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Abstract
This project investigated the response of two aluminium alloys to laser shock peening,

studying the effects of hardening response through different heat treatments of the same

alloy; and the effects of crystallographic texture.

AlG2624 was studied in two heat treatment conditions, T351 and T39, that have different

yield strengths and hardening capacity: hence the effect of multiple peen layers on a

material that has nominally identical physical properties but with different yield stress and

hardening response has been studied. The hardness of the material after peening was

characterised by the nanoindentation technique, and the residual stresses were

characterised by the incremental hole drilling technique.

The effect of laser peening parameters – specifically laser power density, number of peen

layers, spot size, and laser pulse duration – on the magnitude, depth, and the uniformity of

the induced hardness and residual stress was investigated. The number of peen layers has a

significant effect on the hardness as well as the residual stress response. The T351 material

showed an increase in hardness for up to 4 layers of peening which then saturated with

further increase of power density and number of layers. However, an apparent softening

effect was observed for the T39 alloy at higher energies.

The effect of texture on the residual stresses generated by LSP was also studied. An AlG2099

(an AlGLi alloy) extruded TGbar was used that has strong <111> fibre texture in the web

section and a weak rolling texture in the flange section. Results show evidence of the

influence of preferred crystallographic orientation on the depth and magnitude of the

induced residual stress.

Distribution A:  Approved for public release; distribution is unlimited.
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Chapter 1. Introduction
Laser shock peening (LSP) is an emerging technology that offers life extension of

engineering components (Sticchi et al. 2014, Hatamleh, Lyons & Forman 2007, King et al.

2006, Hill, Pistochini & and Dewald 2005, Nikitin et al. 2004, Altenberger et al. 2002,

Montross et al. 2002, Ruschau et al. 1999, Hong, and Chengye 1998, Zhang et al. 1997,

Clauer 1996, Clauer, Walters & and Ford 1983). The fatigue life improvement from LSP is

largely dependent on the residual stress distribution generated by the LSP process, which in

turn relies upon the choice of the peening parameters. Application of LSP requires extensive

characterization of the residual stress distribution induced by peening at different

combinations of peening conditions. Whilst the beneficial effect of LSP in improving the

fatigue life is well recognized, the mechanistic principles are yet to be fully established.

Currently, the structural design process is based on trialGandGerror without a detailed

understanding of the correlation between the plastic deformation and the consequent

hardening and generation of residual stress. At present, therefore, developing an LSPGbased

fatigue design for enhanced structural integrity is costly and timeGconsuming. The current

research will aid the application of the technology by quantifying the relationships between

peening conditions, induced residual stresses and hardness, and material state; and also by

providing validation data for various predictive models that will apply these relationships

to complex structural geometries.

A systematic study on the effect of single vs. multiple peen overlaps at different peening

intensity, and with different peen spot patterning (with respect to the possible crack

growth direction) is still lacking. Previously we have applied synchrotron XGray diffraction

to measure the residual stress along a single peened line in AlG2024 alloy (Dorman et al.

2012). The results showed an asymmetric stress profile with a markedly tensile stress

region at the centre of the peen spot, which is of great concern from the fatigueGlife point of

view. To ensure the maximum life benefit from the peening process a fundamental

understanding of how peening induces hardening and residual stress is crucial. This can be

achieved by modelling, which is being undertaken within the Air Force Research Laboratory

at WrightGPatterson AFB. To validate the model experimental residual stress results at

different peening conditions are required.

Distribution A:  Approved for public release; distribution is unlimited.
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This report presents the effect of peening energy and the number of layers on the hardness

and residual stress in Al 2624 alloy in T351 and T39 heat treatment conditions. The cyclic

stressGstrain behaviour of the material was also examined to understand the hardening

response as a function of laser power density and number of layers. The effect of texture on

the residual stresses generated by LSP is also investigated.

Chapter 2. Materials and Experimental Method

2.1 Materials

AlG2624 alloy was used in two heat treatment conditions (T351 & T39) for this

investigation. T351 comprises solution heat treatment, stressGrelief by stretching, and

natural aging; whereas T39 is cold worked and naturallyGaged after solution heat treatment.

The materials were received as plates with a thickness of 25 mm. The microstructure for

T351 and T39 alloy is shown in Figure 2G2a and b respectively. The test coupons for

residual stress measurement are 70 × 70 mm2 (see Figure 2G1a) with thickness of 12.7 mm.

The specimens were extracted from AlG2624 plates using a wire electroGdischarge machine

(EDM). Since a smooth surface finish was required in order to get a smooth surface for

peening, a surface finish of Ra = 1 was achieved by EDM skim cut settings. A total of 24

specimens were prepared, 12 from each alloy.

Peening was carried out by Metal Improvement Company, at Earby, UK; and by LSP

Technologies, Columbus, OH, USA. The peening parameters are given in Tables 2 and 3

respectively. The peening is shown in Figure 2G1b for the single shot configuration. The

microstructure for AlG2624 T351 and T39 alloy is given in Figure 2G2 a and b respectively.

AlG2099 alloy was used to study the effect of texture on the residual stress generation owing

to LSP. Material was received in the form of an extruded TGbar from Alcoa Inc. Two types of

specimens were extracted with dimensions 50 × 50 × 20 mm3 from the extruded bar (see

Figure 2G9) from the web and flange sections to study the texture variation in the material.

Once the texture measurement was completed, 12 further specimens were extracted from

the web and flange sections. The specimens were extracted in XY, YZ and ZX orientations.

Distribution A:  Approved for public release; distribution is unlimited.
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Figure 2·1: Test coupon for residual stress measurement 

Figure 2·2: Microstructure of Al-2624 alloy, (a) for T351 and (b) T-39 heat treatment condition. 
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Figure 2·3: Stress-strain curve for Al-2624 alloy in T351 and T39 conditions (Heiniman 2013) 
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Heat 
Treatment 

Elastic 
Modulus / 

GPa 

Yield Strength 
!! / MPa ! !! 

Ultimate 
Tensile 

Strength / 
MPa 

Elongation / 
% 

Strain 
Hardening 
Exponent 

T39 70 460 152 550 14 0.07 

T351 70 360 194 535 20 0.11 

Table 1- Elastic-Plastic Properties of Al2624 alloy in T39 and T351 conditions 

Figure 2G3 shows the stressGstrain curves for the two material, showing the difference in

yield and tensile strengths. Table 1 shows the elasticGplastic properties, including the strain

hardening exponent. 

Table 2: Peening parameters for peening process 1 (PP1) for Al@2624 T351 and T39 alloy systems

Material
Power Density?Pulse duration?# Layers

(GW/cm2(ns(#)
Spot Size
/ mm

Al?2624 T351

1(18(1
8.51(18(2

1(18(4
1(18(7
3(18(1

53(18(2
3(18(4
3(18(7
6(18(1

3.56(18(2
6(18(4
6(18(7

Al?2624 T39

1(18(1
8.51(18(2

1(18(4
1(18(7
3(18(1

53(18(2
3(18(4
3(18(7
6(18(1

3.56(18(2
6(18(4
6(18(7

Distribution A:  Approved for public release; distribution is unlimited.
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Table 3: Peening conditions for peening process 2 (PP2) for Al-2624 T351 and T39 alloy systems 

Power 
ENERGY I Pulse duration I density IGW 

Specimen # # LAYERS J ns cm-2 SHOTS 

1-T351 1 4.9 10 2.5 4 

2-T351 1 9.8 20 2.5 4 

3-T351 2 4.9 10 2.5 8 

4-T351 2 9.8 20 2.5 8 
4.9 and 

5-T351 2 9.8 BOTH 10 and 20 2.5 16 
6-T351 3 9.8 20 2.5 12 

7-T351 1 9.8 10 5 4 

8-T351 1 19.6 20 5 4 

9-T351 2 9.8 10 5 8 

10-T351 2 19.6 20 5 8 
9.8 and 

11-T351 2 19.6 BOTH 10 and 20 5 8 

12-T351 3 19.6 20 5 12 

1-T39 1 4.9 10 2.5 4 

2-T39 1 9.8 20 2.5 4 

3-T39 2 4.9 10 2.5 8 

4-T39 2 9.8 20 2.5 8 
4.9 and 

5-T39 2 9.8 BOTH 10 and 20 2.5 16 

6-T39 3 9.8 20 2.5 12 

7-T39 1 9.8 10 5 4 

8-T39 1 19 .6 20 5 4 

9-T39 2 9.8 10 5 8 

10-T39 2 19.6 20 5 8 
9.8 and 

11-T39 2 19 .6 BOTH 10 and 20 5 8 

12-T39 3 19 .6 20 5 12 

Distribution A: Approved for public release; distribution is unlimited. 



2.2 Laser peening of AI 2099 specimens 

Table 4: Single Peening conditions for Al-2099 specimens 

Specimen Extraction Orientation Peening condition 
No location Single Spot 

1a Flange yz 3-18-1 
2a Flange xy 3-18-1 

3a Flange zx 3-18-1 

1b Flange yz 3-18-3 

2b Flange xy 3-18-3 
3b Flange zx 3-18-3 

4a Web yz 3-18-1 

Sa Web xy 3-18-1 
6a Web zx 3-18-1 

4b Web yz 3-18-3 

Sb Web xy 3-18-3 
6b Web zx 3-18-3 

2.3 Cyclic Stress Strain Experiment 

~ 
Coventty 
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For the cyclic stress-strain tests, standard tensile specimens were extracted along, and 

across the rolling direction from both plates. The specimen geometry is shown Figure 2-4. 

Cyclic stress strain tests were carried out using an Instron 3386 slow strain rate machine at 

room temperature. The tests were carried out in strain-control. Four specimens were 

extracted in the rolling direction and across the rolling direction from T351 and T39 heat 

treated Al-2624 plates. The specimens were cycled up t o 7 cycles with a maximum strain of 

±2%. 

q 
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Figure 2-4: Specimen geometry used for cyclic stress-strain test. All dimensions are in mm. M12 threads were 
used. The dimension of the gauge length is 15 mm. 

Figure 2-S: Experimental setup for cyclic stress strain test 

2.4 Nanoindentation 

Nanoindentation is a load- and displacement-sensing indentation technique used to 

determine mechanical properties of material at sub-millimetre level. Mechanical properties 

such as Young's modulus, yield strength, strain hardening exponent, and hardness can be 

estimated by this technique (Pethica 1982, Newey, Wilkins & Pollock 1982, Stone et al. 

1988). The nature and magnitude of the residual macro and micro stresses can also be 

extracted (Suresh, Giannakopoulos 1998). This technique provides load-displacement data 

10 
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from which hardness and elastic modulus are determined. For relatively soft material such

as Al alloys that generate pileGup owing to plasticity during indentation, there are four

methods available in the literature. They are: (1) the Oliver and Pharr method (Suresh,

Giannakopoulos 1998, Oliver, Pharr 1992); (2) the Oliver and Pharr method with area

correction from atomic force microscopy (AFM) (Kese, Li 2006, Beegan, Chowdhury &

Laugier 2003); (3) the plastic work of indentation approach; and (4) the total work of

indentation method (Tuck et al. 2001).

The Oliver and Pharr method is used in this study to determine the hardness of laser

peened AlG2624 alloy. Therefore a brief summary of the theoretical background is given in

the following section.

2.4.1 The Oliver and Pharr method

If a load P is applied over an area A then according to contact theory hardness can be

defined as follows:

! = !
! Equation 2G1

The elastic modulus E of the test specimen can be determined from the reduced modulus, Er

which is related to elastic contact stiffness, S, and indenter geometry constant, β according

to the following equation:

!! = !⦁ !
!! ! Equation 2G2

The elastic modulus of the specimen, E, can then be determined from the following

equation:

!
!!
= !!!!

! + !!!!!
!!

Equation 2G3

Where ν and νi are the Poission’s ratios of the specimen and indenter respectively, and Ei is

the Elastic modulus of the indenter. For Berkovich type triangular indenters, β = 1.034.

The projected contact area, A, can be empirically determined from the area function at the

contact depth, hc:

A=f (hc) Equation 2@4

Distribution A:  Approved for public release; distribution is unlimited.
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The contact depth hc is related to the total depth, h, according to the following equation

!! = ! − ! !
!

Equation 2@5

Where S is the contact stiffness and ε is the indenter geometry constant. For Berkovich and

cone indenters ε = 0.75 and 0.72 respectively.

The contact stiffness can be obtained by differentiating the power law equation proposed

by Oliver and Pharr model.

! = ! ! − !!
!

Equation 2@6

Where h and hf are respectively the resultant penetration and the final displacement after

complete unloading; B andm are the fitting parameters.

And thus

! = !" !!!!
!!!

!!!!"#
Equation 2@7

A schematic representation of the indentation process is given in Figure 2@6

All indentations experiments were carried out using an MTS Nanoindenter® XP system

with a Berkovich indenter tip.

Figure 2@6: Schematic of the indentation process

Distribution A:  Approved for public release; distribution is unlimited.
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2.4.2 Indentation procedure

Figure 2@7: Schematic representations of (a) nanoindentation specimen preparation and (b) measurement line
with respect to the cross@sectional area.

All specimens were EDM cut along the centreline of the laser spot, mounted in resin and

metallographically prepared. Figure 2G8(a) shows a schematic representation of the EDM

cut and the measurement line with respect to the crossGsection of the specimen. For each

specimen two lines of 70 indents each were made with 100 µm spacing between the

indents. The instrument was operated in basic hardness loadGdisplacement mode that

records load, displacement and time. In order to calculate the hardness contact stiffness

needs to be measured. Therefore, the indentation measurement was performed with the

“Continuous Stiffness Measurement’’ option that allows continuous measurement of the

contact stiffness during loading. Specimens were tested with 20 mN and 50 mN load:

however, only results for 50 mN load are presented here. There was no difference in the

results from the two load levels used.

2.5 Incremental Hole Drilling

Hole drilling is a relatively fast, relatively straightforward, and inexpensive method for

residual stress measurement in the laboratory. As the name implies, in this technique a hole

is drilled into the specimen to cause elastic stress relaxation as material is removed. The

elastic stress relaxation causes a change in displacement in the surrounding material that is

measured by the strain gauge attached to the specimen (see Figure 2@8). The residual

stresses are then calculated from the measured displacements.

Laser peening generally introduces a deep compressive residual stress with a relatively

steep stress gradient. Therefore, holes were drilled in small increments so that a depth

profile could be obtained. Hole drilling measurement was carried out using a set up

developed by Stresscraft, UK. For an accurate measurement the UK NPL Good Practice

Distribution A:  Approved for public release; distribution is unlimited.
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Guide No. 53 and standard ASTM 837 were followed (Grant, Lord & Whitehead 2006). A 2-

mm-diameter hole was drilled in an orbital motion with four increments of 32 J.lm, four 

increments of 64 J.lm, and eight increments of 128 J.lm: a total of 16 increments to a total 

depth of 1.4 mm. 

Figure 2-8: Experimental setup for hole drilling measurement 

2.6 Texture measurement using neutron diffraction 

The crystallographic orientation of the extruded Al-2099 alloy was measured using neutron 

diffraction at the GEM instrument at the UK's ISIS neutron source (Kockelmann, Chapon & 

Radaelli 2006). GEM is used to characterize texture in materials. Six detector banks 

comprising 700 individual detectors as shown in Figure 2-10a provide considerable 

coverage in orientation space. Each detector group covers approximately 10° x 10°. 

A total of seven specimens with dimensions 5 x 5 x 2 mm3 were extracted from the web and 

flange sections of the extruded T-bar (see Figure 2-9) to study the texture variation at these 

locations. A beam size of 20 x 20 mm2 was used. Data sets were collected at a 0° rotation 

position only. The recorded data in 164 detectors corresponding to the detector grouping 

were normalized to the incident neutron flux distribution, corrected for detector 

efficiencies, and converted to diffraction pattern (intensity as a function of d-spacing). The 

diffraction patterns were then Rietveld fitted (Wenk, Lutterotti & Vogel 2010) in MAUD 

software (Lutterotti et al. 1997). (111), (200) and (220) pole figures were plotted. An 

example ofthe fitted spectra is shown in Figure 2-11. 

14 
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(a) 

Figure 2-9: Extruded 2099 bar 

. _. 
·~ -

II the extrusion direction that lies alo"' the beam 
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Figure 2-10: {a) GEM detector an·ays and pole figure coverages {Kockelmann,W. 2006}; {b) the specimen 
an-augement on the aluminium sample holder. 
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Figure 2-11: Neutron diffraction spectra fitting in MAUD software 
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Chapter 3. Results and discussion: Al-2624 

3.1 Cyclic Stress Strain Behaviour of Al-2624 
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Figure 3-la and b show the cyclic stress-strain behaviour of Al-2624 T351 and T39 that 

have yield strengths of 350 and 430 MPa respectively. After four cycles the T39 alloy seems 

to reach saturation, whereas T351 gradually hardens up to the 7th cycle . 
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Figure 3-1: Cyclic stress-strain curve for Al-2624 alloy for 7 cycles (a) for T351 alloy and (b) T39 alloy. Tests were 
carried out under strain control to ±2 % strain. (c) and (d) shows details of the plastic behaviour in tensile 
loading. 

Figure 3-lc shows a schematic representation of a typical metallic stress-strain response. 

Figure 3-ld and 3-le show details for the 2624 heat treatments. 

17 
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Figure 3@1c: Schematic of the cyclic stress@strain response

Figure 3@1d: Detail of cyclic Stress@Strain curve for Al 2624 T39

Distribution A:  Approved for public release; distribution is unlimited.
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Figure 3@1e: Detail of cyclic Stress@Strain curve for Al 2624 T351

The stress, strain and associated parameters are used to define the reverse yielding or

Bauschinger effect phenomenon. The Bauschinger parameters are calculated from the cyclic

stressGstrain response and are shown in Table 3G1. !!! shows the relative decrease in the
yield stress from forward to reverse deformation, termed as short range work softening

while !!! and !!! are the restoration of the yield stress and are termed as long range work
softening. Table 3G1 shows the cyclic stressGstrain parameters obtained for the alloy in both

conditions. It can be seen the alloys show similar behaviour in cyclic loading.

Heat 
Treatment !! = !!" + !! ∆!!"

!  !!" !!" !!" 

T39 0.02 0.027 0.67 0.24 0.098 

T351 0.02 0.028 0.69 0.27 0.096 
Table 3-1: Cyclic Stress-Strain properties of Alloy 2624 in T39 and T351 conditions 

 

3.2 Surface profiles

The surface profile caused by laser peening was measured by a Leica Microsystems Laser

Confocal Microscope. Figure 3G2 shows the 2D surface profile for T351 with conditions 6G

18G4 (Power density – pulse duration – number of layers). In order to compare the

depression between different peening conditions line profiles were taken along a horizontal

axis and the results are presented in Figure 3G3. For 1 GW/cm2, specimens 1G18G1 (SG1) and

1G18G7 (SG4) the depression increased with the number of peening layers. Interestingly,

Distribution A:  Approved for public release; distribution is unlimited.
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when the energy was increased by 3 times, for a single peening layer 3G18G1 a similar

depression was observed as for seven shots at the lower power density (1G18G7). Figure

3G3b shows the comparison of line profiles between specimen 6G18G2 (SG10) and 6G18G7 (SG

9). 1 At 6 GW/cm2, the depression depth after 2 and 7 layers is 40 and 100 µm respectively.

The bottom surface of the depression created by the laser shock is not uniform. Also Figure

3G3b shows material pileGup at the edges of the depression. The specimen that was hit twice

showed pileGup of 40 µm close to the edge, whereas 7 hits generated a much larger pileup

(110 µm on one side and 80 µm on the other side). The hardness and residual stress

measurements carried out on these specimens are presented in section 3.3 and 3.4

respectively.

Figure 3@2 2D surface profile of specimen T351 3@18@4

(a) (b)

Figure 3@3: Comparison of line profiles along a horizontal axis (a) for specimen S@1(1@18@1), S@4 (1@18@7), and S@5
(3@18@1), and (b) for specimen S@10 (6@18@2) and S@12 (6@18@7).

Distribution A:  Approved for public release; distribution is unlimited.
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3.3 Hardness results measured by nanoindentation

20 and 50 mN loads were used for hardness measurement with two lines of 70 indents

made at each load. Figure 3G4 shows the indentations for T31 and T39 conditions.

Figure 3@4: Scanning electron micrographs for T351 (left) and T39 (right) alloys showing the indents

3.3.1 Effect of Power Density (PP?1) with 18 ns shot duration

Figure 3G5 presents normalized hardness results as a function of depth below the surface

after 1 layer at power densities of 1, 3, and 6 GW/cm2 for (a) T351 and (b) T39 alloy. It is

evident that the hardness values increase with increasing power density for both heat

treatments. It is interesting to note here that for 6 GW/cm2 after the first shot T351 was

hardened by up to 10% whereas for T39 15% hardness increase is observed. The T39

material would be expected to show a lower hardening ratio compared to T351 for similar

conditions.

In order to investigate the hardening response between the two alloys the effect of power

density after 7 layers was also studied. Figure 3G5 c and d show the effect of power density

for T351 and T39 alloys respectively. Hardness values continue to increase for T351 alloy

with increasing power density from 1 to 6 GW/cm2. However, for the T39 alloy the

hardness values slightly dropped for the higher power densities, perhaps reflecting some

reverse yielding nearGsurface. The effect of number of layers on the hardening response is

further discussed in section 3.3.3.
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Another important feature that can be observed from this plot is the affected depth from the

peening. For T351 the affected depth is ~2 mm with no change with increasing energy.

However, after 7 hits this depth was increased to ~2.5 mm. In the T39 alloy the affected

depth after for 1 shot is 2.5 mm which remained unchanged with increasing energy and

number of layers.

Figure 3@5: Effect of power density on the hardness of (a) T351 alloy and (b) T39 alloy after 1 shot; and (c) T351
alloy and (d) T39 alloy after 7 shots.

3.3.2 Effect of Power Density (PP?2)

Power density again has a marked effect on the hardness response of the material. The

effect of power density on the hardness (normalised with respect to the hardness at the

unaffected zone) is presented in Figure 3G6 for 2.5 and 5 GW/cm2 after 3 layers for (a) T351

and (b) T39 alloy. A slight hardness increase can be observed for T351 alloy when the

energy was doubled. In contrast, no hardness change can be observed for T39 alloy.
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Figure 3@6: Effect of power density on the hardness of specimens processed by PP2 for (a) T351 alloy and (b) T39
alloy after 3 shots.

3.3.3 Effect of number of layers (PP?1)
The effect of number of peening layers on the hardness was studied in specimens peened at power densities of 1,
3, and 6 GW/cm2. A large scatter in the hardness results was observed in the specimens peened at 1 GW/cm2. No
discernible trend could be identified. Therefore, the results are omitted here.

Figure 3G7 a and b show the normalized hardness profile as a function of depth at 3 GW/cm2

for 1, 2, 4 and 7 layers for T351 and T39 alloy respectively. Hardness was increased by 8%

compared with the unaffected area after one shot. A further 12% hardness increase was

observed after four shots. No further hardness increase was obtained for 7 shots. For T39

alloy a 12% hardness increase was obtained after the first shot and no further change was

evident following additional shots.
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Figure 3@7: Effect of number of peening layers on the hardness of (a) T351 alloy and (b) T39 alloy at 3 GW/cm2;
and (c) T351 alloy and (d) T39 alloy peened with a power density of 6 GW/cm2.

When the power density was doubled an interesting difference in hardening response was

observed between two alloys. At 6 GW/cm2 10% hardening was observed (Figure 3G7c)

after the first shot in T351, that increased to 15% after the 2nd shot. However, no further

increase was evident in the subsequent 4 and 7 layers. By contrast 15% hardness increase

was seen for the T39 alloy (see Figure 3G7d) after the first shot and with additional hits the

material seemed to be softened slightly near the surface which is either a consequence of

the Bauschinger effect or indicative of microGcracking in the sample with repeated highG

energy shocks. The affected depth owing to peening in the T39 alloy is 1 mm greater than

the T351 alloy at 3 GW/cm2. For 6 GW/cm2 the affected depth for both alloys is 3 mm.

Comparison of the affected depth between the two power densities shows that a higher

depth was obtained at 3 GW/cm2. It is important to note here that the spot size at 3

GW/cm2 was 5 × 5 mm2 whereas the spotGsize for the specimen peened at the highest
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power density was 3.5 × 3.5 mm2. In combination with the softening effect that is evident

for T39 alloy at highest energy, the affected depth is also less.

3.3.4 Effect of number of layers (PP?2)

Figure 3@8: Effect of number of peening layers (1, 2 and 3) on the hardness for (a) T351 alloy and (b) T39 alloy. (c)
T351 alloy and (d) T39 alloy for various peening treatments. The specimens were peened with a power density of
5 GW and a pulse width of either 10 or 20 nanoseconds.

For peening process 2 (PPG2) the effect of number of layers on the hardness is shown in

Figure 3G8 a and b for TG351 and T39 respectively. Again, for the T351 alloy a 10% hardness

increase was observed after the first shot at power density of 5 GW/cm2, which is then

increased to 20% after the 2nd layer and finally 25% after the 3rd layer. For this alloy the

affected depth does not change with number of layers. There is an interesting effect in that

the affected depth seems to be relatively shallow (only 1.5 mm) in comparison to PPG1 (see

Figure 3G8). This is notable because it implies that for a similar energy input to the sample,

at similar power densities and pulse length, different hardening effects can be achieved. The

different methods may lead to different pressure pulse profiles into the sample, and this is

an area for future study.
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For the T39 alloy 10% hardness increase can be seen after the first layer, increasing to 18%

after the 2nd layer with no further change evident after the 3rd layer. The affected depth is

~2 mm. Figure 3G8c suggests that in that T351 alloy the hardness continued to increase

with increasing number of layers and energy. The maximum hardness is ~1.25 times the

unpeened hardness, whereas for T39 alloy (Figure 3G6 d) the maximum hardness is ~1.2

times the unpeened hardness values.

3.3.5 Correlation between the two peening processes

Although the processing techniques used in PP1 and PP2 are not exactly the same,

comparison has been made between two processes as shown in Figure 3G9 (a) for T351, and

(b) T39. In peening process 1 the highest power density used was 6 GW/cm2 whereas for

PP2 the highest energy used was 5 GW/cm2 with a slightly longer (20 ns) pulse duration,

which is a difference in energy input of less than 10%. No significant difference between the

hardening response of either alloy could be identified. This indicates that a similar material

response can be expected for a similar peen energy input with similar conditions.

 
Figure 3@9: Comparison between two peening process studied here showing the effect of energy after 1 layer and
two layers for ( a) T51 alloy and (b) T39 alloy.

3.4 Residual Stress

The observed hardness increase may be a combined effect of the residual stress associated

with the LSP process and material’s intrinsic hardening response. Although established

methods are available in the literature to extract residual stress from nanoindentation loadG

displacement data (Suresh, Giannakopoulos 1998, Khan et al. 2011), separate techniques
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for residual stress characterisation were employed in the current study, and the results are

presented in the following sections.

3.4.1 Incremental Hole drilling

The nearGsurface residual stress distribution was determined using incremental hole

drilling technique in asGreceived material, and after the EDM surface preparation prior to

peening. The specimens were prepared using the EDM machine in skim cut settings

(comprising four cuts) in order to obtain a fine surface finish (surface roughness, Ra = 1). As

shown in Figure 3G10 the near surface residual stress in asGreceived material is around 30

MPa tensile, and that of the surface after EDM is about 80 MPa compressive.

Figure 3@10: Surface residual stress distribution as a function of depth in Al2624 T351 alloy in as@received and
EDM’d surfaces before peening.

The residual stress distribution measured by incremental hole drilling is presented in

Figure 3G11 (a) for Al2624 T351 specimens peened with 1 GW/cm2 with 1, 2, 4 and 7 layers.

For the T351 alloy, after 1 shot a maximum compressive residual stresses of –195 MPa was

obtained at a depth of 48 µm. For 2 layers and 4 layers no significant change in the residual

stress profile is observed, however, the maximum compressive residual stresses are slightly

deeper. After 7 shots the highest surface compressive residual stress is –250 MPa and

maximum compressive residual stress –255 MPa at 112 µm depth. The overall shape of the

residual stress profiles of the four different layers looks similar.

Residual stresses at 3 GW/cm2 and 6 GW/cm2 for different numbers of peening layers are

given in Figure 3G11 b and c respectively. At both power densities, the magnitude of
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compressive residual stress increases with increasing number of layers from 1 to 4 layers.

However, at the highest energy used here the nearGsurface residual stress relaxation took

place, which is almost certainly a consequence of reverse yielding of the material.

Figure 3G12a shows an apparent anomaly in the results for 1G18G1 compared to the other

conditions. However, the results for this condition were validated by laboratory XGray

diffraction as below.

Direction XRD Residual Stress / MPa Hole Drilling Residual Stress / MPa

RD –197 –219

TD –239 –248
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Figure 3@12: Residual stress profiles measured by incremental hole drilling showing the effect of number of layers
in T39 alloy at: (a) 1 GW/cm2 (b) 3 GW/cm2, and (c) 6 GW/cm2
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Figure 3G12 a, b and c show the residual stress distribution in AlG2624 T39 for peening at 1,

3, and 6 GW/cm2 after 1, 2, 4 and 7 layers. The maximum compressive residual stresses

occurred at the surface for 1G7 layers at 1 GW/cm2. For 6 GW/cm2, lower compressive

stresses were found near the surface, probably due to reverse yielding.

The comparison of residual stress between the two heat treatment conditions is shown in

Figure 3G13 (a) for 1GW/cm2 and (b) for 6 GW/cm2. Similar l residual stresses were

generated for peening at 1 GW/cm2, however, a dramatic difference in residual stress is

evident for 6 GW/cm2 after 1 layer. The value of maximum compressive residual stresses

nearly doubled in the T39 alloy compared to T351. This can be related to the higher yield

strength and UTS of the T39, and so an ability to generate higher residual stresses.

Table 1: Residual stresses for laser peened Al2624 T351 and T39 alloy measured by incremental hole drilling. In
this Table Surface Residual Stress is the stress at a depth of 48 µm from the surface. The maximum value (between
the two in@plane directions measured) of the compressive residual stresses are used in all cases

T351

Specimen
(GW/cm2

?ns?
#Layer)

Surface
residual
stress /
MPa

Maximum
Compressive
Residual

Stress / MPa

Residual
Stress at
1 mm
depth /
MPa

1(18(1 –195 –195 at 48 µm
–30

1(18(2 –165
–190 at 112

µm –45

1(18(4 –170
–195 at 160

µm –80

1(18(7 –255
–285 at 112

µm –95

3(18(1 –120
–172 at 640

µm –110

3(18(2 –180
–250 at 352

µm –180

3(18(4 –222
–323 at 352

µm –347

3(18(7 –230
–320 at 288

µm –295

6(18(1 –75
–156 at 288

µm –126

6(18(2 –80
–220 at 512

µm –200

6(18(4 –75
–300 at 896

µm –300

6(18(7 –141
–286 at 288

µm –158

T39

Specimen
(GW/cm2?
ns?#Layer)

Surface
residual
stress /
MPa

Maximum
Compressive
Residual

Stress / MPa

Residual
Stress at
1 mm
depth /
MPa

1(18(1 –180
–188 at 160

µm –9

1(18(2 –140
–145 at 80

µm –35

1(18(4 –220
–240 at 80

µm –65

1(18(7 –250
–255 at 112

µm –110
3(18(1

3(18(2
–260

–327 at 352
µm –228

3(18(4 –232
–286 at 640

µm –205

3(18(7 –265
–350 at 640

µm –170

6(18(1 –120
–265 at 352

µm –130

6(18(2 –190
–320 at 352

µm –100

6(18(4 –150
–320 at 352

µm –260

6(18(7 –100
–330 at 288

µm –330
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Figure 3@13 Residual stress distributions measured by incremental hole drilling
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3.5 Conclusions on hardening behaviour

The two peen processes applied here showed comparable effects on the hardening of the

two materials, indicating that the primary factors in hardening the material are the energy

and associated power density. Some difference was observed in the depth affected by the

process, and this would merit further study.

The work hardening exponent of the T39 condition was lower than the T351 condition. In

peening, the T39 condition alloy owing to its lower capability to harden showed a lower

increase in hardness as compared to T351 condition alloy. It could be said that in the T39

condition the alloy is therefore more responsive to peen with lower power density or fewer

layers. Repeated peening may not produce any further hardening in the T39 material,

potentially leading instead to the formation of microGcracks in the material.

Figure 3.14 shows the effect of the power density and number of peen shocks on the

hardness for the T351 alloy, and Figure 3.15 for the T39, for process 1.

Figure 3.14: Effect of the power density and the number of peen shocks on the hardness for the T351

alloy
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Figure 3.15: Effect of the power density and the number of peen shocks on the hardness for the

T39 alloy

For the T351 there is an increase in hardness with increasing power density up to 6

GW/cm2, whilst the T39 effectively saturates after 3 GW/cm2, reflecting the lower work

hardening capacity for that heat treatment. This is illustrated further for the two materials

by Figure 3.16

Figure 3.16: Change in hardness with power density for the two alloy conditions

The two tempers showed different response to the number of peen layers. Figure 3.17

shows the response for the T351, where an increase up to four layers is seen but then a

slight decrease when seven layers are applied, for both 3 and 6 GW/cm2. For the T39

condition (figure 3.18) the response is quite different: at 3 GW/cm2 there is a slight increase
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in hardness with number of layers, but at the higher power density of 6 GW/cm2 there is a

steady drop in hardness, probably from reverse yielding and cyclic softening.

Figure 3.17: Effect of peen layers on hardness for the T351 condition

Figure 3.18: Effect of peen layers on hardness for the T39 condition

In terms of residual stress, figures 3.19 and 3.20 clearly show that whilst more layers can

have a beneficial effect on the magnitude of compressive residual stress, increasing the

power density too far (which in this case means to 6 GW/cm2) causes reverse yielding and

decreases the magnitude of the surface compressive residual stress. This is particularly

noticeable for the T39 condition.
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Figure 3.19: Effect of power density and number of peen layers on surface residual stress for the T351
condition

Figure 3.20: Effect of power density and number of peen layers on surface residual stress for the T39
condition
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Chapter 4. Results and discussion from textured Al?2099

4.1 Hardness

The specimen was polished for Vickers measurement with a load of 5 kgF. Figure 4G1b

shows the Vickers microhardness map for the AlG2099 extruded T bar. The result shows a

higher hardness (HV5 140) in the flange section. A throughGthickness hardness variation

can also observed in the hardness map. The throughGthickness hardness variation may

reflect different textures in the material.

Figure 4@1: (a) Specimen Geometry of the extruded bar showing the axis definition (b) corresponding Vickers
microhardness map.

4.2 Texture
Preferred crystallographic orientation or texture results in anisotropic mechanical

properties in polycrystalline material. AlGLi extrusion products show inGplane and throughG

thickness texture variation; and a texture difference in the web and flange section of

extruded bar (Hales, Hafley 1998).
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Figure 4G2 presents the reconstructed (111), (200) and (220) pole figures for specimens 1G

7. Specimens 1, 2 and 3 show typical <111> fibre texture. The results are consistent with

the literature (Denzer et al. 1992, Jata, Singh 2014). The flange section has a rollingGtype

texture.

Figure 4@2: (111), (200), and (220) pole figures for specimens 1 to 7 as shown in Figure 2@10 b.
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4.3 Residual Stress

Residual stresses in extruded AlG2099 specimens owing to single spot peening on XY, YZ,

and ZX planes were measured using incremental hole drilling. Specimens from both web

and flange sections were characterised and compared.

4.3.1 Effect of texture on residual stress generation

Figure 4G3a compares the residual stress distribution between ZY, XY and ZX orientations

(specimen 1, 2, 3) extracted from the centre flange section of the specimen with fibre

texture; and Figure 4G3c shows that for specimens 4, 5, and 6 which were extracted from

the web section with rolling texture. Refer to figure 4G1 for the locations from which the

samples were extracted.

Figure 4@3: Comparison of residual stress profiles between samples extracted from the web: (a) and (b), and the
centre: (c) and (d) after laser shock peening at 3@18@1 (GW/cm2@ns@layer) on the XY (samples 2 and 5), ZY
(samples 1 and 4) and ZX (samples 3 and 6) planes of the specimens. Refer to figure 4@1 for the locations from
which the samples were extracted.
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After a single laser shot at 3 GW/cm2 for 18 ns (3G18G1) the residual stress at the near

surface of the specimens extracted from the flange (1aG3a) lies in the range of –100 to –150

MPa as shown in Figure 4G3a; whereas that for the specimens extracted from the web

section (4aG6a) lies within –152 to –200 MPa, Figure 4G3c, after 1 shot. There is no

significant variation in residual stresses observed between the XY, YZ, and ZX orientations

in either flange specimens (1aG3a) or web specimens (4aG6a). Residual stresses were also

measured in flange and web specimens peened with the same energy in 3 layers, Figure 4G4.

In comparison to 1 layer, a difference is observed in the residual stress profiles between the

orientations.

Figure 4@4: Residual stress distributions measured by incremental hole drilling technique shows the effect of
texture (Flange vs. web of extruded T bar) for single shot peened specimens with conditions 3@18@1 (GW/cm2@ns@
layer)

The highest surface stress as well as maximum compressive residual stress is evident in the

XY orientation. In this orientation, the specimen was peened on the XY plane so that the

normal direction to the peen spot lies along the longitudinal direction (Z).

Distribution A:  Approved for public release; distribution is unlimited.



~ 
Coventty 
lJn1versrry 

Since a very weak texture is observed in the flange section little difference in the residual 

stress was observed between the YZ and ZX plane. 

4.3.2 Effect of number of layers 

Figure 4-5 shows the effect of the number of peening layers on the residual stress 

distribution in the XY orientation for (a) fibre texture specimen no. 2 and (b) rolling texture 

specimen no. 5. The maximum value of compression after 3 laser shots reached -275 MPa 

at a depth of ~ 300 11-m. 

Greater compression was observed in specimen 5 compared to specimen 2 after 1 hit and 3 

hits. The surface residual stresses after 1 layer and 3 layers are - 140 and - 255 MPa 

respectively; and the maximum compressive residual stresses after ! layer and 3 layers are 

-250 and - 375 MPa respectively. The values of the compressive residual stresses are 

greatly increased with increasing number of layers, however, the overall shape of the 

residual stresses profiles are similar for specimen Sa and Sb. The possible reasons of higher 

residual stresses in the web specimens are as already explained. 
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Figure 4·5: Effect of number of layers on the residual stress profiles in (a) flange (specimen 2a and 2b) and (b) 
web (specimen Sa and Sb) specimens. 

4.4 Conclusions 

1. Extruded Al-2099 T-bar has a strong <111> fibre texture in the centre T-section and 

weak rolling texture in the edge section. 

2. The texture in the material has a noticeable effect on the residual stress generation 

in that different residual stress profiles are obtained from peening onto samples 

extracted from different sections of the extrusion. This has the implication that a 
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laser peen treatment will produce different profiles of residual stress when applied

in the different areas of such a product form.

3. Laser peening on the XY plane resulted in higher surface and subsurface

compressive residual stress compared to other two orientations after 3 layers. EquiG

biaxial residual stresses are induced in the web section whereas a slightly biGaxial

residual stresses is found in the flange section after peening at 3G18G3.

4. The maximum compressive residual stress values are increased by 70% and 65%

for the web and the flange respectively after 3 hits.
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Summary
This study has examined how the response of a material to laser peening is dependent on

its cyclic plasticity behaviour and crystallographic texture. These factors are influenced by

heat treatment and by thermomechanical processing.

We have demonstrated that there are differences in responses owing to changes in yield

stress and hardening exponents. A material in a relatively soft condition with high work

hardening capacity will show increasing surface compressive residual stress with repeated

peen layers; but a harder condition of the same alloy shows less difference from repeat

peening and may in fact show impaired results at higher levels of peen power density.

This result demonstrates the need to characterise the peen response of materials in the

actual heat treatment conditions in which that they will be used.

The second part of the study looked at the response of an alloy with different textures. The

results show that different residual stress profiles are obtained when peening onto different

regions of an extrusion that has different textures. Some differences in hardness were seen

across the section, and this will also have affected the residual stresses as determined in the

first part of the study: the interaction between the two mechanisms will merit further

investigation.

A key finding from this part of the study is that different residual stress profiles can be

obtained when peening onto a single component with a nonGsimple geometry. This is

particularly important as many modelling procedures, whether they are physicsGbased such

as finiteGelement modelling or semiGempirical such as the eigenstrain approach, effectively

assume that the material is a continuum and the same response will be obtained at all

locations.
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