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Abstract 

The combination of a susceptible material, tensile 

stress, and corrosive environment results in stress 

corrosion cracking (SCC).  Under these suitable 

conditions, brittle and catastrophic failure occurs at 

levels much lower than the material’s ultimate tensile 

strength.  While several different mechanisms of 

failure occur for SCC, hydrogen from the corrosive 

environment penetrating into the lattice is often a 

common theme.  Laser shock peening (LSP) has 

previously been shown to prevent the occurrence of 

SCC on stainless steel.  Compressive residual stresses 

from LSP are often attributed with the improvement, 

but this simple explanation does not explain the 

electrochemical nature of SCC by capturing the effects 

of microstructural changes from LSP processing and 

its interaction with the hydrogen atoms on the 

microscale.   

As the hydrogen concentration of the material 

increases, a phase transformation from austenite to 

martensite occurs.  This transformation is a precursor 

to SCC failure, and its prevention would thus help 

explain the mitigation capabilities of LSP.  In this 

paper, the role of LSP induced dislocations 

counteracting the driving force of the martensitic 

transformation is explored.  Stainless steel samples are 

LSP processed with a range of incident laser intensities 

and overlapping.  Cathodic charging is then applied to 

accelerate the rate of hydrogen absorption.  Using 

XRD, martensitic peaks are found after 24 hours in 

samples that have not been LSP treated.  But 

martensite formation does not occur after 24 hours in 

LSP treated samples.  Transmission electron 

microscopy is used for determining the resulting 

structure and dislocation densities.  The arrangement 

of the dislocations, for example forming cell like 

structures, is important to the hydrogen trapping 

capabilities.  A finite element model predicting the 

dislocation density and cell formation is also 

developed to aid in the interpretation. 

Introduction 

Material failure by corrosion can often be prevented 

because corrosive products, such as rust, indicate that 

the integrity of the material has weakened.  But a 

special case of corrosion called Stress Corrosion 

Cracking (SCC) behaves quite differently from 

conventional corrosion.  SCC occurs when a 

susceptible material in a suitable corrosive 

environment experiences a tensile stress.  The required 

stress can be either externally applied or residual stress 

from a previous manufacturing process, and levels as 

low as 20% of the material’s yield strength have been 

shown to cause failure [1].  Of most concern with SCC 

is that it causes sudden and catastrophic material 

failure.  Additionally, materials generally thought of as 

being resistant to corrosion are susceptible to SCC 

failure in certain environments and furthermore it is 

quite difficult to predict when the onset of SCC is 

going to occur. 

Many different industrial applications are prone to 

experiencing SCC.  Considerable attention has been 

paid to the occurrence of SCC in the boiling water 

reactors found in nuclear power plants [2], where any 

failures could result in extremely dangerous situations.  

Pressure vessels and gas pipelines have been found to 

be at risk [3,4], as are various types of implantable 

medical devices [5]. 

Various physical descriptions exist for explaining the 

mechanisms of SCC, but they often are related to 

deleterious effects of hydrogen atoms absorbed from 

the corrosive environment.  In this case, the term 

hydrogen embrittlement is used.  Hydrogen has a high 

diffusivity in metals, and it is highly reactive with the 

material’s lattice.  Processes such as electroplating, 

pickling, or various types of surface cleaning can 

further increase the levels of absorbed hydrogen within 

the lattice.  Details on the physical changes to the 

material’s lattice and structure will be provided in the 

following section. 

To prevent material failure by SCC, several different 

mitigation techniques exist.  Coating and plasma 
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nitriding of the material can prevent surface reactions 

and limit the amount of hydrogen that penetrates into 

the lattice [6,7], but in harsh environments coatings 

will eventually degrade and since they are not as tough 

as the metal, may crack or delaminate leaving the 

material vulnerable to SCC.  A different approach to 

mitigation is to actually modify the material itself, by 

imparting a compressive residual stress on the 

material’s surface.  One such technique is laser shock 

peening (LSP), which uses incident laser pulses to 

generate shockwaves on a material’s surface.  While 

originally developed for increasing the fatigue life of 

metallic components [8], recent studies have shown 

that LSP processing helps to prevent the onset of SCC 

[9,10].  The improvement has mostly been attributed to 

the compressive stress counteracting the necessary 

tensile stress for SCC initiation, but this cannot be 

solely attributable, as evidenced by the fact that LSP 

processing can decrease the corrosion current of 4140 

steel [11], an electrochemical effect.  LSP causes many 

forms of microstructural changes to the material, 

including the generation of lattice dislocations and sub 

grain dislocation cell formation [12].  Lattice 

dislocations act as hydrogen trapping sites and will 

influence the absorption and diffusion of hydrogen 

[13], and structural changes to the lattice symmetry 

will further influence SCC occurrence.  In this paper 

we identify the underlying microstructural changes to 

stainless steel 304 induced by LSP that allow for it to 

be a beneficial mitigation process against SCC. 

Background 

Microstructural Considerations for SCC 

Of particular concern for SCC in stainless steels is the 

formation of martensite, a phase that is brittle and 

susceptible to fracture and corrosion [14].  The fracture 

surfaces of initially austenitic stainless steel that has 

failed by SCC show that brittle failure has occurred, 

which is most often accompanied by the presence of 

martensite on the fracture surface [15,16].  Even 

materials that initially are fully austenitic can from 

martensite through various environmental processes, 

thereby weakening the material [17].  Martensite is 

characterized as a phase that forms via a diffusionless 

transformation, which in the case of stainless steel, the 

initially FCC austenite transforms into martensite 

which can be of either BCC or HCP crystal systems.  

In carbon steel systems, this transformation occurs 

upon rapid cooling from elevated temperatures [18].  

This does not allow time for carbon to diffuse, and the 

remaining carbon atoms sit in interstitial lattice sites, 

causing distortions and subsequently the phase change.  

In corrosive environments, the same type of lattice 

transformation from austenite to martensite occurs, 

except that it is now hydrogen atoms causing the lattice 

distortions and internal stress.  During exposure to the 

corrosive environment, once this transformation has 

occurred, even locally, the likelihood of brittle failure 

is greatly enhanced.  Therefore, prevention of the 

martensitic transformation would be a powerful 

method for mitigation of SCC failure in austenitic 

stainless steels. 

Olson and Cohen described the initiation sites for 

martensite as the intersection of shear bands and 

identified which lattice planes the transformation will 

occur on [19].  As hydrogen from the corrosive 

environment diffuses into austenite, it causes 

expansion and an internal stress that acts as a driving 

force for the formation of martensite.  This strain 

energy increases the free energy of the austenite, 

subsequently making the martensite phase more stable.  

Plots of the free energy of the respective phases are 

shown vs. temperature in Figure 1, where ΔGch is the 

difference in chemical free energy of the two phases. 

 
Figure 1 Free energy diagram showing the suitable 

conditions for the formation of deformation induced 

martensite [20]. 

In stainless steels, the addition of alloying elements 

promotes the formation of austenite, so that in Figure 1 

T0 can be below room temperature.  For the stress 

induced martensitic transformation to occur, the 

internal stain energy must be equal to ΔGcrit-ΔGch.  

Martensite becomes the lower energy phase with 

increasing amounts of absorbed hydrogen because the 

BCC and HCP lattices provide more interstitial spaces 

for the hydrogen to reside [21,22], but this is also 

accompanied by a volumetric expansion of nearly 4%. 

Since the martensitic transformation requires 

significant levels of hydrogen to reach the required 

strain energy, accelerated testing by cathodically 

charging the workpiece is often performed.  X-Ray 

Diffraction, which measures lattice spacing, is a 

preferred method for detecting phases present in a 



metallic sample.  Narita et al. have used this method to 

identify the formation of martensite, as well as relating 

lattice shifts of the austenite peaks to expansion caused 

by absorbed hydrogen [23]. 

Laser Shock Peening and Lattice Changes 

Generating shockwaves on the surface of a metallic 

sample causes plastic deformation and a residual 

compressive stress.  While this can be performed with 

processes such as mechanical shot peening, a more 

effective method which provides effects deeper into 

the surface is laser shock peening (LSP).  In LSP, the 

workpiece is coated with an ablative layer and then a 

confining medium transparent to the laser is placed on 

top.  Upon laser irradiation, the ablative layer is 

ionized and a plasma cloud forms.  This wants to 

expand, but the confining medium restricts the 

expansion and thus a shockwave is generated that 

propagates down into the material, resulting in a 

residual compressive stress within the material.  Since 

the laser is completely absorbed in the ablative layer, 

no thermal effects are caused in the workpiece, which 

is especially important for SCC considerations because 

any heat affected zone (HAZ) in the material could 

negatively affect its corrosion resistance.  Rastering the 

laser beam across the workpiece allows larger areas to 

be processed. 

Upon LSP processing, many lattice changes are 

induced within the workpiece, altering the behavior 

and effect of absorbed hydrogen within the lattice, and 

can be responsible for the SCC mitigation performance 

of LSP.  Plastic deformation is accompanied with the 

generation of lattice dislocations, where LSP has been 

shown to cause large increases in dislocation density.  

Hydrogen diffusing through a crystal lattice gets stuck 

in the dislocations, known as hydrogen trapping.  This 

effectively reduces the diffusivity of hydrogen within 

the material while also increasing its solubility by 

providing low energy places for the hydrogen to reside. 

A unique feature of dislocations is the way that they 

will interact and tangle with each other.  With 

increasing amounts of deformation, this tangling will 

result in the formation of dislocation cells [24]  The 

periodic dislocation cell structure has walls of high 

dislocation density and interiors of lower densities, and 

these cells are present within individual grains of the 

polycrystals.  Dislocation cell formation has been 

experimentally detected using micro-XRD 

measurements that provide micron level spatial 

resolution [12], as well as TEM imaging showing the 

cellular structure [25].  LSP processing introduces 

additional considerations for the theory of dislocation 

generation, because it causes incredibly high strain 

rates.  Since dislocation multiplication is often 

considered as the result of tangling dislocations (such 

as Frank-Read sources), it cannot account for the 

whole phenemonon of LSP dislocation generation 

because it would require dislocations within the lattice 

to be traveling at speeds higher than physically 

possible in order to keep up with the wave front.  To 

rectify this, Meyers and Murr proposed [26] a 

mechanism of homogenous dislocation generation, as 

expressed in Equation 1, which does not require 

dislocation motion to keep up with the wave front for 

generation. 

𝜏ℎ = 0.054𝐺                                   (1) 

Where 𝜏ℎ is the shear stress required for homogeneous 

generation, and G is the shear modulus.  At the wave 

front high shear stresses do form, and by this equation 

it is indicated this additional mechanism for dislocation 

generation will result in high dislocation densities from 

LSP, increasing the hydrogen trapping capability of 

shock wave processed materials. 

Numerical Modelling 

Using finite element methods, a numerical model was 

implemented for obtaining the dislocation density and 

cell size induced by various levels of LSP processing.  

The high strain rates in LSP require that the material 

be analyzed with hydrodynamic considerations [27].  

Rather than the usual Hooke’s law governing 

deformation, the Mie-Gruneisen equation of state has 

been implemented, relating energy to internal pressure 

as: 

𝑝 − 𝑝𝐻 = Γ𝑜𝜌𝑜(𝐸𝑚 − 𝐸𝐻)                   (2) 

where p is pressure, 𝑝𝐻  is the Hugoniot pressure, EH is 

the Hugoniot energy, 𝜌𝑜 is the reference density, and  

Γ𝑜 is a material constant.  Combining this with the 

Hugoniot jump conditions results in [28]: 

𝑝 =
𝜌𝑜𝑐𝑜

2𝜂

(1−𝑠𝜂)2
(1 −

Γ𝑜𝜂

2
) + Γ𝑜𝜌𝑜𝐸𝑚              (3) 

for co and s the Hugoniot parameters and 𝜂 = 1 −
𝜌𝑜/𝜌.  The incident laser pulse was simulated as a 

spatio-temporal pressure on the top surface, with the 

value calculated by [8]: 

𝑃 = 𝐴 (
𝛼

2𝛼+3
)
1/2

√𝑍 ∗ 𝐼                      (4) 

Where P is the exerted pressure from the shock wave, 

A is a constant, α ≈ 0.1, Z is the shock impedance, and 

I is the laser intensity.  As discussed in the preceding 

section, during deformation the generation of 



dislocations and their subsequent arrangement into 

cellular structures will influence the behavior of 

hydrogen within the lattice.  Toth et al. derived 

equations for the rate of dislocation generation with 

deformation as [29]: 

𝑑𝜌𝑤

𝑑𝑡
=

6𝛽∗𝛾̇𝑐(1−𝑓)
2 3⁄

𝑏𝑑𝑓
+

√3𝛽∗𝛾̇𝑐(1−𝑓)√𝜌𝑤

𝑓𝑏
−  

𝑘𝑜𝛾̇𝑤𝜌𝑤 (
𝛾̇𝑤

𝛾̇𝑜
)
−1 𝑛⁄

                          (5) 

𝑑𝜌𝑐

𝑑𝑡
= 𝛼∗ 𝛾̇𝑤√𝜌𝑤

𝑏√3
− 𝛽∗

6𝛾̇𝑐

𝑏𝑑(1−𝑓)1 3⁄ − 𝑘𝑜𝛾̇𝑐𝜌𝑐 (
𝛾̇𝑐

𝛾̇𝑜
)
−1 𝑛⁄

  (6) 

where ρ is the dislocation density with subscript w for 

cell walls and c for cell interior, α* and β* are 

constants, f is the volume fraction of the cell walls vs. 

cell interior, b is burgers vector, d is the lattice spacing, 

and γ ̇ is the shear strain rate.  These equations are 

incrementally solved during shock wave propagation 

and relaxation to determine the distribution and density 

of dislocations. 

Experimental Setup 

AISI 304 stainless steel samples were used as the 

workpieces.  A Continuum NY61 pulsed Nd:YAG 

laser with a wavelength of 1064 nm, pulse energies 

ranging from 125 – 300 µJ, spot size of 1 mm, and 

pulse lengths of 17 ns was used for the LSP 

processing.  In the experimental configuration, the 

ablative layer was black electrical tape and the 

confining medium of clear acrylic was clamped on top.  

For the TEM imaging, a FEI Talos F200X S/TEM was 

used.  Specimen preparation for the TEM was 

performed on a FEI Helios NanoLab 660 SEM/FIB 

using the lift-out technique.  Cathodic charging of the 

samples in 1M sulfuric acid at a current density of 50 

mA/cm2 for up to 48 hours was also performed, and 

lattice spacing and phase detection was carried out in a 

PANAlytical XPert3 Powder XRD.  The finite element 

analysis was implemented in ABAQUS. 

Results & Discussion 

Detection of Martensite Formation 

Characterization of the microstructural changes 

induced by absorbed hydrogen within the lattice have 

been performed by making XRD measurements on 

stainless steel samples that underwent cathodic 

charging.  Figure 2a shows a selected portion of the 

XRD spectrum of the AISI 304 prior to any cathodic 

charging, and is thus our reference state.  The two 

peaks present at 43.45° and 50.68° are both austenitic 

and correspond to the (111) and (200) orientations,  

 
Figure 2  XRD measurements of lattice changes from 

cathodic charging a specimen without LSP treatment.  

Prior to cathodic charging, the material is fully 

austenitic (a).  After 24 hours (b), the absorbed 

hydrogen has caused the formation of a martensite 

peak, with further increases after 48 hours (c) 

respectively.  Full spectrum scans for 2θ values up to 

110° were performed to ensure that the material is fully 

austenitic, but only the selected spectrum of 42° to 53° 

is presented in the figures because this is the region 

where most of the induced changes are found to occur.  



After 24 hours of cathodic charging distinct 

microstructural changes occurred in the sample, as 

seen in Figure 2b.  A new peak at 45.98° is present, 

which corresponds to ε-martensite.  As no thermal or 

mechanical processes have been used, this phase 

transformation is strictly a result of the cathodic 

charging and subsequent hydrogen absorption.  Once 

this transformation has occurred, the stainless steel’s 

susceptibility to premature failure by SCC is greatly 

enhanced.  Figure 2c shows the same sample after 48 

hours of total cathodic charging time, and the ε-

martensite peak has become even more prominent.  

This increasing amount of martensite within the lattice 

simply further increases the material’s SCC 

susceptibility. 

 
Figure 3  Hydrogen induced lattice expansion for 24 

and 48 hours of cathodic charging. 

As the austenite phases absorb hydrogen they undergo 

volume expansion, and this expansion is detected as 

peak shifts in the XRD spectrum, as seen in Figure 3.  

The change in lattice parameter can be expressed as 

[30]: 

𝑎𝐻 = 𝑎𝑜 + 𝐾 ∙ 𝐶(𝑥, 𝑡)                     (7) 

where 𝑎𝐻 is the lattice parameter after hydrogen 

absorption, 𝑎𝑜 is the initial lattice parameter, K is a 

constant, and C(x,t) is the concentration of hydrogen.  

With consideration of Bragg’s Law, increases in lattice 

parameters correspond to decreases in 2θ values.  After 

24 hours of cathodic charging, the (111) peak has 

shifted to 43.41°, and it has shifted to 43.28°after 48 

hours.  The steady expansion for the untreated sample 

in Figure 3 indicates the continued absorption of 

hydrogen. 

 
Figure 4  XRD measurements of a selected region of 

the spectrum for samples after LSP processing (a), and 

then subjected to 24 hours (b) and 48 hours (c) of 

cathodic charging.  The initially austenitic peaks 

experience broadening after 24 hours, but no 

martensite formation occurs, illustrating the 

effectiveness of LSP processing as a mitigation tool.  

Some martensite does eventually form after 48 hours. 



For analysis of the mechanism whereby SCC and 

hydrogen embrittlement can be mitigated, LSP treated 

samples were exposed to the same amount of cathodic 

charging, as presented in Figure 4.  While it is possible 

for plastic deformation from the LSP processing to 

induce martensite, Figure 4a confirms that this 

transformation has not occurred during our processing.  

This image is after LSP treating the surface with 3 

repetitions, and was subsequently placed into the 

cathodic charging configuration.  After 24 hours of 

cathodic charging, shown in Figure 4b, the austenite 

peaks have slightly broadened (a result of distortions to 

the lattice), but no martensite peak has formed.  This is 

in direct contrast to Figure 2b, and demonstrates that 

LSP processing suppresses martensite formation and 

thereby limits the stainless steel from SCC 

susceptibility.  But, from Figure 3, the (111) peak has 

undergone greater expansion compared to the 

untreated sample after 24 hours.  This is because no 

martensite is available in the LSP treated sample to 

accommodate hydrogen.  The microstructural changes 

from LSP that provide this mitigation will be discussed 

in the following section.  After continued cathodic 

charging for 48 hours of the LSP treated sample, ε-

martensite eventually does begin to form, as shown in 

Figure 4c.  But this figure is similar to the shape of 

Figure 2b.  So even once martensite does begin to form 

in the LSP treated sample, the amount is still less than 

that of an untreated sample, and therefore also less 

likely to suffer premature failure.  In Figure 3 the 

lattice expansion of (111) has now significantly 

decreased from the value at 24 hours, indicative of 

how the deformed austenite no longer needs to retain 

as large of amounts of hydrogen and can thus relax. 

 

 
Figure 5  Increases to the dislocation density after LSP 

processing, which act as an impediment to hydrogen 

induced martensite formation.  The largest increase is 

seen upon the initial incident pulse. 

Mechanism of SCC Mitigation 

LSP processing causes numerous changes to the 

microstructure of the material, but perhaps most 

importantly to the mitigation of SCC is increases of 

dislocation density.  Figure 5 shows the dislocation 

density as a function of depth below the surface after 

one, two, and three LSP impacts as determined by the 

finite element model.  Increases of nearly 4 times are 

induced by the first pulse, with decreasing amounts of 

gains for the following pulses.  The increase decays 

with depth into the sample, with the extent of the 

effects reaching nearly 1 mm, for which the scale is 

similar to the other reports of the depths of plastic 

zones in LSP.  Mitigation benefits are provided by 

dislocations because when they tangle they will restrict 

motion within the lattice, particularly the coordinated 

lattice movement required for the martensitic 

transformation to occur.  Chatterjee et al. developed a 

theory describing this stabilization of the austenite 

phase, expressed as [31]: 

∆𝐺 =
1

8𝜋(1−𝜈)
𝜇𝑏√𝜌 + 𝜏𝑠                  (8) 

where ΔG is the magnitude of the driving force 

required for transformation, ρ is the dislocation 

density, µ is the shear modulus, b is burgers vector, 

and 𝜏𝑠 is shear stress from solution hardening.  By 

increasing the density of dislocations, a larger driving 

force is required, which in the case of SCC means that 

larger amounts of hydrogen within the lattice are 

required for the detrimental phase transformation to 

occur. 

A second effect caused by the increase of dislocation 

density is a result of dislocations behaving as hydrogen 

trapping sites, altering both the diffusivity and 

solubility of hydrogen within the material’s lattice.  

Decreasing the diffusivity will result in the hydrogen 

not being able to penetrate deep into the material and 

 
Figure 6  Distribution of dislocation cell size after 3 

LSP impacts.  Symmetry is used along the boundary at 

the left side. 



 restrict any hydrogen induced changes to the near 

surface level.  Additionally, hydrogen residing in 

trapping sites will cause less internal stress within the 

lattice and therefore be less likely to cause brittle 

failure.  The formation of dislocation cells by LSP 

processing can provide further restrictions to 

martensitic formation.  Figure 6 shows a 2D cross 

section of the dislocation cell size after 3 incident LSP 

pulses, with symmetry being used along the left hand 

boundary.  An initial distribution of a cellular 

arrangement is required for the model, but this is set to 

1.8 µm which is large enough that it can nearly be 

considered to be the grain size.  Again since the 

hydrogen induced martensitic transformation requires 

coordinated lattice movement, microstructural 

disruptions can prevent the transformation.  The 

martensitic transformation will not propagate across 

grain boundaries, and in the same way dislocation cells 

may prevent propagation as well.  Along grain 

boundaries misorientation creates high diffusivity 

paths for hydrogen to penetrate, but dislocation cells 

are not associated with misorientation, and therefore 

dislocation cells may be further advantageous over 

grain boundaries. 

 
Figure 7  Dislocation cell size for increasing number of 

incident LSP pulses at 4 depths. 

Figure 7 presents the dislocation cell size at various 

depths below the surface for increasing numbers of 

LSP impacts.  Similar to the dislocation density, the 

greatest change in cell size are caused by the first laser 

pulse, especially near the surface.  But at 450 µm deep, 

the cell size continues to decrease after the second and 

third pulses.  This suggests that further increases to the 

number of incident pulses will help to cause deeper 

effects of cell formation, but a minimum cell size will 

be eventually attained.

 
Figure 8  TEM images of untreated AISI 304 stainless steel (a), after 3 LSP impacts at 2.25 GW/cm2 (b-f).  

Significant increased to the dislocation density are seen in (b), and these dislocations get tangled at grain 

boundaries (c).  The individual grains in (d) have differing dislocation behaviour.  Cell formation is present in (e), 

and the high magnification of (f) shows the orientation of the lattice. 



Imaging Analysis 

TEM images of the stainless steel samples at various 

magnifications are provided in Figure 8.  Even before 

LSP treating, low concentrations of dislocations are 

present in the samples, as seen in Figure 8a.  This 

loosely aligned structure corresponds to the 

assumption of an initial concentration that was used for 

defining the FEM model.  Annealing of the samples 

would provide further reductions in the initial 

dislocation density if desired. 

After LSP processing, a significant increase in the 

dislocation concentration is detected as shown in 

Figure 8b at the same magnification as Figure 8a.  This 

sample has been processed with 3 LSP pulses, where 

the dark line running through the center of the image is 

a grain boundary.  The darker regions of the image 

correspond to dense dislocation tangling, and some 

regions with low dislocation densities are found on the 

right hand side.  Stress concentrations are the 

contributor to this uneven distribution.  Dislocation 

behavior between neighboring grains may be 

significantly different because the dislocations will not 

diffuse across the grain boundary and since the grains 

have different rotational orientation to the direction of 

loading, the slip systems that have become activated 

will not be the same.  Dislocations in Figure 8c can 

clearly be seen accumulating near the grain boundary, 

with discontinuities in density across the boundary.  

Decreasing the magnification, as done in Figure 8d, 

shows even more dramatically the non-homogeneity 

between adjacent grains.  Furthermore, the grain in the 

upper portion of this image shows a periodic structure 

for the tangling of dislocations and thus indicates that 

some dislocation cell formation has occurred.  A 

magnified image of one such region is shown in 

Figure 8e.  These dislocation cells effectively partition 

the inner regions of the grain, helping to prevent the 

propagation of any martensitic transformation.  

Performing high resolution TEM enables the direct 

observation of the material’s lattice, albeit with 

sacrificing the size of area covered.  In Figure 8f, 

obtained at 1M X, lattice orientations at various angles 

are seen.   

The results from these TEM images are consistent with 

the previous analysis from both the phase detection 

and finite element analyses.  Significant increases in 

dislocation density, as determined in Figure 5, are 

found and this increase helps to restrict the driving 

force for the martensitic transformation.  Dislocation 

cell walls may prevent the coordinated movement 

required for the martensitic transformation, so that if a 

region does begin to transform it will be restricted to 

small, localized areas.  At high levels of deformation, 

it is possible for LSP to induce grain refinement, where 

the increased grain boundaries with high amounts of 

misorientation will provide high diffusivity paths for 

the hydrogen to deeply penetrate the lattice.  Figure 9 

shows a TEM diffraction pattern obtained in a region 

with dislocation cell structures similar to Figure 8e.  

For polycrystalline regions, the diffraction pattern 

would show concentric rings indicative of the various 

orientations of each lattice structure [25].  But the 

singular alignment of the diffraction pattern indicates 

that there is not any misalignment across the 

boundaries, thereby ensuring that high hydrogen 

diffusivity paths are not formed. 

 
Figure 9  TEM diffraction pattern in an area showing 

dislocation cell structure, indicating that there is not 

lattice misalignment across the boundaries. 

Conclusion 

As hydrogen from a corrosive environment penetrates 

into the lattice of stainless steel, it can induce a phase 

change of the material from austenite to martensite.  

This phase change then dramatically increases the 

material’s susceptibility to failure by SCC.  We have 

shown that laser shock peening is an effective process 

for preventing this transformation, and thus improving 

stainless steel’s resistance to SCC.  The increases to 

dislocation density induced by LSP processing restrict 

the driving force of the transformation 
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