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Method for simultaneous peening and smoothing.

@ A method for simultaneously shot peening and smoo-
thing includes use of relatively large, smooth, hard, spherical
steel shot having a substantially uniform diameter in the
range 1-2.5 mm. Titanium workpieces are provided in one
step with a compressive stress layer of the order of 0.13 mm
and a surface finish of better than 15 X 107° inch AA,
compared to conventional peened finishes of the order of 40
% 107% inch AA. Surface finish and peening intensity are
interrelated and dependent on shot diameter, mass, velocity,
and energy within relatively small limits. The shot diameter
is uniform within £ 0.056 mm; the shot impact velocity is
uniform within + 4 percent or less, in the range 1.4-12 m/s.
The method is also applied to the simultaneous densification
and smoothing of overlay coatings on workpieces, such as
those deposited by physical vapor deposition and plasma
spraying. Usually heat treatment follows the peening step.
When thin edged workpieces are peened they are oscillated
through critical angles with respect to the collimated shot
stream used in the invention. Thus, residual compressive
stresses are obtained at the edges but damage from direct
impact of the large shot is avoided.

Croydon Pnnting Company Ltd
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Description

Method for Simultaneous Peening
and Smoothing

Technical Field
The present invention relates to the finishing of
metal surfaces, most particularly to shot peening proces-

ses which impart to a metal surface a combination of com-
pressive stress and texture.

Background Art

Shot peering is a manufacturing process wherein the
surface of a workpiece is impacted by particles or shot.
An important use of peening is to generate a residual
compressive stress in surface of a metal workpiece, to
improve fatigue resistance. Thus, localized areas of
+ensile stress, phase transformations, machine and grind-
ing marks, pits, scratches, and the like, can be blended
and effectively eliminated from acting as stress concen-
tration points.

Shot peening at low intensities, most often with
glass beads, is used in the aircraft gas turbine engine
field to ennance the performance of disks, vanes, and
blades which are subject to hich fztigue stresses. Charac-
teristically, shot peening leaves a textured surface ow-
ing to the slightly rounded depressions each particle im-
nact produces.
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Recently, it hes been appreciated that the effici-
ency of gas turbines can be enhanced by making the sur-
face of peened compressor airfoils very smooth. Finish-
es of the order of 152A (Arithmetic Average; 10~6 inch;
egual to Ra in ANSI B46-1-77) or better are desired.
However, since airfoils typically have contoured sur-
faces, they are difficuvlt to easily polish without in-
curring unacceptable change in dimension. Thus, abra-
sive polishing using a vibrating mass media, following
the peening step, has been preferred. But this, and

any other surface removel process, risks removal of too

much of the necessary peened surface layer. Also such
processes tend to be time consuming. Therefore, there

has been a2 need for a simpler improved process.

In peening, shot size is usually chosen accord-
ing to the size of the workpiece and £inish desired.
There are many different choices, as indiczated by the
specification SAE J444a (Society of Autemotive Engineers).
The nominal size of shot varies from 4.75 to 0.075 mm,
and typically is cast steel or iron material. Glass
beads in the range of 1.4 to 0.038 mm nominal diameter

are also commonly used. Commerical shot is characteri-
zed by a relatively wide particle distribution about the
mean or nominal size. In addition, the shot tends to

fragment during use, leading to the presence of smzller
jacged fragments. 2s a result, shot peening gives a
textured surface Z£finish and the surface finish can vary
over time with a given shot mass.

Large shot will tend to give a smoother surface
finish than small shot, when obtaining the same peening
intensity. However, larger shot is undersirable be-
cavse the time to obtein a fully peened surface becomes
considerably creater, and production rate is lowerxed.

2lso, large shot has limited utility on many comple:
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shaped parts where small internal contours cannot be
properly impacted. Thus, for production shot peening,
the smaller shot is preferred.

In addition to improved fatigue resistance, vari-
ations of peening processes have been used in the past
to provide various surface finishes on workpieces. For
example, Ridd U.S. Patent 937,180 discloses a method of
obtaining a mottled effect on otherwise smooth sheets.
Bardened steel balls are dropped from a series of funnels
onto an inclined sheet workpiece placed below. Brandel
U.S. Patent 3,705,511 describes a low penetration ball
forming process, for contouring aluminum sheet which
is stretched across a convex die. Steel balls in the
range of 3-6mm diameter fall by gravity from the edge
of an inclined surface, impacting the exposed convex
surface of the sheet at about 5m/sec. The workpiece is
translated under the shot stream for a time sufficient
to permanently deform the sheet (owing to the residual
stresses) but insufficient to deform the sheet greater
than the die shape provides. When used for wing panels
on aircraft, the contouring process is followed by a con-
ventional shot peening using smaller S230 (~0.7 mm) shot,
to obtain the reguisite uniform residual stress for fa-
tigue resistance.
Summary of the Invention

2n object of the invention is to produce parts

having both a2 uniform residual suriace stress state
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and a smooth surface finish.

The method of the invention is based on the dis-
covery of critical interdependencies between shot size,
energy, peening intensity, and surface finish. Accord-
ing to the invention, a workpiece is simultaneously pro-
vided with compressive stresses corresponding to a peen-
ing intensity of 0.1 mm N or greater, and a surface
finich smoother than 40 AA by impacting it with spheri-
cal shot having substantially uniform diameter in the
range 1-2.5 mm, preferably 1.5-2 mm, traveling at a sub-
stantially uniform velocity. The shot must be infrangi-
ble, so it maintains its sphericity in use, and have a
surface finish better than 30 AA. By substantially
uniform diameter is meant that the shot body will be
comprised of particles having diameters within about
b 0.05 mm, or unifors>ithHin K 5%. This will provide
unit masses uniform within about = 16%.

In the invention, the shot is impacted on the work-
piece at a velocity less than 15 meter/sec, preferably
in the range 1.4-12 m/s, more preferably in the range
2.5-7.8 m/s. The impact velocity will vary according -
to the desired peening intensity and the diameter of
the shot used, with higher velocities being associated
with higher intensity and smeller diameter. The impact
velocity will be uniform within about : 4% when the pre-
ferred method of accelerztion, by force of gravity, is
used. Resultant unit impact energies will be uniform

within about ® 25%, in the range of 0.2 x 1077 to

12 x 1074 g,

The finazl surface finish depends on the initial
finish. If 2 titanium workpiece surface has an initial
finish of less than about 40 AA, the process is capable

of producing final finishes of 15 AR or better. When



10

15

20

25

30

0074918
-5~

the workpiece is provided with a smoother initial
finish, final finishes down to 6 AXA are attainable.

The workpiece finish is dependent on the peening
intensity and diameter of shot. For any given shot
size, hicher peening intensities are associated with
poorer finishes. However, at any given intensity a
better finish is produced by a larger shot size, As an
example, to obtain better than 15 AA surface finish, the
intensity of shot peening must be less than about 0.30
mm N. Using 1.8 mm shot enables up to zbout 0.50 mm N.
As a corollary, at any given peening intensity the
finish will be better for the larger shot. As an ex-
ample, for commonly encountered peening intensities in
the range 0.20 - 0.30 mm N, shot significantly smaller
than 1 mm will not be capable o0f producing a regquisite
smooth surface of 15 AR, whereas shot greater than 2 mm
gives a good finish, but without advantage over 2 mm
shot. Shot up to 2.5 mm is useful, nonetheless, when
high peening intensities are required. But associated
with larger shot and especially that over 2.5 mm are
long peening (saturation) times and low impact veloci-
ties which introduce practical problems in controlling
uniformity and obtaining good results on inside radius
contours.

When the shot is accelerated by gravity over drop
height of 0.1 - 6m, using apparatus and methods de-
scribed in a copending application, the uniform veloci-
ties of the invention will be attained, together with
shot which travels along an essentially collimated path,
Consequently a precision of shot peening and surface

finishing can be obtained which is economic and hereto-

fore unknown.
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The invention also improves the properties of
overlay coatings, such as physical vapor deposition
(PVD) and plasma arc sprayed coatings. For example,
0.13 mm thick MCr2lY PVD and plasma coatings are
peened with 1-2.5 mm shot to an intensity of 0.3 -
0.6 mm N and subsequently heat treated. Not only are
leaders and voids in the coatings healed to a degree
greater than possible with the Prior art air pro-
pelleé glass bead peening, but the coatings are sub-
sténtially smoothed. PVD coatings of 60 AA finish
are improved to 25-35 2z whilé plasma coatings with
300 AR finish are impfoved to finishes cf less than
100 AA.

When the invention is applied to thin edged
workpieces such as gas turbine airfoils, the work-
piece is manipulated with respect to the collimated
shot stream in a manner which avoids damage to the
thin edges but at the same time produces the desired
residual compressive stress in the edge. The
manipulating involves careful rotation of the work-
piece about an axis parallel to the edge so that only
a portion of the edge is presented to the collimated
shot stream; direct impacts on the centerline of the
edge are avoided. For gas turbine blades, first omne
side and then the other side of the airfoil is presented
to the shot stream. When each side is presented the
airfoil is given an oécillatory rotation about its
longitudinal axis to thereby finish both of the
opposing edges.
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Brief Description of Drawings

Figure 1 graphically shows the relationship between
saturation time and uniform shot diameter.

Figure 2 graphically shows the relationship between
peening intensity and saturation time for different shot
diameters.

Figure 3 graphically shows the relationship between
the drop height and peening intensity for different
shot diameters.

Figure 4 graphically shows how shot peening energy
transfer efficiency varies with drop height and shot
size.

Figure 5 graphically shows the drop height neces-
sary to obtain a peening intensity of 0.25 mm N, for
different shot sizes.

Figure 6 graphically shows surface finishes which
result from the use of different size shot at different
peening intensities, according to the starting finish.

Figure 7 graphically illustrates how surface
finish varies with peening time for different shot sizes.

Figure 8 graphically illustrates the interdepen-
dency of surface finish and peening intensity for differ-
ent sizes of shot.

FigureVQ graphically interrelates peening intensity,
surface finish, and kinetic energy of the shot, =for
different sizes of shot.

Figure 10 graphically shows the dependency of
finish on shot size.

Figure 11 c¢raphically shows the changing interre-
lationship between saturation time, drop height, and

surface finish, as a function of shot size.
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Figure 12 shows a gas turbine blade positioned
for shot peening while being rotationally oscillated.
Figure 13 is an end view illustration of an
airfoil section showing the degree of rotation for
each edge.

Figure 14 is a detail view of an edge of a
workpiece, such as an edge of the workpieces in
Figures 12-13, showing the residual compressive stress

achieved during peening.



10

15

20

25

0074918
-7 -

Best Mode for Carrying Cut the Invention

The invention herein is describeé in terms of the
finishing of a titanium alloy (Ti-6A1-4V by weight)
blade designed for use in the compressor section of a
gas turbine engine. The invention is also described in
terms of attaining the following objectives: a surface
finish of better than 15 2A and a residual compressive
stress intensity of 0.25-0.30N, (in millimeters accord-
ing to the Almen test). Both parameters are described
in more detail below. However, it will be understood
that the invention will be useful for finishing other
workpieces ané metals to other criteriz; such as where
the surface finish may range up to 40 ZA, and the in-
tensity may range between 0.10-1.0 N.

In contrast to the shot peening as practiced in the
prior art, the present invention employs very uniform
sized spherical shot, such as utilized in the construc-
tion of ball bearings. The hardness o= the shot should
be greater than the hardness of the metal being peened,
to insure that the shot is not deformed during use. A
preierred material for peening Ti-6Al1-4V (having a hard-
ness of about Rc 40) 1is a carbon tool steel, such as
AIST C1013, which has been heat treated to a hardness in
the range of Rc 60. t is preferred that the shot be of
a relatively high density material such as steel. Other
materials may be used, but such use will involve trade-
offs of increased cost (for higher density hard

materials) anéd less effectiveness (for lower cost and
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lower édensity materials, such as ceramics). The shot
material must be infrangible to avoid generation of sub-
sized particles during peening; the importance of this
is indicated below.

Most of the shot used in the prior art peening has
been selected in accord with specification SAE-J827 for
iron or steel, and SAE-J1173 for glass beads and MIL-
SPEC-S5-131638B. Some representative specification dis-
tributions of shot size are shown in Table 1 for the SAE
and MIL~-SPEC materials. Also shown in the table are
three tvpes of shot, NL-10, 18, and 25, (nominally 1.0,
1.8 and 2.5 mm dia.) used in the present invention. Re-
ferring now to the table, it will be seen that the prior
art shot is characterized by relatively wide distribu-
tion. TFor example, grade 5550 contains diameters be-
tween 1.18 and 2 mm; glass bead grade GB20 ranges in
diameter between 0.125-0.300 mm. In contrast, the shot
of the present invention is seen to be uniform within a
tolerance of a plus or minus 0.05 mm. In the SAE and
MIL-SPEC grades of shot it is expected that there is a
normal distribution which includes a certain number of
£ine shot particles. This is evidenced by the lack of
a screen specification for the 99-100% cumulative per-
centage. In contrast, the grades of shot used in the
invention, typified by the KL grades, 'have 100 percent
of the shot entirely within a specified narrow range.

In the practice of the invention, it is important
that the shot be spherical. By this is meant any char-
acteristic shot particle should have a radius which
does not vary by more than about 2 percent. The spher-
icity recuirements will be understood within the context
of the size uniformity regquirements, elaborated upon
further herein. Irregular shaped shot can provide
impacts which are of lower or greater intensity than

their spherical equivalent and may not provide the good
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Shot Size Distributions

5 SAE S780
" 5660
" 8550
" GB20

MIL S280
10 MIL S660

NL-10
NL-18
NL-25

S
2.80
2.36
2.00

.30

1.19
2.81

1.12
1.88
2.55

Cumulative Percent of Shot 2llowed on
A Particular Screen Opening in mm

85 %0 95 97 100
2.00 1.70
1.70 1.40
1.40 1.18
.180 .125
.71
1.67
1.02
1.78

2.45
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results of the invention.

As indicated herein, the invention provides a smooth
surface finish on the workpiece being peened, better than
40 AR, and as low as 6 2A. To attain this, it is neces-
sary that the shot particles have at least a commensurate
surface finish to that sought. Preferably, the shot
should@ have a finish oi 6 AA or better. But, when less
fine finish is desired, somewhat poorer shot surface
finishes mey be usable, up to about 30 AA, Heretofore
there has been no particuler reguirement for shot sur-
face finish in the foregoing range. Somewhat irregular
material, characteristic of atomized metal, has been ac-
ceptable. The foregoing surface finish requirement in
combination with the sphericity recguirement, precludes
the use of shot containing fragments.

Shot particles must have substantizlly uniform
énergy when thev impact the workpiece surface. The
preferred way to achieve this is to discharge the
uniform sized shot from a discharge gate-(perforated
plate) positioned above the workpiece, with a very low
uniform velocity. The shot is then allowed to fall by
the force of gravity. This will impart to all shot, re-
cardless of size, a uniform acceleration and impact
velocity. The velocity at the time of impact will de-
pend on the height of the gate above the workpiece.

The energy of a unit shét particle, E, will be
determined by the relationship E = 0.5 mv2 where m

is the mass and v is the velocity at impact. As is
well known the velocity will be determined by the
relationship v2 = 2gh, where h is the height, or

the distance between the discharge gate and the work-
piece and g is the c¢ravitational constant. Thus, the

energy of a shot particle at the time it hits the work-
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piece will be proportionate to h.

When a shot particle having sufficient velocity and
mass impacts the workpiece, it will ceause plastic defor-
mation and result in a residual compressive stress. The
plastic deformation will locally change the contour of
the surface of the part. The effects of shot peening
insofar as residuzl compreséive stresses are concerned
are quantified through intensity, I, measured with an
Almen strip (SEE-J442 and AMS 2430). In this method,

a strip of SAE 1071 steel,productive of a reading in the
Almen "N" range, is subjected to shot peening while clamp-
ed in a flat holder. Upon removal fron the holder the
residual conmnpressive stresses imparted to the shot peened
surface causes the strip to curve. The Almen number is

a measure of the heicht of a curvature oi the strip; here-
in that number is referred to in millimeters.

To set forth the limits of the invention a multipli-
city of tests were run using Almen steel and AMS 4928
titanium (Ti-6A1-4V) test strips, and AMé 4928 titanium
blades.

The intensity of shot peening, I, was measured using
the aforementioned Almen steel strip. The surface finish
of the titaniums was measured using a standard surface

finish measuring system, such as a Bendix Model QEH Digi-

- +al Profilometer and Amplimeter Peak Counter (Bendix Auto-

mation & Measurement Division, Dayton, Ohio).

Saturation time, T, is a shot peening parameter which
is a measure of the time at which peening of the surface
is deemed to be complete; it is determined with the use
of an Almen strip. Saturation time is defined as that
time, which when doubled, causes less than.a 10% increase
in measured intensity. Low saturation times are desired

for economic production.
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Numerous experiments were conducted using gravity
acceleration and different shot sizes, the results of
which are presented hereinafter. It will be seen that
the data variously suggest the preferred use of small
and large shot sizes. However, when integrated, a
relatively narrow range of parameters is found to pro-
vide the desired unigue combination of surface finish
and compressive stress.

Figure 1 shows the time to saturation at 0.025N, for
various diameter uniform size shot flowing at equal mass
rates. It is seen there is a considerzble increase in
time with increasing shot sizes; e.g., a five-fold in-
crease in diameter from 0.5 mm to 2 2.5 mm diameter
increases the saturation time by eighteen-fold.

Figure 2 indicates the trend of saturation time with
I, at constant mass flow. At higher I, the time drops
considerably. This can be attributed to the greater
effectiveness of higher energy or higher velocity shot
in transferring energy to the workpiece.

Figure 3 indicates the relationship between drop
height h, and the peening intensity I. It is seen
that as desired I increases, the necessary h increases
greatly. Because of its greater mass, a larger size
shot will be preferred for higher intensity peening.
The Figure also indicates that disproportionately large
increases in h are needed with increasing I, suggesting
a2 limiting situation insofar as residual stress effects
on the metal test strip are concerned.

In Figures 2 ané 3 there is a lack of coasistency
in slopes for the three shot sizes. The cdata for the
2.5 mm shot are limited, but believed valid. It is

thoucht that the changes ‘in slopes reflect energy trans-
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fer phenomena and velocity effects which vary in complex
fashion as a function cf I and shot diameter, and that
there is a peaking in the range between 1 and 2.5 mm.

Investigations were carried out on the energy trans-
fer phenomena, and the results illustrate significant
differences between the shot sizes. The results will
be seen to be supported and correlated with the data in
the paper "Residual Plastic Strains Produced by Single
and Repeated Spherical Impact"”, J. A. Pope and A. K.
Mohamed, Journal of Iron and Steel Institute, (1855)
Vol. 180, pp. 285-297. The new data will be only
briefly touched on here.

Table 2 shows various parameters measured for three
shot sizes. Among the data are peening intensity, I(N});
drop height, h; saturation time, T; total energy, E¢
(the product of one-half the total mass flow per umnit
area, over time T, and the sguare of the shot impact
velocity) ; the efficiency, Eff, which is the ratio of
the impact energv, less the rebound energy, to the im-
pact energy of a shot particle, and it is a measure of
the energy transferred to the workpiece by the shot; the
energy transferred, Ei,, which is the product of Ey and
Eff; and the surface finish, SF.

FPigure 4 shows the efficiency data from the table,
plotted as a function of érop height for different
shot diameters.

Referring to the Table and Figure 4, it is seen that,
(a) to achieve a particular I, larger diameter shot re-
guires higher Et; (b) the larger diameter shot is more
efficient in imparting its kinetic energy to the work-
piece; (c¢) efficiency falls off sharply when drop he ght
falls below about 0.8 m for the 1-1.8 mm shot; (&) to
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Table 2. Enercy Parameters Using
Uniform Shot
I(N) h T E, Eff. E SF
(mm) _ (m (sec.) (3) (%)  (af~  (aA)
1 mm shot
0.17 0.61 180 9.7 48.2 4.25 10
0.24 1.22 120 12.8 57.9 7.48 12
0.27 1.83 80 12.9 59.6 7.77 12
0.31 2.44 55 11.8 63.6 7.55 15
0.32 3.05 38 10.3 66.5 6.90 19
0.36 3.66 32 10.97 (68.5) 7.46 19
>0.39 4.88 24 10.4  (71.0) 7.38 21
0.41 6.10 20 10.8 (73.5) 7.83 21
1.8 mm shot
0.26 0.61 184 12.1 72 8.71 6
0.30 0.74 165 13.2 74 8.76 9
>0.38 1.22 113 14.9 77 11.47 11
0.46 1.83 84 16.6° 78 12.85 12
0.53 2.44 74 18.5 79 15.41 19
0.56 3.05 55 18.2 80 14.56 21
2.5 mm shot
0.25 0.25 720 32.4 6
0.35 0.61 300 33.0
0.46 1.22 165 36.3 90+ 12

0074918
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obtain a certain peening intensity, there is need for
more energy to be transierred, Etr' when using larger
shot.

A full discussion of the hvpotheses and ramifications
relating to the foregoing observations is beyond the pre-
sent discussion. In summary, it can be concluded that
(2) more energy will be consumed when using large shot;
and (b) low drop heights not only involve the disadvan-
tages mentioned elsewhere herein, but have associated
with them low energy transfer efficiencies. Both the
foregoing suggest the desirability of using small shot.

Figure 5 illustrates the relationship between drop
height and the shot size at I of 0.25N. The drop
height decreases geometrically as shot diameter imncrea-
ses. From Figure 5 it may be seen that when the shot
diameter reaches 2.5-3 mm the permissable h becomes small
at around 0.25-0.40 m. Such small drop heights are to
be avoided, since associated with them are very low im-
pact velocities, less than about 3 m/sec; these make
fluctuations in initial velocity more critical. ilso,

a contoured workpiece such as an airfoil, and particular-
ly one which is rotated or inclined with respect to
the shot streamline, may vary in height in space by as
much as 50 mm. This will change the effective dxrop
height accordingly &and cause unacceptable variations in
the impact velocity, with the result that I and finish
will vary from point to point on the workpiece. At the
other extreme very small shot, such as is common in other
shot peening, becomes impractical from the standpoint of
requiring infeasible vertical heights (and ultimately en-
countering aerodynamic drag at high velocities). Sub-~
stantial drop heights are impractical simply because of

the vertical height reguired in a building, and also
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because any equipment in which is contemplated the use
of different size shot must have the flexibility to pro-
vide varying cérop heights. When the usable range of
drop height must be great, equipment cost increases sub-
stantially. ;

Figure 6 illustrates the surface finish that is ob-
tained at saturation time T, when titanium alloy work-
pieces are subjected to different peening intensities
with different sized shot. For test pieces with ini-
tial finishes of 9 2R, it is seen that the larger the
diameter shot, the smoother the surface finish produced.
For example, at 0.25N a2 1.8 mm shot will produce a
surface finish of about 6 AA, whereas a 1 mm diameter
shot will produce a surface finish of about 12 RAA. It
is also seen from the Figure that as the intensity. is
increased, the resultant roughness of the workpiece in-
creases; that is, there is poorer surface finish. See
both the 1 and 1.8 mm data. This is understandable be-
cause hicgh intensities have associated with them greater
forces and greater degrees of surface deformation of the
workpiece. Also shown in the Figure is the finish which
is produced by GB20 glass beads. At around 40 AA, it
is considerably inferior to the finish which can be ob-
tained in the practice of the present invention. Figure
6 also shows how 1 and 1.8 mm shoit are effective in re-
Gucing the surface finish of a previously rough surface
For example, a GB20 finished panel at 42 AR is provided
with a surface of about 15 A2 using 1.8 mm shot at
0.25N.

Figure 7 further illustrates the smoothing effect.
Referring to curves A and B, there is initially a rough-
ening of initially smooth specimens, followed by smooth-

ing at T, ané still further smoothing if peening is con-
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tinued. For initially rough panels, there is a pro-
gressive smoothing; at T, the preponderence of the
smoothing which is possible has been obtained, as curve

C illustrates. Curve D illustrates the roughening
which the prior art glass bead peening provides, when
saturation time is reached. Curve D portrays the behair-
ior of regular GB20 glass beads. Since within the typi-
cal GB20 mass is a certain guantity of broken beads, con-
tinuved peening time will produce no change in finish.
Howewver, if specially selected (virgin, unused) glass
beads are used, there can be an improvement of surface
finish to the range of 30 2a, if peening is continued
beyond saturation time.

While it is possible to improve the £inish of parts,
the final finish obtained will be d&ependent on the ini-
tial workpiece finish. To obtain finishes of 15 AA or
better, with 1-2.5 mm dia shot, it is necessary for
the initial workpiece finish to be less.than about 40 2aA.
In some workpieces there arxe considerable heavy machining
marks, waviness, and other gross effects which normally
influence surface finish measurements. Peening will not
affect such gross defects. Therefore our surface finish
statements herein refer to surface roughness on a
smaller scale, when the influences of the gross defects
have been subtracted out; 7

From the foregoing, it is indicated that peening
with larce size shot will only result in smoothing to
the desired degree if the peening is carried out for at
least the saturation time, T. Of course, there is an
economic incentive to choose a shot which gives the
desired finish and I in the minimum time and the inven-

tion herein involves the discovery of the critical para-
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meters which provide these optimum parameters.

Figure 8 correlates the foregoing data, showing the
important relation of finish with peening intensity.
it is seen that as I decreases, the surface finish im-

proves. It is seen that the S110 steel shot and the

'GB20 glass will not provide the desired results. Only

larger shot will produce a very smooth finish while simul-
taneously providing significant I. The dashed box line
on the Figure indicates the desired finish and peening
intensities for titanium airfoils. Shot in the range
1-2.5 mm dia. is usable. But, it is seen that for a
finish less than 15 A2, the 1 mm shot can only be used

up to an I of zbout 0.30N., Although data was not ob-
tained it appears evident that shot substantially less
than 1 mm, below 0.8 mm, will not be useful.

Figure 9 correlates the foregoing data with the in-
put energy, E, which as pointed out was proportionate
to drop height, h. Using as an example goals of
0.30N and less than 15 2A, the Figure 9 curve is used
by first entering at the desired intensity, 0.30N. Mov~
ing to the right, the 1 mm curve is first intersected.
Traveling from the intersection vertically downward,
the energy per unit shot particle needed to obtain the
Gesired I is indicated as 1074 gJ. {From this the height
can be easily calculated). Traveling‘vertically uwpward,
another curve for 1 mm shot is intersected, and an or-
¢irzte location associated therewith indicates a sur-
face finish of about 15 AA will result from the E and
shot diameter. Treating the graph similarly for the

same 0.30N, but with 1. 8 mm shot diameter shows that

~higher unit shot energy level of 1.8 x 10747 is reguired

but that a better surface finish of 8 aA will be obtainea.
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Figure 10 shows the relationship between shot size
and surface finish, utilizing the same data as in
Figures 8 and 8. It is seen that when a shot size of
greater than about 2 mm is reached there is unexpectedly
not a significant further increase in surface finish.

Figure 11 is a sumary of the prior data and graph-
ically indicates the preferred shot size. It is seen
that between 2-2.5 mm diameter, surface finish does not
improve, while saturation time goes up substantially.
The time disadvantage is more pronounced for the lower
I wvalues and has associated with i+ low drop height .
Thus, for I less than 0.40N, size should be less than
2 mm; for I above 0.40N, shot size up to 2.5 mm may be
used.

Small shot sizes, less than 1 mm, have associated
with them, poor workpiece finishes and in the case of
high I, excessive drop heights. Thus, the shot size
should be no less than 1 mm, and preferably greater
than 1.5 mm,

In summary it is seen that there is a range of
shot size, of about 1.5-2 mm where optimum results are
obtained, and a range 1-2.5 mm which produces a superior
combination of surface finish and compressive stress,

intensities, compared to the prior art.
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Most of our concern herein has beenwith peening
intensities of greater than 0.25N, however lesser in-
tensities will be on occasion found useful, down to
about 0.10N. They may be provided in the practice of
the invention as reference to the figures and limited
extrapolation will show. To achieve low intensities,
shot diameters from the smaller end of the range will
be selected, since reguired velocities and drop heights
become undesirably small for shot in the larger diame-
ter end of the range.

The 1-2.5 mm steel shot particles used in our ex-

periments had a diameter tolerance of + 0.05 mm and a

specific gravity of about 7.8. Thus, the diameter was
uniform within + 2.5%. The nominal particle mass ranged
3

between 4-64 x 10 cm; and the mass at a given 4di-
ameter varied between - 6-15%, the smaller percentage
being associated with the larger shot size.

The range of velocity which is usable in the in-
vention is dependent both on the size of the shot
(necessary to achieve the energy which produces the de-
sireé peening intensity) and practical limits relating
to how the shot is accelerated. While we conceive of
other means of accelerating shot, only gravity accel-
eration appears presently to have both simplicity and
consistency in providing uniform velocity. Therefore
our practical limits are related to the drop heights
which are feasible. The drop height should be more
than 0.1 m, very preferably greater than 0.3 m, and
most preferably in the range 0.6-3 m. When the d&rop
heicht becomes too low, variations in the placement or
controlled@ movement of the airfoil may significantly
affect impact velocity, and thereby the precision of

peening required to achieve the objects of the
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invention. FKeights beyoné 6 m are considered by us to
be excessive and impractical, azlthough they are feasible,
For the 0.1-6 m drop heights, impact velocity will range
over 1.4-12 m/sec; for 0.3-3 m drop; velocity will be
2.5-7.8 m/sec in gravity acceleration using the appa-
ratus described in the referenced applications, impact
velocities were uniform within pa 4%.

When obtaining 0.1-0.6 N intensity, and smoother
than 30 2A finish, and using 1-2.5 mm shot, Figure 9
shows the unit shot energy will rance from approximately
0.2 x 107% to 12 x 107%5. For the use of the method in
peening titanium airfoils to 0.25-0.30 N and less than
15 2A finish, the unit energy range will be about
0.6 x 1074 to 3 x 10745,

We have indicated the criticality of the peening
parameters on the results obtained. The mass and veloc-
ity., must be substantially uniform, within the context
of the foregoing tolerances. The mass and velocity
tolerances are cumulative in their effect on energy and
peening intensity. The permissible tolerance for the
energy level within a shot stream depends on the rela-
tionshkip between the desired intensity and f£inish which
has been presented herein, and the regquirements of the
particular application. Generally, in most applications
it is preferred that the energy level be held within
about 15 percent for best results and dependable satura-
tion times; with the above presented mass tolerances of

+ . .
6-15% anéd velocity tolerances of - 4% (meaning v2 is

+ 14

16%), a statistical summation incdicates enercgy toler-

ance is about - 25%, and this has provided good results.
The foregoing tolerances should not be taken as ab-

solute since they are approximations based on the exten-

sive but not entirely complete work which has been done.
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Obviousgly, a closer tolerance in one parameter enables
a lower tolerance in a related parameter. Within the
context of the prior art, the foregoing peening param-
eters tolerances given may justly be characterized as
substantially uniform. Reference to the specifications
for shot used in the prior art will show that the shot
particle masses vary much more than a hundred percent
and with the mechanical and fluid acceleration, there
are great variations in velocity as well. Almost need-
less to say, the resultant energy varies even more,

The practice of our invention calls for sub-
stantially uniform shot velocities. Uniform wvelocities
may be attained using gravity acceleration. However,
any mode of propelling the shot may be used, so long
as the criteria of the invention are met. B2Also, the
best mode involves peening in éry air. In special
circumstances, the invention may be carried out as
well in other environments, such as in licuids or
vapors.

Since the invention provides for the use of sub-
stantially uvniform size Shot, it would at first appear
that the use of two or more different sizes of shot
would not conform with the invention. It is true that
the preponderance of the shot must be substantially uni-
form a2t the selected size to effectively practice the
invention. &nd inclusion of any significant guantity of -
shot which is substantially larger than — outside the
tolerance of — the selected size will not be in accord.
Eowever, the presence of some smaller shot is contem-
plated as lying within the scope of the invention when
such inclusion may be desirable for secondary purposes

or is without specific purpose. The reasoning behind
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this is as follows.

The time to saturation is the measure of time upon
which the desired regidual stress accumulates. This in
turn is a direct function of the number of impacts and
energy of each impact which the surface receives.
Therefore, decreasing the mass flow rate will increase
the saturation time in inverse proportion to the change.
From the data presented, it will be understood that us-
ing gravity accelerated shot, all the shot in a mixed
size mass will have the same velocity. The energy will
be less for the smaller shot particles and the intensity
produced therefrom will be less. Accordingly, it can be
seen that if the shot size was mixed, for example if 1.8
and 1 mm shot were mixed together, the time to satura-
tion will be longer than the time for either of the in-
dependent shot sizes. Saturation time and intensity
will be controlled only by the larger shot size, the
mass flow of which would be effectively recuced.

Thus, the presence of smaller shot will merely
serve to extend the saturation time. Where the small
shot hits, the I will be lower than that desired, which
will be that provided by the larger size shot. 1In a
mixed size shot mass, at best the presence of small shot
will be benign. At worst, it will be impelled with un-
wanted excess energy, as when a largeshot drives a small

shot against the workpiece, and locally causes a poor

surface finish and excess intensity.

Other shot material than the steel of our best em-
bodiment may be used. The shot must be of a material
harder than the workpiece, and elastic in its impacts
with the workpiece and apparatus. It must be substan-
tially infrangible, that is, significant amounts cannot

fragment during impact with the workpiece or pieces of
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the apparatus. The good results we obtazined are based
on the relationships between energy and diameter. Thus
it would appear that, for example, a low density mate-
rial impelled at a given velocity may produce the same
results as a higher density materiazl with the same
energy and a lower velocity. While this is true cguali-
tatively, there is probably a velocity effect which we
cannot presently fully delineate, and low and high
density particles of egual energy may not produce com-
parable resuvlts. Evidently, absolute velocity level is
influvential. This is suggested by the data in Table 2,
vhen comparing 1 and 1.8 mm shot. When both sizes are
éropped from 1.22 m height, they yield essentially the
same surface finish of about 11-12 Z2. Compare the data
for 1 mm a2t 0.24N anéd 1.8 mm at 6.38N in Table 2.
When the 1 mm shot is dropped from 4.88 m, it produces
about the same intensity as 1.8 mm shot for 1.22 mm.
See Figure 3 and Table 2. However, the 1 mm shot under
such conditions produces a surface finish of 21 aa,
Since lower density media by its nature would have to be
used at higher velocities, this data suggests that it
may have limited utility, and heavier materials with
equal or greater density to steel are preferred.

As indicated the bulk of our work was done with
steel test specimens, znd Ti-6A1-4V titanium alloy work-
pieces and test specimens. The results herein reflect
the materials used, but we believe that analogous're- '
sults will be obtzined on other materials having like
properties. In this we include generally titanium al-
loys &znd ferrous alloys, as well as nickel alloys, and
other materials which have been peening by prior art

processes.
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The invention is also useful in the finishing of
various kinds of coatings and surface depositions, as
illustrated by an MCrAlY coating on a nickel super-
alloy gas turbine blade. Preferably the coating is
deposited by physical vapor depcsition (PVD) or plasma
spraying. MCrAlY coatings are described in U.S.
Patents 3,542,530, 3,676,085, 3,918,139 and 3,928,026.

When PVD coatings are deposited, they frequently
may have defects which are generally characterized as
leaders. These are voids which extend transverse to
the surface of the substraie, along the direction of
the multiplicity of columnar grains which characterizes
the coating. A typical coating will be about 0.13 mm
thick and it will have nominally the same surface finish
as the substrate. 1In accord with the invention the
coating is preferably peened using 1.8 mm diameter
hardened spherical steel shot using substantially the
same practices as above. For an MCralY coating the
shot velocity will lie in the range of 4.7-6.3 meters
per second anéd the shot peening intensity I will be in
the range of 0.47% 0.5 mm N. The shot will impart
plastic deformation to the coating and thereby close
the discontinuous leader regions in the coatihg. The
coating will be left with residual elastic mechanical
stresses and the coating will be smooth. After shot
peening the coating is heated at a temperature of
1040% 14°C in an inert atmosphere such as a vacuum.
After this the density will be found to be almost 100%
of the so0lid metal value and the surface finish will
be of the order of 25-35 AZ, compared to a typical
50-60 Axn of the coating before peening.
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A ccating prepared in the forecoing manner will
be contrasted with cne prepared according to the
technigues of the prior art. TFTor example, if the
coating is peened according to the prior art with
glass beads of SAE J1173 designation GB20 (about
0.2-0.3 mm diameter) using conventional air propulsibn,
the peening intensity will be about 0.47 N. It will
be found that the coating defects have been closed
to a lesser depth than with the invention and the
surface finish of the coating will only be improved to
about £0-50 AA. This correlates with measurements of
the residual compressive stress of titanium alloy test
panels using x-ray diffraction. The residual stress
state for the larger steel shot of the invention will
extend deeper into the workpiece suriace.

The invention may &lso be used with plasma spray
coatings. Characteristically these ccatings have
porosity defects more or less uniformly dispersed
through the coating. 2An MCrAlY coating will have a
density of about 6.77 grams per cc, about 94% of the
theoretical density of the solidalloy. The finish of
the coating typically is of the order of 250-370 2A.
When a coating is peened in the same manner as de-
scribed above, it will be found that there will be
mechanical closure of many of the defects. The
surface of the coating will be significantly smoothed
to a finish of abcut 60-80 AA. Heat éreating at
1065-1093°C for four hours in hyérogen or vacuum will
somewhat Zurther improve the density of the coating.
Measurements show a density of zbout 7.14 grams per cc

or 99% of theoretical is achievable. The result is
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contrasted with & coating peened using the GB20
glass shot mentioned above. An inferior surface
finish of about 100-150 AA will be produced and the

coating will not be as dense.

In applying the invention to MCrAlY coatings on

" nickel alloy turbine blades it is found that chipping

at the trailing edge is much less of a problem com-
pared to that which exists with the prior art glass
bead peening. Because the shot is predictably
traveling uniformly along a collimated shot stream
line, it is relatively easy to position the airfoil so
that direct impacts on the edge are avoided.

For the peening of overlay coatings on metal
substrates, we have found that the shot size should be
of a diameter of 1 mm or greater, preferably between
1-2.5 mm and more preferably between 1.5-2 mm. The
shot should be uniform within ¥ 0.05 mm. 'For the
typical 0.13 mm thick coating used on gas turbine
airfoils, the shot peening intensity should be greater
than 0.3 N. ﬁp to 0.6 N will be useful. When gravity
is used to accelerate the shot, the drop heights should
be greater than 0.3 m but less than 6 m, and preferably
between 0.5 and 2.0 m.

Special care has to be given in peening work-

pieces with thin edges, as exemplified by gas turbine

- airfoils. A desired residual compressive stress layer

is desired at the edge, but there must not be gross
deformation of the edge. As shown in Figure 12 a gas
turbine blade 20 has a longitudinal axis 30 and a cross
section normal to the axis which has the characteristic
cambered shape of an airfoil. The blade has a leading

edge 22 and a typically thinner trailing edge 24. To
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peen such a workpiece it is mounted in a holder 32
adapted to rotate it about its longitudinal axis
through a prescribed arc M while the longitudinal
axis is held nominally in a plane paralkl to the strain
line 36 of the stream of shot 34. Shot impacts the
surface 28. The workpiece is rotated from a mean
position to a certain maximum obligque angle to the shot
stream line for each edge as shown in Figure 13. Line
44 is the nominal chord of the airfoil and its
position normal to the shot streamline 36 is a
reference position for rotation. Lines 4la and 40a
are the center lines for the leading and trailing
edges. Referring to the leading edge 22 the airfoil
is rotated through angle B from its reference position
to second reference position 71 where the center line
4la is normal to the shot streamline. From position
71 it is then moved through angle +C" to position 73
and then back to position 71, repetitively to peen
the upper half of the edge. To peen the other side
of the edge the airfoil is turned over on its holder
and moved in analogous fashion. Similarly, the trailing
edge 24 is peened by firgt oscillating it through
angle +C' and then turning the part over and
oscillating it through angle -C'. As should be
evident both the leading and trailing edge are peened
when one side is presented to the shot stream, as the
workpiece is first rotated to position 73 and then
rotated to position 72.

As shown in Figure 14 shot traveling along lines
52, 54, 56 is thus caused to hit the workpiece sur-

face 264 at oblique angles P to the tangent 53 to the
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center line 41d of an edge 224 but never hits normal
to the tangent. Compressive stresses illustrated by
the shading 50d extends to a depth 58; these stresses
are the cumulative effect of the stress patterns 152,
154 created by individual shot impacts 52, 54, etc.
The angle C is always less than 90° and is selected
so that the depth of peening D along the center line
is that desired. Generally the depth D will be sought
to be 50-100 percent of the depth 58 of stressing
achieved on the opposing airfoil sides 264, 28d.

The approximate angle of rotation C for a
particular workpiece edge is calculade from the edge
radius R, the depth of stressing D desired at the
center line of the edge, and the depth g of stressing
which the 45° angle shot impacts produce in the work-
piece material at a reference location, such as at a
point 54 in Figure 14. Namely,

2 2 2
R2 + (R-D)? - g
¢ = 45° - cos™L

- 2R (R-D)

As an example, for a part with an edge radius of
0.38 mm , steel shot of 1.8 mm diameter produces a
stress intensity concentration factor of 1.45. The
peening intensity I on the curved edge surface at 90°
to the tangent is 0.36N 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 the stressing g will be 0.13mm.
Utilizing the formula above, the angle rotation C will be
found to be 33.5° . The preferred rate of oscillation in

work thus far has been 20 cycles/minute where the peening
time is 2-3 minutes.
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Although this invention has been shown and de-
scrlbed with respect to a preferred embodiment, it
w1}l be understood by those skilled in the art that
various changeé'in form and detail may be made without
departing from the spirit and scope of the claimed

invention.
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We claim:

1. The method of surface treating a workpiece, to pro-
vide residuezl compressive stresses corresponding to a
peening intensity of at least 0.1 mm N and surface
finish smoother than 40 AA, characterized by impacting
the workpiece surface with spherical shot particles, the
shot being infrancible, having a hardness greater than
the workpiece, a surface finish better than 30 AA,and

substantially uniform diameter within the range 1-2.5 mm.

2. The method of claim 1 wherein the diameter is uni-

form within * 0,05 mm and the shot mass is uniform
within ¥ 16%.

3. The method of claim 1 wherein the shot particles

have a velocity in the range 1.4-12 meters per second,
. R
uniform within - 4%.

4. The method of claim 3 wherein the velocity is in
the range 2.5-7.8 m/sec.

5. The method of claim 1 wherein the shot diameter is
in the range 1.5-2 mmm.

6. The method of claims 1, 2, 3, 4 or 5 wherein the
peening intensity is in the range of 0.1-1.0 mm N as

measured by the Almen method.

7. The method of claim 6 wherein the shot particles

4 4

have unit enercies in the range 0.2 x 10 ~ to 12 x 10 J.

8. The methods of claim 6 wherein the shot particles

are accelerated by cravity over a distance 0.3-6 m.
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9. The method of clazim 5 further characterized by the
shot mess and velocity being selected to provide a peen-
ing intensity in the rance 0.20-0.50 mea N and a suriface

finish of at least 15 22 in a titanium alloy workpiece,

the mean shot unit energy lying in the range 0.6 x 1074
to 3 x 107 %7,
10. The method of claim 9 further characterized by the

shof being hardened steel.

11. The method of claim 1 further characterized by
finishing the workpiece to a surface finish of less than
40 2A prior to peening, to provide a surface finish of

at least about 15 AA azfier peening.

12. The method of claim 1 wherein the workpiece has
applied to it. an overlay coating, characterized by
impacting the workpiece coating surface. with shot pro-

viding a peening intensity of 0.3-0.6 mm N.

13. The method of claim 13 characterized by heat
treating the coating subseguent to the step of impacting

the surface with shot particles.

14. The method cf claim 13 wherein the coating is of
the MCralY type characterized by a heat treatment at
about 1040° C.

15. The method of claim 1 wherein the shot travels

along a substantially collimated path and wherein the
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workpiece has a thin rounded edge lying parallel to

a longitudinal workpiece axis, the edge having a center
line and a surface tangent normal thereto, character-
ized by rotating the workpiece about its longitudinal
axis through an angle sufficient to present a portion
of the edge to the shot stream but insufficient to

cause impacts normal to said tangent.

16. The method of claim 15 wherein the workpiece
has two opposing edges characterized by oscillatory

rotation to alternately present portions of each edge
to the shot streamline.

17. The method of claim 15 characterized in that com~-
pressive stresses measured along the center line of the
edge are present to a depth which is at least 50
percent of the depth of the compressive stresses which

may be produced at planar workpiece locations away
from the edge.
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