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[57] ABSTRACT 

Shot peening of thin edges of workpieces which are 
subject to deformation damage by direct impacts is 
accomplished by rotating the workpiece edge near cen
terline through a particular angle measured from the 
normal to the shot streamline, The angle is sufficient to 
cause oblique blows on the centerline of the edge, but 
insufficient to cause direct impacts. Compressive 
stresses by the oblique blows provide residual compres
sive stresses along the centerline to the desired depth, 
The angle is calcuable from the edge radius, the depth 
of stressing desired at the centerline, and the depth of 
stressing produced by shot at a reference location. Os
cillatory rotation is preferably used to obtain even peen
ing. 

5 Claims, 10 Drawing Figures 
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METHOD OF PEENING AIRFOILS AND THIN 
EDGED WORKPIECES 

2 
a streamline. The workpiece is rotated from a mean 
position to a certain maximum oblique angle to the shot 
streamline. Shot thus is caused to bit the workpiece at 
an oblique angle to the tangent to the centerline of the 

TECHNICAL FIELD 

The present invention relates to the field of shot peen
ing, most particularly to the shot peening of airfoils for 
gas turbine engines. 

BACKGROUND 

5 edge, but never hits normal to the tangent. Compressive 
stresses from the oblique shows penetrate to the center
line position. For a particular material, the angle of 
rotation is dependent on the desired depth of peening at 
the edge and the radius of the workpiece edge. When 

10 the workpiece has two opposing edges to be peened, the 
rotation is within an arc between two extreme positions, 
each constituting the maximum angle for the particular 
edge being presented to the shot stream. The approxi
mate angle of rotation for a particular edge is calcuable 

The present invention is useful in a process which we 
describe in patent applications filed contemporaneously 
herewith. Ser. No. 300,725 "Method for Simultaneous 
Peening and Smoothing" describes how workpieces are 
impacted with shot streams comprised of substantially 
uniform sized spherical particles having substantially 
uniform velocities. The workpieces which are being 
peened are simultaneously provided with residual com
pressive stresses and a smooth surface finish. Ser. No. 
300,726 "Shot Peening Apparatus" describes equip
ment, including a holder for an airfoil which enables 
practice of the present invention. The disclosures of the 
foregoing applications are hereby incorporated by ref-

15 from the radius, the depth of stressing desired at the 
centerline of the edge, and the depth of stressing which 
a shot impacts produce in the material at a reference 
location, such as 45 degrees from the centerline. A 
typical airfoil shape presents a more complex problem 

20 because of the camber of curvature of the airfoil and the 
differences in edge radii from one edge to the other. 
The angle of airfoil rotation is further dependent on the 
angular relationship between the mean chamber line 

erence. 
The present invention is especially useful for gas 25 

turbine airfoils. The high rotation speeds of gas turbines 
means that the surface finish of airfoils. can greatly influ
ence the efficiency of the machine. Of high interest are 
titanium blades for the compressor section. These air
foils characteristically have a very thin edge and tend to 30 
be cambered; that is, they have a curved cross section, 
as shown in FIG. 1 herein. 

In the prior art processes using small diameter shot 
impelled by airblasts, it was possible to orient the noz
zles in the manner which avoided any severe impact on 35 
the edges, while at the same time achieving the desired 
peening effect. (Of course the prior art processes did not 
provide the smooth finish which is now desired.) In the 
processes of the recent inventions, relatively heavy steel 
shot is allowed to fall by gravity, along an essentially 40 
straight vertical path. The airfoil to be peened is placed 
in the shot streamline, so that it is suitably impacted. As 
reference to the Figures herein shows there are two 
principal sides to an airfoil. The logical approach taken 
initially was to continuously rotate the airfoil during 45 
peening. However, when this is done the impact of the 
shot on the thin edges causes damage to them, as they 
tend to be rolled over and locally deformed by direct 
shot impacts. While mechanical masking of the edges 
may be employed, this not only raises cost, but would 50 
prevent the desirable compressive stresses from being 
imparted to the edges where they are needed for good 
fatigue life. Similarly, simply disposing the airfoil so 
that one side is first peened, and then the other, without 
exposing the edges, won't provide the desired stresses at 55 
the edges. Therefore, it has been necessary to develop 
improved procedures to fully peen an airfoil. 

SUMMARY OF THE INVENTION 

An object of the invention is to peen airfoils and other 60 
articles having thin edges in a manner which produces 
the desired residual compressive stress layer at the edge, 
but which avoids unacceptable deformation. An addi
tional object is to accomplish the foregoing, while at the 
same time producing a smooth surface finish generally. 65 

According to the invention, a workpiece which has 
rounded edges is peened by rotating the workpiece 
through an prescribed arc beneath shot traveling along 

and chord at each edge. 
Preferably, relatively large steel shot having a sub

stantially uniform diameter in the range 1-2.5 mm is 
utilized, where the shot is accelerated to a relatively 
uniform velocity along a straight path by force of grav
ity. While the objects of the invention can be achieved 
by single cycle rotation of the workpiece in the shot 
stream, it is preferred that the workpiece be rotationally 
oscillated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a general view of a blade for a gas turbine 
engine. 

FIG. 2 is a view of a cross section of the airfoil part 
of the blade in FIG. 1. 

FIG. 3 shows a blade in its holder, illustrating the 
manner in which the blade is rotationally oscillated 
during peening. 

FIG. 4 graphically shows the effect of edge radius on 
the concentration of stress, for different sizes of shot. 

FIG. 5 shows part of an airfoil cross section, illustrat
ing the depth to which compressive stress is induced 
when the edge radius is relatively large. 

FIG. 6 is similar to FIG. 5, but shows a small radius 
edge which has been peened on both sides with the 
airfoil in a static position, and no direct impact on the 
edge. 

FIG. 7 is similar to FIG. 5 but show an airfoil which 
has been peened in accord with the invention. 

FIG. 8 is a partial cross section of the edge of an 
airfoil, showing how the compressive stress depth is 
affected by oblique shot impact angles. 

FIG. 9 is a construction drawing, similar to FIG. 3, 
showing parameters used in analytical calculation of 
oscillation angle. 

FIG. 10 is an end view of an airfoil showing how it 
rotates under a shot stream. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

The invention is described in terms of peening an 
AMS4928 (Ti-6AI-4V by weight) titanium alloy blade 
for the compressor section of a gas turbine engine. The 
techniques and apparatus used to accomplish the peen-
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ing are described in the copending applications men
tioned in the background section of this application, the 
disclosures of which are hereby incorporated by refer
ence. 

Basically, a 1.8 mm diameter spherical steel shot is 5 
dropped from a height of 0.65 meters, sufficient to pro
vide a peening intensity of 0.25-0.30 N (in mm, as mea
sured by the Almen test in the uN" range). 

A blade is shown in FIG. 1. It has a leading edge 22 
and a trailing edge 24 at the intersections of the concave 10 
side airfoil surface 26 and the convex airfoil surface 28. 
The opposing surfaces 26, 28 lie along the longitudinal 
axis 30 of the blade which has a root 29 and a platform 
31 joined to the base of the airfoil by a fillet 33. 

FIG. 2 shows a cross section of the airfoil portion of 15 
the blade 20 in FIG.!. An imaginary line, called the 
bisector or mean camber line 40, runs through the center 
of the airfoil cross section; it is equidistant from the 
opposing surfaces 26 and 28. Also shown is the true 
chord 42 and the false chord 44. The false chord is 20 
essentially parallel to, but offset from, the true chord 
and is used as a reference because it is more conve
niently ascertained in an actual workpiece. Reference 
hereinafter to the "chord" will be a reference to the 
false chord. A first angle B is formed by the intersection 25 
of the chord and the tangent 41 to the camber line at the 
leading edge 22, and a second angle B' is formed simi
larly at the thinner trailing edge. The agles Band B' will 
vary according to the change in camber of the airfoil. 

Also shown in the Figure at the leading edge 22 is an 30 
imaginary circle 46 which approximately fits the curva
ture of the leading edge. The radius of the circle serves 
to delineate the size of the edge. Typically, in compres
sor airfoils leading and trailing edge radii range between 
0.03 to 0.65 mm. The edge radius typically varies along 35 
the axial length of an airfoil; it tends to be larger near 
the base of the airfoil. Another aspect worthy of note 
here is that the airfoils commonly have "twist." That is, 
the chord rotates in space and the camber varies along 
the axial length of the airfoil. These variations are ad- 40 
dressed below, in light of the invention. 

To accomplish the peening step, the blade is mounted 
in a holder 32 as shown in FIG. 3. The shot generally 
strikes the surface 28, which is optionally first to be 
exposed to the shot stream. It will be noted that since 45 
the shot is falling by gravity in the absence of substantial 
lateral velocity, all the shot 34 is moving along the same 
streamline 36, as shown in FIG. 2. During the peening 
step, the shot is allowed to strike the entire surface 28 of 
the airfoil, although in other circumstances it may not 50 
strike the entire surface, if so desired, by means of con
trol of the shot stream pattern. 

As the blade's orientation is shown in FIG. 3, the shot 
would effectively peen the surface 28 and would cause 
no damage to the leading and trailing edges. However, 55 
it should be evident that if the holder 32 was rotated 
180' or more, thereby rotating the blade about its longi
tudinal axis 30, the shot would strike directly on an 
edge, and it is this which would cause damage. Yet, if 
the airfoil section of the blade were only impacted as 60 
shown in FIG. 3, and with the shot stream stopped, then 
rotated 180' to impact the opposing side, it would be 
found that at the extreme edges 22 and 24 there would 
be insufficient, or no, residual stress. 

The magnitUde of the problem which arises when 65 
shot hits the edge can be seen by referring to FIG. 4, 
which graphically indicates the degree to which the 
peening intensity, I r , is increased for different edge 

4 
radii, compared to the intensity, la, which occurs on a 
flat plate. By way of example, if the radius of the edge 
is about 0.45 mm, the peening intensity with 1.8 mm dia 
shot is 1.35 times greater than the peening intensity 
which is provided by the same shot impacting a flat 
surface. If the edge radius is decreased to about 0.20 
mm, the concentration factor, Ir/lo• increases considera
bly to about 1.7. By way of reference, the same concen
tration factor is shown for GB20 (-0.27 mm) glass 
beads, which is a media used in the prior art. It m;y be 
seen that there is a concentration factor, but that its 
magnitude is considerably less, as is its rate of change 
with decreasing radii. 

It has been found that limited rotation oscillation of 
the airfoil, indicated by the arrow C in FIG. 4, can 
effectively achieve peening of edges without deleteri
ous deformation. The rotational angle through which 
oscillation is made varies according to the edge radius 
and camber. This will be illustrated by the example of a 
particular cross section through an airfoil, such as at the 
mid-point of its length. FIGS. 5-7 show cross sections 
of different sized airfoils and by example illustrate the 
principal underlying the invention. FIG. 5 shows in 
cross section airfoil 48a with a large leading edge ra
dius, R, large enough to permit full airfoil rotation in the 
shot stream of the airfoil without deformation damage. 
Because of the intensity concentration factor, the depth 
of the residual compressive stress layer 50 is greater 
near the edge 22a, than on the opposing surfaces 260, 
28a. FIGS. 6-7 represent two smaller identical radius 
airfoils which would suffer leading edge deformation if 
impacted in a similar manner to that of FIG. 5. FIG. 6 
shows an airfoil 48b which has been peened without 
rotation or oscillation with the tangent 43b to the cam
ber line at the leading edge normal to shot stream. On 
the opposing surfaces (26b. 28b) there is the requisite 
depth of compressive stressing, but there is insufficient 
depth at the leading edge 22b. FIG. 7 shows an airfoil 
48c which has been partially rotated (oscillated) during 
peening, sufficient to expose part of the leading edge 22c 
to the shot stream from both sides, but insufficient to 
cause direct impacts thereon. The residual stress region 
on the concave side 26c extends into the leading edge, as 
does that from the convex side 28c, and both layers 
overlap at the edge 22c. to provide a sufficiently deep 
region, nominally comparable to that along the sides. 

FIG. 8 further illustrates the details of the invention 
by showing part of the front portion on an airfoil 48d 
having a leading edge radius R, the airfoil being par
tially rotated an angle M with respect to the normal 49 
to the shot streamline, the direction of which is repre
sented by the lines 52, 54, 56. Shot impacting along line 
52 hits perpendicular to the local tangent 53 to the air
foil surface and imparts a compressive stress according 
to its energy and the concentration factor associated 
with the radius and shot size. Shot traveling along line 
54 hits at an oblique angle (45' as shown) with respect to 
the local tangent 55; shot, for the general case, traveling 
along line 56 hits at another oblique angle P, to the local 
tangent 57. Shot hitting the workpiece normal to the 
tangent will impart energy, En, to the workpiece. This 
is a function of its size and peening parameters, as indi
cated in the copending applications, and the concentra
tion factor. Shot striking at an oblique angle wiII impart 
a lesser energy to the workpiece, nominally En sine P, 
and thus the residual stress layer will be less deep in 
such regions. The curved lines 152, 154 represent the 
projection into the cross section of the nominal spheri-
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6 
cal segment of the residual stress layer associated with 
the individual impacts along the lines 52, 54, according 
to the studies by Pope and Mohamed, "Residual Plastic 
Strains Produced by Simple and Repeated Spherical 
Impact," Journal ofIron and Steel Institute, Jllly, 1955, 5 
pp. 285-297. The summation of the stressing from each 
shot impact provides the residual stress layer SOd, ex
tending from the surface to the depth line 58 in FIG. 8. 
The partial rotation of the workpiece is deemed suffi
cient when the stress layer depth line 5Hat the leading 10 
edge 22d intersects the mean chamber line 40d, at a 
depth suft1cient to provide the needed fatigue improve
ment in the workpiece. Generally, the depth D will be 
equal to the reference depth achieved on the opposing 
airfoil sides 26d, 28d of the workpiece, although less 15 
depth, e.g., about 50-90 percent of the reference depth, 
is often acceptable. 

While the obliqueness of edge impacts lessens the 
depth of stressing, the radii concentration factor causes 
an increase. How these factors balance out, and the 20 
degree to which an airfoil should be partially rotated is 
dependent on the radius of the shot and airfoil, and they 
are discussed below. 

The depth of compressive stressing at the leading 
edge and elsewhere can be readily measured using x-ray 25 
diffraction. Thus, the partial rotation of the airfoil nec
essary to obtain the desired peening at any given edge 
can be determined by simple experiment. It will be seen 
that for the cambered airfoil, the total angle of rotation, 
as measured by the total angle through which the chord 30 
moves to peen both edges simultaneously, will be an 
angle measured from the horizontal plane, or the nor
mal to the shot stream, as shown in FIG. 8. The angle 
will be greater when the convex side is peened than 
when the concave side is peened, since the edges of the 35 
latter are already turned upward when the chord is 
disposed normal to the shot stream. . 

It is possible to analytically determine the approxi
mate angle· of rotation for airfoils which is useful. It 
should be understood that the analytical calculation will 40 
be approximate, because real edges of airfoils do not 
have perfect radii (circular cross section); the shot im
pacts are n·ot perfectly elastic; the En sine P relationship 
is a simplification; and there are simplifying assump
tions, as set forth, etc. Suppose it is desired to obtain 45 
compressive stressing to a depth D at the leading edge 
as shown in FIGS. 8 and 9 by·the lines 58, 5Sa. (FIG. 9 
repeats in part FIG. 8, showing various construction 
lines referred to herein.) As a reference for analysis, we 
use in FIG. 9 a shot impact along the line 54<1, which is 50 
at a 45' angle to the mean chamber line tangen.t 41e. The 
literature indicates that for low intensities there is a 
~ore or less linear relationship between the energy 'in a 
shot particle and the depth of compressive stressing 
which is achieved. The depth, g, of stressing at the 45' 55 
radial is related to the depth achieved in a normal im
pact on a flat plate, g will be empirically determinable, 
as by using X-ray diffraction, for a particular material 
and shot. 

The peening intensity at the point where line 54a 60 
intersects the surface will be related to the peening 
intensity 10 which a flat plate receives when hit nor
mally by a shot particle, that is with zero impingement 
angle. The intensity along the 45' radius R', which 
produces stressing to a depth g, is 65 

J4S=(Io)(IoIJ,)(sine 45') 

where IoIIr is the concentration factor. 
Each particle produces a stressed area represented by 

the circle line 60 having a radius q. The line 60 inter
sect!; the desired depth line SSa at two points, 62, 62' of 
which only point 62, nearest the camber line, is of inter
est. From the Figure it should be apparent that the 
camber tangent line 41e should be rotated an angle C, 
by movement of the airfoil, such [hat the point 62 coin
cides with point 64, the intersection of the desired depth 
line SSa with the mean camber line. 

The foregoing relations can be geometrically con
structed, and reveal that the angle of rotation C in de
grees is defined by, 

, -I ( R2 + IR - D}2 - 92 ) 
C = 45 - cos 2R (R D) 

where R is the radius of the edge circle, D is the depth 
of desired compressive stressing and q is the depth of 
compressive stressing produced by an impact at a 45' 
angle to a surface tangent. 

As an example, for a part with an edge radius of 0.38 
mm, steel shot of 1.8 mm dia produces a concentration 
factor of 1,45. The peening intensity, I, on the curved 
surface at 90' to the tangent is 0.36 :'{ and the depth of 
stressing is 0.18 mm. For a 45~ impact, the intensity will 
be about 0.25 N and the depth of stressing, q, will be 
0.13 mm. Utilizing the formulae above the angle of 
rotation C will be found to be 33.5 degrees. Angles 
usually range between 15'-25' for typical parts de
scribed herein. 

Thus it will be seen that the first step in peening u 
particular side and edge is to rotate the workpiece so 
that the mean centerline of the edge is normal to the 
shot streamline. For the trailing edge 24 of the airfoil 
shown in FIG. 2 and reproduced in FIG. 10, this angle 
will be B', and the position will be at 70, where the mean 
centerline, represented by the camber line tangent, 43a, 
is normal to the streamline 76. 

Next, the workpiece is rotated so that the mean cen
terline move,s through an angle C, where C is a positive 
angle less than 90' measured from the normal to the 
shot streamline, determined as set forth above. For the 
airfoil shown, this would constitute moving between 
the position 70 to position 72, by rotation about thc 
longitudinal axis preferably. From FIG. 10, it will be 
seen that there are corresponding angles, Band C, 
through which the airfoil moves to similarly expose the 
opposing leading edge, . 

In s~lmmary, the procedure to peen a single edge is to 
rotate the workpiece to a first position, by moving 
through an angle sufficient to place the mean bisector of 
the edge normal to the shot stream. Then rotate (oscil
late) the workpiece from the first position to a second 
position, through an angle which is a function of the 
edge radius and depth of stressing desired at the mean 
bisector location. 

To peen two edges simultaneously the airfoil is ro
tated from the C angle position for the first edge, 
through the mean position for that edge, and then a 
further rotation until the C angle position of the second 
edge is achieved. We have found it most efficient to 
utilize the latter procedure. 

One cycle of rotation to each C angle position would 
be sufficient to obtain the desired edge peening. How
ever, as will be apparent from FIG. 8 and others herein, 
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8 
when the airfoil is partially rotated, the edge receives and oscillation, by reference to the analogous parame-
more favorable impacts but the airfoil surface 26d re- ters for the workpiece. 
ceives oblique blows and less than the full desired inten- While our invention has been described in terms of 
sity. Further, to simultaneously peen the two opposing finishing the essentially circular cross sections of airfoil 
edges, leading and trailing, and to alleviate any varia- 5 edges and the like, we believe that the principles of our 
tions in the shot stream, it is preferred to rotate the invention will in special instances be equally applied to 
airfoil with a rotational oscillatory motion. The rate of edges having other cross sections than circular. 
oscillation is somewhat arbitrary, the object being to Although this invention has been shown and de-
achieve a fair number of exposures of each edge during scribed with respect to a preferred embodiment, it will 
the total peening cycle. We have used a rate of 20 cy- 10 be understood by those skilled in the art that various 
c1es/min where the peening time is 2-3 minutes, for a changes in form and detail thereof may be made without 
total of 40-60 cycles. departing from the spirit and scope of the claimed in-

Since the edge and the essentiaIly planar workpiece vention. 
surfaces located away from the edge cannot both simul- We claim: 
taneously receive desirable angle impacts, it would 15 t. The method of peening the edge of a workpiece 
appear that there would be an increase in saturation comprising directing a stream of shot along a substan-
time with oscillation. In fact, the contrary is observed tially collimated path, characterized by rotating the 
using Almen strips, and this is attributed to the desirable centerline of the workpiece edge through an angle C 
effects of an inclined workpiece in eliminating interfer- with respect to the normal to the shot path, said angle C 
ence among the shot particles as they attempt to escape 20 being less than 90 degrees, and sufficient to cause 
from center workpiece locations. Nonetheless, the dura- oblique impacts at the tangent to the centerline of the 
tion of peening at the greatest angle C position may be edge, but insufficient to cause impacts normal to said 
found insufficient to obtain the desired peening at the tangent, the oblique impacts at points on the edge caus-
edge centerline. When observed, a hesitation or tempo- ing a residual compressive stress along said centerline. 
rary pause in the movement at the furthest angle C 25 2. The method of claim 1 wherein said spherical shot 
position will be found useful. has a substantially uniform nominal diameter in the 

From the foregoing description of the method for the range 1-2.5 mm. 
convex side, the procedure for the opposing concave 3. The method of claim 1 wherein said rotating is 
side should now be apparent. As mentioned earlier, the characterized by workpiece oscillatory rotation which 
chord has a convenient relationship to the mean camber 30 comprises moving the mean centerline of the edge of 
line which would be known for any given part, from its the workpiece from its position at angle C and a position 
design. Since the chord is easily measured, it is found normal to the shot streamline for a multiplicity of cycles 
more convenient to relate rotations to it. during peening. 

Earlier it was mentioned that the variations in edge 4. The method of claim 1 wherein the workpiece has 
radius and twist should be taken into account. Gener- 35 two opposing edges characterized by rotating the work-
ally, the blade is more cambered near the base where piece through an are, the extremes of which are defmed 
the edge radii are heavier. For many compressor blades by the angle C for each edge. 
the camber and twist are not great, compared to the 5. The method of claim I, 3, or 4 further character-
angle C. Thus, we have found it workable to select a ized by the angle C for an edge being approximately 
mean section, at about the midpoint of the length, and 40 equal in degrees to: 
establish our parameters based thereon. A check is 
readily made of whether sections away from the mean 
obtain unacceptably deviant peening, and the necessary 
compromises can be made in oscillation angle. When 
compromise is not possible, a portion of the length can 45 
be masked or otherwise not peened, and the part pro
cessed in two or more steps. 

It should be apparent that the airfoil with its camber, 
changing radius, and twist, is one of the more complex 
parts which has edges to be peened. When the work- 50 
piece is a more regular or simpler shape, the foregoing 
principles will be easily applied to determining rotation 

55 

60 

65 

c - 45' _ cos-I (R2 + (R - D)2 - q2 ) 
- 2R(R D) 

where R is the radius of the circle which approximately 
fits the edge, D is the depth of compressive stress de
sired along the centerline of the edge, and q is the depth 
of compressive stress produced by an impact at a point 
on the edge where the tangent to the edge is at a 45 
degree angle to the shot streamline. 

• • * • • 
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