld
ageing. Malarvizhi and Balasubramanian [10] reported 11% improvement in tensile strength for
FSW AA2219 aluminum alloy joints processed with post weld ageing at 175°C. The increase in

joint strength was found to be due to the existence of dense precipitates, by virtue of ageing, that
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hamper movement of dislocations (dislocation pinning). However, the duration of this ageing
process was 12 hours and hence in industrial applications, post weld ageing is not a practical
solution for joint strength enhancement. Dynamic ageing or dynamic precipitation is a high-speed
precipitation process that generates precipitates in materials in a much shorter time frame. wLSP
is a process that induces DSA and DP in materials and is therefore an attractive alternative to
increase the joint strength of laser welded joints. Su et al. [11] processed TIG welded AA6061-T6
with LSP in the DSA temperature regime and reported a 40% increase in fatigue life. The practical
limitation of WLSP reported in literature is the use of a heating pad to heat the material. For laser
welded joints with complex geometry, the use of a heating pad is impractical. It is therefore
necessary to develop an industrially viable solution for processing laser welded joints with wLSP
to enhance its mechanical performance.

This study is concerned with the wLSP processing of laser welded joints using a novel dual
laser arrangement. The primary aim of this study is to evaluate the improvement in mechanical

performance for laser welded lap joints and bead on plate joints using a very fast wWLSP process.

1.2 Literature Review
1.2.1 Laser Shock Peening

Laser Shock Peening (LSP) is a surface modification process that imparts beneficial
compressive residual stresses into the target material to assist in improving its fatigue life. In LSP,
the target material is coated with an opaque ‘sacrificial’ coating layer, which serves to protect the
target material from any thermal damage caused by laser irradiation. A transparent ‘confinement’
overlay viz. water, glass, oil is then placed over the surface of the material and a high energy laser
pulse is irradiated on the target surface through the transparent overlay. This irradiation results in

the ablation of the sacrificial coating layer and the generation of high pressure plasma in the
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confinement region. This plasma also causes a high pressure shockwave to propagate into the
target material, which imparts compressive residual stresses into the material, predominantly in
the surface region [12]. A schematic of the Laser Shock Peening process is shown in Figure 1.1.
The physics of the confinement effects of the plasma generated has been studied extensively in
literature. Fabbro et al. [13] proposed a 1-D analytical model considering the plasma pressure
generated by a glass transparent overlay. Zhang et al. [14] improved upon this model later.
However, the major shortcomings of this model were that it had multiple free variables that had to
come from experimental measurements. Wu and Shin [15]developed a self-closed thermal model
that predicted plasma pressure under water confinement. The standout advantage of this model is
that it has no free variables and has included the most important physical phenomena including
the water evaporation, ablation of the sacrificial layer, plasma ionization and expansion, laser-

plasma interaction, etc.

Laser beam

Focusing Lens

Water tank _J

Water —
Confined Plasma 3 >
Opaque Coating
Shockwave é//

Workpiece

—
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Figure 1.1. Schematic representing Laser Shock Peening
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The finite element modeling of laser shock peening has been reported in literature
extensively [12, 16, 17]. In these studies, the modeling approach involves combining
ABAQUS/Dynamic and ABAQUS/Static to simulate the high speed short duration shock wave
propagation through the material and the resulting residual stresses imparted in the material.
However, most previous studies used the 1-D analytical model proposed by Fabbro et al. [13]
which relies on two free variables that are obtained from experimental measurements. Cao and
Shin [18] carried out finite element modeling of LSP using the confined plasma model developed
by Wu and Shin [19] as the input for calculating plasma pressure generated during LSP in a water
confinement regime. The authors developed a 3D finite element model for predicting the residual
stresses in LSP processed materials and reported high prediction accuracy when validated with
experimental data for a range of materials and processing parameters.

The primary objective of LSP is to impart beneficial residual stresses which enhance the
fatigue life of the processed material. The high strain rate deformations caused by the shockwave
propagating into the material causes the generation of dense dislocations in the surface region of
the material. During mechanical loading, these dense dislocations cause dislocation tangles, which
result in strengthening of the material. However, under excess cyclic loading at or near the
endurance limit, there is a residual stress relaxation in the subsurface of the LSP processed
materials which is detrimental to its fatigue life. Also, due to the work hardening induced by LSP,

there is a loss of ductility in the material.

1.2.2 Warm Laser Shock Peening

The wLSP processing technique involves elevating target material temperature to the
dynamic precipitation regime and subsequently processing the material surface with LSP.

Compared to room temperature LSP (rtLSP), wLSP induces highly stable, deeper residual
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compressive stresses in the processed material, which cause material strengthening without loss of
ductility. wLSP has been researched for a range of materials such as aluminum alloys, steels and
titanium alloys. Ye et al. [2] carried out wLSP of AA6061-T6 and reported improved fatigue life
in the high cycle region of wLSP samples with better stability of residual stresses as shown in
Figure 1.2. The AA6061-T6 wLSP processed specimen also contained ultrafine dense
nanoprecipitates and dense dislocations that contribute towards the improved mechanical
performance. In another investigation, Ye et al. [21] processed AA7075 with wLSP and reported
a 32.3% improvement in material strength than rtLSP with no additional loss of ductility. For
WLSP processing of AISI 4140, Ye et al. [22] reported the presence of ultrafine carbide precipitates
in the processed samples. Thermal stability of the residual stresses generated due to wLSP also
improved high temperature fatigue performance of the processed AISI4140. Zhou et al. [23]
processed Ti6AI4V with wLSP and reported a greater depth of compressive residual stresses than

rtLSP samples.
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Figure 1.2. Improved cyclic stability of compressive residual stresses generated by wLSP in
AAB6061-T6, adopted with permission from [2]
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Liao et al. [24] investigated the fundamental mechanism of material strengthening in wLSP
and reported that due to the DSA effect more tangled dislocations with a uniform distribution are
generated, since dislocation multiplication is promoted. The combined thermal and mechanical
energy during wLSP promotes diffusion of carbon atoms, which leads to the formation of a high
concentration of carbon atoms near dislocation cores. These dislocation cores provide nucleation
sites for the generation of nanoprecipitates. The DA effect thereafter results in the generation of
high density globular nanoprecipitates with a size of around 3-10nm in these nucleation sites.
Under mechanical loading of wLSP processed materials, the dislocation — precipitate interaction
and the Orowan effect [25]of strengthening are the primary mechanisms of material strengthening.
The dislocation pinning effect, which is caused due to the resistance to dislocation movement
caused by precipitates, results in higher stability of the dislocations generated. These highly stable
dislocations contribute towards higher stability of the compressive residual stresses, thereby
increasing the fatigue life of the material.

Owing to the improved material strength, no reduction in ductility and significantly higher

fatigue life due to stable residual stresses, WLSP is a very promising post-processing technique.

1.2.3 Weld Strength of Laser Welded Joints for AA6061-T6 and TZM alloy

Material joining techniques such as fusion welding and solid-state welding are widely used
for producing products in industry. The various methods of joining metals together include but are
not limited to resistance welding, tungsten inert gas welding, metal inert gas welding, electron
beam welding, friction stir welding and laser welding. While these processes have been in use for
a very long time, with highly sophisticated equipment and advanced techniques, there still remains
a great difficulty in predicting and achieving the desired quality of welds. Welding is a complex

process in which a weld joint undergoes thermal, mechanical, metallurgical and microstructural



19

changes. Evaporation of alloying elements, changes in chemical composition and microstructure
of alloys, porosity and resultant residual stresses after welding significantly affect the quality of
the welded joint. Compared to conventional welding methods such as tungsten inert gas (TIG)
welding, metal inert gas (MIG) welding and friction stir welding, laser welding offers advantages
such as high weld speed, narrow heat affected zones, better weld quality and mechanical properties
of weld joints [26]. Despite these advantages, laser welding of difficult to weld materials such as
aluminum alloys and molybdenum alloys is still problematic and there is a pressing need to

improve the joint strength of laser welded joints.
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Base Metal A B C D

Sr. | Material Filler Source

No. | Thickness | Material

A 2mm - Padmanabham and Shanmugrajan [27]

B 2mm - Narsimhachary et al. [28]

C 1 mm AA4043 El-Batahgy and Kutsuna [29]

D 2mm - Hirose, Todaka and Kobayashi [30]

Figure 1.3. Ultimate Tensile strength of laser welded AA6061-T6 joints

For laser welded AA6061-T6 alloy, weld strength is a critical concern since there is a

considerable drop in the material strength at the joint [31, 32] as shown in Figure 1.3. Porosity is
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one of the primary reasons for the reduced mechanical strength of the welds [31, 32].
Padmanabham et al. [27] reported a joint strength of ~65% compared to that of the base metal for
laser welded bead-on-plate welds of AA6061-T6. Narsimhachary et al. [28] reported low hardness
in the fusion zone of the Al 6061-T6 weld specimens and a tensile strength of 197+20 MPa for
bead-on-plate laser welded joints compared to the tensile strength of 300MPa for the base metal.
Chu et al. [33] investigated weld strength of laser welded AA6061-T6 with filler material and
reported joint strengths in the range of 94-107 MPa. El-Batahgy and Kutsuna [29] reported
presence of porosity and solidification cracking in welded specimens of AA6061-T6. Hirose et al.
[30] investigated the joint strength of laser welded AA6061-T6 bead-on-plate welds and reported
about 70% weld strength to that of the base metal. The authors also processed the welds with post
weld ageing and reported about 15% improvement in weld strength. Earlier studies however
mainly focused on bead-on-plate and butt weld configurations. There has been less focus on the
joint strength of laser welded lap joints. Kim et al. [34] reported that partial penetration of weld
pool in lap welded Al 5052 resulted in greater porosity. However the strength of the welded joints
was not reported. A recent study by Pellone et al. [35] reported that for laser welded AA6061-T6
lap joints, the addition of an interface gap resulted in low porosity, good appearance and strong

lap welds.
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Sr. | Material | Welding Source
No. | Thickness | Process
i 2mm EBW Stltz et al. [36]
i 3 mm EBW Wang et al. [37]
iii 3 mm EBW Wang et al. [38]
Iv 3 mm EBW Zhang et al. [30]

Figure 1.4. Ultimate tensile strength of welded TZM alloy joints

TZM is amolybdenum based alloy that has high strength at high temperatures, high thermal
conductivity, high hardness and good corrosion resistance. Along with these properties, low
neutron absorption cross section and high recrystallization temperature make TZM particularly
useful in nuclear power applications as well as in the aerospace and defense industry. While TZM
alloys exhibit excellent strength and toughness, welding of TZM alloys to construct functional
structural components is particularly problematic. TZM welds are usually marred by high porosity,
a loss of plasticity and brittle failure under loading, and a drastic reduction in joint strength. Joint
strength of welded TZM alloy joints drops drastically as shown in Figure 1.4. Chatterjee et al. [39]
reported a welded joint yield strength of 41% and 47% to that of the base metal for electron beam

welding (EBW) and laser-gas tungsten arc hybrid welding (GTAW) respectively. Stutz et al. [36]
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reported a weld strength of 50% to 77% that of the base metal for welds created by EBW. Wang
et al. studied EBW butt joints of TZM alloy with different welding speeds [37] and zirconium
addition [38] and reported a tensile strength of about 60% that of the base metal. Zhang et al. [40]
studied the addition of rhenium in EBW of TZM alloys and reported a joint strength of about 63%
that of the base metal. They also reported that the grains in the fusion zone and the heat affected

Zone were coarse.

Laser welding has many advantages over other conventional welding methods. However,
the mechanical performance of welded joints has a lot of room for improvement. Porosity, loss of
alloying elements, etc. cause a considerable drop in the material strength at welded joints .
Therefore, for currently existing laser welding technologies, a cost effective post processing

method is critical for restoration or recovery of material strength at the welded joint.

1.2.4 Laser Shock Peening of Laser Welded Joints

For the improvement of weld strength, post weld treatments such as post weld ageing
treatment [41], stress relief annealing heat treatment [42], cold rolling [43] and shot peening [3]
have been implemented in the past. However, these methods have inherent limitations: post weld
ageing treatment and stress relief annealing have very high processing time, and shot peening has
low depth of compressive residual stresses as well as inability of treating all the areas such as
internal surfaces of parts with complex geometry. When applied to brittle materials like TZM, shot
peening induces undesirable cracking into the material [44]. Laser shock peening (LSP) is a well-
established process that imparts beneficial compressive residual stresses to a greater depth into the
material, which can induce various benefits such as higher fatigue life and higher stress corrosion
resistance. LSP as a post processing technique for welded joints is an area of interest with limited

investigations reported in literature. Hatamleh et al. [3, 4] processed friction stir welded (FSW)
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joints of Al 7075 and Al 2195 with shot peening and LSP and reported a 13% increase in tensile
strength and reduced fatigue crack growth of the LSP processed welded joint. Sakino et al. [5]
reported a 5-fold increase in fatigue life of laser welded SM490 steel processed with LSP. Zhang
et al. [6] processed laser welded ANSI 304 joints with LSP and reported a 12% improvement in
tensile strength of the joint. Chen et al. [7] reported a work hardened depth of up to 1.2mm for
laser welded Incoloy 800H processed with LSP along with grain refinement, higher dislocation
density, increased hardness, elimination of tensile residual tensile stresses and introduction of
compressive residual stresses in the weld zone and heat affected zone. Wang et al. [8] reported
improved resistance to stress corrosion cracking and 13% improvement in tensile strength for laser
welded Al 7075 processed with LSP. Clauer et al. [9] reported a 7% improvement in yield strength
in LSP processed laser welded Al 6061-T6. The mechanisms responsible for these improvements
in mechanical performance of welded joints processed by LSP are: (1) conversion of tensile
residual stresses (due to welding) into compressive residual stresses, (2) generation of highly dense
dislocations due to high strain rate deformations, (3) grain refinement and (4) increased hardness
at the surface and up to a certain depth in the material.

For weld strength improvement, the use of LSP as a post processing technique has significant
advantages over conventional post processing methods, viz. faster processing times, capability of
processing complex weld geometries, in-situ processing of welds in mechanical assemblies. To
add to the benefits of processing welded joints with LSP, the use of wLSP has the potential of
improving the joint strength and increase the stability of compressive residual stresses due to the
dislocation pinning effect. However, there is no investigation into the use of wLSP as a post

processing technique for weld strength enhancement.



24

1.3 Research Objective

The objective of this study is to assess the potential for a novel dual laser warm laser shock
peening as a post processing technique for laser welded joints via simulations and experiments.
The specific objectives are as follows:

1. To develop a finite element model for the prediction of indentation depth and residual stresses
generated by warm laser shock peening in an oil confinement regime.

2. To develop a novel dual laser warm laser shock peening setup for rapid heating and
simultaneous laser shock peening of the target material and validate the finite element model
via experiments.

3. To assess the joint strength of laser welded AA6061-T6 and TZM alloys in the Bead-On-Plate
and lap weld configurations.

4. To assess the benefits of wLSP processing of laser welded joints and investigate the

improvement in mechanical performance of the processed welded joints.

1.4 Thesis Outline

In Chapter 2, the finite element modeling of warm laser shock peening is presented. The
experimental validation of the finite element model via a novel dual laser warm laser shock
peening process is presented. Residual stresses generated due to wLSP and rtLSP are presented. In
Chapter 3, the wLSP processing of laser welded AA6061-T6 and TZM alloy joints is presented.
The improvement in joint strength and ductility are presented and the mechanisms for strength
enhancement are discussed. Conclusions and recommendations for future work are presented in

Chapter 4.
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2. FINITE ELEMENT MODELING OF WARM LASER SHOCK
PEENING AND EXPERIMENTAL VALIDATION

In this chapter, the finite element modeling of warm laser shock peening (WLSP) is presented.
A 3-D transient heat transfer model developed by Tian and Shin was utilized to model the laser
heating process for achieving desired temperature in the material. A self-closed 1-D hydrodynamic
model developed by Wu and Shin [15] was utilized to calculate the plasma pressure history
generated for wLSP in an oil confinement regime. The finite element analysis methodology used
a combined calculation procedure with ABAQUS/EXPLICIT and ABAQUS/STANDARD as
shown in Figure 2.1. For AA6061-T6, the Johnson-Cook material model was applied. Actual
experimental data was used to define material elastic-plastic behavior for TZM alloy. Experiments
were carried out on the base material and the prediction of indentation depths achieved by
simulation were successfully validated. The compressive residual stresses predicted by the finite
element model demonstrated that the depth and magnitude of compressive residual stresses for

WLSP are greater than those of rtLSP.

2.1 Laser Heating Model

WLSP is a high strain rate plastic deformation process that promotes dynamic precipitation.
Therefore, it is critical to ensure that the target material is in the temperature range that promotes
dynamic precipitation (400K — 500K). If the material is over heated, there are thermal relaxation
and microstructural rearrangement effects that are detrimental to the desired outcome. To locally
heat up the target material during wLSP experiments, a continuous wave fiber laser with a laser
spot size of 500um (FWHM) and circular Gaussian beam profile was employed. It was essential

to understand the correlation between average power of the laser and the peak temperature
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achieved in the material. A three dimensional transient heat transfer model for laser heating based
on the finite element method developed by Tian and Shin [46] was utilized to predict the
temperature in the target material. The model has been utilized previously to predict surface
temperatures for a variety of materials such as Ti-6Al-4V, Inconel, Iron, etc.

AAB061-T6 is highly reflective to the 1064nm wavelength light with about 80% of normally
incident light reflected off its surface [47]. Therefore, to protect the optical elements of the fiber
laser, the angle of incidence of the fiber laser was set to 15° and this was incorporated in the
thermal model. The absorptivity and emissivity for rolled aluminum were obtained from the
Handbook of Optics [47] and were taken to be 0.20 and 0.06 respectively. Thermal properties of
AA6061-T6 and TZM used for the thermal modeling are listed in Table 2.1. To validate the thermal
model results, experimental measurements were obtained for parameters listed in Table 2.2. A
thermocouple was embedded in the surface of the sample and sealed to the outside environment
with thermally insulating cement. The thermocouple was located 2mm from scanning line in a
normal direction as shown in Figure 2.1. A NI USB data acquisition system was used to record the
temperature measured by the thermocouple. Figure 2.2 shows the validation results for the
temperature simulated with the experimentally measured data. The measured values agree very
well with the predicted values. With the laser heating model validated, it was utilized to tune laser

power in order to achieve desired temperatures in the target material at the laser spot.

Table 2.1. Thermal properties of AA6061-T6 and TZM alloy

Material Density Thermal Conductivity Specific Heat
(kg/m®) (W/mK) (J/kgK)
ATA66[?1% 2700 164.11+3.58x102T+2.0x1075T? 4087.1-17.231T+1.02x1072T?2

TZM [49] 10220 119-4.46x102T+2.26x10°T?2 268-3.51x102T+7.27x107°T?
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Table 2.2. Process parameters for validation of laser heating model

Laser Power

Angle of Incidence

Scanning Speed Laser beam spot

Material diameter (um)
(W) (deg) (mm/s) (FWHM)

Al6061 60 15 1.5 500

T(C)

220
200
180
160
140
120
100

- Point of measurement

Coordinates -
X:5mm | Y: 18mm | Z: Omm

\

Scanning
direction

Figure 2.1. Schematic for validation of laser heating model
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Figure 2.2. Laser heating model validation results
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Figure 2.3 shows the temperature profile of the material cross section along the laser
scanning line. It can be seen that the peak temperature is achieved up to a depth of 500um after
which the temperature drops. This is beneficial for the current study since (1) compressive residual
stresses imparted by LSP become negligible at about 500um into the depth of the material and (2)
the volume fraction of precipitates drops sharply from about 20% at the surface of the material to
about 10% at 450um into the depth of the material [21]. Since WLSP is a surface processing
phenomenon, it is far more efficient to heat up the material in the work area locally rather than

bulk heating of the work-piece.

Continuous
wave fiber laser

Scanning Direction

———

T(°C)
220
200
180
160
140
120
100
80
60
40

Depth into material

Figure 2.3. In depth temperature profile predicted by the laser heating model

2.2 Plasma Pressure History for wLSP Regime

The one-dimensional confined plasma model developed earlier by Wu and Shin [15] was

used to predict plasma pressure generated during wLSP in an oil confinement regime. Wu and Shin
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[50] stated that the two dimensional plasma expansion effects were important only for very small
laser beam diameters and that the one-dimensional assumption was valid for beam diameters equal
to or larger than 300um. In this study, since the beam diameter used is 500um, the one dimensional
model is sufficient to describe plasma behavior under oil confinement.

In the one dimensional confined plasma model, the major properties of silicone oil and
aluminum were used to compute the ionization of the oil vapor and the coating layer which causes
confined plasma to form. In this model, the reflectivity at the oil-plasma interface was calculated
through the Drude model. The Saha equations were used for silicon, hydrogen and oxygen, which
are the primary elements in the silicone oil. The model considered most important physical
processes of laser shock peening, including laser ablation of the coating layer, oil evaporation,
plasma ionization and expansion, energy loss of plasma through radiation and electron conduction,
laser absorption by plasma, reflection of the laser beam at the air-oil interface and oil-plasma
interface, etc. The one dimensional model was validated successfully against experimental results
in literature [15] and the description of the model as well as the code used in this part of the work
is taken from [15].

Figure 2.4 shows the plasma pressure predicted by this model for the water confinement
regime (rtLSP) and the oil confinement regime (WLSP). The laser pulse width is 6ns FWHM with
a power intensity of 7 GW/cm?. For rtLSP, the transparent overlay is water, the coating layer is
50um black paint and the target material is AA6061-T6. For wLSP, the transparent overlay is
silicone oil, the coating layer is 50pum aluminum foil and the target material is AA6061-T6. The
plasma history for wLSP shows that in an oil confinement regime, the plasma pressure duration is

longer than rtLSP.
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Figure 2.4. Plasma pressure history for LSP and wLSP of AA6061-T6 (laser wavelength
1064nm, FWHM 6ns, 50um black paint [LSP] / 50um Al foil [wLSP])

2.3 3-D Finite Element Modeling

2.3.1 Material Modeling

The dynamic behavior of the target material plays a critical role in the development of
residual stresses. When a high pressure shockwave is traveling through the material, plastic
deformation occurs when the magnitude of the shock wave is greater than the dynamic yield
strength of the material. The dynamic yield strength of the material is significantly increased due
to strain rate hardening and the work hardening effect. Therefore, the use of an appropriate
constitutive plasticity model is essential for capturing the dynamic behavior of the target material

in order to simulate the residual stresses in the material.
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2.3.1.1 Aluminum 6061

The dynamic response of AA6061-T6 was described by the Johnson-Cook constitutive

model [51] represented by,

o= s men (e an(3)) (1 (222

with the material properties listed in Table 2.3 and Johnson-Cook constitutive model parameters

(1)

listed in Table 2.4.

Table 2.3. Material properties of AA6061-T6 [52]

E G p T Thermal Thermal Specific heat
Material v o | expansion | conductivit
(GPa) | (GPa) (kghm?) | C) | om0y | owimK) | OkIK)
AA6061-T6 | 68.9 26 [0.33| 2700 | 582 23.6 167 896

Table 2.4. Johnson-Cook constitutive model parameters of AA6061-T6 [51]

Material

A (MPa)

B (MPa)

M Tref (OC)

Tm (°C)

&, (1/5)

AAG061-T6

324.0

114.0

0.42

0.002

1.34 25

582

1

2.3.1.2 TZM alloy

The hot rolled TZM alloy sheets used in this study had material properties listed in Table
2.5. TZM alloys are scarcely studied in literature and hence a constitutive plasticity model was not
available. Therefore, the material elastic plastic behavior determined experimentally was mapped
using the classic metal plasticity model with isotropic hardening behavior based on von Mises

yield surfaces. The elastic and plastic behavior of the material was mapped using experimental
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tensile testing data. Figure 2.5 shows the true stress vs true strain data obtained for as received

TZM alloy.

Table 2.5. Material properties of TZM alloy

Material E (GPa) Vv p (kg/m?3)

TZM 324.0 0.42 10220

1000
_800f
~5007
n_ B
E i
=600
(7))
o I v
waool |[E
o [[/8
: e
200H | o
7]
I
0 |m| L 1 . ) L 1 ! . ) 1 . —
0 0.02 004 006  0.08

True Strain

Figure 2.5. Stress-Strain curve obtained from experimental data used for material modeling of
TZM alloy

2.3.2 Finite Element Model

A 3-D finite element model (FEM) has been developed to calculate the shock wave

propagation through the target material and the residual stresses in the material by using the
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confined plasma pressure as input was used as the . The pulsed laser used in this study has a flat-
top beam profile; therefore, the plasma pressure was modeled as a distributed pressure over the
beam diameter controlled by the user subroutine VDLOAD as shown in Figure 2.6. Encastre
boundary conditions were applied to the bottom surface of the material. The coating layer used in
this study was 50um thick Al 1100 foil. The mechanical and physical properties of the coating
layer were obtained from literature [53, 54]. Coupling of the coating layer and the target material
at the interface was accomplished with the TIE constraint in ABAQUS. The TIE constraint ensures
that the displacement of nodes closest to the interface in the target material will be kept the same

as that of the nodes in the coating layer, closest to the interface.

Coating

Material

Figure 2.6. 3-D Finite Element Model

2.3.3 Calculation Procedure

The FEM calculation procedure for multitrack wLSP is shown in Figure 2.7. A

computationally efficient calculation methodology is used, which combines ABAQUS/EXPLICIT
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to calculate the shock wave propagation and ABAQUS/STANDARD to compute the residual

stresses [12].

Confined Plasma Pressure
P(t), material temperature, etc.

|

ABAQUS/EXPLICIT
Dynamic Analysis
Calculation is performed until all
plastic deformation has occurred.

|

ABAQUS/IMPLICIT
Static Analysis
Calculation is performed until
static equilibrium is achieved.

Another
LSP
impact?

Analysis
END

P

Residual stress field,
indentation profile,
etc.

24

Figure 2.7. FEM calculation procedure [19]

Experimental Validation

2.4.1 Setup and methods

The experimental setup that was used for modeling validation as well as wLSP processing

of welded joints is shown in Figure 2.8. An Nd-YAG laser (Continuum Surelite 111-10) beam with

a wavelength of 1064nm and the pulse duration of 6ns was focused onto the top surface of the

workpiece to perform LSP, after passing through a half wave plate, thin film polarizer, three high

reflecting mirrors and a focusing lens. The focused laser beam diameter on the surface of the

workpiece can be changed by varying the distance between the workpiece and the focusing lens.

The beam profile of the pulsed laser is top-flat and shown in Figure 2.9. With this setup, the power

density of the pulsed laser can be easily adjusted by finely adjusting the half wave plate orientation.

A secondary continuous wave fiber laser (IPG YLR 150/1500 QCW) was focused on the surface

of the workpiece such that it coincides with the laser spot of the Nd-YAG laser. The fiber laser
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was used to locally heat the workpiece to WLSP regime temperatures of 400K-500K. The
workpiece was placed in a tank filled with a high temperature silicone fluid (with a flash point of

590K) to produce a fluid confinement regime.

Mirrors

CW Fiber Laser

Polarizer

Half-wave
Nanosecond Laser Plate

Lens

Beam dump Work-piece

Linear motion stage

Figure 2.8. Schematic diagram of experimental setup for wLSP

Figure 2.9. Measured beam profile (a) 2-D (b) 3-D [18]

The samples used in the experimental validation of the finite element model were as received
rolled sheet of AA6061-T6 with a thickness of 2 mm and hot rolled TZM alloy sheet with a
thickness of 1 mm. Parameters for single shot and single track overlap peening experiments are

listed in Table 2.6.
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Table 2.6. Processing parameters for LSP experiments

Single Shot LSP Single track overlap LSP
Processing Condition rtLSP wLSP wLSP
Material AA6061-T6, TZM | AA6061-T6, TZM AA6061-T6
Laser(lg)vv\vlt/aér:]r;;ensny 7 7 3.5, 7
Coating Layer Black paint Al foil Al foil
Transparent overlay Water Silicone oil Silicone oil
Overlap ratio - - 50%
Material (t;a(r)nperature 206 500 ~500

2.4.2 Results and Discussions
2.4.2.1 Indentation Depth

As the confined plasma model and the 3-D finite element model have been validated
extensively by Wu and Shin [19] and Cao and Shin [18], measuring the indentation depth for
experimental wLSP samples and comparing it with simulation results was sufficient for validation
of the modeling work. Indentation profiles of WLSP processed samples were measured by a Bruker
Contour GT-K 3-D optical profiler. Figure 2.10 shows the surface profile measurements for single
shot and single track overlap wLSP processing of AA6061-T6. For single shot LSP, the indentation
depths measured for 5 shots were compared with simulation values. Experimental measurements
are in good agreement with the simulated indentation depths as can be seen from Figure 2.11.
Average indentation depths measured for wLSP processing using the laser power densities listed

in Table 2.6 are shown in Figure 2.12 and agree well with simulated indentation depth values.



37

R M: -5.465um | A~
X:0.386 X:0.386 | \
Y:0.229  Y:0.412 " f
2:0.116 2Z:0.791 -9.000 um i N )
dX=178.000 um, dZ=3.321 um, Slope=0.019
-

aa
625.345 um
469.009 um

469.009
351.757

».

312,673
234.505

\

117.252 356,336

(@)
° g g g

0002
0052
000€
ziee

0

wrl
000L 008 009 O0Or 00T

\
0 5(’)0 10'00 15'00 20’00 25'00 3000 3310
pm

(b)
Figure 2.10. 3-D optical profile measurements for (a) single shot and (b) single track overlap
WLSP processing of AA6061-T6



38

4 1
..g i © Simulation
239 ¢ IExperiment
< :
o 3 [ ?
(- i
< :
225 L
8 i
= N
2 % x
15 L
rtLSP WLSP rtLSP wLSP
AA6061-T6 TZM Alloy

Figure 2.11. Indentation depths measured for simulation and experiments of single shot LSP
processing with laser power intensity of 7 GW/cm2
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Figure 2.12. Comparison of average indentation depth under different laser power intensities for
single track overlap wLSP processing
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2.4.2.2 Residual Stresses

As mentioned in Section 2.4.2.1, the confined plasma model and 3-D finite element model
have been extensively validated for indentation depth and residual stresses. Since the maximum
indentation depth was achieved for a laser power intensity of 7 GW/cm?, it was used as the
processing power for further experiments and simulations. Once the indentation depths were
validated, the residual stresses in the depth of the material predicted for wLSP were compared with
rtLSP. Figure 2.13 shows the residual stresses predicted for rtLSP and wLSP processing of
AA6061-T6 and TZM alloy. From the predictions it can be seen that for wLSP, the compressive
residual stresses induced in the material are greater in magnitude and depth into the material than
rtLSP. The warm temperature shot peening of AlISI 4140, carried out by Menig et al. [55], also
reported a similar deeper and greater magnitude of compressive residual stresses. The elevated
temperature of the target materials enables a deeper travel of the incident shockwave, thereby
plastically deforming a larger region. It should be noted here that while deeper plastic working is
a virtue of the elevated temperature, increasing the processing temperature results in recovery of
residual stresses, which is counterproductive to the purpose of wLSP processing. The processing
temperature range for this study was obtained from various published works [21, 22]. The greater
and deeper compressive residual stresses predicted by this process combined with the dislocation
pinning effect [56] would result in enhanced mechanical properties of materials processed with the

dual-laser wLSP processing technique.
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3. WARM LASER SHOCK PEENING OF LASER WELDED AA6061-T6
AND TZM ALLOY

In this chapter, the effect of warm laser shock peening on laser welded AA6061-T6 and TZM
alloy joints is presented. Experimental methodologies for laser welding, warm laser shock peening,
mechanical testing and material characterization are presented in Section 3.1. The key welding
parameters of the welded joints used in this study are listed in Table 3.4. To evaluate the benefits
of wWLSP over rtLSP, mechanical testing of joints processed by these methods was carried out.
Mechanical testing results and failure mode analyses of WLSP processed samples are presented in
Section 3.2. Lap welded joints when loaded under tensile shear conditions have complex stress
profiles. To understand the stress concentration regions in tensile shear testing of lap welded joints,
finite element analysis was carried out. Microhardness based weld region strength values were
used in the material modeling of the weld region. The failure modes predicted by actual testing of

lap welded joints are better explained by the stress profile predicted by the finite element model.

3.1 Experimental Methodology
3.1.1 Laser Welding

Rolled sheets of AA6061-T6 with a thickness of 1-2 mm and hot rolled TZM alloy sheets
with a thickness of 0.5-1 mm were used in this study. Table 3.1 lists the composition of AA6061-
T6 while Table 3.2 lists the composition of TZM alloy. Table 3.3 lists the thickness of materials
used for the different welding configurations. Prior to welding, the samples were ground using
sandpapers to remove rough ridges and then cleaned with acetone to remove the oxide layer and

any residual grease.
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Element Si Fe Cu Mn Mg Cr Zn Ti Other | Al
Content% | 0.69 | 043 | 0.22 | 0.13 | 0.87 | 0.16 | 0.04 | 0.02 | 0.03 | Rem.
Table 3.2. Chemical composition of the as-received TZM alloy
Element Fe Ni Si Ti N O Mo
Content % | 0.0007 | 0.0005 | <0.002 | 0.47 | 0.087 | 0.022 | 0.003 | 0.042 | Rem.

Table 3.3. Material thickness for various welding configurations

Material Welding configuration Material Thickness
AAG061- Overlap weld 1mm
6 BOP weld 2mm
Overlap weld 0.5mm
TZM alloy
BOP weld 1 mm

The key welding parameters such as interface gap, laser power, welding speed, shielding

gas etc. and experimental setup were obtained from Pellone et. al. [35] and Ning et al. [57].

Welding experiments were performed with an IPG YLS-1000 fiber laser (wavelength: 1077nm)

with a laser spot diameter of 240 um and a circular Gaussian beam profile. The maximum power

of the laser is 1000 W. During welding, the laser beam was inclined by 10° to protect the laser

beam delivery optics from the induced plasma and splatter. Shim stocks were used to introduce

and maintain the interface gap while clamping workpieces on the work surface. Argon or Helium

was used as the shielding gas for the top surface via side and coaxial nozzles and for the bottom

surface via another nozzle. Lap welding experiments were conducted in keyhole welding mode.
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For BOP welding, the setup is the same as that in lap welding except for the setup of the workpieces.
The schematic diagram of the laser welding system is shown in Figure 3.1. Welding parameters

for AA6061-T6 and TZM alloys are listed in Table 3.4.

IPG YLS-1000

Fiber Laser System ‘\
+«———— (Coaxial gas inlet

7 Dichroic mirrors

.

«—— Side gas nozzle

Coaxial gas nozzle >

Top plate —/\ — Shim stock

Bottom plate 10°

Figure 3.1. Schematic of laser welding system

Table 3.4. Welding parameters for lap and BOP welds

Plate Joint Laser | Welding | Interface Shieldin
Material | Thickness Tupe Power | Speed gap as t eg
mm) | P&l w) | (mimin) | (mm) | 98P

AAGOBL. 1 Lap | 1000 | 1.4 0.038 He
T6 2 BOP | 1000 | 1.4 - He
0.5 Lap | 850 1 0.09 Ar

TZM

1 BOP | 1000 0.5 - Ar
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3.1.2 Warm Laser Shock Peening

The same experimental setup shown in Figure 2.9 was used in this study. Prior to wLSP
processing, welded samples were first machined to dimensions required for tensile-shear and
standard tensile tests per ASTM E8 standards. To prepare samples, a Flow Mach 2 2020c water

jet machine was utilized. Dimensions of samples and peening surfaces are shown in Figure 3.2.
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Figure 3.2. (a) Dimensions and (b) processing surfaces for wLSP of welded joints

3.1.3 Mechanical Testing

Tensile shear tests for lap welded joints and standard tensile tests for BOP welded joints
were carried out on an MTS 858 Mini Bionix machine shown in Figure 3.3. The testing speed was
determined by a constant displacement rate of 0.5 mm/min for each sample. The mechanical testing

was carried out per ASTM ES8 standard.
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Figure 3.3. MTS 858 Mini Bionix machine used for mechanical testing

3.1.4 Material Characterization

To characterize the failure modes and microhardness of samples, untested and tested samples
were mounted using compression hot mounting in Bakelite. Mounted samples were polished with
abrasive papers of 180, 240, 320, 400, 600, 800, 1200 grits. Final polishing was carried out with
an oil suspension of 6um and 3um diamond paste and with colloidal silica water suspension of
0.5um on a polishing cloth wheel. Polished AA6061-T6 samples were etched with a NaOH etchant
and TZM samples were etched with an etchant comprising of 3mL H20, 5mL HNOs, and 2mL

H2S0a4. A Nikon Eclipse LVV150 optical microscope was used to observe the fracture morphology
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and microstructure of the samples. Microhardness measurements were carried out using a LECO

LM247AT microhardness tester and AMH43 analysis software.

3.2 Results
3.2.1 Evaluation of wLSP benefits over rtLSP for welded joints

The effects of wLSP on materials and its comparison with rtLSP has been reported in
literature. However, there are no reports of rtLSP and wLSP processing of welded joints. Therefore,
to evaluate the benefits of WLSP processing of welded joints over rtLSP, BOP welded joints were
processed with rtLSP and wLSP using parameters listed in Table 3.5. Figure 3.4 shows BOP

samples as welded and then processed with wLSP on the top and bottom surfaces.

Table 3.5. Parameters for rtLSP and wWLSP processing of BOP samples

Coatin Confinement Workpiece Laser Power Peening
Type of LSP La erg Laver Temperature Density Overlap
y y (K) (GW/cm?) Ratio
Room .
Temperature ‘;?:CT g:ﬂf[ Water 300 7 50%
LSP (rtLSP)
50um thick High
W(ES\STSSP Aluminum temperature 425-500 7 50%
Foil silicone oil
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Figure 3.4. BOP sample processed with wLSP

Tensile testing of the LSP processed samples demonstrated an improvement in strength of joints
over as-welded samples. Figure 3.5 shows the tensile strength and elongation to failure for BOP
samples for three processing conditions viz. ‘as-welded’, ‘as-welded + rtLSP’ and ‘as-welded +
WLSP’. It is clear that wLSP processed samples show significant improvement in tensile strength
of joint than rtLSP. Samples processed with wLSP also exhibit improved ductility than rtLSP. The
deeper compressive residual stresses, along with the dislocation pinning effect (discussed in
Section 3.3) contribute to the improvement in strength while retaining and improving ductility.
Due to the significant advantage posed by wLSP processing in improving mechanical performance

of welded joints, all BOP and overlap welded samples were processed with wLSP.
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3.2.2 Effect of WLSP on AA6061-T6 BOP welded joints

Load vs displacement curves for tensile testing of AA6061-T6 BOP welded joints
processed with wLSP are shown in Figure 3.6. The wLSP processed samples demonstrated higher
loads carried than as-welded samples. There is also notable ductility improvement in the wLSP
processed joints. As shown in Figure 3.5 the wLSP processed BOP welded joints demonstrated an
improvement of 20% in the weld strength and about 34% improvement in ductility of the joint.
Figure 3.7 shows the failure morphology of the tested joints. The failure mode is distinctly ductile
with typical necking of the rupture region visible close to the crack. For ‘As-Welded’ samples, the
ductile rupture originated from the bottom of the weld with columnar grains having lower hardness
as shown in Figure 3.8. The width of coarse columnar grains in the fusion zone, as shown by the
light blue arrows, for untreated samples is larger than that of wLSP processed samples. In wLSP

processed samples, the ductile rupture moved slightly towards the center of the fusion zone.
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Figure 3.6. Load vs Displacement curves for tensile testing of AA6061-T6 BOP welded joints
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Figure 3.7. Failure morphology for as-welded and wLSP processed AA6061-T6 BOP joints
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3.2.3 Effect of wLSP on AA6061-T6 lap welded joints
Load vs displacement curves for tensile shear testing of AA6061-T6 lap welded joints
processed with wLSP are shown in Figure 3.9. The wLSP processed joints sustained higher loads

than the as-welded samples. Ductility of wLSP processed samples improved by about 65%.
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Figure 3.9. Load vs Displacement curves for tensile-shear testing of AA6061-T6 lap welded
joints



52

Although the force applied on the samples in tensile shear testing is uniaxial, the loading
of the welded joint is not uniaxial in nature. Therefore, it is necessary to understand the stress
concentration regions in the weld zone for better understanding of the failure mechanisms in the
samples tested. In order to observe stress concentration regions, a finite element analysis was
carried out. The material properties for AA6061-T6 listed in Section 2.3.1.1 were used to represent
the material response of the base material. Due to the welding process, the material properties in
the fusion zone (FZ) and heat affected zone (HAZ) of the weld change significantly, due to which
the material modeling of the base material cannot be applied to these regions. To estimate strength
of the FZ and HAZ, microhardness measurements were carried out on the weld region as shown
in Figure 3.10. The microhardness measurements were used to compute yield strength and ultimate
tensile strength of the FZ and HAZ using the relations defined by Cahoon et al. [58] given by (2)
and (3) where H is the measured hardness and m is the Meyer’s coefficient. The Meyer’s
coefficient was computed with (4) where n is the strain hardening exponent (n = 0.042 for
AA6061-T6 [59]/ n = 0.202 for TZM alloy [60]). These strength values were used as input for

material modeling of the weld region.
oy = (5) O™ (2)

12.5 (m-2)1(M=2)
1-(m-2)

o, =(3)[1- (m- 2] (3)

m=n+2 (4)
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The stress concentration regions predicted by the finite element model are shown in Figure
3.11. From the figure, it can be seen that under a tensile shear loading condition, the primary stress
concentration propagates from the interface region between the top plate and the bottom plate and
then moves along the heat affected zone in the top plate towards the surface of the top plate. A
secondary stress concentration can be seen being originating at the interface region at the bottom

plate and top plate on the opposite side of the primary stress concentration region.
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Figure 3.11. Stress concentration regions predicted by finite element modeling of tensile shear
loading of AA6061-T6 lap welds

Micrographs of the tensile tested samples are shown in Figure 3.12. From Figure 3.12 (a),
it can be seen that the failure regions observed are in good agreement with predicted stress
concentration regions. Figure 3.12 (b) shows that for wLSP processed samples, the secondary
crack initiation and propagation in the bottom plate was restricted. Deformation of the top and

bottom plates was lower for wLSP processed joints than as-welded joints.
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Figure 3.12. Failure modes for AA6061-T6 lap joints in (a) as-welded condition and (b) wLSP
processed condition




56

3.2.4 Effect of WLSP on TZM alloy base material
TZM alloys are a rarely studied material. To the author’s best knowledge, there are no
investigations reported in literature on the effects of laser shock peening of TZM alloys. To
develop a baseline on the impact of rtLSP and wLSP processing on TZM alloys, as-received 1mm
thick TZM alloy samples were processed with rtLSP and wLSP and then tested for uniaxial tensile
loading per ASTM ES8 standard. The load vs displacement curves for the tested samples are shown
in Figure 3.13. The processing of TZM alloy with rtLSP induced compressive residual stresses in
the material, thereby increasing its tensile strength; however, some loss of ductility was observed.
WLSP processed samples improved the tensile strength as well as a significant improvement in

ductility Therefore wLSP was used to post-process BOP and lap welded joints.
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Figure 3.13. Load vs Displacement curves for as received TZM alloy processed with rtLSP and
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3.2.5 Effect of WLSP on TZM alloy bead on plate welded joints

TZM alloys lose plasticity and are severely embrittled when welded, resulting in much
lower joint tensile strength than the base material, as reported in previous studies [39, 36]. Figure
3.14 shows the change in the mechanical response of the TZM alloy after welding is carried out.

Therefore improvement in weld joint strength would be highly desirable.
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Base Metal
s BOP welded joint
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Figure 3.14. TZM alloy mechanical response drastically changes due to welding

Load vs displacement curves for as welded and wLSP processed samples are shown in
Figure 3.15. From the figure a similar loss in plasticity is observed for welded joints. wLSP
processing of BOP welds show an improvement in tensile strength of the joint by an average 30%
over the as-welded joints. Microhardness measurements for BOP welds are shown in Figure 3.16.
Fracture analysis for as-welded and wLSP processed samples revealed brittle fracture as shown in
Figure 3.17. In the as-welded samples fracture cracks propagate through the coarse columnar

grains with lower hardness in between the weld centerline and the heat affected zone. However,
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for wLSP processed samples, the fracture crack propagates through the center line of the weld

nugget, through the equiaxed grains.
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Figure 3.15. Load vs Displacement curves for BOP welded joints processed with wLSP



Microhardness (HV)

340

320

300

280

260

240

220

. 05
A 04 A
\ A
\ / \
O -g \
i 02 o3 \
\
\
- 060 10
\ (0}
09 /
_ oy %
\ /
\ /
\ /
L L
Hos
1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Distance from top surface (mm)

Microhardness (HV)

59

320
1
S92
(a}
\
300+ \
\
\\ p- - - -0
1309 /
2801 \ /
\ /;
\ 016
\\ )
\ 0/15
260 .
140
1 1 1 1
0.2 04 0.6 0.8 1

0
Distance from weld centerline (mm)

Figure 3.16. Microhardness measurements for BOP welds



60

BRITTLE = CRACKING PROPAGATED
THROUGH COLUMNAR GRAINS IN THE
FUSION ZONE WITH LOWER HARDNESS

100 microns

-

FAJ
FRACTURE LINE SHIFTED FROM COLUMNAR
GRAIN TO THE COARSE EQUIAXED GRAINS
WLSP PROCESSED IN THE CENTER OF THE FUSION ZONE
(b)
Figure 3.17. Failure mode for BOP welded joints




61

3.2.6 Effect of WLSP on TZM alloy overlap welded joints

Load vs displacement curves for tensile shear testing of TZM alloy lap welded joints
processed with wLSP are shown in Figure 3.18. wLSP processed joints sustained higher loads than
as-welded samples. As the welded joints display no ductility, it is critical to understand the stress
concentrations in the embrittled joints to understand the failure modes in the joints. For this
purpose, finite element modeling of the TZM lap welded joint was carried out. The material
properties for TZM alloy listed in Section 2.3.1.2 were used for the base material. For the weld
region, microhardness tests were carried out, shown in Figure 3.19, and the ultimate tensile
strength values were computed. These tensile strength values were used to define material strength

in the weld nugget. A schematic for TZM material modeling is shown in Figure 3.20.
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Figure 3.18. Load vs Displacement curves for lap welded joints processed with wLSP
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The stress concentration regions predicted by the finite element model are shown in Figure
3.20. From the figure, it can be seen that under a tensile shear loading condition, the primary stress
concentration propagates from the interface region towards the top surface of the weld. Secondary
fracture occurs at the interface between the top and bottom surface. Due to the lack of ductility,
there is no plastic deformation in the sample and the fracture lines indicate pure brittle failure.
Failure regions for the as-welded and wLSP processed samples were found to be similar and show

failures along the stress concentration regions predicted by the finite element model.
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Figure 3.21. Stress concentration regions predicted by finite element modeling of tensile shear
loading of TZM alloy lap welds

3.3 Discussions

Laser welded joints of AA6061-T6 and TZM alloy are marred by reduced strength at joint

than the base material. Porosity, loss of alloying elements, coarsening of grains, impurity
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segregation and embrittlement, are a few reasons that cause the reduction in joint strength.
Therefore, post-processing techniques for joint strength enhancement are a critical area of need.
WLSP is a promising post-processing technique that assists in material strengthening by virtue of
dislocation pinning caused by nanoprecipitates interacting with dense dislocations. Dislocations
are generated due to the laser shock peening process and the nanoprecipitates are generated due to
dynamic precipitation effect caused by elevating material temperature while inducing high strain
rate deformations on the material. However the use of wLSP in the industry was limited due to the
previous studies’ use of a heating pad to elevate material temperature. This study aimed to
investigate the use of a novel dual laser wLSP processing technique that would heat up the material
and perform laser shock peening simultaneously. The joint strength of AA6061-T6 BOP and lap
welds processed with wLSP are shown in Figures 3.6 and 3.8. Post processing welded joints with
WLSP resulted in increased joint strength and improved ductility. The joint strength of TZM alloy
BOP and lap welds processed with wLSP are shown in Figures 3.14 and 3.16. TZM alloys are
remarkably difficult to weld and welded joints are marred by a complete loss of plasticity.
However, WLSP processing of the TZM welded joints resulted in enhanced load capacity of the
welded joint and a marginally improved elastic response of the material. There are a few distinct
mechanisms that assist in the strengthening of the welded joints while also retaining and improving
ductility. wLSP induces dislocations in the material subsurface along with dense nanoprecipitates.
Under mechanical loading, the dislocation movement is restricted by nanoprecipitates causing the
dislocation pinning effect which results in higher strength in the material. The dislocations

generated by wLSP are however less dense than rtLSP [21], which allow for a retention of ductility.
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4. CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions

In this research, a novel dual laser warm laser shock peening process has been developed,
which is capable of in-situ processing of materials to enhance their mechanical properties. A finite
element model has been developed to predict the surface geometry and the compressive residual
stresses induced in the material after processing with wLSP. Good agreement between the
predicted and experimental results for different materials demonstrate a high flexibility of the
confined plasma model and the finite element model in predicting mechanical properties for wLSP
processed materials. The dual laser wLSP process was applied on laser welded AA6061-T6 and
TZM alloy joints as a post processing weld strengthening technique successfully. Considerable
improvement in the joint strength and ductility indicate that this process can be tailored to enhance
the joint strength for a range of different welded joints with complex geometries. The key findings
and conclusions are as follows:

1. Warm laser shock peening was an effective method of increasing joint strength of laser
welded joints, which is known to be a critical area for improvement. The use of a novel dual
laser setup for rapid heating and simultaneous wWLSP is an industrially viable processing
technique and can be used to rapidly improve the weld strength of in-situ welded joints.

2. The tensile strength of BOP welded AA6061-T6 alloy processed with wLSP was improved
by about 20% and the ductility was improved by about 33%.

3. WLSP improved the ductility of lap welded AA6061-T6 joints by about 40%. While the
failure mode occurred in the HAZ for both the as-welded and wLSP processed samples, the
dislocation pinning effect and dislocation accumulation capability by wLSP contributed to

the improved ductility.
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4. The tensile strength of BOP welded TZM alloy processed with wLSP was improved by about
30% and the weld strength of lap welded TZM alloy processed with wLSP was improved by
about 22%.

5. Finite element simulations showed deeper compressive residual stresses having a greater
magnitude with wLSP compared to those of rtLSP. This increased depth of high magnitude
compressive stresses assisted in the enhancement of strength of wLSP processed laser welded

joints.
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4.2 Recommendations

A few ideas for future research on the modeling and experimental aspects are summarized as
follows:
e The finite element model can be validated for processing of different materials such as low
carbon steels, wrought aluminum alloys, titanium alloys, etc
e One of the major advantage of this novel process of rapid heating and simultaneous LSP is
the very short processing time. Due to the short time scale, it would be interesting to
quantify the dynamic aging effects caused i.e. the size and density of the precipitates
generated need to be investigated.
e Thermally engineered LSP is an innovative process in which the processed material is
subjected to post shock tempering to tailor the size of the precipitates. The thermal
engineered LSP using this dual laser wLSP technique would be a very lucrative area of

investigation for strengthening of materials due to its flexibility in application.
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