


































factor, microstructural slip depth). Some of these effects can be estimated by
conducting sensitivity studies on the input variables to the fracture mechanics code.
Currently, determination of the "slip depth" from microstructures appears to have
the greatest variability, in part due to the variability of microstructures themselves.
Additional experience is needed to determine how sensitive the predictions are to
these variations in the critical regimes of interest. This approach should also be
evaluated for different alloys.

• Use of a compressive residual stress profile, stress gradient incorporating a surface
roughness stress concentration factor, and an initial flaw size determined by
microstructural considerations appears to be adequate for modelling purposes for
a fracture mechanics calculation.

• This method could be used to support "design to six sigma" objectives. That is,
information about component life requirements, geometry, and material
considerations could be used to establish robust and cost-effective peening
requirements up front in the design phase. Complex and expensive peening
requirements could be streamlined without adversely affecting life capability. New
peening conditions could be evaluated and "semi-optimized" in advance, resulting
in more effective use of resting budgets.

• While the presence of "damaging" peening condirions was identified (where rhe
term "damage" is used ro indicate lives significantly lower than those obtained for
average low-stress-ground specimens), the fact that the life results can be predicted
using a fracture mechanics approach suggests that the benefit of the induced
residual stress profile is still acting to delay crack propagation from surface defects.
As long as an initial flaw size greater than or equal to the depth of slip for the
peening condition is used, a fracture mechanics calculation can still provide a
reasonable estimate of life capability.

Limitations to the current analysis and recommendations for further study.

As a result of this effort, two major conclusions and two recommendations surfaced:

1) The current definition of intensity [7] does not provide a unique characterization of
the shot peening process. The only requirement is rhat a doubling of exposure
time results in less rhan a 10% increase in intensity. Although this should ensure
rhe condition selected is beyond the knee of the saturation curve, it doesn't
prescribe where on the curve in relation to the knee. A more specific definition
would assist in life correlation and process centering efforts.

2) Velocity, strain rate, incidence angle and shot size are all significant to
characterization of the "detrimental plastic strain layer" induced. From an impact
physics perspective, some direct characrerization of velocity is needed ro
characrerize the "slip depth" or plastic srrain layer depth. The alternative is
extensive testing and experimental correlations. Generation of saturation curves
with velocity data could help clarify the relationship between shot size, velocity,
incidence angle and intensity, improving confidence in life correlations.

3) In view of process variability and shift over time, the author recommends a 4 point
saturation curve profile be requested at the onset of any shot peen test campaign,
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along with a record of all machine settings and specific equipment used (machine
type, nozzle type, robot arm, etc.) This would permit a regression curve fit to

determine a more precise "intensity definition" and would permit comparisons
with other peening conditions. Although this still will not capture variability in
intensity measurements due to variability in the Almen strips themselves [21], it
should help provide better documentation of the exact peening conditions used at
that point in time.

4) Additional work is needed to characterize the variability in each of the input
parameters (slip depth, surface roughness, residual stress profile), and the sensitivity
of the analysis to those variations. The interaction of these effects could change
over a range of test conditions and alloys. At this time, the most sensitive
parameter appears to be the slip depth used for the initial crack size determination.
It would be useful to obtain several microstructures for each shot peening condition
being evaluated to provide a better characterization of the variability and depth of
slip. Characterization of the microstructures for each peening condition used in
new fatigue test campaigns is also important. One of the limitations of the current
analysis is' that there is no guarantee that the peened specimens produced several
years after the original test are characteristic of the original peened specimens.
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Footnote

The first rough fracture mechanics calculations wereconducted in January 1996, asa result of the
microstructures obtained of precisionsections through impact dimples from the single particle impact test
completed in November-December, 1995 [1]. However, the exclusionofa Kr factor at that time did not permit
adequate differentiation between the 45 0 and 850 incidenceangle effects. Around this time, Herb Popp,
working independently, advocated the use ofa fracture mechanics approach and suggested iterating to find what
size cracks wereneeded to correlate with. test data. The next round of iterations focusedon the plasticstrain
profile, and an attempt to define a "damage depth" as the layer abovewhich the compressive plastic strains
exceededa critical plasticstrain(perhaps the truefracture strain for the peening condition of interest).
Although this method also obtained results of the right order of magnitude, it did not predict the right trends to

differentiate between peening treatments. The team advised caution in tryingto interpret and apply the plastic
strain information obtained fromx-raydiffraction techniques as well as "true fracture strain" datafrom tensile
tests in termsofcyclicstrain. At this point, the workofLi, Mel, Duo and Renzhi [14] on surface roughness was
retrieved and incorporated into the analysis. This improved the correlation, but still did not reverse some of the
inconsistent trends. Finally, the plasticstrainltrue fracture strain approach was abandoned and the
microstructural slip measurements were retrieved and incorporated into the model with the custom residual
stress profiles and Kt stress gradients for the first time. This combination provided the differentiation between
peening conditions which wassought. The only exception is the overlypessimistic predictionof the
ccw31110N45'1800% condition life.

If further investigation confirms the connection between microstructural slip depth and life capability, then the
effectof specificshot peening process conditions on complex features such as corners, holes and fillets could be
evaluated directlyby takingsurface roughness measurements and obtaining microstructures througha sample
feature. This would provide a direct method which does not depend on a lengthy list of questionable
assumptions. Alternately, regression analysis could be used to correlate the effectsof intensity, % coverage, %
saturation, incidenceangle,velocity,shot size andhardness. .
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