Dyescan Tracers as a Quality Control
Tool for Coverage Determination in

ABSTRACT

The Shot Peening process is not new, but
like most forms of technology, its application
and development has accelerated in recent times
by greater knowledge of what is happening at and
beneath the surface and how the process should
be applied. It has become clear that the uni-
formity of surface indentation is critical to
achieving the best increase in fatigue strength
and on production, maintaining that degree of
cold work on subsequent parts once the parame-
ters and acceptable life are established. The
accepted method of determining uniform complete
indentation or coverage is by visual means us-
ing a l0-power magnifying glass. However, it
is difficult and time consuming to wvisually ex-
amine large areas, hardened steel parts, fillets,
cavities, grooves or holes with that glass since
many areas are inaccessible to visual instrumen-
tation. A recent development is the use of Dye-
scan Tracers which compliment the 10-power glass
and are applied before peening to form a thin
brittle film which breaks up under the action of
peening. An ultra-violet (U.V.) light is then
used to examine for coverage with fully peened
areas appearing deep purple and partially peened
areas appearing white, or speckled white.
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THEORY OF SHOT PEENING

IT IS ESSENTIAL to understand what the process 1is
about before it can be appreciated why the con-
trols of the application are so critical.Fatigue,
fretting or stress corrosion failures tend to re-
sult from surface tensile stresses,whether ap-
plied or residual from manufacturing operations.
The ability to negate those tensile stresses by
the generation of a residual compressive stress
can prolong life considerably. This is achieved
by cold working the surface with small spherical
particles travelling at high velocity. Each part-
icle on impact deforms the surface which induces
a compressive stress. This is shown in diagra-
matic form in Figure No. 1, where the high magni-
tude compressive stress is balanced by a low mag-
nitude tensile stress beneath the surface. Fig-
ure No. 2 shows the effect of a single indent, in
this case with a 6.4 mm. ball, on mild steel. The
large grained (white) area is the zone of plastic
flow with the maximum compressive stress at the
surface within the 1,25mm. diameter. The stress
pattern at the centre of the indent through to
the core is as shown in Fig. No. 1 (A). A similar
profile exists on the surface from the edge of
the 1.25mm. indent stretching out radially with
the result that each single indent has a hoop
tensile stress at the surface at the perimeter of
the worked layer. A peened surface with overlap-
ping dimples has a uniform stress profile, as
shown by Fig. No. 1 (A) over the complete fatigue
critical area.

The depth of the compressive layer varies
with a number of factors and generally is 0,05mm.
to lmm., although greater depths can be achieved
on certain materials. Figure 3 shows the depths
possible at different hardnesses and Almen inten-
sities. The Almen intensity being an indicatiom
of the kinetic energy transfer of the peening ac-
tion which will be explained later.




The magnitude of compressive stress gener-
ated is approximately 60% of the ultimate tensile
strength of the material and is shown in Fig. No.
4. Therefore, from Figs. 4 and 5 it will be seen
that the higher the tensile strength/hardness,
the lower the depth of compression at the same
intensity, but the greater the magnitude of com-
pressive stress. Demonstrating that although
shot peening can be used on low carbon steels
with success, greater benefit is achieved at the
higher strength/hardness ranges above approxi-
mately 40 Rockwell 'C'. At this level, notch
sensitivity of materials can cause problems and
Fig. 5 shows how changing to materials with bet-
ter ultimate properties can also result in better
fatigue strength when shot peening is used as a
final treatment. Case-carburised or through hard-
ened parts in the 60-65 Rockwell 'C' range are
ideal applications for shot peening.

DESIGN BENEFITS

To most designers shot peening is a tool to
use in cases where problems have occurred on an
existing piece of equipment. However, greater
knowledge of the process and above all confidence
in the reliability and repeatability of its ap-
plication has meant its consideration at the de-
sign stage on new products. It is a design tool
that can;-

a) prolong component life with fatigue

strength improvement of 30%,

b) enable 20-407% high stress levels for the
same life.

¢) avoid redesign of gears by use of b).

d) allow reduced component size and weight
for same fatigue strength.

e) enable use of higher strength steels
without fears of notch sensitivity.

£) reduce the need for fine machining in
fatigue critical components.

¢) reduce costs by using less expensive
materials.

h) enable the use of processes generally
thought to reduce fatigue strength, i.e.
E.C.M./E.D.M.

i) allow the use of hard facings on fatigue
critical components.

These benefits can be achieved at minimal
cost with high performance aerospace components,
raising manufacturing costs by less than 1%. Au-
tomotive or general industrial parts, such as
springs would increase costs from 1 - 10%, de-
pending on size and complexity.

The type of component to benefit from the
process is any part, ferrous or non-ferrous, suf-
fering fatigue, fretting, stress corrosion crack-
ing, galling or pitting. Certainly the most com-
monly known are springs, whether compression,
tension, torsion or leaf and circlip shapes, bel~
ville washers, etc. TFollowing closely behind are
gears of all sizes, ranging from small reduction
units on robotics applications to marine gears,

metres in diameter. Here the bending fatigue
strength can be increased by 20-407% giving life
improvements on case-carburised gears of 8 - 12
times.

Shafts and axles or similar components, suf-
fering rotational bending fatigue in keyways,
splines, fillets', shear sections or any changes
in cross section, can be treated with consider-
able improvement.

Hard chrome plated or hard anodised parts,
subject to high stress, suffer from fatigue.This
is due to the fine cracks which initiate in the
plating or- anodising—(added-to-give a-hard; wear
resistant, protective surface) propagating
through the coating into the softer base metal,
Fig. 6.

If the surface of the base metal is resid-
ually stressed prior to the plating/anodising,
the cracks will still initiate, but they will not
propagate into the base metal.

An example 1s shown in Fig. No. 7 on high
alloy steel rotational bending parts. This ob-
viously applies to parts in manufacture and over-
haul where they are re-machined or reground and
then built up with a layer of chrome plate prior
to re-installation. Plating alone without peen-
ing reduces fatigue strength by over 407 and peen-
ing regains almost the full fatigue strength.

Welded assemblies suffer fatigue and stress
corrosion cracking because of high tensile stress-
es at the heat affected zone and surface impuri-
ties. Fig. 8 shows the improvements that can be
expected in the as welded state or ground. Shot
peening is replacing stress relieving by heat or
vibration because it does more than just elimin-
ate the tensile stress, it leaves the surface
with a very high compressive stress not possible
by the other methods. Weldments on pressurised
vessels containing corrosive material or simply
welded structural parts have been treated suc-
cessfully.

Castings/forgings of all materials have been
treated, including cast irons and aluminum to
extend fatigue life. Porosity of aluminum valve
bodies can be overcome and lubricity aided on
seals by the generation of microscopic oil re-
servoirs on shafts.

CONTROLLED SHOT PEENING

The potential can only be achieved by con-
trolled application of the process. This control
producing a compressively stressed surface in
which the level of stress and its uniformity,and
the depth of the compressed layer, can be held
constant from piece to piece. Lack of the cor-
rect control may not only prevent any benefits
but may even cause premature failure. In this
respect shot peening is no different to any other
manufacturing process in that the quality of the
treatment is directly proportional to the quality
of the controls of application.



To date there is no practical non-destruc-
tive method for measuring the stress distribu-
tion in a finished part. Therefore, full control
of the cold working of the surface is imperative.
The desired stress, depth and magnitude, are ob-
tained by the use of the right combination of
shot, exposure time, shot velocity, feed rate,
distance of part from source of shot, and angle
of impingement. It is also imperative that the
relative motion between the shot stream and the
component be mechanised for uniformity and re-
produceability.

Often the parameter singled out as being-
the most important is the peening intensity. Cer-
tainly it is important, but three other factors
bear equal concern -~ these are Mechanisation,
Media Quality and Coverage., Dyescan tracers
can play an important part in three of these.

DYESCAN TRACERS - These are ultra-violet
visible compounds that are brushed, sprayed or
dipped onto a part and allowed to dry, forming
a thin brittle film. Shot peening breaks up
that film, leaving only the material that has
not received direct impact. As the tracer is a
fluorescent material, that area not receiving
direct impact is clearly visible under a U.V.
light, Therefore, the object of the process is
to provide a practical way of measuring coverage
in terms of the amount and uniformity of Dyescan
tracer removal. Fully peened areas appear as a
deep purple colour under U.V. light, whilst par-
tially peened areas appear white or speckled
white; results of a typical application - the
peening of springs - are shown in Fig. No. 9.
Here five springs were coated and the outer four
peened to complete coverage. The photograph was
taken under U.V. conditions, demonstrating the
contrast obtainable. How that contrast is used
to benefit when compared to the standard method
of coverage determination - the 10 power magni-
fying glass -~ is explained below when the four
critical aspects of shot peening are examined.

PEENING INTENSITY - J.0. Almen of General
Motors Research Laboratories Division developed
a method of measuring, specifying and duplica-
ting shot peening intensities. The intensity
being an indication of the kinetic energy trans-
fer of the peening action which works on the
principle that if a flat piece of metal is
clamped to a solid block, and exposed to a blast
of shot, it will be curved upon removal from the
block. The curvature will be convex on the
peened side. The height of the curved arc, mea-
sured on a special gauge, namely an Almen gauge,
serves as a measure of intensity. The standards
provide for three thicknesses of test strips
suitable for different intensity ranges (Fig.
No. 10).

If the reading of the 'A' strip is less
than 0.004 in, the 'N' strip should be used;
the 'N' strip readings will be about three times
as high as those on the 'A' strip. If the read-
ing on the 'A' strip is greater than 0.020 in.,

the 'C' strip should be used. It will give read-
ings about 0.3 times those of the 'A' strip.

The standard designation on intensity mea-
surement includes the gauge reading, or arc
height, and the kind of strip used. It is neces-
sary to specify a range, such as 0.010 in. to
0.014 in. A or 0.006 in. to 0.008 in. C. All
measurements are made on the standard Almen No. 2
gauge as shown in the Military Specification MIL-
S~13165B Amendment 2. (1)*

The test strip mounted on a holding block
should be supported on a fixture which simulates,
in-its—exposure to the blast, the critical sur-
face of the part to be peened. For a more com-
plicated part, a number of test strips may be
needed on the same fixture. A test strip must
not be re-used after peening.

When a series of test strips is peened with
a fixed machine setting for different exposure
times, a saturation curve, as shown in Fig. No.
11 can be obtained. The time necessary to pro-
duce saturation on the test strip can be defined
as the time required to achieve the specified arc
height at which doubling the exposure time will
not increase the arc height by more than 10%. An
arc height is not properly termed intensity un-
less saturation has been achieved.

It should be understood that the time re-
quired to saturate the test strip is not neces-
sarily equal to the time required to saturate the
part. If the hardness of the part is apprecably
different from the 44 to 50 Rockwell 'C' hardness
of the test strip, the time required to saturate
the part will, of course, vary. For instance, a
carburized part will take longer to saturate and
a soft material will reach a point of saturation
faster. The hardness of shot can also influence
required time.

Dyescan tracers are a useful tool during
this pre-production stage of establishing the
correct peening intensity uniformly over the com-
ponent. As stated earlier, on complicated parts
such as a larger aero-engine fan blade, it would
be necessary to locate on a dummy component Almen
blocks at the leading and trailing edges; around
the snubber and at angles simulating the fretting
pressure faces of the dovetail. Coating that
blade with Dyescan at the same time as fitting
Almen strips to check correct intensity in the
critical areas will indicate, if the process is
checked at frequent intervals, the rate of work
done, highlighting areas being shielded, over-~
peened or indeed a machine malfunction. Thus en-
abling a speedy redistribution of nozzles to un-
iformly cold work the surface and achieve the in-
tensity required.

COVERAGE - is defined as uniform denting or
obliteration of the original surface of the part
or work-piece. Shot peening, unless it is for
forming or straightening, would necessitate com-
plete coverage and this, generally, is accepted

*Numbers in parentheses designate references
at end of paper.



as approximately 100%. Most aerospace standards
call for coverage in excess of that rate, or in
multiples of it, as a good production standard
and safety factor. This safety factor has been
employed because a single indentation has a hoop
tensile stress in the area surrounding it. Al-
though the cold worked area is approximately
four times the indentation area, the outer annu-
lus sees the maximum compressive stress dimin-
ishing to zero and then proceeding tec low-magni-
tude tension; hence the need to have overlapping
indentations to achieve the maximum potential.
 Tests conducted by Person (2)* of the
Kaiser Aluminium & Chemical Corporation on some
aluminum forgings have highlighted the critical
nature of coverage. The report investigated the
different parameters of peening and indicated
how they affected the fatigue life of these
forgings. Whilst the results should only be
read as applying to these particular components,
they do show that once a set of parameters has
been established there should not be departure
from them unless fatigue tests have been con-
ducted to justify the change. The coverage
tests indicated that with under-peening to only
80% coverage, the fatigue life was only 387 of
that achieved at approximately 100% coverage.

The method employed for many years for
checking coverage, because no alternative was
available, was the use of the 10-power magnify-
ing glass. Whilst this is indeed a good tool -
because not only can the coverage be checked but
the media quality can also be inspected -factors
of accessibility and personal fatigue must be
considered.

Large components, or large productivity
batches of small components, would also cause
problems. In addition, deep holes or grooves
and complicated geometrical shapes do not always
allow visual inspection, although the majority
of areas are no problem, particularly on flat
sections or plain diameters. However, as the
shot peening process is carried out to eliminate
or considerably reduce crack initiation and sub-
sequent propagation, and as it is more than
likely that any failure that does occur will
initiate from a hole, groove or complex shape
rather than from an easily visually inspected
plain area, the inspection approach should favor
the method most likely to indicate under-cover-
age or under-peening in the most critical areas.

Dyescan is not being suggested as a re-
placement of the 10-power glass, but an addi-
tion to the quality control armour.

Below 55 Rockwell "C' visual inspection
with the glass improves with the reduction in
hardness. Fig. No. 12 shows the effect on 40
Rockwell 'C' steel in the complete and partial
state indicating the ease of detection on softer
surfaces., However, above that figure - especi-
ally with parts in the 60 Rc range - visual in-
spection, even for the most experienced becomes

*Numbers in parenthese designate references
at end of paper.

very difficult.

All personnel involved with the shot peenirg
process have at some time or other been involved
in discussions as to whether an area has or has
not been peened, to the point that the inspec-
tion becomes a subjective argument. Dyescan
tracers turn that argument into a more objective
definition by turning the peened/unpeened areas
into a black/white situation.

Low angle of impingement will not remove all
tracer coatings, and uneven peening and hot-spot
concentration can be seen by patterns of remain-
ing coatings.

Owing to the gradual breakup of the brittle
film, this principle is used in setting up and
establishing peening techniques, such as nozzle
angle, distance, number and feed rate. Prior to
reaching optimum coverage of a component, it has
to be established that peening is being achieved
uniformly or at least that the areas most criti-
cal on a component are being concentrated on
most., To achieve this during the initial set-
ting stages, a component will be removed from
the peening enclosure several times until the
pre-determined coverage rate is met: this is
illustrated by Fig. 13 which relates to the pro-
gressive peening of a turbine blade root.

Fig. 13a is an unpeened coated blade root
photographed in natural light; 13b photographed
in U.V. light; 13c¢ to f progressive peening at
15 seconds intervals demonstrating the gradual
removal. It will be seen that the pocket under
the platform is the last to clear, verifying the
comments made previously on holes, grooves, etc.
Note that the bottom of the root is taped with
Dyescan imbedded which will remain as the sur-
face 1is ductile.

Surface finish problems arising from coarse
machining or even welding are highlighted by the
Dyescan remaining in the roots or valleys. This
could indicate a change in the surface texture
not detected by the quality control department;
the welds would need dressing prior to peening
or the shot size would have to be reduced to
reach the valleys. Similarly, where the Dyescan
has been used on the first samples for coverage
determination during initial setting procedures,
a subsequent incorrectly machined part with sharp
corners will stand out vividly under U.V. condi-
tions where the shot has not penetrated the cor-
ner. An example is given in Fig. No.”4 of the
shaft peened in the threaded area for many years,
but on this batch several parts had a poor threal
form. This resulted in the Dyescan not being re-
moved from the roots and was vividly demonstrated
at the U/V inspection stage.

Owing to the rapid use of shot peening on
chemical, food and brewery plants to cure stress
corrosion problems, Dyescan cuts processing costs
by drastically reducing inspection time. Some
of these vessels may be 5, 10 or 20 metres in
diameter, which inspecting by any other method
would be impractical. An example of what peen-



ing can do for stress corrosion cracking pre-
vention is shown in Fig. 15.

MECHANISATION - Mechanisation of the pro-
cess has been well demonstrated as essential for
consistency and the Military Specification 13165B
on Shot Peening of Metal Parts (1) - the fore-
runner of most aerospace peening specifications-
confirms this by firmly stressing that it is the
only approved method. Whilst manual processing
is carried out, it can only be applied where re~
liability is not necessaryv or Dyescan Tracers
are used, not as a percentage check, i.e. one in
_ ten or twenty, but 100%, Manual work, unless
accompanied by Dyescan must never be applied to
aerospace components where the compressive stress
generated by the shot peening may be part of the
initial design criteria.

All equipment used must have a mean of pro-
pelling shot by air pressure or centrifugal force
against the work, and of mechanical means of
moving the work through the shot stream by linear
motion or rotation, or both, as required. Essen-
tially, the equipment must be capable of repro-
ducing the shot peening parameters established
during initial trials and in the proving of re-
sults.

Without mechanisation, uniformity of cover-
age and hence uniformity and consistency of depth
and magnitude of compression, cannot be guaran-
teed.

MEDTA QUALITY - This is an aspect that is
often ignored, but one so necessary in maintain-
ing the maximum potential of the process. 1t is
the shape and size of the particle that generates
the shape and size of the indentation and insuf-
ficient working of the surface, along with cut-
ting or abrading of the surface, considerably
reduces the peening effect., It is imperative
that only good media is used and that specified
in the Military Specification 131658 (1) affords
an excellent start. However, its use without
grading continually in terms of size and shape
will cause a deterioration in the quality of the
shot peening in parallel with the reduction in
the quality of the shot. The media must be con-
stantly monitored and graded to ensure repeata-
bility.

CONCLUSIONS

There has been a need for Dyescan tracers for
many vears, and the data before identifies the
reasons why they have been taken up so readily
by industry. They are not intended to eliminate
10-power glass, but compliment it by tackling
areas not easily accessible or not practical,
such as large surfaces or very hard steels. Con-
sequently, several major companies, including
Aerospace, Commercial Vehicle, Marine, Turbine
and Gear Manufacturers - use the method to im-
prove their shot peening standards and there-
fore reliability.
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COATED BLADE SHOWING
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