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Effect of Power Density and Pulse Repetition
on Laser Shock Peening of TI-6AIl-4V
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Laser shock peening (LSP) was applied to Ti-6Al-4V (wt. %) simulated airfoil specimens using a Nd:Glass
laser. Laser shock peening processing parameters examined in the present study included power density (5.5,
7, and 9 GW/cn?%) and number of laser pulses per spot (one and three pulses/spot). The LSP’d Ti-6Al-4V
samples were examined using x-ray diffraction techniques to determine the residual stress distribution and
percent cold work as a function of depth. It was found that the residual stress state and percent of cold work
were relatively independent of LSP power density. However, the number of laser pulses per spot had a
significant effect on both residual stress and percent of cold work for a given power density level. In addition,
there was a strong correlation between the magnitude of residual compressive stresses generated and the
percent cold work measured.

Keywords laser shock peening, LSP, residual stress, surface AIthO.UQh the LSP process has bgen explored sjnce the I"’,‘te
engineering, Ti-6Al-4V 1970s, little work exists in the open literature regarding the opti-

mization of LSP parameters. The subject study examines the ef-

fects of varying levels of LSP intensity on the residual stress state
1. Introduction and percent cold work in simulated airfoil specimen made of Ti-
6Al-4V. The different levels of LSP intensity were achieved by

Rotating hardware, such as fan and compressor blades in ga¢2¥ing the power density amtimber of LSP pulses per spot.

turbine engines, are subject to foreign object damage (FOD),
which can act to reduce their fatigue life. For years, engine manu- :
facturers have used surface enhancement techniques such as slgOt Experimental Procedure
peening to induce a state of residual compression into the surface o _ _ i
of such components in an attempt to mitigate FOD effects on ~ Simulated airfoil specimens were machined from Ti-6Al-4V
fatigue life. However, the depth to which the compressive stressnot-rolled bar by milling and subsequent low stress grinding. The
state can be induced by shot peening is restricted to very near th@aterial had been heat treated before machining as follows:
component surface, thus limiting its effectiven@ésm addi- ~ vacuum treated at 708 for 2 h, static argon cooled<449°C,
tion, shot peening produces a rather high level of cold work (20 Vacuum annealed at 5@ for 2 h, static argon cooled4449°C.
to 30%), which can be thermally relieved if the component is The _resultlng microstructure, shown in Fig. 2, conS|ste_d of ap-
exposed to elevated temperatures in service or during secondProximately 966 platelike alpha (hcp) phase and approximately
ary processing 10% mtergranular beta (bcc) pha;e. The alpha phase is essentlal!y
More recently, a component surface enhancement techniquéduiaxed in the transverse section and somewhat elongated in
called “laser shock peening” (LSP) has been successfully em-the !Ongltudlnal section, along the longitudinal axis (rolling di-
ployed to improve the fatigue performance of gas turbine en-rection) of the bar. _ . _
gine fan blades. In this process (Fig. 1), a laser vaporizes a thin The simulated airfoil specimens were specifically designed
opague coating (usually black paint) applied to the surface oft® @pproximate the leading edge geometry of a turbine engine
the component over the region to be treated. The vaporizatiordirfoil with an edge thickness of 0.75 mm. Figure 3 shows a
of the paint produces a rapidly heated plasma that is confinedschematic of the specimen. The width of the specimen was ta-
against the surface of the component by a film of water. The presPered to provide tin section along one edge (approximating a
sure against the surface of the component increases rapidlyP/ade leading edge), which enabled through-thickness compres-
thereby causing a shock wave to travel into the surface of theSiVe residual stresses to be generated along this edge by LSP.
material. If this shock wave is of sufficient magnitude, the Additional details regarding the development of this specimen
process results in a residual state of compression in the treateg€0metry and rationale for its use in conjunction with LSP stud-

area. Further details regarding the LSP process can be foundS can be found elsewheéfe. . )
elsewherd34 The leading edge portion of the machined specimens was

treated using three different levels of LSP power density: 5.5,

- - - 7, and 9 GW/crh In addition, each power density level was ap-
P.R. Smith,Air Force Research Laboratory, Wright-Patterson Air Force ;. . . .
Base, OH 45433-781F/.J. Shepard,Sout)r/\wes%rn Ohio Council for plied using one or t_hree Pulses/spot to investigate the effects .Of
High Education, Dayton, OH 45420-401R.S. Prevéy Ill, Lambda shock repetition. Figure 4 shows the LSP pattern used for this
Research, Cincinnati, OH 45227-3401: anid. Clauer, LSP Tecmolo- study. The laser spot was essentially circular in geometry with
gies, Dublin, OH 43016-1272. a diameter of15.6 mm. Two sets of LSP parameters were applied
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directions. Both sides of the specimen were shocked simultane-

transparent layer for ously using a split beam.

shock wave constraint

(usually water) Nd:Glass laser Residual stress and percent of cold work measurements were
diameter ~ 5.6mm made near the center of the LSP treated area using x-ray dif-
/ A =1.066 um fraction in accordance with recommendation SAE J784a and
shock wave formed ASTM specifications E915 and E1426. Material was removed
from vaporized paint opaque layer electrolytically for subsurface measurement in order to minimize
for vaporization alterations in the stress distributions that would be caused by
(usually black paint) machining or grinding. Residual stress results were corrected for

penetration of the radiation into the stress gradient and for stress
relaxation due to the material removal using a finite element
model of the specimen geometry. The level of cold work pro-
shock wave travels — : duced during LSP wasstimated by correlating the diffraction
into material —_— peak width to true plastic strafh Assuming symmetry in the
compressive residual stress state due to the simultaneous appli-
cation of LSP to both sides of the specimen, residual stress and
percent cold work measurements were made through half the
nominal thickness.

material to be laser shock processed

Fig. 1 Schematic of the LSP process

3. Results and Discussion

Figure 5 shows the residual stress versus depth obtained for one
pulse/spot for each of the three power densities investigated. The
magnitude of the residual stresses is quite high at the specimen
surface, most likely the result of specimen machining, but drops
off with depth as would be expected. Although there appears to
be some scatter in the data, there is no clear effect of LSP power
density on the compressive residual stress state. In fact, the high-
est power density (9 GW/&ractually produces the lowest level
of compressive stress, upid.3-mm deep. Figure 6 shows the
corresponding percent of cold work versus depth data for the same
conditions. There appears to be a relatively high levebotdf
work at the immediate surface, which again is likely the result
of the milling process during specimen machining. The percent
of cold work dropped off relatively quickly below the surface and
was essentially constant at about 5 to 10% for degiilismm.
Once again there was no clear effect of LSP power density on the
level of cold work measured. Very similar results were found for
residual stress and percent of cold work with varying power
densities using three pulses/spot. Thus, there wateapef-
fect of LSP power density on eitheosmpressive residual stress
state (Fig. 7) or percent of cold work (Fig. 8).

Figure 9 replots the above residual stress data versus depth at
a constant power density (5.5 GWAras a function of shock
repetition. As before, the residual stress at and just below the sur-
face is thought to be high due to machining stresses. It then drops
off continuously with depth. However, notice that as the number
of LSP pulses/spot increases from one to three, the magnitude of
the compressive residual stress increasédlb9 MPa over the
Fig. 2 Hot-rolled Ti-6Al-4V bar microstructure entire depth of measurement. As a result, at the midthickness of

the specimen, the compressive stress for the single-shot condi-

per specimen, one in each of two independently treated zonestion drops to essentially zero, while for the three-shot condition,
A finite element solution was developed to verify that the resid- itis on the order of 100 MPa. Figure 10 shows the corresponding
ual stress fields from each zone would not overlap. For each LSRlata for percent of cold work versus depth. Once again the per-
parameter, two rows of spots were apph@LSP. One row cent of cold work is very high near the surface due to machin-
nearest the leading edge contained four spots, and a second roimg, but drops off to a steady-state condition at deg@t3 mm.
contained three spots. The spots were overlappé#o in both In addition, notice that the percent of cold work increases as the
the lateral (along the specimen) and vertical (across the specimemumber of pulses increases from one to three, such that at one
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pulse/spot, the steady state of cold work is on the orde¥opf 6
while for three pulses/spot, the steady state cold work is approx- .ggo
imately 126. Therefore, there is a correlation of increasing per-
cent of cold workand increasing compressive residual stress ~ -700
with an increasing number of pulses. Similar trends for resid-
ual stress and percent of cold work versus depth at constant
power density with one and three pulses were found for the 7rig. 7 Residual stress vs depth d€@ower density) at three pulses/spot
and 9 GW/criconditions (Figs. 11 to 14).

It should be noted, however, that although the percent of cold
work appeared to reach a nominal steady-state condition with in-plastic strain along the through-thickness direction was created
creasing depth, the magnitude of compressive residual stresby both compression waves and tensile waves, and their inter-
continuously decreased. This was probably related to the obseractions. The interplay of these stress waves creates a rather com-
vation that the percent of cold work determined from the x-ray plex distribution of net radial plastic strain, which varies through
diffraction analysis was related to the equivalent plastic strain, the section thickness. It is the net radial plastic strain that plays
that is, the cumulative plastic strain, irrespective of whether this the dominant role in determining the radial residual stress gradi-
strain was induced in compression or tension. However, theent. Correlations concerning the variations in the stress profiles
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Fig. 11 Residual stress vs depth as(aumber of pulses per spot) at
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Fig. 12 Percent cold work vs depth a$@umber of pulses per spot)
at 7 GW/cm

are further complicated by the necessary requirement that the x-
ray diffraction spot used for making the measurements has a fi-
nite size and averages the measured residual stress over the area
of the diffraction spot. In this study, a rectangular irradiated area,
2.5 by 10.0 mm, was used (long axis parallel to the blade edge),
yielding residual stress values averaged over this irradiated area.
In addition, because of the taper of the laser peened surfaces away
from the leading edge (Fig. 3), the irradiated area spans a range of
section thicknesses from 0.85 to 1.20 mm, with the midthickness
ranging from 0.42 to 0.60 mm.

Itis likely that much of the variation in the single shock data sets
can be explained by the fact that there was some nonuniformity of
the stress field generated by LSP as a result of the complex plastic
strain distributions. These arose from both the factors mentioned
above and the observation that the treatment relies on multiple
shots patterned together to cover the desired area. Considering
these combined effects, one would expect that multiple hits might
act to smooth the plastic strain gradients somewhat and make the
stress profile with depth more uniform. Such an effect can be seen
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way through the thickness. It is interesting to note that whereas
the aluminum resul& showed a pronounced peak in hardness
at midthickness (0.9-mm thick), the percent of cold work in this
study was relatively constant through most of the thickness.

4. Conclusions

The following conclusions can be drawn.

Neither the magnitude of compressive residual stress state
nor the percent cold work generated by LSP appears to be
dependent on with the laser power density under the condi-
tions investigated in this study. This could be the result of

the thin section thickness, the taper of the opposing sur-
faces, the properties of the material, and/or the laser beam
conditions.

The magnitude of the compressive residual stress state was
very high (550 to 650 MPa) at, and just below, the surface
(most likely the result of machining stresses) and decayed to
a minimum value (0 to 250 MPa) at the nominal midthick-
ness of the sectiong., .40 mm).

The magnitude of compressive residual stress generated by
LSP appeared to be proportional to the number of pulses per
spot for a given power density, such that as shock repetition
increased, so did the magnitude of compressive stress.

The percent of cold work generated by LSP appears to be
proportional to the number of pulses per spot for a given
power density, such that as shock repetition increased, the
percent of cold work increased.

The percent of cold work reached a steady-state condition
at depths = 0.04 to 0.06 mm.

The compressive residual stress generated by LSP appears
to be related to the percent of cold work induced, such that
as the amount of cold work increased, the magnitude of the
compressive residual stress increased.

by comparing the residual stress versus depth curves for the tripl&eferences

and single shock experiments (Fig. 5 versus Fig. 7).

1.
As can be seen in Figs. 5 and 7, the shocked region was in a

compressive residual stress state through essentially its entire
thickness. This feature occurred because the thin sections weré-

laser shot peened from both sides simultaneously. As a result,

the shock waves traveled into the material from opposite sur-
faces at the same time. When they met at the midthickness of the’
material the shock stresses doubled, causing an increase in plas-
tic deformation or cold work at midthickness. This was clearly 4.

shown in aluminum alloys, where the hardness increased at

nounced as the section thickness decre@sg&tis localized

plastic strain contributed to increasing the compressive residual

stress at midthickness in thin sections. As section thickness de-
creased, the compressive residual stress began to extend all the Metals Park, OH.
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