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1571 ABSTRACT

Improved methods for managing a population of metal
components subject to fatigue failure are provided, The
residual compressive stress in the critical surfaces of such
components, especially in areas of high stress concentration,
are measured non-destructively using x-ray diffraction tech-
niques. The measured surface residual compressive stress is
used as a management criterion. A component having a
surface residual compressive stress greater than a predeter-
mined value can be returned to service. However, once the
measured surface residual compressive stress of a compo-
nent falls below the predetermined value, it can either be
removed parmanently from service. or it can be reworked to
increase its surface residual compressive stress and then
returned to service. Additionally, by measuring the surface
residual compressive stress of an individual component. the
retnaining service life of that individual comporent can be
estimated. These methods for management of populations of
stich metal components allow for increasing the service life
of the components in a safe and effective manner. Methods
are also provided for the manufacture and/or design of metal
parts with improved performance criterion (e.g.. reduction in
weight} while maintaining acceptable service life. Methods
are also provided for establishing quality control procedures
using surface residual compressive sitess measurements
during and/or after the manufacturing process in order to
prevent. for example, introduction of metal parts having
imsufficient surface residual compressive stress levels for
their intended use.

27 Claims, 1 Drawing Sheet
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METHODS FOR THE DESIGN, QUALITY
CONTROL, AND MANAGEMENT OF
FATIGUE-LIMITED METAL COMPONENTS

RELATED APPLICATION

This is a contiruation-in-part application, of [.S. patent
application Ser. No. 08/245,011. filed May 18. 1994, now
UL.S. Pat. No. 5.490.195 eatitled “Method for Measuring and
Extending the Service Life of Fatigue-Limited Metal
Companents,” which is hereby incorporated by reference.

FIELD OF THE INVENTION

This invention generally relates to methods for managing
the service life of fatigne-limited metal components. This
invention also generally refates to a method for maraging
and extending the service life of fatigue-limited metal com-
ponents. More specifically. this. invention is related to a
maragement method using a non-destructive technique for
measuring the remaining useful service life of fatigue-
limited metal components by determining the residual com-
pressive swess in the critical surfaces of the individual
components. Using the method of this invention. a metal
component is removed from service or reworked to increase
its residuat compressive stress once the residual compressive
stress is reduced or falls below a predetermired value, This
invention aliows an increase in both safety and economy in
the management and operation of turbine engines and other
machines containing fatigue-limited metal components by
providiag a reliable means for non-destructively measuring
the remaining service Iife of the fatigue-limited metal com-
ponents, This invention is especially adapted for managing
popuiations of fatigne-limited rotating parts in gas turbine
engines. including aircraft engines. and the like. Using the
present methods of this invention to manage and measure
the surface residual compressive stress in such parts or
components, it {s now possible to determine the appropriate
time {i.e.. prior to permanent daterioration from tensile stress
crack initiation) for reworking the part to increase of restore
its surface residual compressive stress so that the service life
of the part or compopent can be extended. Tsing the present
metheds of this Invention. the overall servica life of a
population of comporeats used in, for example. jet engines
or turbige engines, can be maximized without a significant
decrease in safety. In fact. the present inverntion can provide
both increased safety and economy for the aviation and other
industries.

In another embodiment, this invention also generally
relates to a method for designing fatigues limited metal
components with selected service life and performance (2.2.,
weight} characteristics. More specifically, this embodiment
provides a method in which the surface residual compressive
stress tmeasurements of a component during manufacture
and/or design are used to guide manufacture and/cr design
50 that the component can be manufactured and/or designed
t have suitable and predictable service life while adjusting
a performance criterion (e.g., reducing the weight} or several
performance criteria of the compoenent. In effect. a selected
performance criterion {or several selected performance
criteria) and service life of the component can be baianced
to achieve optimum or near opimum performance/service
life characteristics for specific components, Using weight
reduction as the primary performance criterion. for example.
such a method should be especiaily useful in militacy fighter
aireraft where weight concerns are especially importan.
more limited component service lives are acceptable. and
more frequent inspections are justified. Surface residual
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compressive stress measurements after one or more appro-
priate manufacturing step in the manufacturing process can
also be used for quality control purposes,

BACKGROUND OF THE INVENTION

Fatigue-limited metal components of gas turbines or jet
engines, or other machine components subject to metal
failure or fatigue. must be carcfully managed ir order to
aveid failure during operation. The failure, for example. of
a critical component of a jet engine during operation may
result in loss of life or other catastrophic comsequences,
Currently in the aviation industry (commercial and military).
there are three general types of management techniques or
approaches used for the management of fatigue-limited
machine components in order to prevent possible cata-
strophic failure due to metal fatigue. Each of these
approaches attempts to balance safety and economic con-
cerns based on available data. See, for example. S. Suresh,
Fatigue of Metals, 499502 (1991). whick generally dis-
cusses the three commonty used management approaches.

The most conservative of these approaches. often térmed
the “safe life” approach. is based on the cstimated fatigue
life established through analysis and comparable experience
by the engine manufacturer. This approach atteropts to
estimate the point at which the shortest-lived part or com-
pozent in the total population would be expected to fail
After allowing for a suitable safety margin. an arbitrary
retirement point is adopted for that component, This retire-
ment point is normally measured in total take-off cycles or
hours. Cnce a part reaches the retirement point, it is removed
from service and matilated to prevent further. upavthorized
use. Although generally allowing for the greatest margin of
safety. significant economically useful service Ufe of such
parts is lost. In effect. this “safe life” approach is based on,
and controlled by, an estimation of the lifetime of the
weakest part or compoaent in the total population.

A somewhat less conservative management technique is
the so-called “fail safe” approach. In this approach, a maxi-
mum service life is determined by the total accumulatad
service howrs or cycles (whichever is shorter) at which the
first crack is detected in an actual part (e.g.. disk or drum
rotor used in a compressor, turbine, or engine) in the
population of like parts. Once a part has developed such a
crack. its accumulated service life (in hours or cycles) is
effectively used to determine the allowable service life of all
similar parts in the population. If a part is later found to
develop a crack at an carlier time then that part is used to
redefine {and shorten) the acceptable service life limits of
the population. Oace a part reaches its acceptable service
life, it is removed from service and rnutilated to prevent
further use. In effect. this “fail safe” approach is aiso based
on. and controlled by, the actual weakest part or component
in the total population. Many parts may stil! have many
hours of safe and useful service life remaining beyond that
of this weakest part. But. since the useful and safe service
life of these parts cannot be reliably determined. they must
be removed from service in the interest of safety. This “fail
safe” approach is generally used in the airline industry for
mature fleets where low cycle fatigue cracks have been
detected in the relevant component populations. Where
sufficient service data have not been daveloped. the more
conservative “safe life” approach is generally used. In each
approach. however, parts having many remaining hours of
safe and relable ose will be removed from service,

More recently, the United States Air Force has success-
fully adopted an even less conservative management
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technique. the so-called “retirement for cause™ approach, for
its management of some critical engine components. In this
approach, the parts are periodically examined non-
destructively for cracks and other defects using, for
example. fluorescent dye penetration. magnaflux.
radiographic, or eddy cwrrent techniques. Onee a crack is
observed, that part, but only that part. is immediately retired
from service. Other parts. even though they may have
accumulated service times equal to or greater than the retired
part, are continced to be used until they actually develop
cracks, To operate safely. this approach requires frequent
and periodic inspections of the individual parts. In general,
as parts age. the frequency of inspections should be
increased. In any event, the frequency of inspections must be
such that the period between inspections is less, preferably
by a significant margin. than the time pormally required for
a detectable crack to further deteriorate to the point of actual
failure. Although this approach may result in more frequent
teardowss for inspection of the individuat parts. the poten-
tial savings based on achieving. or af [east approaching. the
maximum lifetimes of the individual parts can be enormeous.
The major drawback of this approach is that if relies upon
detection of an actual crack in the part. Thus. this approach
is generally not suitable for parts in which crack formation
cannot be detected in 4 reliable and consistent manner. Oncs
a crack has formed. the part contains. in effect. a permanent.
irreversible defect which will ultimately lead to failure,
perhaps catastrophic failure, unless that past is removed
frem service in a imely manner. Additionally, this approach.,
of course, is not suitable for use where the normal time
between the initial development of a detectable crack and
failure of the part is relatively short. Moreover. in parts
where actual faifure normally does not follow quickly after
the development of a crack. if such a crack develops shortly
after an inspection, the risk of failure duripg actual operation
increases simply because the length of time in which the part
is operated with the defect is maximized. Thexefore. this
method has an increased safety risk when compared o the
“safe life” and “fail safe” approaches. This increased risk.
although perhaps smali, may stil! be significant because the
detection point is the actual formation of a detectable crack.
The longer that part remains in service, once a crack has
formed, the greater the risk of catastrophic failure.

It would be desirable, therefore. to provide non-
destructive methods to measure the remaining service or
useful life of fatigue-limited metal components before crack
initiation has begun or. at least, before actual cracks can be
observed (i.e.. before permanent and imeversible damage
has begun). It would also be desirable to provide methods by
which the service or useful life of fatigue-limited metal
components could be increased without significantly
increasing the risk of catastrophic failore of the metal
components during operation. It wouid also be desirable o
provide a methed for manufacture and/or design of fatigue-
limited metal components whereby the service life and
selected performance criterion (c.g.. weight) of the metal
componenis can be adjusted and balanced to desired infer-
related Jlevels, It would also be desirable to provide a
non-destructive method for determining the suitability of
newly manufactured or reworked parts for their intended
use. It would also be desirabie to provide improved quality
control methods or precedures for use i the manufacture of
fatigue-limited roetal components. Such methods would
provide both increased safety and economy for the aviation
industty (commercial and military). The methods of this
invention generally provide such improved methods.
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SUMMARY OF THE INVENTION

The present invention relates to metheds for the manage-
ment of populations of fatigue-limited metal components.
This inveniion also relates to methods for the determination
of the remaining service life of individual fatigue-limited
metal components. The metal components to be managed by
the present invention include metal components having
relatively high levels of residual compressive stress as
manufactured and which are subject to fatigue-related fail-
ure. The relatively ftigh residual compressive stress of such
a metal component as manufactured may be the result of the
actual manufacturing process used and/or subsequent work-
ing of the metal component by shot peening or cther cold
working processes after actual production to increase the
residual compressive stress. Preferably, the residual com-
pressive stress as manufactured is in the range of about
50.000 to 200.000 pounds per square inch and, more
preferably. in the range of about 150.004 to 180,000 pounds
per sguare inch. Components having residual compressive
stresses higher or lower than these ranges can. of course, be
managed by the methods of the present invention. However,
the components as manufactured should have sufficient
residual compressive stress for their intenaded use. Using the
methods of this iavention. increases in both safety and
economy in the management of such metal components aze
cxpected.

I another embodiment, this invention also rclates to
methods for the manufacture and/or design of fatigue-
limited metal components whereby the surface residual
compressive stresses are monitored and adjusted during
manafactore and/or design to yield compenents having
improved performance criterion (e.g., reduced weight) but
still acceptable surface residual compressive stresses and.
thus. acceptable service lifetimes. These methods can also
be used during the manufacturing process to track and assess
individual process steps by measuring the surface residual
compressive stress and comparing it to design or target
levels throughout the process. Thesc values can also. if
desired. be Included in total stress calculations andfor a
database for the components to assist in improving.
evaluating, and/or understanding component design and
perfarmance. Components manufactured andfor designed
using this method can then be. if desired, managed in service
using the other methods disclosed and described herein for -
the management of popufations of fatigue-limited metal
componeats.

In stil] another embodiment, this inveation also relates to
quality control methods whereby the residual compressive
stress condition of ome or more critical surfaces areas is
determined pricr to entry of that part into service or at
various stages during the manufacturing process. Parts hav-
ing insufficient swrface residual compressive siress levels for
their intended parpose could either be withheld from service
(and destroyed) or, if appropriate, reworked to increase the
surface residual compressive stress of the part to acceptable
levels. By avoiding placing parts into service with less than
acceptable siface residual compressive stress levels and/or
reducing the scatter or range of the residual compressive
stress levels of parts placed into service. increased safety
margins and economies can be obtained. Such quality con-
trol methods can also be used during the manufacturing
process by measuring the residual compressive stress con-
dition of one or mors critical surfaces areas at various stages
of the manufacturing process and using that measurement to
determine whether that componeat (perhaps with reworking
at that or later stages) can be continued in the manufacturing
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process. By early elimination of components rot likely to
pass final inspection or quality control requiremeats, con-
siderable saving could be maintained. Moreover, increased
quality control measures at various manofacturing stages
will likely result in increased safety margios since poten-
tialiy defective parts are more likely to be identified before
entry into service. Such quality control methods can be used,
if desired. on only one or only a few manufacturing steps in
the process (¢.g.. control and evaluation of the shot peening
process only).

Fatigue failures in metal components almost always
develop from cracks generated in the surface layer of the
metal components exposed to high stress environments. To
reduce the likelihood of crack formation. great care is
normally taken in the manufacture of such metal compo-
nents to ensure that the initial residual stress in the critical
surface layers of the crystalline structure of the metal are in
relatively high compression (often up to 170,000 ponnds per
square inch or higher). Since these initial siress levels are not
currently measured for the as-manufactured parts. it is
possible that parts having Iess than acceptable residual
compressive stress fevels could be placed into service.
During operation under conditions of high lcad and operat-
ing temperatures, the residual compressive stress of the
component graduaily dirninishes over time. Once the
residual compressive stress reaches zero. the trend continues
and builds up residual tensile stress in these areas. Over
titne. the residual tensile siress can increase to levels in
excess of the nltimate tensile strength of the surface of the
material and ecracks develop. Such cracks in a component
lett in service propagate until they reach a critical length. at
which time catastrophic failure occurs. If such a part is
placed into service with less than acceptabie surface residual
compressive stress values. catastrophie failure may occur (or
at least be at increased risk io occur) before the first
scheduled inspection. The present invention provides meth-
ods for managing metal components whereby conditions
involving significant residual tensile stress and. thercfore.
crack initiation are avoided. By monitoring the residual
compressive stress in areas of high stress concentration and
maintaining the metal component under conditions of com-
pressive siress, the present ipvention provides a manage-
ment program which does rot rely on either expected of
actual crack formation as the management criterion. Further,
the present invention provides a quality control method
whereby the actual residual compressive siress levels in
as-ranufactured parts (and/or at critical stages of the manu-
facturing process) are measured so that parts without suffi-
cient surface residual compressive stress for their intended
purposes are identified {and corrected) before being placed
into service.

In the method of this invention. a non-destructive tech-
nique (i.e., X-1ay diffraction) is used to measure the remain-
ing residual compressive stréss in the relevant metal com-
ponents. Once the residual compressive stress of an
individual component falls below a predstermined value,
that part. but only that part. is effectively flagged for further
attextion. For metal components having residual compres-
sive stress below a predetermined value, there are essentially
two options. In the first optioz. the metal component is
simply removed permarently from service. In the second
option. the metal component is reworked (wsing, for
example. shot peening) to increase its residual compressive
stress 10 an acceptable level and then returned to service. By
periodically evaluating such metal components using the
methods of this invention, the service life of the total
population of metal components can be maximized in a safe
and efficient manger.
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For metal components having residual compressive sress
higher than the predeterrained value. the remaining service
life of that component can be determined. The greater the
difference between the measured residual compressive stress
and the predetermined value, the greater the remaining
service life for that component should be. Such information
should be useful (especially as considerable historical data
for the population becorne available over time) in matching
components for use in pariicular engines or applications
¢i.e., matching components which have comparable remaig-
ing service fife) or for scheduling routine teardowns and
mainfenance.

In the method of the present inventon directed to manu-
facture and/or design/devetopment of fatigue-lirited mmetal
components. the suzface residual compressive stress is
monitored during the manufacture and/or design/
development process and used as a guide to obtain metal
components having, for example. reduced weight but
acceptable strepgth and service Lifetimes. By measuring the
surface residual compressive stresses during various stages
of the manufacturing and especially during the course of the
design and/cr development process, the minimum (or near
minimum) weight necessary for a given part or area of apart
can be achieved while still maintaining am acceptable
residual compressive stress in the critical surface areas of the
part. Thus, using this method it is possible to manufacture
and/or design fatigue-limited metal components with
reduced weights and acceptable service lifetimes aad
inspection/maintemance schedules. This method will be
especially useful in manufacturing and/or designing metal
components (e.g.. jet engine disks) for military aircraft. In
effect. the design process of this invention allows the total
stress (applied plus residual stresses) of the component
during use to be taken into account in the design and/or
manufacture procedures, In prior art design processes. gen-
erally only the applied sitess could be taken into account.

Oue object of the present invention is to provide a method
for managing a population of metal parts in order to defer-
mine whea to rerove an individual metal part from service,
wherein said metal parts are manufactured having relatively
high evels of residual compressive stress and said metal
parts arz subject to fatigue-related failure, said method
comprising:

(1) selecting an individual metal part from the population;

(2) determining the rersaining residual compressive stress
of the surface of the selected individual metal part in
one or more areas of stress concentration using X-ray
diffraction techmiques; and

{3) removing the selected individual metal part from
service if the remaining residual compressive siress
measured in one or more areas of stress conceatration
has fallen below a predetermined level.

Another object of the present invention is to provide a
method for managing a population of metals parts in order
to extend the service life of individual metal pans in the
population, wherein said metal parts are manufactured hav-
ing relatvely high levels of residual compressive stress and
said metal parts are subject to fatigue-related failure during
service, said method comprising. for each individual metal
part in the population: ’

(1) removing the individual metal part from the popula-
tion from service;

(2) measuring the remaining residual compressive stress
of the surface of the individnal metal part in one or
more areas of stress concentration using x-ray diffrac-
tion techniques;
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(3) comparing the remairing residual compressive stress
measured in one or more areas of stress concentration
to a predetermined level; and

(4} if the remaining residnal compressive stress remains
above the predetermined level, returning the individual
metal part fo service: or

() if the remaining residual compressive stress is at or
below the predetertrined level. reworking the indi-
vidual metal part to increase the residual compressive
stress to a reworked level above the predetermined
level and then returning the individual metal part to
service.

Although the present invention is preferably directad
towards methods for the management of large populations of
similar type metal parts. it can also be used fo test individual
metal parts. Thus, for example, the preseat invention can
also be used for spot checking metal parts throughout their
expected service life as part of routine or scheduled preven-
tive maintenance or during repairs or teardowa procedures
necessitated by breakdowns. Thus. still another object of the
present imvention is to provide a method for determining
when to remove a metal part from service. wherein said
metal part is manufactured having relatively high levels of
residual compressive stress and sajd metal part is subject to
fatigue-related failure. said method comprising:

(1) measuring the remaining residual compressive stress

of the surface of the metal part in one or more areas of
stress conceptration using x-ray difftaction techniques;

(2) comparing the remaining residual compressive stress
measured {n one or more areas of high stress concen-
tration to a predetermined value: and

(3) removing the metal part from service if the remaining
residmal compressive stress measured in one or mare
arzas of stress concentation is less than the predeter-
mined [evel.

5S4l another object of the present invention is to provide
a method for extending the service life of a metal part.
wherein said metal part is manufactured having relatively
high levels of residual compressive siress and said metal part
is subject to fatigue-related failure during service, said
method comprising:

(1) measuring the remaining residual compressive stress
of the surface of the metal part in one or more areas of
stress concentration using x-ray diffraction techniques;

(2) comparing the remaining residual compressive stress
measured in one or more dreas of siress concentration
to a predetermined level; and

(3) if the remaining residnal compressive stress remains
above the predetermined level, returning the metal part
to service; or

() if the remaining residual compressive stress is at or
below the predetermined level, reworking the metal
part to imcrease the residual compressive siress to a
reworked level above the predetermined level and then
returning the metal part to service,

Sult another object of the present inventon is to provide
amethod for designing a fatigue-limited metal part whereby
a selected performance critedion for the mectal part is
improved while maintaining sufficient residual compressive
stress to achieve an acceptable service tife for the mefal part.
said method comprising: h

(1) providing a prototype of the metal part;

(2) measuring the residual compressive stress in one or
more cxitical surface areas of the prototype during the
course of design of the metal part;
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(3) modifying the prototype using the difference between
the measured residual compressive strass and a prede-
termined residual compressive stress design level as a
guide to improve the selected performance criterion;

(4} remeasuring the residual compressive siress in the one
or more critical surface areas of the modified ms
prototype to determine the remeasired residual comm-
pressive stress in comparison to the predetermined
residual compressive stress design level in order to
gauge the effect of the modification: and

(5) repeating steps (2} through {4} for the one or more
critical surface areas umtil an acceptable and functional
metal part is obtained. wherein the acceptable and
functionai metal part has its seiected performance cri-
terion improved apd has sufficient residual compressive
stress in the one or meore critical surface areas for its
intenrded use.

Still ancther object of the present invention is to provide

a method for designing a fatigue-limited metal part whercby
the weight of the metal part is reduced while maintaining
sufficient residual compressive siress to achieve an accept-
able service life for the metal part. said method comprising:

(1) providing a protoiype of the metal part:

(2) measuering the residnal compressive stress in one or
more critical surface areas of the prototype during the
cowrse of the design of the metal part;

(3) modifying the prototype using the difference between
the measured residual compressive stress and a prede-
termined residual compressive stress design level as a
guide;

(4) remeasuring the residual compressive stress In the one
or more critical surface areas of the modified prototype
to determine the remeasured residual compressive
stress in comwparison to the predetermined residual
compressive stress design level in order to gauge the
effect of the modification; and

(5) repeating steps (2) through (4) for the one or more
critical surface areas untit an acceptable and functional
metal part is obtained having reduced weight and
sufficient residual. Compressing stress in the one or
more critical surface areas for its intended use.

Stilt apother object of the present invention is to provide

a method for designing a fatigue-limited metal part whereby
the weight of the roetal part is minimized while maintaining
sufficient residual compressive stress to achieve an accept-
able service life and safety factor for the metal part, said
method comprising:

{1} providing a prototype of the metal part;

(2) measuring the residual compressive stress in one or
more critical surface areas of the protoetype during the
course of the design of the metal part;

(3) modifying the prototype by reducing its weight using
the difference betwsen the measured residual compres-
sive stress and a predetermined residual compressive
stress design level as a guide;

(4) remeasuring the residual compressive stress in the one
or more critical surface areas of the modified prototype
to determine the remeasured residual compressive
stress in comparison to the predetermined residual
compressive stress design level in order to gauge the
effect of the moedification; and

(5) repeating steps (2) through (4) for the one or more
critical surface areas until an acceptable and functional
metal part is obtzined having minimal weight and
sufficient residual compressive stress in the one or more
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critical surface areas to achieve 4n acceptable service
life and safety factor for the metal part.
Still another object of the present invention is to provide
a quality control method for the manufacture of fatigue-
limited metal cormponents. said method comprising measus-
ing the residual compressive stress in one or more critical
surface areas for each metal component after its manufacture
and before placing it into services comparing the measured
residual compressive stress in one or more critical surface
areas to a corresponding predefermined residual compres-
sive stress level for the one or more critical surfaces, and
flagging each metal component which has its measured
residual compressive stress below its corresponding prede-
termined residual cornpressive stress level. whereby flagged
metal components are not placed in service. For purposes of
this inventions “after its manufacturing” is Intended to
include selected stages during the manufacturing process as
well as after completion of the entire manufacturing process.
Likewise, “placed into servics™ is intended to include con-
tinuing beyond a specific manufacturing stage where mea-
surements are made during the manufacturing stage as well
as actual placement in service after completion of the
manufacturing process.
These and other objects and advantages of the present
invention will bz apparent from a consideration of the
present specification and drawing.

DESCRIPTION OF FIGURES

FIG. 1itlnstrates a typical disk from a jet engine showing
areas of stress concentration in which residual compressive
stress should be determined.

FIG. 2 shows a typical plot of residual compressive stress
as a function of service time for turbine disks operating
under different icad and temperatuse conditions.

DETAILED DESCRIPTION OF THE
INVENTION

The inventicn generatly relates to methods for managing
the service life of fatigue-limited metal compoznents and to
methods for managing and extending the service life of
fatigue-lmited metal components. The methods of this
invention employ a non-destructive ms techaique for mea-
suring the remaining useful service life of fatigue-lirnited
metal components by determining the residnal compressive
stress in the critical surfaces of the individual component.
The surface residual compressive stoess can be comelated
with the remaining service life of the individual component,
If the surface residual compressive stress has not fallen
below a predeterinined vaiue, the componeat can be returned
to service. If the surface residual compressive siress reaches
or falls below a predetermined value. the component can be
permanently removed from service. Or. if desired and
appropriate, the component can be reworked to increase the
surface residual compressive stress to a level above the
predetermined value, preferably a value approaching the
compressive stress of the compopent as origimally
manufactured. and then returned to service.

It is well established that fatigne failures develop from
cracks gensrated in the smface layer of metal components
exposed to high stress epvironments. For example, failurs
nermally occurs because of cracks forming in areas of stress

concentration in such components. FIG. 1 illustrates sach a’

comaponent, specifically a disk 10 for use in a-gas turbine
engine. Failure of such a disk is often caused by cracks
forming in the surface layers of areas of high stress con-
centration such as the inside radii or bottom 12 of dovetail
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or firtree slots 14, These dovetail or firtres slots are used for
attachment of the compressor and turbine blades (not
shown). To reducs the likelihood of crack formation, great
care is normally taken in the manufacmure of such compo-
neuts to ensure that the infijal residuai stress in the critical
surface layers of the crystalline structure of the metal are in
high compression. (The actual value or level of the com-
pression is 2ot. however, determined in ewrrent manufactur-
ing proceduras.) For example. turbine disks, such as the one
flustrated in FIG. 1. are generally manufactured with
residual compressive stress in the order of about 170.000
pounds per square inch. During operation in a turbine engine
(i.e.. conditions of high load and operating temperatures).
the residual compressive stress gradually diminishes over
time as shown in FIG. 2. The curves in FIG. 2 (labeled 20,
22, 24, 26, and 28) are for different turbine disks 10 {i.e..
different stages) used in a gas turbine engine, In such an
engine, each disk is subjected to different load and tempera-
ture coaditions during operation, Thus. the rate of decrease
of the residual compressive stress is different for each disk
or stage. Once the residual compressive stress reaches zero.
residual tensile stress can build up in these areas. Over time,
the residual tepsile stress can increase to levels in excess of
the ultimate strength of the surface of the material and cracks
will initiate, Such cracks in a2 component Ieft in service
propagate until they reach a critical length, at which tdme
catastrophic failure will oceur. As seen in FIG, 2. the plot of
residual compressive stress versus cycles is generally linear
for a given component. Thas, residual compressive stress
measurements of a given component which fall significantly
off that part’s linear curve may suggest a significant devia-
tion or problem. For exammple, once a component departs
significantly from the expected curve, the component may,
for example, be moving from its efastic regime and into its
plastic regime. Such deviations mipht also result from
scatter in the criginal {i.e.. as-maaufactured) residual com-
pressive stress conditions since components with sigmifi-
cantly different inifial residual compressive siress levels
might have significantly different linear curves. Whatever
the cause of the departure (aven if the residual compressive
stress value has mot fallen below the predetermined value),
the part should be examined more carefuily and appropriate
action taken (i.c.. removed from service. reworked, or
repaired as appropriate).

The methods of this invention monitor the tesidual com-
pressive stress in surface areas of stress concentration in
order to prevent the initial formation of cracks in the surface,
By removing the component from service before the stresses
change from compressive to tensile in hature or by main-
taining the siress iz compressicn, the present methods allow
individual components to be used in a manner in which
surface cracks are not formed or are. at least, formed at a
significantly lower rate as compared to current management
methods. The present methods altow for achievement of the
maximum service life of components without increased
failure or safety risks. Moreover, the present methods allow
for significantly extending the service life of individual
components without increased faflure or safety risks.

In practice. for a given type and population of metal
componeats. the residual compressive stress in the surface
layer of the individual component is measured in one or
more arcas of strzss concentration using x-ray diffraction
techniques. The actual area measured is normally in the
range of about 4 by 4 inches to about 1 by 1inch. although
smaller or larger areas can be used if desited, Generally it is
preferred that the x-ray diffraction measurements be taken
approximately normat to the relevant swrface. Generally it is
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also preferred that the multipie x-ray measurements be taken
within the relevant surface area so that the crystailine
structure of that surface area can be better probed. The
measured vaiue (or values or averaged value) is compared to
a predetermined value. If the measured value is above the
predetermined value, the part can be returned to service. If
however. the measured value equals or fails below this
predetermined value. the component can be treated in sev-
eral ways. In a first option, the component can be perma-
nently removed from service. In such cases, it is generally
preferred that the component be mutilated, or otherwise
marked, to prevent further, unauthorized use. In a second
opticn, the component can be reworked to increase its
residual compressive stress and then returned to service.
Normally. such a compensnt can be reworked and returned
to service a fixed number of times or cycles (i.e.. until other
failure mechanisms predominate or the compenent no longer
meets design criterion or specifications). The acceptable
number of cycles for reworking such components will
generally be deterrnined on a case-by-case basis. For a given
component. such as the disk shown in FIG. 1. the cvcle of
service and reworking can generally be repeated so long as
the component retains its dimensional and microstructural
stability.

In some cases when the residual compressive stress is
above, but close to or approaching. the predetermined value,
it may be preferred to rework that part at that time rather than
wail for the residual compression stress to fall below the
predetermined value, For example, if the measured residual
comnpressive stress suggests that the part has only a rela~
tively short service life remaining before reworking will be
required (see. for example. curve 22 in FIG. 2 at 15.000
hours with a predetermined value of zero pounds per square
inch). it may be more economical to rework the part during
the current scheduled shutdown/teardown event rather that
put the part back in service and then require ar unscheduled
teardown to rework it only a short time later. Whether this
modified approach is appropriate and desirabie in a given
case will depend., in Jarger part. on the expected service life
before that part will fall below the predetermined value. If
the expected remaining service life is short (thereby neces-
sitating a unscheduled teardown for remeasurement), it may
be more cconomical to rework that part evea though it has
remaining service fife. In such a case. the predetermined
value is effectively increased for that part only.

As one skilled in the art will reaiize. the predetermined
value of the swface residval compressive stress for any
given population of components will depend. at least in part.
on the surface residual compressive stress of the components
as originally manufactured. the specific physical and met-
allurgical characteristics of the compeonents. the environ-
ment in which the compoenents are used, and any appropriate
safety factors. For populations of different pagis. this pre-
deternined value will likely be different because of different
designs and/or geomewics of the parts and exposure to
different stresses during use. Populations of the same parts.
but operated under different conditions and enviroarnents.
may also have different predetermined values, Moreover., for
a given component., different areas of stress concentration
may have different predetermined values. For example.
different areas of metal component will normally be exposed
to. or will experience. different levels of stress and may.
therefore. experience changes in the compressive stress at
different rates. In such cases, the area that reaches iis
predetermined value first will rormally control the disposi-
tion of that component. It will generally be preferred that the
initial surface residual compressive stress of the metal
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components be measured or otherwise known befare they
are placed in service. or shostly thereafter. Measurement of
the surface rasidual compressive stress of a component as
originally manufactured can help insure that only compo-
nents meeting specifications are used and can provide
benchmarks tor later measurements of remaining surface
residual compressive stress. Moreover. such initial surface
residual compressive stress data, along with the data gen-
erated by the present methods. can be used to define or
redefine component specifications and design criterion as
appropriate. Moreover, as detailed herein. such initial sur-
face residual compressive stress measurements can form ah
integral part of & comprehensive quality control program,
The predetermined value cap be expressed in terms of
absolute aumbers (e.g.. a specific value in suitabie units for
the residual compressive stress) or in relative numbers {e.g..
a percentage of the remaining compressive stress of the
component as compared to the residual compressive stress
as crigirally manufactured). Morecver. the predetermined
value for a given popuiation may change over time as more

_historical data become available. For example, for newly

designed components, it may be desirable to use a relatively
high predetermined value to guard against #nexpected fail-
urcs for increased safety. As service life data become
available, however. it may be appropriate to decrease the
predetermined value if significant safety or failure related
problems are not found in the population, By carefully
adjusting the predetermined value for a given population of
components over time. it should be possibie to approach the
optimum value while maintalning operational safety.

In some cases, a predetermined value of about zero
pounds per square inch {or other appropriate units) or (00
percent decrease In residual compressive siress (i.e.. the
point at which sess moves from compressive to tensile in
natre} may be appropriate. The use of zero pounds per
square inch or 100 percent decrcase as the management
criterion might. for example, be appropriate to maximize the
service life of a component where reworking the compenent
is not practical or is otherwise not anticipated. In most cases,
however, a predetermined value of a value greater than zero
pounds per square inch or less than 100 percent decrease will
generally be preferred and appropriate based on safety
considerations. Such higher predetermined values will be
especially preferred where reworking of the component to
restore all or part of the residual compressive stress is
anticipated. In some cases. however. a predetermined value
of less than zero pounds per square inch or greater than 100
percent decrease may be appropriate.

As noted above, the residual compressive stress is mea-
sured non-destructively using conventional x-ray diffraction
techniques. Freferably. the residual compressive stress is
measured using portable x-ray diffraction equipment.
Examples of such x-ray equipment and techniques can be
found in 1J.S. Pat. No. 4.095.103 (Jun. 13, 1978); U.S. Pat.
No, 4.561,062 (Dec. 24, 1985); U.S. Pat. No. 4.686.631
(Aug. 11, 1987); U.S. Pat. No. 5,125.015 (Jun. 12. 1992);
Taira & Tanaka. “Residual Stress Near Fatigue Crack Tips.”
19 Transactions of the iron & Steel Instmute of Japan,
411-18 (1979); Harting & Fritsch. “A Non-destructive
Method to Determine the Depth-depeadence of Three-
dimensional Residual Stress States by X-ray Diffraction,” 26
L. Phys. D: Appl. Phys., 1814-16 (1993); Kuhn et al.. “An
K-ray Study of Creep-deformation Induced Changes of the
Lattice Mismatch in v-Hardened Monocrystalline Nickel-
Base Superalloy SRR 99, * 39 Acta Mewall. Mater, 2783-94
(1991). all of which are hereby incorperated by reference.
Portable x-ray equipment. which is generally preferred in the
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present inventien. can be obtained commercially from. for
example, Technology for Energy Corporation (BQ. Box
22996, Lexington Drive. Knoxvilie. Tenn, 37933); or
American Stress Technologics, Inc, (61 McMurray Road,
Pittsburgh. Penn. 15241): dr Proto Manufacturing Limited
{2175 Solar Crescent, Oldcastle. Ontario, Canada NOR 1L0).
Other types and designs of xray diffraction equipment or
techuiques can also be used in the present invention.

Normally such meastrements should be made, at a
minimum, during scheduled teardowns and other mainte-
nance events. In some cases, however, it may be desicable to
make such measuremenis more often than regularly sched-
uled maintenance events, especially during the carly service
life of a popuaticn of newly designed components lacking
a extensive service life history. Normally, such measure-
ments of the residuat compressive stress will be made on the
individual parls during teardowns. For some components,
however, it may be possible to make the necessary mea-
surements without having to perform complete teardowns.
As noted above, x-ray diftraction measurements of residual
compressive siress shoutd be made in areas of high stress
corcentration (e.g., the bottom 12 of the firtree slots 14 on
the disk 10 shown in FIG. 1). Generaily. areas of high stress
concentration are those areas in which crack formation has
been observed or is more likely to occur. It is not necessary,
however, to make such measurements in each and every area
of high stress concentration ir a given component, espe-
ciatly where such areas are operated under simitar load and
temperature conditions. For the disk in FIG. 1. for example,
measurements might be taken on the bottom 12 of the firtree
slots 14 located at 0, 90, 180, and 279 degrees, rather than
at the bottorn of every slot 14, The individual measnrements
at these representative locations. or an average of the indi-
vidual measurements, are compared to the predetermined
value, As the database develops, the number and location of
measurements for a given disk {or cother population of
components) can be modified as appropriate.

Once a component reaches or falls below its predeter-
mined valge, it can efther be removed permanently from
service or reworked to increase its residual cempressive
stress to a level above the predetemmnined value and then
returned to service. For example, using a predetermined
valie of zero pounds per square inch. the disk represented by
curve 28 in FIG. 2 should be removed from service or
reworked afier about 10.000 hours of service; the disks
regresenied by curves 24 and 26 should be removed from
service or reworked affer about 13.000 howss; the disks
represented by curves 20 (especiafly} and 22 (to a lesser
extent) have service lives greater than 15.000 hours.
Preferably. the residual compressive stress in such rewarked
components is returnzd to a level approaching the original
residual compressive stress as manufactured. Reworking
such components can be carried out using conventional
procedures for increasing or achieving residual compressive
stress. Such metheds include. for example, shot peening and
other methods of cold working the surface (e.g.. hammer
peening. laser peening, rolling, or burnishing methods). See.
for example, Daly, “Status of Controfled Shot-Peeniag Tech-
nolegy in the United States,” International Conference on
Impact Treatment Processes (2nd: 1986) in /mpacr Surface
Treatment (Megnid, Ed.}, 237-41; Delitizia. “Improving
Fatigue Life Through Advaaced Shot Peeaing Technigues.”
92 Manufacturing Engineering, 85-87 (1984). Of course.
such reworking must be carried out before any permanent
deterioration occurs from residual stress cracking. Thus.
where such reworking is asticipated, the predeterrnined
vaiue used as the management criterion preferably is higher
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{L.e.. a higher predetermined value of residual compressive
stress) than in cases where reworking is not anticipated. By
setting the management criterion higher in such cases. one
moves further away from the condition where crack
formation. which may not even be detectable, may occur.
thereby providing an increased margin of safety. It is gen-
erally preferred that reworking increases the residoal com-
pressive stress to at least 50 percent of the residual com-
pressive stress in the part as originally manufactured. More
preferably. the rework level for the residual compressive
siwess is at least 80 percent of the value as originally
manufactured. Even more preferably, the reworked level is
comparable to the value as originally manufactured.

The methods of this investion generally allow one to
maximize the service life of a meta! component by providizg
a procedure to determine when to optimally rewoerk the
metal component o restore all or part of the residual
compressive stress, Bxcessive reworking can actually
decrease the service life since reworking techniques such as
shot peening can increase the dimension of the metal part in
the reworked area. Thus. the likelihocd of a metal compo-
nent moving out of its design specification increases as z
function of the number of times it is reworked. The present
invention provides procedures whereby the mazimum. ser-
vice life can be obtained with the minimum pumber of
reworkings. Of cowtse, the effect of reworking on dimen-
sional stability should be taken into account when establish-
ing the appropriate predetermined value for a given com-
ponent.

The present methods for management of pepulation of
metal components provide considerable improvement over
management methods currently in use. Both the “safe life”
and “fail safe” methods rely on expected service life based
on either predicted values or statistical values of crack
formation in the weakest component in the population. In
these methods. service life is not evaluated for individual
components. Thus. the vast majority of comporents are
retired while still possessing useful and significant service
life. The ‘retirement for cause” approach relies on the
observation of actual crack formation in a gives component.
Ooce crack formation is cbserved. that component is
removed from service. Unfortunately. once crack formation
cap be observed. the component cannot be rehabilitated or
reworked for additional service life. Additionally, at least in
some cases. waiting for actual crack formation as 2 man-
agement ctiterion can result in sigpificant safety risks. The
methods of the present invention provide improved man-
agement procedures by providing management criteria (ie..
residual compressive stresses compared to predetermined
values) which are observable well before irreversible crack
initiation or formatior occurs. Using the methods of the
prasent invention, the maximum service life of such com-
ponents can be obiained in a safe and effective manner,
Using the methods of the present invention. at least some
components car be reworked to increase the residual com-
pressive stress and placed back in service. thereby providing
increased efficiency without compromising safety. In fact,
the methods of the preseat invention are expected 1o achieve
improved efficiency and improved safety as compared to the
maragement methods cumently in use since the management
criterion is based on surface residual compressive stresses
rather than on actual or expected crack formation. By using
surface residual compressive stress as the management
criterion. rather than actua! or expected erack formation. the
margin of safety is expected to be increased, perhaps sig-
nificantly.

The methods of the preseat invention are ideally suited for
augmenting computer tracking of metal cormponents during

Copy provided by PTCS from the PTQ APS Image Data Base on 06-17-1999



5,625,004

15

their service life, Moreover. the data generated from the
present methods (i.e., residual compressive strass) and data
regarding the service Life and history of individual compo-
nents can be used to develep a management database for the
metal components. As the historical basis of such a database
grows. it will be possible to reliably predict the service life
of a given part. Thus. once such a database is developed. one
will not need to measure the comprassive stress of each and
every component during each teardown or other mainte-
nance event. K the total service life or history of the
component is sufficiently short {as determined from the
historical data in the database), measurement of the com-
pressive stress can be delayed. Onrly such components
having a service life or history approaching some definable
parameter {again as determined from the historicai data in
the database) will be required to have the actual compressive
stress measured and compared to the predetermined value.
For example, for a given component, the database might
show that only compogents having a service live in excess
of 10.000 hours ever have residual compressive stresses
approaching or below the predetermined value. In such a
case, only components with service lives greater than this
vatue will need to have the residual compressive stress
measured during a routine teardown. Of course. components
with abmormalities or components subjected to extweme
service events should be evaluated regardless of the curu-
lated service Life, Moreover. it may still be prudent to at least
perform some spot checks on components with shorter
service lives in order to confirm the continuing validity of
the database and its predictive ability. By avoiding actual
measurements for components very unlikely to have residual
. compressive stress values lower than the predeterminad
value, considerable savings can be obtained. Of course, the
" method used to predict this likeiihood must be proven over
.fime to be both effective and safe.
. The present methods are not. however. intended to replacs
.all non-destructive festing of such metal components. As
those skilled in the art will realize. the present methods are
desigred to manage failures and defects related to crack
initiation mechanisms commorly associated with the
residual compressive stress and residual tensile stress levels
in the swiface layers. Other non-destructive testing methods
for identifying other types of failures and/or failure
mechanisms, especially early in the service life of such
comporents (ie., during the so-called “infant mortality”
period}, should be continued as appropriate. Incorporation of
such data from other nen-desfructive testing procedures in
the management database discussed above may allow even
more complete tracking and management of populations of
such metal components.

Additionally, using the methods of this invention. com-
ponents of approximately equal remaining service life (i.e..
approximately equal residual compressive stress) cam be
used together. Normally. the frequency of such teardowns in
individual epgines will be controlled by the component
having the shortest remaining service life. By avoiding use
of componeats of widely varying remaining service life.
early teardown of engines. necessitated by a single compo-
nent with only a short remaining service life. can be avoided.
By matching components with similar remaining service
lives in a given engine. the frequency of teardowns over the
entire population can be reduced.

In another embodiment of this invention, thc gcncral'

techniques discussed above for measuring surface residual
compressive stress can also be used to assist and guide the
design and development of improved fatigue-limited metal
components. Using this method, the surface residual com-
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pressive stresses produced by the various steps in the
manufacturing process can be incorporated into, and taken
into account in. the overall stress analysis. Effects of modi-
fication of the part design (e.g.. reduction in weight)
throughout the manofacturing and/cr design/development
process can be determined and used as a guide for further
modifications. Using such an iterative approach, reduced-
weight fatigue-limited metal parts can be designed having
sufficient residual compressive stresses {i.e.. sufficient ser-
vice lifetimes) for their intended use. Thus, the component
design can be fine tuned te reduce component weight
without significant reduction (or at least reduction to known
and acceptable levels) in service lifetimes. The service
lifetime and weight characteriséics can be balanced to
achieve optimum or near opeimum performance criterion.
For military aircraft, such optirmum or near optimum per-
formance criterion may, for example. be related to a reduc-
tion in weight to mproved thrust to weight ratios. For
comunercial aircraft. such optimum or pear optimum perfor-
mance criteria may. for exampie. be related to improved
safety margins andfor increased engine performance. Of
course, if desired. other appropriate performance critetia
may be used to assist in designing fatigue-limited metal
components using the methods of this mvention.

Historicaily the design procedurc for critical fatigue-
limited metal components such as disks or other critical
aircraft engine components has been the conservative “safe
life” approach. This safe life design zpproach. like the
comresponding safe life technique for managirg a popuiation
of fatigue-limited parts. is generally based on manufactor-
er’s estimated fatigue life established through analysis.
testing, and comparable experience by the part manufac-
turer. This approach attempts to estimaie the point, allowing
for a suitable safety margin. at which the shortest lived part
is expected to fail, The stress caleulations used in this design
approach are primarily based on applied stress,

The present method uses the measurement of the surface
residual compressive stress during the manufacturing pro-
cess as an important component of the design approach. The
residual compressive stress is measured using x-ray diffrac-
tion periodically throughout the development and/or design
process to assess the effects of various manufacturing opera-
tions or procedures used in making the component on the
residual compressive stress in the critical surface areas of the
component. The use of this method in the manufacture
and/or design of new fatigue-limited parts will aliow quan-
tification of the suiface residual compressive stress condi-
tion at each step in the manufacturing process; in addition.
it will be possibie to determine the positive or negative
irnpact on the surface residual compressive stress condition
as a result of each operation and. if appropriate, adjust or
modify the operation or operations so as to provide the
desired level of surface residual compressive stress in the
finished metal part. By measuring or remeasuring the sor-
face residual compressive siress after various machining
operatons, the design or development cf the part may by
guided whereby a preselected design or performance crite-
rion (or several criteria) can be improved, and perhaps
optimized. while still maintaining an adequate service life.
Thus. this method can be used to set residual compressive
siress part requirements and fine-tune component design to
provide an optimized or near optimized performance crite-
rion and service life. For example, this method could be used
to fine tune component design to reduce the weight of
specific aircraft engine parts while maintaining significaat
(and known) service life. A reduction in weight would, for
example. benefit thrust to weight ratio in military aircraft
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applications and increase commercial aircraft engine per-
formance, Acceptable surface residual compressive stress
levels determined during the design proeess cau, if desired,
be inciuded in componest specifications andjor drawings
and can be used during actual manwfacturing processes.
Such designed components could be managed using the
other embodiments of this invention as described above.
Balancing of one or more preselected performance criteria
and service life to improve overall performance will be
possible using the method of this invention.

In cperation. the manufacturing and/or design/
development method of this invention is carried out by first
measuring the residual compressive stress. preferably using
x-1ay diffraction techniques, in one ¢r more critical areas of
a prototype or partially designed metal part. The prototype
is then modified (i.c., machined or worked) using the dif-
ference between measured residual compressive stress and
the predetermined residual compressive stress design level
as a guide to improve the a selected performance criterion.
The predetermined design level may he the residnal com-
pressive stress desired in the final metal part or an interme-
diate level or intermediate fevels based on the entire manu-
facturing process. After modifying the past, the residual
compressive stress [s remeasured and compared to the
predetermined design level to gauge the effect of the modi-
fication. Of course. as one skilled in the art realizes, this
comparison of the remeasured residual compressive stress
could also, if desired. be made to the previously measured
residual compressive stress with similar resuits. The com-
parisoz allows the effect of gach manufachuring process or
stage on the residual compressive stress history to be deter-
mined. This process is repeated for ope or more criticat
swface areas unti an acceptable and functional metal part is
cbtained which has its selected performance criterion (or
performance criteria) improved and has sufficient residual
compressive stress values (and. therefore. acceptable service
life) for its intended use.

Service life can refer to a total service life over the entirz
life of the part or. in the case where the part Is reworked. the
individual lifetimes betweea reworkings or the sum of all
individual lifetimes between reworkings. The level of
accsptable sarvice life will, of course, vary for different
patts. For example. a part which can be reworked easily for
a significant number of times can generally have its selected
performance criterion improved by dccepting more frequent
teardowns and reworking. For a part which cannot be
reworked or which cannot be reworked easily, it will gen-
erally be preferred that the service life (sspecially between
reworkings) be kept relatively long. In any event, the
irpprovement in the selected performance criterion and the
length of service life (both total and/or between reworkings)
can be balanced and adjusted to optimum or near optimum
levels for that metal part and its intended use and/cr service
environment,

In st#l another embodiment of this invention, the general
techajques discussed above for measuring surface residuat
compressive siress can also be used to provide a quality
control program or mechanism for the manufacture of
fatigue-limited metal components. Using this embodiment,
the residual compressive stress in one or more critical
surfaces arcas is measured after the component has besn
manufactured but before it is placed in service, I the
residual compressive stress i ome or more critical areas is
below a corresponding predetermined residual compressive
stress vatue for the one or more critical areas. the component
is flapped or otherwise marked for further attention. Tf the
residual compressive stress levels for the component are
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within acceptable ranges (ie.. for each of the one or more
critical surface areas, the meagured residual compressive
swress is equal to or greater than the corresponding prede-
termined residual compressive stress value), then the com-
ponent can be placed into service (assuming. of coarse, it
meets other appropriate quality control requirements). The
present quality control method is generally not intended to
replace all existing quality control requirements; rather, it
preferably supplements and strengthens the existing quality
control program for fatigne-limited components. As one of
ordinary skill in the art will realize. the predetermined
residual compressive values for each of the more than one
critical surface areas may be the same or different for other
surface areas. depending on the actual geometry of the
component and the different service conditions the various
surfaces will be exposed to during use.

Of course, as one skilled in the art will realize, the present
quality contrcl procedure can be used during the manufac-
turing process as well as for the completed component. In
other words. the measured surface residual compressive
stress measurements for the partially completed component
during one or more stages of the manufactiring process can
be used to gange or test the process up to that point before
moving on in the manufacturing process. It is especially
preferred that this quality contrel procedure be used to
measure apd control'the effect of working the component to
increase or modify the surface residual compressive stress.
Thus, this quality control process is especially useful and
preferred for quality control of the shet peening (or other
working or reworking fechnigue) step in the manufacturing
Process.

Flagged components (i.e.. components having lower than
acceptable residual compressive stress levels) are not placed
into service as manufactured (or. if during the manufacturing
process, are not moved to the mext step). Such flagged

5 components can be, if appropriate. destroyed or otherwise

mutilated to prevent unauthoerized use (or continuation of the
manufacturing process for that compenent). Or in appropri-
ate cases. the flagged metal components are reworked to
increase the residual compressive stress in the one or more
critical surface areas to levels above the comresponding
predetermined residual compressive stress.

Assuming such reworked metal compenents then meets
the surface residual compressive stress and other
requirements. the reworked metal compouents can be placed
in service (or the manufacturing process continued with the
partially completed and reworked componentsy. Flagged
metal components which are especially suitable for rework-
ing include metal components which only fail to meet the
surface residual compressive stress requirements (i.e.. all
other quality control requirements are within specification).
Appropriate reworking and/or modification of the compo-
nent can. of course. be used to bring other quality control
requirements within specification. Preferably, after
reworking, at} quality control parameters, including surface
residual compressive stress levels, are remeasured to insurs
that the part has obtained, or remains within, the relevant
specifications. Preferably, specific surface residual compres-
sive stress levels, ranges. or targets are included in the
detailed compopent specification and also directly on the
relevant drawings. Data from measured surface residual
compressive stress values during the manufacturing process
and during later management of the population of parts
(identifiable to specific component serial numbers or other
identifiers) could be especially usefil in failure analysis and
statistical anatysis of component populations.

The decision to rework a particular component can be
informed by a number of factors. including the amount the
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measured residual compressive stress levels fall below the
acceptable values for the oune or more critical sufsce areas
and/or, if appropriate, the stage in the manafacturing process
at which the residual compressive stress levels fall below the
acceptable values for one or more critical surface areas. If
the composert is only slightly out of specification. it is more
Likely that reworking will be cost effective. For components
which are far out of specification. it may be more cost
effective ta simply destroy the part (especially if the amount
of reworking necessary to bring the part within the surface
residual compressive stress requiremnents is such that other
quality control requirements cannot be achieved or
maintained), Where surface residual compressive stress is
measured at different stages of the manufacturing process.
there will likely be stages at which failure to mect the
comesponding specification may be more critical or which it
will be more difficult to obtain a satisfactory result with
reworking. Determining whether reworking is feasible and/
or appropriate will preferably be. ar least initialfy, on a case
by case basis. Once significant historical data have been
generated, a more statistical determinarion or analysis can
likely be used (both whers measurement are taken during
various stages of the manufacturing process ard/or at the
end of the manufacturing process).

The quality control method of this invention offers a
number of significant advantages over earrenily cenducted
manufacturing procedures for fatigue-limited comporents.
First of all. it involves the direct measurement and tracking
of an important fatigue-failure related parameter—the sur-
face residual compressive siress. Historically. quality con-
trol procedures have not Included the measurement of com-
pressive stresses: rather, they have relied upon other
“predicative” parameters which may not have beemn as
directly related to, or as predictive in regard to, fatigne
failure as desirable. Moreover. such earlier quality control
procedures were likeiy to result in components having
considerable scatter or ragges for the surface residual com-
pressive stress levels over the range of the population {even
assuming all residual compressive stress levels were above
acceptable limits); moreover, the actual surface residual
compressive stress values for the components are generally
not even known. By not knowing the initial surface residual
compressive stress levels (i.e.. relying only on other predic-
tive parameters}, the uliimate user might place components
into use which would fail much seoner than predicted by the
prevalent management procedures.

Also in the earlier quality control procedures. it was not
possible to match compenents (i.¢.. components with similar
predictive service lifetime) in order o minimize teardown
schedules and expenses. Such problems can be avoided to a
large extent using the methods of this invention. For
example. parts having similar predicted service lifetimes can
be matched in a given jet engine. Teardowns, inspections,
and regularly scheduled maintenance procedures can be
tailored for the composite predictive lifetimes. Thus. where
components are matched with relatively short predictive
lifetimes (but still of acceptabie lengths), appropriate inspec-
tions can be scheduled at a shorter time interval as compared
to matched parts having a longer predicted lifetime. In this
manger. the overall cost, safety, and eeliability can be better
maximized. In addition. the use of surface residual com-
pressive stesses as a guality confrol parameter is aiso
expected toreduce the number of component failures during
the so-cafled “infant mortality” period.

The management, design. and quality control methods of
this invention can also be used in conjunction with other
management, design. and quality control method and/or
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techniques normaily used with fatigne-limited metal com-
ponents. For example. the present design method can be
used with conventional finite element analysis design tech-
niques. Such finite element anaiysis is generally nsed to
calcuiate or determine the perceived high stress areas of a
given component. By including the residual compressive
stress levels into total stress considerations. the present
methods can be used. for example. to fine tune the results of
the finite element analysis and make it a more réalistic and
useful tool. As those skilled in the art will realize. the present
methods caa be used in conjunction with other management.
design, and quality control techniques to improve those
technigues and. overall. provide even better safety and
economy in the use of such fatigne-limited components.

That which is claimed is:

1. A method for designing a fatiguc-limited metal part
whereby a selected performance criterion for the metal part
is improved while maintaining sufficient residual compres-
sive stress to achieve an acceptable service life for the metal
part. said method comprising:

(1) providing a prototype of the metal part;

(2) measuring the residual compressive stress in one or

mere critical surface areas of the prototype during the
course of design of the metal part;

(3) modifying the protorype using the difference between
the measured residual compressive siress and a prede-
termined residual compressive stress desjgn level as a
guide to improve the selected performance criterion;

(4) remeasuring the residual compressive stress in the one
or more critical surface arcas of the modified prototype
to determine the remeasured residual compressive
stress in comparison to the predetermined residual
corupressive stress design level in order to gauge the
effect of the modification: and

(5) repeating steps (2) through (4) for the cne or more
critical surface areas until an acceptable and functional
metal part is obtained. whereln the acceptable and
functional metal part has its selected performance cri-
terion improved and has sufficient residual compressive
stress in the one or more critical surface areas for its
intended use.

2. A method as defined in claim 1. wherein the residual
compressive stress and the remeasured sesidual compressive
stress arc measwred using x-ray diffraction techniques.

3. Amethod as defined in claim 1. wherein the metal part
is a rotating part used in a gas turbine or jet engine.

4. Amethod as defined in claim 2. wherein the metal part
is a rotating part used in a gas turbine or jet engine.

5. A method s defined in claim 3, wherein the metal parts
is a disk or a drum rotor.

6. A method as defined in claim 4. wherein the metal part
is a disk or a drum rotor.

7. A methed as defined in claim is wherein the selected
perfarmance criterion is a reduction in weight of the metal =
part.

8. A method as defined in claim 3. wherein the selected
performance criterion is a reduction ir weight of the metal
part,

9. A method as defined in clairn 4, wherein the selected
performance criterion is a reduction in weight of the metai
part.
10. A method for designing a fatigue-limited metal part
whereby the weight of the metal part is reduced while
maintaining sufficient residual compressive stress to achieve
an acceptable service Life for the metal part. said method
comprising:
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{1} providing a prototype of the metal part;

{2) measuring the residual compressive stress ia one or
more critical surface areas of the prototype diring the
course of the design of the metal part;

(3) modifying the prototype using the difference between
the measured residual compressive stress and a prede-
termined residual compressive stress design leve! as a
guide;

(4) remeasuring the residual compressive stress in the one
or more critical surface areas of the modified prototype
to determine the remeasured residual compressive
stress in comparison to the predetermined residual
compressive strass design level in order to gauge the
effect of the modification; and

{5) repeating steps (2) through (4) for the one or more
critical surface areas until an acceptable and functional
metal part is obtaimed having reduced weight and
sufficient residual compressive stress in the one or more
critical surface areas for its intended use.

11. A method as defined in claim 10, wherein the residual
compressive stress and the remeasured residual compressive
stress are measured using x-ray diffraction techniques.

12. A method as defined in claim 10. wherein the metal
part is a rotating part used in a gas turbine or jet engine.

13. A method as defined in claim 11. wherein the metal
part is a rotating part used in a gas turbine or jet engine.

14. A method as defized in claim 12, wherein the metal
part is a disk or a drum rotor.

15. A method as defined in claire 13, wherein the metal
part is a disk or a drum rotor,

16. A method for designing a fatigne-limited metal part
whereby the weight of the metal part is minimized while
maintaining sufficient residual compressive stress to achieve
an zceeptable service life ard safety factor for the metal part,
said method comprising:

(1) providing a prototype of the metal part;

(2) measuring the residual compressive siress in one of
more crifical surface areas of the prototype during the
course ¢f the design of the metal part;

(3) medifying the prototype by reducing its weight using
the difference berween the measured residual compres-
sive stress and a predetermined residual compressive
smess design level as a guide:

(4} remeasuring the residual compressive siress in the one
of more critical surface areas of the modified prototype
to determive the remeasured residual compressive
stress in comparison to the predetermined residual
compressive stress design level in order to gauge the
effect of the madification; and

(%) Tepeating steps (2) through (4) for the one of more
critical surface areas uatil an acceptable and functional
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metal part is obtained having mianimal weight and
sufficient residual compressive stress in the one or more
critical surface areas to achieve an acceptable service
life and safety factor for the metal part.

17. A method as defined in claim 16, wherein the residual
campressive stress apd the remeasured residual compressive
siress are measured using x-ray diffraction techniques.

18. A method as defined in claim 16. wherein the metal
part s a rotating part used in a gas turbine or jet engine,

19. A method as defined in claim 17, wherein the metal
part is a rotating part ased in a gas turbine or jet engine.

20. A method as defined in claim 18, wherein the metal
part is a disk or a dium rotor.

2L A method as defined in claim 19. wherein the metal
part is a disk or a drum roter.

22. A quality control method for the maznwfacture of
fatigue-limited metal componerts. said method comprising
measuring the residual compressive stress in one or more
critical surface areas for each metal component after its
manefacture and before placing it info service, comparing
the measured residual compressive stress in one or more
critical surface areas to a comesponding predetermined
residual compressive stress level for the one or more critical
surfaces, and flagging each metal component which has its
meeasured residual compressive stress below its comespond-
ing predetermined residual compressive stress level
whereby flagged metal components are not placed in ser-
vice.

23. A quality control method as defired in claim 23,
wherein the flagged metal componenis are destroyed or
otherwise mutilated to prevent unauthorized use.

24. A quality control method as defined in claim 22.
wherein the flagged metal components are reworked to
increase the residual compressive stress in the one or more
critical surface areas to levels above the corresponding
predetermined residual compressive stress, whereby the
reworked metal components can be placed in service.

25, A quality control method as defined in claim 22.
wherein the residual compressive stress in one or more
critical surface areas for each metal component is deter-
mined using x-ray diffraction techuiques,

26. A quality controi method as defined in claim 23.
wherein the residual compressive stress in one or more
critical surface areas for each metal component is deter-
mined wsing x-ray diffraction technigues.

27. A quality control method as defined in claim 24.
wherein the residual compressive stress in one or more
critical susface arcas for each metal component is deter-
muined using x-ray diftfraction techniques.
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Title Page, Column 1, under "Other Publications", fifth
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Column 8, line &, delete "ma",
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