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Design credit is not currently taken for laser shock processing (LSP) induced compressive residual stresses
in damage tolerant design. The inclusion of these and other compressive stresses in design practice has the
potential to dramatically increase predicted fatigue crack growth threshold performance and damage
tolerant design life. In the current effort, Ti-6A1-4V coupons will be subjected to shot peening, glass bead
peening, and high intensity laser shock processing. The in-depth residual stresses due to processing will be
analyzed and then input into a linear elastic fracture mechanics analysis code to predict fatigue crack
growth threshold performance. This analysis establishes both the utility and feasibility of incorporating
LSP-induced compressive residual stresses into damage tolerant design practice.

Keywords crack growth, design, fatigue, laser shock process-
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1. Introduction

Compressive residual stresses have long been known to
have the potential to increase the fatigue and fatigue crack
growth resistance of metallic structures. In many aerospace
applications residual stress inducing surface treatments, pri-
marily shot peening, are often applied to increase the margin of
safety in an effort to avoid fatigue failure. In this context, the
beneficial effects of residual stresses on fatigue performance
are not accounted for in the design. Therefore, the design is not
reliant on the presence of a particular magnitude of induced
compressive residual stress. The residual compression is im-
parted strictly to increase the factor of safety.

This failure to account for the beneficial compressive re-
sidual stresses in design is due to a number of factors. First, no
generally accepted, non-destructive, residual stress measure-
ment technique is currently available to determine in-depth
residual stress profiles. Consequently, any resulting design
would have to proceed based on an assumed residual stress
distribution. Any design that included credit for induced com-
pressive stresses would have to enter service with no indepen-
dent verification that one critical component of the design (a
given in-depth compressive stress state) was present. Since
shot peening, currently the most pervasive surface treatment
technology, is inherently a chaotic process, even rigorous pro-
cess control measures may not be sufficient to guarantee a
given residual stress profile in a given component, particularly
after service-induced redistribution. Second, until recently, in-
duced compressive residual stresses were typically of a fairly
shallow depth, limited to what could be induced by conven-
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tional shot peening. As an example, in Ti-6Al-4V, shot peening
induced compression would be expected only to nominal
depths between 0.1 and 0.15 mm, depending on peening con-
ditions. While high magnitude compression to these depths can
be expected to provide a very useful life benefit, the potential
exists for either “loss” of this shallow compressive layer or for
flaws larger than originally envisioned in the design.

Third, surface treatment techniques can potentially intro-
duce undesirable artifacts in the treated surface. In the case of
shot peening, this is due to the repeated impact of the shot.
These artifacts can take the form of subtle stress concentrations
due to increased surface roughness, extensive shear banding
and localized plasticity, and even crack-like defects (Ref 1-3).
In many instances these artifacts are either benign or are non-
critical since they are embedded in high magnitude compres-
sive stresses. However, in other instances these artifacts can act
to decrease fatigue life below that of an unshot-peened baseline
condition (Ref 4, 5).

With these three factors in mind, it would be desirable if an
alternative to conventional shot peening existed that was more
amenable to real-time process control, induced deeper com-
pressive residual stresses, and was less likely to induce subtle
artifacts that might be difficult to detect and yet act to reduce
fatigue strength. Fortunately, several such approaches exist.
Among these processes is laser shock processing (LSP), which
is currently used in some turbine engine fan and compressor
hardware to reduce sensitivity to foreign object damage (FOD)
and fretting fatigue (Ref 6-8).

In the case of laser peened fan blades, the designs have not
been reliant on the residual stresses induced by laser peening.
In other words, without in-service damage, the blades should
not fail. LSP is applied strictly to increase the size of damage
that the blade can sustain in-service without failing. Not only
does this increase the durability of the design, increases in the
damage tolerance of leading edges can provide significant sav-
ings in terms of reduced maintenance costs from the relaxation
of inspection requirements and increased size of FOD neces-
sitating immediate corrective action.
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Currently, many expensive turbine engine components are
life limited by projected crack growth of small, difficult to
detect flaws at a few critical locations. In some instances, com-
ponent lives could be extended 50-100% if crack growth re-
sistance or threshold performance could be improved in one or
more of the life-limiting features.

It is proposed that through careful process control and se-
lection of design methods it may be possible to take damage
tolerant design life credit for the increased threshold crack
growth performance and eventually, lower crack growth rates
in regions containing deep compressive residual stresses, such
as those induced by laser peening.

Although other methods of imparting deep compressive re-
sidual stresses are available, this preliminary study will focus
on laser shock processing induced compressive stresses. Pre-
dictions made accounting for LSP induced compressive re-
sidual stresses should be indicative of the results that might be
obtained with other processes capable of inducing deep com-
pressive residual stresses.

2. Experimental Methods

2.1 Specimens

Simple 12.7 mm thick disk-type specimens were sectioned
from 50.8 mm diameter Ti-6Al-4V (wt.%) bar stock for use in
the determination of surface treatment induced compressive
residual stresses. These specimens were wafered from the bar
stock using wire electrical discharge machining (wire EDM).
The recast layer associated with wire EDM was removed by
low stress grind to final thickness and an 0.2 wm surface finish.
A small notch, oriented parallel with the final polishing marks,
was cut at the edge of one side of each specimen with a key file.
These small notches provided differentiation between the two
sides of the specimen and provided a rotational reference. The
disk-type specimen geometry was selected because it provides
radial symmetry with respect to the circular laser shock applied
at the center of the specimen.

The Ti-6Al-4V bar stock used for this experiment was hot-
rolled to near dimension and then mill annealed. The bar stock
was centerless ground to final dimension. The material was in
conformance with the AMS 4928Q specification for bars, wire,
forgings, rings, and drawn shapes in annealed Ti-6Al-4V.

Ti-6Al-4V is a widely used o + 3 Ti alloy that is frequently
employed due to its generally good combination of strength,
fatigue, and creep properties at room and moderately elevated
temperature. Ti-6Al-4V is commonly employed in fan and
compressor hardware in turbine engines due not only to its
good combination of properties, but also due to the economies
derived from its pervasive use.

After machining, all specimens were subjected to a stress
relief anneal to minimize residual stresses due to prior process-
ing. This ensured that the documented residual stresses would
be due to the applied surface treatments rather than to previous
processing or machining steps. Specimens were wrapped in
tantalum foil and heat treated under vacuum to preclude the
formation of any alpha case. The thermal excursion consisted
of a one hour ramp up to 704 °C, 1 h hold at temperature, and
a furnace cool to room temperature.

Post stress relief anneal surface residual stresses were de-
termined for a number of specimens using x-ray diffraction
(XRD) residual stress analysis. All stresses were found to be
near zero, but slightly compressive, with no measurement ex-
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Fig. 1 Schematic illustration of laser shock peening process

ceeding —11 MPa. Two subsurface measurements were also
near zero and slightly compressive.

2.2 Surface Treatments

LSP, also known as laser shock peening, or any of several
trade names, such as the LaserPeen process or Lasershot peen-
ing, is primarily a method for introducing deep (often >1 mm)
compressive residual stresses into the surfaces of components.
In the process, a laser beam is used to vaporize a thin opaque
coating (or absorber) applied to the surface of the component.
The vaporization of the opaque coating produces a rapidly
expanding plasma confined against the surface of the compo-
nent by a constraining layer (tamping) largely transparent to the
laser wavelength being used for processing. This constraint of
the rapidly expanding plasma causes a shock wave to pass into
the material.

If this shock wave is of sufficient magnitude, the peak pres-
sures will exceed the Hugoniot elastic limit (dynamic yield
stress under shock conditions) of the material and the shocked
region will undergo plastic deformation. After the shock wave
dissipates, the plastically deformed region is left in a state of
residual compression due to constraint from the surrounding
undeformed material. As a result, offsetting tensile stresses are
found outside the processed regions. The LSP process is shown
schematically in Fig. 1. Further details on the LSP process can
be found elsewhere (Ref 9-11).

All LSP was conducted at LSP Technologies in Dublin, OH.
Any application of laser shock processing to enhance design
life would operate on the deepest, highest magnitude state of
compression that could be developed without causing related
problems such as unacceptable distortion or dangerously high
magnitude tensile compensatory residual stresses. As such, the
conditions selected for study could be considered “high-
intensity” LSP conditions. A single spot was laser shocked
three times in the center of each 50.8 mm diameter disk with a
laser power density of 8 GW/cm? and laser pulse duration of
20 ns.
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A Q-switched neodymium doped phosphate glass laser was
used for all laser shock processing. The characteristic radiation
from this system has a wavelength of 1.054 pm, in the near-
infrared regime. The diameter of the laser shock was held at 5.3
mm for all experiments. The opaque and transparent overlays
were flat black vinyl tape and flowing water, respectively. La-
ser shocks were applied simultaneously to both sides of the
specimen, a technique that has been used historically to mini-
mize distortion of fan blade leading edges.

To provide a reference residual stress state representative of
turbine engine hardware, shot peening induced residual stresses
were also investigated. Shot peening was conducted at Metal
Improvement Company in Blue Ash, OH. Specimens were
peened to 6-8 A Almen intensity with S170R cast steel shot and
6-9N Almen intensity with number 5 glass beads. Coverage
was fixed at 125%. Both these peening conditions are com-
monly used for titanium alloy turbine engine hardware.

2.3 X-ray Diffraction Residual Stress Analysis

The XRD technique for residual stress analysis is a well-
documented approach for estimating residual stresses in rela-
tively isotropic crystalline solids. In this technique, Bragg’s
Law is used to determine strains in the crystalline lattice. Re-
sidual stresses are then inferred from these strains based on
knowledge of the x-ray elastic constants for the interrogated
crystallographic plane and a model for the stress state in the
measured region. An excellent description of the most widely
employed techniques can be found in SAE HS-784 (Ref 12). A
number of other references are available (Ref 13, 14).

In-depth residual stress analysis was conducted for each
surface treatment at Lambda Research in Cincinnati, OH. After
verification that the lattice spacing was a linear function of
sin*{s as required for the plane stress linear elastic residual
stress model (Ref 12-15), XRD residual stress measurements
were made employing a sin*s technique and the diffraction of
CuK,, radiation from the (21.3) planes of the alpha phase.

For subsurface measurements, material was removed elec-
trolytically to prevent the alteration of the subsurface residual
stress distributions due to mechanical material removal. The
in-depth residual stress analysis results were corrected for both
the penetration of the radiation into the subsurface stress gra-
dient (Ref 16) and for any stress relaxation caused by the
electrolytic removal of stressed material (Ref 17).

X-ray elastic constants required to calculate the macro-
scopic residual stress from the strain normal to the (21.3)
planes of the alpha phase were determined in accordance with
ASTM E1426-91. Systematic errors were monitored per
ASTM specification E915.

2.4 Linear Elastic Fracture Mechanics (LEFM) Analysis

In an effort to assess the effect of residual stresses associ-
ated with LSP on fatigue behavior, calculations of the threshold
condition for assumed flaws embedded in the experimentally
determined residual stress fields were made using a linear
elastic fracture mechanics routine created and exercised in
MATLAB, published by Mathworks, Inc. The calculations
used an approximate K solution developed by Wang (Ref 18)
for a surface flaw subjected to an arbitrary stress field based on
the weight function method as proposed by Shen and Glinka
(Ref 19). The reference stress intensity factor solutions for the
weight function analysis were taken from the finite element
modeling work of Shiratori (Ref 20) and the work collected:
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Fig. 2 Schematic illustration of selected LEFM geometry
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K= f(r(x)m(x,a,a/c,a/t)dx

0

(Eq 1)

by Murakami and co-workers (Ref 21). A schematic illustra-
tion of the modeled geometry can be found in Fig. 2.

In this approach stress intensity factor, K is approximated
by Eq 1. Different weight functions, m(x,a,a/c,a/t), are used for
the subsurface point A and the surface point B (Fig. 2) and are
denoted m, and mg, respectively. These weight functions for
the subsurface point and surface point are defined as follows:
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The total stress intensity factor due to applied and residual
stresses may be found via superposition provided that the total
stresses are assumed to be elastic.

A sigmoidal expression (Eq 4) was used to relate calculated
stress intensity factor range AK to crack growth rate at the
deepest point da/dN and at the surface dc/dN (Ref 22). Con-
stants for Eq 4 were taken from the final report of the National
High Cycle Fatigue Program and are tabulated in Table 1 (Ref
22). Continuous expressions for the residual stress:

da/dN = * Kar) In Kar) |° In KT (Eq 4)
Gk, Ky, K d

where

Kg=K,

max (1= R)" = AK(1 = R)"™" (Eq 5)
states as a function of depth were developed based on the
recommendations of VanStone as reported by Tuft (Eq 6) (Ref
23). Equation 6 provides excellent fits for shot-peened data. A
slight modification of this form (Eq 7) was found to provide a
much more accurate representation of LSP induced stresses,
where the subsurface stresses do not approach zero rapidly.

—X

O-rs(x) = A16<T> Sil’l(le + Cl) (Eq 6)

—X

o (x)= Ale<T> sin(Bjx + C,) + D, (Eq7)

The methods described previously were adopted because of
their general applicability to arbitrary stress fields and their
computational efficiency. However, the author recognizes the
limitations of the selected methods. First, surface crack growth
is almost completely suppressed due to the high magnitude

Table 1 Constants for Crack Growth Eq 1 and 2 from
Ref 23

Constant Value(a)
Kth 3.829
P 3.7107
d —-0.0066
m+ 0.72

B -18.144
Q 0.2349
Kc 60

m— 0.275

(a) English units
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Fig. 3 Threshold stress intensity factor range versus stress ratio

compressive stresses at the surface. This in turn leads to cracks
that grow to a/c ratios greater than 2. At these higher a/c ratios,
this weight function solution becomes inaccurate for prediction
of the actual stress intensity factor ranges at the surface point
B and the deepest point A. Additionally, the total stress ratio,
combining the residual and applied stresses, used to calculate
the crack growth rate, can be highly negative for some com-
binations of applied and compressive residual stresses, <—10 in
some cases. No data were available for stress ratios <—1 to
verify that the sigmoidal crack growth expression would pro-
vide reasonable estimates of crack growth rates. Because of the
iterative nature of life prediction algorithms any errors due to
these factors could be continuously compounded throughout
the prediction, leading to significant errors in the life predic-
tion.

Although the above approach can be used for preliminary
life prediction (cycles to failure), no results for such calcula-
tions are presented due to the limitations of the current ap-
proach. Rather, a design to threshold approach was adopted. In
such an approach, for a given flaw size, at a given applied
stress ratio, the maximum uniform sectional stress that could be
applied with no crack growth is calculated.

3. Results and Discussion

3.1 Threshold Modeling

Threshold values were estimated by using Eq 4 and 5 to
estimate the stress intensity factor range at which crack growth
was predicted to be 2.54 x 107" mm/cycle. The convention
using only the positive portion of the stress intensity factor
range was employed. This convention diverges from the full
range definition of AK at stress ratios R of less than zero.
Threshold predictions utilizing both conventions are presented
in Fig. 3. Threshold values were limited to 3.77 MPa Vm at and
below R = —1, and 1.97 MPa Ym as R approached 1. The
threshold stress intensity factor reaches a maximum of 4.56
MPa \Vm around R = 0. This range between R = -1 and R =
0.95 entails the entire range of stress ratios where reliable crack
growth threshold data exists (Ref 22).

Development of more advanced methods supporting arbi-
trary three-dimensional crack growth are being pursued, but
these methods are typically computationally expensive, and
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Fig. 4 Map of residual stress analysis results across a laser-shocked
region

thus unsuited to the current research. Since the objective of the
current study is to explore the magnitude of benefit from LSP
induced compressive residual stresses for many different flaw
sizes, the use of a threshold analysis is considered adequate.
For predictions of greater fidelity the more computationally
intensive techniques should be considered (Ref 24, 25).

3.2 Residual Stresses

3.2.1 Variations in Residual Stress Inside Laser
Shocked Region. Figure 4 depicts graphically an experiment
in which the LSP induced surface stresses were mapped along
a line running across the diameter of a laser shocked region.
The irradiated regions were 1 mm square. Seven measurements
were made across the shocked region; five across the shock and
one on each side of the shock. The residual stress component
tangential to the circumference of the laser shock was mea-
sured. The trend line in Fig. 4 is simply intended to aid the eye
and no physical significance is implied.

The residual stresses determined in the laser-shocked region
were all compressive, with the highest stresses observed in the
annular region at the edge of the shock. The magnitude of the
compression in the center of the shock was somewhat lower
than that observed in the edge regions. Residual stresses mea-
sured outside of the laser-shocked region were compressive
and near zero, but trended toward the tension anticipated out-
side of the shocked region. Other results from the literature
show similar trends (Ref 26, 27).

A measurement using a larger (3 x 3 mm) irradiated region
covering the majority of the shocked region is depicted as a
dotted line in Fig. 4. The residual stress estimates derived from
XRD residual stress analysis should represent the average
stress in the irradiated region. Assuming the residual stresses in
the shocked “circle” exhibit the expected radial symmetry, this
measurement is in excellent agreement with the measurements
made using smaller irradiated regions.

This result is extremely useful since XRD experiments us-
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Fig. 5 In-depth residual stress profiles used for LEFM threshold
analysis

ing the larger irradiated region can be completed much more
quickly than those using a smaller irradiated region. Although
the experiments using the smaller irradiated region were useful
for determining the spatial distribution of residual stresses in-
side the shocked region, these experiments were much too time
consuming to use extensively. The reason for this is the smaller
number of grains satisfying Bragg’s law inside the smaller
irradiated regions. All further XRD residual stress analysis re-
sults were obtained using the larger irradiated region.

3.2.2 In-Depth Residual Stresses Induced by LSP and
Conventional Peening. Fig. 5 depicts the surface treatment
induced residual stresses used for the life predictions. The de-
picted curve fits are those used for the numerical computation
of the stress intensity factor contribution due to the residual
stresses and conform to the functional form of Eq 7.

The compensatory tensile residual stresses required for
equilibrium and sometimes found immediately underneath the
surface treatment induced compression were not measured and
are not considered in the analysis. For the purposes of analysis,
the LSP induced compression was assumed to degrade to zero
in a linear manner at depths between 1.27 and 1.90 mm.

3.3 Elastic Fracture Mechanics Analysis

Initial attempts were made at life predictions for flawed
configurations with and without surface treatment induced
compressive residual stresses. Qualitatively, the results were
intuitive, with the deep, high magnitude compressive residual
stresses yielding either no predicted crack growth or substan-
tially longer propagation lives than specimens without the com-
pressive stresses. The accuracy of these predictions was, how-
ever, suspect without experimental validation and none are
presented. The reason for this was twofold. First, since peak
residual compressive stresses were found at the surface, very
often no growth was predicted at the surface in the c direction,
while growth was predicted subsurface in the a direction where
the residual compression was of lower magnitude. This al-
lowed the a/c ratio to grow well beyond 2.0, the limits of the
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LEFM model. Additionally, in the presence of compressive
residual stresses, the total stress ratio R, calculated considering
both the applied and residual stresses, was sometimes very
highly negative. Calibrating data for the crack growth model
was not available for stress ratios R < —1. Thus, it was uncertain
if the employed crack growth algorithm could provide accurate
estimations of crack growth rate for many of the predictions.

With these complications in mind, a more conservative
LEFM methodology was employed. Rather than predicting to-
tal life to failure, LEFM was employed to conduct a crack
growth threshold analysis. In this analysis, the total stress in-
tensity factor range AK for the given flaw in the presence of a
particular uniform applied stress and residual stress was calcu-
lated and compared with the threshold stress intensity factor
range. For combinations of flaw geometry and total stress state,
plots were composed to visually represent the transition from
arrested cracks to growing cracks. This is shown schematically
in Fig. 6.

The plots resulting from such an analysis can be found in
Fig. 7, 8, 9, and 10 for applied stress ratios R = 0.1, 0.5, 0.8,
and —1, respectively. Any combination of flaw size a and maxi-
mum applied stress falling below the predicted trend line for a
given surface treatment is considered to be a design in which
no growth is predicted for the flaw.

From these plots the clear advantage of the LSP induced
compressive residual stresses was readily apparent. Some
threshold benefit is predicted for all four stress ratios, with the
magnitude of benefit decreasing with increasing stress ratio.
This is due to the relatively smaller impact of the compressive
stresses on the total stress intensity factor range at the higher
stress ratios. This stress ratio effect has been demonstrated
previously for LSP and other deep residual stress inducing
surface treatments such as low plasticity burnishing (Ref 28). It
is also useful to note that some threshold benefit persists even
after the flaw is considerably larger than the induced compres-
sive stresses. This effect was particularly apparent in the case
of the LSP induced stresses. These predictions for large flaws
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are useful for airframe applications where much larger flaws
are tolerated than in rotating engine components.

A considerably smaller, but useful, threshold benefit is pre-
dicted with the two shot peening conditions considered. The
difference in predicted benefit between the shot peening con-
ditions and the LSP condition is due to the rapid extinction of
the shot peening induced compressive residual stresses with
depth. It should be noted that versus small flaws, which are of
primary interest in rotating turbine engine components, the
predicted threshold benefit due to conventional peening is sub-
stantial.

The differences between threshold predictions at these dif-
ferent stress ratios demonstrates that the magnitude of benefit
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due to compressive residual stresses, including those induced
by LSP will be stress ratio dependent. Thus, when incorporat-
ing compressive residual stresses in design, careful consider-
ation will need to be made of the applied load spectrum.

4. Conclusions

The residual stresses induced by high intensity LSP and two
variations of conventional shot peening were analyzed in-depth
using XRD residual stress analysis. The spatial distribution of
surface stresses in an LSP impact was also reported.

A linear elastic fracture mechanics analysis has been used to
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predict increases in crack growth threshold performance due to
these induced compressive residual stresses. By far, the largest
predicted improvement in performance was found with LSP
induced stresses. The high relative benefits predicted for LSP
are due not just to the magnitude of the LSP induced compres-
sive residual stresses, but also the superior depth of compres-
sion. Shot peening induced compressive residual stresses were
also predicted to result in an increase in crack growth threshold
performance, though the benefit was smaller and of practical
use only in the case of small flaws.

The magnitude of the predicted benefit associated with sur-
face treatment induced compression varies with the applied
stress ratio R, decreasing with increasing R. As such, careful
consideration should be given to the applied loading spectra
before any design credit is taken.
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