UNCLASSIFIED

AD NUMBER

AD893765

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies only; Test and evaluation; 23 Feb
1972. Other requests shall be referred to
Manufacturing Technology Div, AFML,
Wright-Patterson AFB, OH, 45433.

AUTHORITY

AFML ltr, 13 sep 1974

THIS PAGE IS UNCLASSIFIED




-

AFML-TR-71-258

1@
o
A

¢

(ng?

MANUFACTURING METHODS FOR
SURFACE INTEGRITY OF MACHINED STRUCTURAL COMPONENTS

(@)
v o)
g William P. Koster
L=

et al
Metcut Rescarch Associates Inc,

|
S TECHNICAL RFPORT AFML-TR-71-258
% April 1972
()
U
-
= DDC
=
e
= =

@i’:’f‘ﬂ i””?r
I -

Distribution limited to U, S, Government agencies only; test and evaluation
data; 23 February 1972,

Other requesats for this document must be
referred to Manufacturing Technology Divisien, Air Ferce Materials

Laboratory, Wright-Patterson Air Force Base, Ohio 45433,

£l
Air Force Materials Laboratory
Air Force Systems Cormmand
Wright-Patterson Air Force Base, Ghio

b
k-
]
o
-



T —— .-
o

—

{

" {
o

NOTICE

B l

(4

t When Government drawings, specifications, or other data are used for any \
\ purpose other than in connection with a definitely related Government .
procurement operation, the United States Government thereky incurs no
responsibility nor any obligation whatsoever; and the fact that the .
government may have forriulated, furnished, or in any way suppiled the
said drawings, specifications, or other data, is not to be regaried by
implication or otherwise 25 in any manner licensing the holder or any
other person or corporation, or conveying any rights or permissinn to
manufacture, u. e or sell any paterted invention that may in any way be
related thereto,

T

i
!
i
) l J
i
—
‘A&Ess_lp!] o 3
- F SroTi ;]‘ “g
el WHITE |
‘“-r FUFF SECTIY nl/
ERLA .
i'.i:m?tlm!\!‘.‘l!ﬁ P |
T b s ki .
ST 5'\~-'-'»” ‘!‘_‘Jlllﬂ So s

O el SPECIALY

P

s b i ST

»

o s oty

Copies of this report should not be returned unless return is required by
security considerations, contractual obligations, or notice on a spucific

document,




FGREAORD

This final technical report covers all work under Contract F33615-/0-C-
1589 performed from 15 July 1970 to 15 QOctober 1971. The repori was
veleased by the authors in January 1972.

This contract with Metcut Research Associates inc,, Cincinnati, Ohio,
was initiated under Manufacturing Methods Project 721-0Q, '"Surface
Integr.ty of Machined Structural Components,' and was accomplished
under the tecnnical direction of Captain Raymond H. Coe, Jr. of the
Materials Processing Dranch, Manufacturing Technology Division, Air
Force Materials Laboratory, Wright. Patterson Air Force Base, Ohio.

Dr. William P, Koster, Director of Metallurgical Engineering at Metcut,
was the engineer in charge. Others at Metcut who participated in this
program were: Dr, Michael Field, John B, Kohls, Tuciano R. Gatto, and
Louis J. Fritz, whe served as the manager of the experimental =ffort.
This project was given the Metcut Internal Number 970-15C00.

Metcut was assisted in this program by two subcontractors: The Boeing
Company/Commercial Airplane Division, Seattle, Washington, under the
direction of Birger Arderson ant Clive Carter and the General Electric
Compary/Aircraft Engine Group, Evendale, Ohio, under the direction of
Guy Bellows and Dr. Richard Johnson,

This project has been accomplished as a part of the Air Force Manufactur-
ing Methods Program, the primary objective of which is to develop, cn a
timely basis, manufacturing processes, techniques and equipment for use
in economical production of USAF materials and components.

Your comments are solicited on the potential utilizatio. of the information
containec herein as applied to your present or future production programs,
Suggestions concerning additional manufacturing methods development
required on this or othev subjects will be appreciated.

This technical report has been reviewed and is approved.
~
“
/&’ Z‘.m p Z—
HENRY A, J

Chief, Materials Processing Branch

Manufacturiag Technology Division
Air Force Materials Laboratory




-

ABSTRACT

A surface integrity evaluation of several iron, titanium and nickel base
structural alloys has been completed, Materials inverstigated include
AISI 4340, 4340 Modified, Grade 300 Maraging Steel, Ti-6Al-4V,
Ti-6Al-6V-2Sn, Ti-6Al1-2Sn-4Zr-2Mo, Inconel 718, AF 95, AF2-1DA,
and Rene' 80. For the most part, these alloys were quenched and
tempered or solution treated and aged, a- appropriate, to putthem
into the high strength condition typically used for structural purposes.

Various grinding procedures caused the largest variation in surface
integrity response. Fatigue strengths associated with gentle versus
abusive grinding for Ti-6A1-6V-2Sn were 68 versus 10 ksi. Nickel

alloys also showed large variations such as 70 versus 20 ksi in the

case of gentle versus abusive grinding applied to AF2-1DA,

Hand sanding 2s a machining condition exhibited fatigue strengths
ranging from 85 to 100 percent of those produced by gentle grinding
on the same material, On steels, little or no fatigue difference was
observed between gentle and abusive hand sanding. In the case of
Ti-6A1-4V, however, abusive hand sanding caused a marked fatigue
depression compared to gentle hand sanding, 30 versus 57 ksi,

End mililing periormed under gentle conditions with sharp tecls resulted
in alloy fatigue sirengths generally equal to or greater than those
exhibited by gently ground surfaces, Exceptions were in the case of
4340 and 4340 modified where fatigue strength in milling was 15 to 50

percent lower than that produced by gentle grinding. Traces of untempered

and overtempered martensite are blamed for this fatigue depression,
In general, abusive peripheral cutting exhibited lower fatigue strengths
than gentle peripheral cutting, Variations in end cutting, however, had
little affect on fatigue response.

Both EDM and ECM exhibited distinctive fatigue strengths characteristic
of the alloy/process combination which were generally lower than those
produced by gentle grinding. With minor exceptions, variations in both
EDM and ECM process conditions had little affect on the fatigue behavior
characteristic of each process.

Guidelines for processing of aerospace hardware in such a way as to
assure good surface irtegrity have been developed and presented in this
report, Control of cutting tool sharpness as well as proper selection
of processing parameters are prime requirements,
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1. INTRODUCTION

During the past decade, there has been continuous activity in the development
of high strength, corrosion resistant materials suitable for a wide variety

of aerospace applications. Interest has ranged from development of very
high strength steels suitable for structural purposes at temperatures near
ambient levels to refractcry and semi-refractory alloys usable in excess

of 2000° F for space shuttle applications, Between thes: extremes,
considerable attention has also been directed at titanium alloy development
for the 500-1000°F region and at stainless steels/nickel alloys for the

range of 1000-2000° F,

Dynamic loading is a limiting factor in the design of many engineering
structures in all types of applications. Wherever dynamic loading is
involved, operating stresses are frequently limited by the fatigue
characteristics of the structural materials to be used. Service histories
and failure analyses of dynamic components illustrate cleariy that fatigue
failures often nucleate at the surface of a component, It mav thus be
inferred that fatigue behavior is sensitive to surface condition, In
conesidering stress corrosion resistance, here again it is recognized that
the surface condition of a component is a primary factor in determining
susceptibility to attack and subsequent failure. In surnmary, both fatigue
and stress corrosion resistance are important materials properties
which are highly suxrface oriented., Whenever these qualities are important
to the performance of a struciire, much attention should be paid to the
surface characteristics of components,

Modern metal removal methods, both conventional and those which are
electrically assisted, have been revised to more efficiently process the
higher strength and high temperature alloys which have evolved in recent
years. The newer high performance materials are generally fourd to be
irherently '""more difficult’’ to machine, At the sams time, advanced designs
have necessitated the requirement of holding closer dimensioral control

of large surfaces, as well as in areas of more intricate and complex
geometry, All of these conditions have intensified the problem of the quality
of a machined surface, either in terms of its integrity per se or in terms

of distortion resulting from stresses produced in machining.

Considering: 1) the nature of advanced materials offering improved
capabilities, 2) the difficulty in machining and finishing these higher strength
materials, and 3) the sensitivity to component surface condition inherent

in many operational modes to which these parts will be subjected, the need
for paying carciul atiention to the surfaces of finished hardware is brought




1. INTRODUCTION (continued)

critically iato focus. In machining any component, it is necessary to satisfy <
thie surface gquality or surface integrity requirements, Surface integrity
has two distinct and impcrtani aspects. The first is surface topography
which describes surface roughness and other features of the geometry of the
surface. The second is the surface metallurgy of the layer produced in
machining, including the effect of any alterations with respect to the base

or matrix metal which may be present, This second solid state aspect is
the prime, but not exclusive area of interest in this report,

In a previous USAF contract, ¥33615-68-C-1003, Metcut carried out an
initial detailed investigation of various aspects of surface integrity on
structural aerospace alloys, The present contract is, from an engineering
point of view, an extension or continuation of the original effort. The
primary purpose of the current program is to obtain overall surface
iz.tegrity evaluations of additional alloys/material removal methods of
current interest to the aerospace industry, The program has also
investigated additional performance areas; namely, low cycle fatigue, and
elevated dr service temperature behavi.r to determine the extent to which
surface integrity variables are significant under these conditions,

Metal removal variables studied included grinding, hand sanding, inilling,
turning {facing), drilling, electrical discharge machining {EDM), and
elecirochemical machining (ECM). In general terms, metal removal

variables ranged from gentle or finishing conditions which normally accomplish ‘
removal at slow rates to abusive or roughing conditions which accomplish
metal removal at high rates. From another view, the gentle (or finishing '

or standard) conditions were those intended or thought to produce little or
no surface damage. The abusive conditions were selected to intentionally
introduce damage to the surface to an extent which could logically be
encountered in a production operation in the event that adequate controls
were not applied. Low stress grinding of each material has been used
throughout as the baseline condition to which other fatigue results are
compared,

In addition, a separate study was conducted in both grinding and milling to
determine the effect of surface finish per se on surface integrity behavior,

This program was a collective effort of Metcut Research Associates Inc.,

General Electric Company/Evendale, and The Boeing Company/5eattle, ¢
Both General Electric and Boeing contributed experimental and engineering

effort to this program on a subcontract basis.

Data presented in this report are for information only and may not be suitable }
for design of components or related materials engineering purposes.
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2, OBJECT OF PROGRAM

The overall objectives of this program were as follows:

1) To develop specific surface integrity data on a number of
currently important alloy/material removal combinations
which would permit characterization of the various processes
and parameters involved into one of three categories:

. Those alloy/processing combinations which are
sensitive to processing parameters, hence, exhibit
a need for adequate control and at the same time,
offer potential for process optimization in terms
of surface integrity, cost and productivity;

. Those combinations which are relatively insensitive
to processing parameters, hence providing potential
for controlled cost reduction by allowing increased
removal rates, rougher finishes, etc.;

. Those processes which generally result in low
surface integrity behavior. Alloy/process
combinations of this group must subsequently be
subjected to an appropriate post-procenssing operation
if component surfaces are tc be stressed to a

significant level,

2) To determine the relative effect of surface finish on surface
integrity behavior and to develop information on the potential
of surface finish controls as a means of controlling surface
integrity;

3) To establish the translatability of surface integrity data normally
developed as high cycle fatigue data at room temperature into
two other important engineering areas:

. Material performance in the finite life or low cycle
fatigue rvegion;

. Material performance at elevated temperatures
approximating the service exposure range for
the various alloys studied,

-
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2. OBJECT OF PROGRAM (continued)

4) To provide for redefinition and refinement of guidelines
previously developed (AFML-TR-70-11) to assist in the
control and evaluation of surface integrity levels where
necessary.

In carrying out this program, the following alloy/metal removal combinations
were evaluated:

Materials Removal Method

Surface Hand
Test Materials Grind Grind Mill Drill Turn ECM EDM

Ferrous Alloys
AIST 4340 X
4340 Mod. X
X

X
X X
Maraging Grade 300 X

e

Titanium Alloys
Ti-6Al1-4V,
Beta Forged
Ti-6A1-6V-28n
Ti-6A1-25n-4Zr-2Mo

X oe A
e
>R
]
-

Nickel Base Alloys
Incoviel 718
AF 97
AF2-1DA
Rene' 80

Hopq
>

E

wKoXRos

The conclusions and guidelines contained in Sections 3 and 4 of this report are

based not only onthe experimental data developed in the current contract, but

also on that obtained in the previous surface integrity effort (F33615-68-C-1003,
AFML-TR-70-11). The bar graphs shown in Section 6 also summarize the

data produced from both contracts;, The individual sections describing the

results of each alloy/metal removal combination contained in Section 6, *
however, cover only that data generated in the present contract, Likewise,

data tables ] through XXVIII are confined to information developed under the

present contract.




CONCLUSIONS

The conclusions presented in this report are an integration of the information
produced under the subject contract with that previously developed under
F33615-68-C-1003. A very large quantity of data is involved, The contents
of this section present an overall view of the surface integrity behavior
characteristic of the various alloys and metal removal processes that have
Detailed conclusions interpreting the response of particular

been studied,
materials to various surface integrity situations are contained in the data

summaries for each alloy, Section 6,

3.1 Surface Grindﬁ

Variations in surface grinding procedure exhibited the greatest
potential for causing large variations in surface integrity in all

of the alloys studied to date. Abusive grinding and also conventional
grinding always cause significant depressions in fatigue strength

when compared to gentle or low stress grinding. The greatest
range of properties exhibited was in the case of Ti- 6Al-25n-42r-2Mo in

which the high cycle fatigue strengths resulting from gentle versus
abusive grinding were 68 versus 10 ksi.

€ respense at room temperature
A review of thesc

A summary of the high cycle fatigu
for all of the alloys studied is shown in Figure 1.
bar graphs will indicate that the ferrous alloys, 4340, 4340 modified,

and the maraging steel, suffer a 20 to 50 percent loss in fatigue
strength due to conventional and abusive grinding as compared to
gentle grinding. The titanium alloys and the nickel base alloys,
comprising the balance of the materials in Figure 1, are more
drastically affected by conventional and abusive grinding. Losses
as high as 60 to 80 percent are indicated. It is evident, however,
that all of these materials can be successfully ground and with a
resulting high level surface integriiy providing that proper procedures
are employed and that adequate controls are enforced,

This wide variation in response indicates a high sensitivity to
Since surface integrity behavior does vary so

grinding paramete ‘s,
widely with grinding conditions, there is latitude for optimizing the

grinding process for various materials to satisfy both surface
integrity requirements and also production economics,




3.2

Hand Sanding

Hand sanding under both the belt and disc conditions which have been
studied gives evidence of being only moderately sensitive to
processing parameters, As may be seen in Figure 2, which
summarizes available hand sanding surface integrity data, fatigue
strengths are lower than those exhibited by gentle grinding, although
the separation is not large. [he greatest difference observed was
in the case of maraging steel, where endurance limits associated
with hand sanding versus gentle grinding were 85 versus 105 ksi.

It is not intended to suggest that these differences are unimportant.
Conversely, hand grinding when abusively done, does not appear to
have the potentizal for causing damage of the magnitude which can be
caused by surface sanding should abusive situations develop,

An exception to this would have to be made in the case of hand belt
sarding of Ti-6A1-4V in the beta rolled condition. In this situation,
the fatigue strength associated with abusive sanding was markedly
lower than that resulting from gentle hand sanding, 30 versus 57 ksi.

It must be pointed out in considering this data that the information was
developed for hand sanding as a finishing process applied over a test
coupon which had been previously finished by low stress or gentle
grinding. Data, therefore, is characteristic of the hand sanding
process itself and is not a measure of the corrective ability of hand
sanding as applied over a surface containing a detrimental or abusive
condition. The merit of hand sanding as a post-processing procedure
in overcoming adverse surface integrity situations is not implied by
this data, In practical terms, hand sanding may not be generally
applicable as a corrective procedure bechuse of its limits in removing
adequate quantities of metal especially on the harder, higher strength
alloys.

~

An added point of caution is in ordexr. While the sanding conditions
evaluated show anly moderately detrimental effects under some
abusive conditions, this provides no assurance the greater damage
would not be produced by other, still more abusive hand sanding
practice,

D I




End Milling

Abusive peripheral end milling has been shown to be detrimental in
surface integrity., This data, however, as shown in Figure 3, is
limited to titanium alloys, Notice also that gentle peripheral end
milling provides somewhat higher fatigue strengths than gentle
grinding again confined to titanium alloys.

In the case of end milling-end cutting, Ti-6A1-4V and the maraging
steel both exhibit fatigue strengths at least as good as those provided
by gentle grinding. The martensitic alloys, however, AISI 4340

and 4340 modified, both show significant depressions in fatigue
strength under all milling conditions when compavred to low stress
grinding, This reaction of the 4340 alloys is probably associated
with small amounts of untempered/overtempered martensite on the
milled surfaces.

Surface integrity aspects of end milling must be considered in cutting
all alloys, In processing rnartensitic steels such as 4340, some type
of post-processing will usually be neederd if maximum fatigue strength
is required. regardless of milling conditions, In working with other
alloys, maintenance of cutter sharpness is a prime contrel of surface
integrity, especially in peripheral cutting. End cutting under abusive
conditions, i.e., using dull cutters, does not appear to be detrimental,
As a practical matter, however, most end milling operations produce
surfaces botk end cut and peripherally cut, hence the need to control
cutter sharpness,

EDM

Electrical discharge machining has consistently demonstrated the
characteristic of producing relatively low fatigue strengths on all
materials which have been evaluated in this program. Typically,
EDM fatigue strengths are less than half of those exhibited by gentle
grinding. Data available is summarized in Figure 4, It may also
be seen from reviewing this figure, that differences in processing
parameters over the roughing-finishing range studied have little or
no effect on the low level of surface integrity behavior. It appears
reasonable to conclude that a surface produced by EDM always will
require somea type of a suitable post-processing procedure to remove
or restore the surface layer in those situations where significant
stresses are to be imposed on the part during service,
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3.6

ECM

Electro-chemical machining on all of the alloys studied to date has
exhibited a characteristic intermediate fatigue strength or surface
integrity level. Like EDM, variations inthe ECM process generally
have little effect on the resulting fatigue strength level, An
exception to this is in the case of Ti-6A1-6V-25Sn, where standard
versus off-standard ECM resulted in fatigue strengths of 72 versus
47 ksi, Awvailable data on fatigue behavior as a function of ECM
processing are shown in Figure 5,

In relative terms, the surface integrity level resulting from ECM is
approximately 10 to 25 percent lower than that exhibited by gentle
grinding on the same material. Again, this comparison may be
easily made in Figure 5,

Surface Finish

Surface finish studies, specifically developed to explore the relationship

between the microinch finish of a surface and its characteristic fatigue
sirength were run on the foliowing alloy/process combinations:

4340 steel/grinding, Inconel 718/turning, and Ti-6Al-6V-2Sn/end milling.

The data obtained show a variation in fatigue strength of + 7 percent
(100 to 117 ksi) in the case of gentle longitudinal grinding applied o
the 4340 steel over a surface finish range of 8 to 127 AA, In the case
of gentle transverse grinding, the range of fatigue strength increased
to + 17 percert (85 to 120 ksi), In both cases, the poorest surface
finish was associated with the lowest fatigue strength level, In the
case of abusive grinding over a similar range of surfaces, the fatigue
strengths were all substantially reduced and in fact were all the same
(65 ksi), regardless of zurface finish, As far as grinding on steel is
concerned, it may be well to conclude that surface finish does have

a moderate effect on fatigue behavior, but that the introduction of
grinding damage as produced by abusive grinding has a larger (and
detrimental) effect on fatigue behavior.

Fatigue studies on turned Inconel 718 over the range of 25 to 118 AA
including the effects of both gentle and abusive turning showed no
fatigue biasg related to surface finish, All conditions studied produced
identical endurance limits of 60 ksi, Similar comments are applicable
to milling on Ti-6Al-6V-25n where durface finishes in gentle end
milling ranging from 13 to 125 AA all exhibited an endurance limit of
82 ksi,
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3.7

Surface Finish {continued)

A summary of this work is detailed in Section 6. 11 of this report.
As an overall concliusion based on the data available, it is evident
that while surface finish ma:, in some cases, give an indication

of surface integrity behavior; this criterion by itself is insufficient
to determine or control quality of a machined surface insofar as its
integrity is concerned,

Post Treatments

Shot peening has demonstrated its effectiveness in elevating fatigue
strengths significantly on each alloy evaluated, As a post-processing
operation, peening has been shown effective in overcoming
detrimental effects of abusive grinding and the relatively low levels
of fatigue associated with EDM. Shot peening is also effective in
raising the fatigue strength exhibited by ECM. Considering any one
alloy, peening generally has shown the ability of raising fatigue
strengths resulting from various processing techniques approximately
to the level exhibited by low stress grinding. The use of shot
peening, however, cannot be considered as a panacea since it
introduces a surface roughening and also fairly deep residual stress
patterns which may lead to component distortion, Caution must

also be exercised to avoid over-peening, which may cause a variety
of damage to the surface. These aspects, therefore, provide
limitations on its applications because of requirements for surface
finish and dimensional accuracy.

Residual Stress

Numerous correlations have been made of the data presented in this
report and elsewhere between residual stress profiles in machined
surfaces and their corresponding fatigue strengths, There are a
number of situatione where a degree of correlation has been found,

In general, if an alloy has been subjected to a metal removal process
only, but has received no mechanical or thermal post treatment, then
the peak stress lecl in the residual stress profile generally
indicates an appruximation of fatigue behavier. Such correlations
break down, however, if phase transformations have occurred in

the surface layer. Also, whenever mechanical post treatments

such as peening are applied, or whenzver post thermal treatments .
are involved, this approximation between residual stress and

fatigue strength may no longer be applicable,
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3.9 Surface Integrity Evaluation Methods

The standard data set consisting of studies of surface metallography,
residual stress, and high cycle fatigue behavior is seen as the muost
practical,generally applicable method for evaluating a particular
surface integrity situation, The standard data set evaluation
includes a detailed study of surface layer microstructure, micro-
hardness and residual stress profile, plus deteymination of the
endurance limit in 107 fully reversed fatigue cycles using
approximately eight fatigue specimens,

sl £

The introduction of low cycle fatigue evaluations in the present
contract has been meaningful in that it has shown that materials
are often influenced by, but generally less sensitive to surface
integrity factors in the low cycle fatigue region than at the high
cycle fatigue region. Actually, the ferrous alloys are slightly
less sensitive in the high than in the low cycle region, while the
titanium and nickel basewrlloys show little or no low cycle fatigue
sensitivity to surface vatiables. Having determined that this was
the case, it then serves !.Ol’.' future work to confine general surface
integrity evaluations to hvgh cycle fatigue behavior,
Y
Similarly, studies in both tow and high cycle fatigue at elevated
temperatures have shown tHat the effects observed at room
temperature are, in most.cases, carried over to the elevated
temperature situation in i‘ough]y the same proportion, In other A
words, if an abusive/gentle situation causes a 30 percent drop in
fatigue strength at roomritemperature, a similar difference will !
be observed in elevated temperature fatigue behavior, although
the strength levels will usually be different. Having established *
that this relation does exist, again it {s concluded that room
temperature testing is sufficient to establish basic surface integrity
behavirr for new alloy/metal removal combinations being evaluated.
It haa heen conjectured that elevated temperatures would "relax out"
stress situations and possibly other factors which cause differing
surface integrity response at room temperature, thus making elevated
temperature behavior of materials relatively insensitive to surface !
integrity effects, This has been shown not to be the caze. Surface
integrity is definitely a factor in elevated temperature performance,
but apparently standard evaluations of relative sensitivity can be
conducted at rpom temperature,

In all of the work reported to date, low stress grinding has been

considered as the surface integrity base line to which the performance s
of all other process and procegs variations is compared, It has 3
been suggested that ECM or CHM might be used in place cof low : .




3.9

Surface Integrity Evaluation Methods (continued)

stress grinding becauce of the purely stress free surface condition
resulting from these processes, While it is recognized that gentle
or low stress grinding does, in fact, produce low to moderate
residual compressive stress in most surfaces, this process is felt
to be the better base line choice because it is a practical, easily
reproducible process that can be specified for a family of alloys

in general terms and carried out in a large number of facilities,

In contrast, proper ECM as well as.CHM depends on the selection
of appropriate electrolyte and other cutting parameters which

are peculiar to sach alloy being processed. This situation not
only necessitates a development program to permit intelligent
selection of parameters in order to work with a new alloy, but it
also poses difficulties in providing a readily reproducible standard
procedure. Furthermore, both ECM and CHM frequently cause

a shallow softening of the alloy surface (.00l to , 002" deep)., Tris
occurrence further mitigates against using either process as a
baseline for comparison purposes,

-~
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SUMMARY OF HIGH CYCLE FATIGUE RESPONSE: SURFACE GRINDING
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4. RECOMMENDATIONS: GUIDELINES FOR MATERIAL REMOVAL
AND POST PROCESSING

Since 1951, the Manufacturing Technology Division, Air Force Materials
Laboratory, Wright-Patterson Air Force Base, Ohio, has been aponsoring
work on some aspects of surface integrity in conjunction with its machina-
bility programs. (1)* Additionally, since 1968, the Manufacturing Technology
Division has developed special programs devoted solely to surface integrity
in order to meet the current and future critical manufacturing needs of the
aerospace industry. Specific surface integrity data are reported in detail 1n
Refs, 1 and Z as well as in other sections of this report, While these and
other efforts are developing significant quantities of specific surface integrity
data, there is a continuing demand for surface integrity information on a
very large number of combinations of materials, processes, and mechanical
properties--a demand which cannot be satisfied entirely with hard data or
specific service experience at the present time. In order to fulfill the
immediate needs of designers and manufacturing engineers, an attempt

is being made to develop Guidelines based upon current trends and analogies,
even without having the benefit of controlled test data for specific combina-
tions of materials, processes, and design parameters.

Previously, surface integrity guidelines for machining were presented

and published as noted in KRefs, 3 and 4. The following suggestions represent
the latest updating.

PRECAUTIONS FOR USE OF SURFACE INTEGRITY GUIDELINES

Precaution 1

The Guidelines which follow are meant {o serve as general or starting
recommendations only for machining of structural components. Data
and experience gathered to date indicate that these practices have led

to increased surface integrity in some very important applications.
However, the state of knowledge of surface alterations at this time is
such that general recommendations are not always applicable for all
specific surface integrity situations. For highly critical parts, it is
mandatory to make individual specific evaluations. A suggested detailed

* References cited in these Guidelines are listed on page 427

s 2
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Precaution 1 (continued)

and systematic approach is set forth in Guideline 39. It is also important
to note that these Guidelines were formulated specifically based on
experience with structural surfaces as orposed to mating or bearing
surfaces. It appears, however, that many of these Guidelines are also
applicable to mating surfaces of bearings, cams, gecars, and other
similar parts.

Precaution 2

It should be emphasized that surface integrity practices should not be
specified unless the need exists, Therefore, when a requirement does
exist for special controls in order to achieve surface integrity, one has

no alternative but to recognize and accept any increased costs which might
result from the need for employing more carefully controlled processing.
In other words, a cost comparison of controlled processing versus
uncontrolled processing when you have no choice is really meaningless

or invalid. Process parameters which provide surface integrity should

be applied selectively to c: tical parts or to critical areas of given parts

to help minimize cost increases. Processing analyses made in the interest
of achieving surface integrity can often lead to overall cost savings in
rroduction because a detailed study of surface requirements may make it
possible to relax the finish and dimensional requirements in noncritical
areas. Key indications of need for surface integrity control are: !

1. Distortion in thin parts ‘
2 Cracking in precessing or in service

3. Short service life
4

. Requirements for manufacturing parts using sensitive
alloys such as high strength steels, nickel and cobalt base
high temperature alloys, titanium alloys, beryllium, and
refractory alloys

5. Manufacturing requirements calling for the use of material .
removal processes such as electrical discharge machining,
laser beam machining, and rough conventional machining
and grinding operations, which characteristically cause
surface alterations

6. Exposure to operating conditions where a possibility
exists that stress, temperature and environment may
affect the properties of a material




Precaution 2 (continued)

7. Hazards to life
8. Possibility of high property loss

9. Requirements for designs which approach more complete
utilization of material properties.

Precaution 3

These surface integrity guidelines are intended primarily for application
to metal removal processes used for final surface generation rather than
for roughing cuts. It is important, however, to know the type and depth

of surface alterations produced during roughing s~ that adequate provisions
may be made for esgtablishing surface integrity during finishing operations
by removing damaged surface layers.

Precaution 4

It is important to recognize that the field of surface integrity is in

a state of rapid development, and therefore even its terminology is

in a state of flux, By definition, surface integrity is the unimpaired

or enhanced surface condition which is developed in hardware by using

controlled manufacturing processcs. In the formulation of surface
! integrity parameters and guidelines, the intent is to apply the term

surface integrity when special steps are being taken to control manufacturing
, processes for the generation of surfaces designed to meet severe stress

or environmental conditions.

Terminology is also required to describe specifically the set of

conditions or material removal parameters which are used to achieve
surface integrity, Any type of material removal operation in which
parameters are especially selected in order to achieve improved service
performance is modified by terms such as low stress or gentle (for
example, low stress grinding, gentle grinding, gentle milling, etc.).
Removal parameters or conditions which are known to be damaging are

- —————————oftenTreferred te 38 abusive (such as abusive grinding, abusive milling, etc.).
In the surface integrity literature, data are frequently obtained under so-
called conventional machining and grinding conditiors. Removal parameters
which are commonly used or generally accepted in industry are referred

to as conventional. It should be pointed out that conventional machining

and grinding practices sometimes lead to a lack of surface integrity. It
should also be emphasized that, ultimately, abusive and gentle processing

can only be differentiated by mechanical testing (fatigue, stress corrosion,
etc,) and/or service performance.




ABRASIVE PROCESSES

Reduce Grinding Distortion and Surface Damage by Using Gentle
or Low Stress Conditions during Finish Grinding

Conventional finish grinding practices should be replaced by gentle

or low stress grinding procedures to minimize grinding distortion

and to reduce the possibility of producing extensive surface metal-
lurgical alterations and cracking., Some of the metallurgical alterations
caused by abusive grinding do not pr »luce cracking immediately, but
they develop conditions leading to delayed cracking, which may occur
later ""on the shelf' or prematurely in service, thereby seriously
complicating inspection practices. Low stress grinding in comparison
with conventional practices employs softer grade grinding wheels,
reduced grinding wheel speeds, reduced infeed rates, and chemically
active cutting fluids. Low stress conditions should be used for removing
the last , 010 in,

Surface Grinding - Typical Gentle or Low Stress (a)-see notes next page

Wheel Speed
Downfeed
Table Speed
Cross Feed
Grinding Fluid

2500 to 3000 ft. /min. (b)

. 0002 to . 0005 in. /pass(c)
40 to 100 ft. /min. (d)

. 040 to . 050 in. /pass

Highly sulfurized oil

Grinding Steels and Nickel Base Titanium
Parameters High Temperature Alloys Ham
Wheel A46HV C60HV

2000 to 3000 ft, /min. (P

. 0002 to . 0005 in. /pass(c)
40 to 60 ft. /min, {d)

. 040 to . 050 in. /pass

Potassium Nitrite (KNO5)
in water (1:20)

Traverse Cylindrical Grinding - Typical Gentle or Low Stress

Grinding
Parameters

Steels and Nickel Base
High Temperature Alloys

Titanium

Wheel

Wheel Speed
Infeed

Work Speed
Grinding Fluid

A60IV

2500 to 3000 ft. /min, (b)

. 0002 to . 0005 in../pass(c)
70 to 100 ft. /min. (d)
Highly sulfurized ail

C60HV
2000 to 3000 ft, /min. (b)

. 0002 to . 0005 in. /pass(c)
70 to 100 ft. /min, (d)

Potassium Nitrite (KNO?2)
in water (1:20)

b .
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Notes:

(a)

(b)

(c)

(d)

[AV]

For a wide variety of metals (including high strength steels, high
temperature alloys, titanium and refractory alloys) gentle or low
stress grinding practices develop low residual stresses at and near
the surface,

Gentle grinding requires wheel speeds lower than the conventional
6000 ft. /min. In order to apply low stress grinding, it would be
preferable to have a variable speed grinder. Since most grinding
machines do not have wheel speed control it is necessary to add a
variable speed drive or make pulley modifications.

Downfeeds or infeeds in the range of . 0002 to . 0005 in. /pass have
been found satisfactory for steels, nickel base high temperature alloys,
and titanium alloys. A typical feed schedule calls for removing the
last . U10 in. of stock as follows: remove .008 in. at . 0005 in. /pass
and remove the last , 002 in. at .0002 in. /pass.

Increased work speeds even above those indicated are considered to
be advantageous toward improving surface integrity.

Modification of the Gentle or Low Stress Grinding Procedures Noted in
Guideline 1 Should Not be Attempted Unless Servite Experience or Testing
Programs in the Shop and/or Labora-ory Confirm that Compromises Can

be Tolerated

For certain type parts made of sensitive alloys, no compromises should
be permitted in the specification of low stress grinding parameters.
Experience has shown that it is sometimes possible to relax low stress
procedures in order to accommodate equipment limitations or to increase
production rates. Below is an example of a set of grinding conditions (A),
which produced scrap as a result of grinding cracks in the fir tree section
of IN-100 turbine blades. Substitution of conditions (B) produced no
cracks. The parameters listed in (B) are essentially low stress except
for the infeed. Experience had indicated that in this instance an infeed

as high as , 002 in, could be tolerated.

An almost identical cracking problem was encountered in the production
of cast 713C turbine blades. This problem was also solved by imple-
mentation of the recommendations shown in {B) below. Parts made of
cast HS31 and cast WI-52 have also cracked in conventional grinding.
Because of these experiences and because of the lack of other data, it
is suggested that all cast nickel and cast cobalt base high temperature
alloys be processed using gentle or low stress grinding corditions.




PS:;::;?SI_S A (Cracks) B (No Cracks)
Wheel 38A100I8VBE 38A80I8VBE

Wheel Speed 5500 ft. /min, 2800 ft. /min.

Table Speed 20 ft. /min. 20 ft, /min.
Infeed/Pass . 004 in. . 002 in,

Fluid Sulfochlorinated Qil Highly Sulfurized Oil

Grinding Cycle

Rough: . 060 in. at

.004 in, /pass, dress.

Leave . 100 in. side
for finish operation.

Finish: .012 in. from
finish gize (3 passes
at . 004 in, /pass;

2 sparkout passes)

Dress: feed . 060 in,
at . 002 in. /pass;
Dress; feed , 060 in.
at . 002 in. /pass;
Dress: feed .010 in,
at . 002 in. /pass to

finish size,

3. If Gentle or Low Stress Grinding is Required for Finish Grinding,

then Conventional Grinding Can be Used to Within , 010 In, of Finish

Size, Provided the Materials being Ground are Not Sensitive to

Cracking (See Guidelines 4 and 5}

During conventional grinding, any metallurgically altered layer, including
stresses, is usually confined to approximately ., 005 in. of the surface or
less. This makes it possible to remove most of the stock by conventional
practices and then finish grind by using low stress methods. However,
~rack detection tests should be made to see that conventional grinding

of the material in question does not create cracls. Stock allowances of
the crder of . 010 in. or greater if necessary are suggested to compensate
for location inaccuracies in holding fixtures.

4. Finish Grinding of Critical and or Highly Stressed Surfaces of Sensitive
Alloys Exposed to High Service Stresses Should Be Performed Using
Gentle or Low Stress Grinding Instead of Conventional Crinding

A partial list of sensitive classes of alloys, including examples of
specific alloys, follows:
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High Strength Steels - Wrought
4340 or 4340 Mod. at 40-54 R
300M or Dbac at 56 R
Maraging Steels
' HP 9-4-45

High Temperature Nickel and Cobalt Base Alloys - Wrought

Rene' 41 Rene' 80
Udimet 700 AF 85
Waspaloy AF2-1DA

Inconel Alloy 713

Titanium Alloys - Wrought
6A1-4V
5A1-2,5S8n
6Al-25n-4Zr-2Mo
6Al-6V-28n

Following are high cycle, room temperature fatigue data showing the adverse
effect of abusive and of conventional grinding compared with gentle or low stress
grinding for several classes of aerospace materials:

ENDURANCE LIMIT (ksi)

(10'7 cycles fully reversed bending -
, room temperature)

Gentle or
, Low Stress Conventional Abusive
MATERIAL Grinding Grinding Grinding
High Strength Steels
4340 (Q&T, 50 R¢) 102 70 62
4340 Mod. (Q&T, 53 R¢) 122 65 62
16% Maraging Steel, 300 Grade 105 82 85
(ST&A, 54 R¢)
High Temperature Nickel Base Alloys
Inconel Alloy 718 (ST&A, 44 R.) 60 24 --
AF 95 (ST&A, 50 R¢) 75 24 26
AF2-1DA (ST A, 46 Re) 70 25 20
Rene' 80 (ST&A, 40 Ry) 42 18 16
Titanium Alloys "
’ Ti-6A1-4V (Beta Rolled, 32 R_) 62 -- 13
Ti-6Al-6V-2Sn,(STRA, 42 R.) 65 30 20
’ Ti-6Al-25n-4Zr-2Mo (ST&A, 36 R.) 68 17 10
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When untempered martensite (UTM) or overtempered martensite (OTh
are present, fatigue strength reductivn of martensitic steels due to
abusive grinding has been determined to be approximately equal regar
less of the quantity of UTM or OTM preseat. Traces of UTM or OTM
as well ag . 004 in, deep layers were associated with the same fatigue
strength reduction. Reduction of the endurance limit was found to be
about 30-35 percent, For quenched and tempered steels, OTM is
invariably produced under the UTM. Even if the UTM is removed by
gentle grinding, the fatigue strength is still reduced 25-30 percent.
This indicates that overtempered martensite is as important as
untempered martensite in influencing fatigue strength,

Conventional Grinding Conditions Should Not be Employed for Either
Roughing or Finishing Alloys which are Ultra-Sensitive to the Grinding
Process

From experience, certain alloys have been found to crack easily during
conventional grinding, thereby increasing the likelihood of having
cracks created which are not eliminated by finish grinding. The high
temperature nickel and cobalt base cast alloys (such as IN-100, 713C,
MAR-M509, HS31, WI-52, Udimet 500, Udimet 700, Inconel Alloy 738,
etc., in contrast with wrought nickel and cobalt base high temperature
2lloys ncted in Guideline 4, are examples of alloys which should not

be ground conventionally at all, See Guideline 2 for a specific case
history involving cracking of a cast nickel base high temperature alloy,
Metals and alloys which are brittle, such as beryllium and tungsten,
tend to respond similarly.

Frequent Dressing of Grinding Wheels Can Reduce Surface Damage by
Keeping Wheels Open and Sharp thus Helping to Reduce Temperatures
at the Wheel-Workpiece Interface

Automatic dressing and wheel compensation contribute to the economic
feasibility of frequent dressing. Crush dressing and diamond roll dressing
can also be used to minimize the cost of frequent dressing.

Cutting Fluids, Properly Applied, Help Promote Surface Integrity

In order to get fluid to the wheel-workpiece interface, position the fluid
nozzle as cloge to the wheel as possible. A general rule of thumb,
regarding the quantity of fluid needed is to use at least two gallons of
fluid per horsepower per minute.
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11.

Portable Hand Grinding and Off-Hand Grinding of Sensitive Alloys
Should be Discouraged

The inherent lack of control has been responsible for creating many
surface defects.

Abrasive Cutoff Requires Special Surface Integrity Considerations

Abrasive cutoff operations generally cause deeper surface layer alter-
ations than grinding, sometimes as much as , 100 in. Also, capability
for minimizing damage from cutoff operations varies from plant to
plant. Therefore, it is recormmended when abrasive cutoff is used that
steps should be taken to determine the extent of the disturbed layer and
to make proper stock allowances for subsequent cleanup by suitable
machining, Also, the entire cut surface should be examined because the
temperatures generated are subject to extreme variation across the cut.

Controls for Hand Power Sanders Shculd be Maintained

Test data have shown that good fatigue results can be obtained for
such alloys as 4340 at 50 R, and Ti-6Al-4V provided controlled con-
ditions are inaintained. The conditions are;:

a. Usc a low belt speed (2000 surface ft. /min. maximum,
for example)

b. Use a flexible or resilient (rubber) support for sanding
disks or belts

c. Use an abrasive grit, generally no coarser than 80, with
coolant if feasible.

At Present, the Relatively New High Speed Grinding Processes Should

Not be Used for Finishing of Highly Stressed Structural Parts Unless

an Extended Data Set is Developed (See Guideline 39)

Presently, insufficient mechanical property data are available to justify
the recommendation of high speed grinding for critical parts even though
increased production rates are attainable. High speed grinding increases
the difficulty of effective application of grinding fluid, especially on complex
parts, thereby making it more difficult to avoid surface damage from
overheating. ‘
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13.

Abrasive Processing and Especially Finish Grinding Must be
Accomplished Under Strict Process Control when Employed for
Manufacture of Aerospace Components

Tests have shown that uncontrolled abusive as well as conventional
grinding can substantially decrease the low and high cycle fatigue
strength at room and elevated temperatures for titanium alloys,
nickel base high temperature alloys and high strength steels.

In addition to the room temperature high cycle fatigue data shown
in Guideline 4, data have been developed for high cycle, elevated
temperature and for low cycle fatigue . Tests or AF 95 show that
at 1000°F the endurance limit (107 cycles) fully reversed bending
is lowered from 98 ksi for gentle grinding to 48 ksi for abusive
grinding. Low cycle fatigue properties are affected adversely

by abusive grinding:

LOW CYCLE FATIGUE Stress tor Failure at

room temperature 20,000 Cycles (ksi)
4340 Gentle Surface Grind 165
(Q&T, S0 R_) Abusive Surface Grind 142
Ti-6Al1-4V Gentle Surface Grind 92
{Beta Rolled, Abusive Surface Grind 71
32 R¢)

Inconel Gentle Suriace Grind 160
Alloy 718 Abusive Surface Grind 127
(STA, 44 R¢)

Rene' 80 Gentle Surface Grind 55
(STA, 40 R.) Abusive Surface Grind 45

CHIP REMOVAI OPERATIONS

Rigid, High Quality Machine Tools are Esgential

They must be designed with ranges of speeds and feeds necessary to
meet surface integrity requirements. See Guideline 15 for comments
on the need for selecting speeds a~d feeds which give long toocl life.
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14.

Cutting Tools Should be Inspected Carefully Prior to Use

Catting tools must be carefully ground, and the most ri; .. tool design
ghould be employed. For example, stub length drills shauld be used
instead of a jobber's length wherever possible. Cobalt or premium
grade high speed steel should be used wherever carbide is not
applicable so as to do everything possible to provide a low rate of
tool wear. All tools should be inspected after grinding to insure that
previous wear, chipping, galling, etc., have been corrected and meet
tool specifications. After grinding, the catting edges of all tools
should he protected to prevent accidental damage in transit or handling.
Tools should be double checked by the machine tool operator for
obvious defects.

Sharp Tools Help Establish Surface Integrity in Turning and Milling

In chip removal operations as in grinding operations, it is important
to produce a surface which has a minimum or preferably an absence
of surface alterations; that is, the surface layer should be similar to
the bulk material below the surface.

In turning and milling, there are at least two very important steps
which will improve surface integrity. First, machining conditions
should be selected which will give long tool life and good surface
finish. Second, all machiring should be done with sharp tools. Sharp
tools minimize distortion and generally lead to better control during
machining. The maximum flank wear in turning and milling should be
limited to approximately . 005-. 008 in. A good rule of thumb is to
remove the tool when the wearland becomes visible to the naked eye
since a . 005-, 008 in. wearland is just barely visible to the naked eye,
Dull tools develop high compressive stresses which cause distortion,
and very often they produce tears and laps and alsc metallurgical
alterations of the surfacc including nntempered and overtempered
martensite in steels. In turning of most alloys, carbide tools tend

to have the lowest wear rate and at the same tirne make it possible

to meet reasonable production rates. Throwaway carbide tooles, in
particular, should be used whenever possible. This will expedite
rapid change of cutting edges whenever tool wear reaches its specified
limit.

In order to determine machining conditions which will provide long
tool life, it will be necessary to refer to tool life data for specific
materials and material removal operations. References 6 through 9
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supply data on tool materials, tool geometry, feeds, depths of cut,
cutting fluids, etc., for the purpose of achieving long tool life, If
tool life data are not available, a material closest in characteristics
to the actual work material can be used for initial consideration of
machining parameters. In addition, it is recommended that tool life
data be studied carefully in order to develop the relationship between
machining parameters and tool life. In this way, one can get an idea
of the effect of changes in speeds, feeds, tool materials, etc., on
tool life and be in a better position to decide on departures from the
recommende<d machining parameters.

Any evidence of burning as a result of a tool or cutter breakdown
should be repoiied to supervision. Care must be taken to remove
sufficient stock ifter tool breakdown to completely remove the effects
of the burning wluch may extend to as much as ., 005 in. to . 010 in, of
the machined .aviace,

There is a tenuercy for more surface damage to occur in the transient

surface than o yeuerated surfaces in turning and milling. Likewise,

the<=e in a tvasency for more surface damage to occur when a long

cutt ng edge prodaceas the final surface, This situation usually exists

when t.rning to a shoulder or when milling a radius into a component.

Hence, when transient surfaces or formed surfaces of the above type

become finished surfaces, special care must be exercised to avoid

surface damage. The use of especially sharp cutters for finishing is

desirable to minimize the alterations in this case. In turning, when- )
ever possible a shoulder or large radius should be generated by a
finishing tool rather than formed by the long cutting edge of a forming
tool,

Sharp Drillg Should be Used to Help Avoid Serious Surface
Layer Alterations

Specified power speeds and feeds, as well as all other recommended

drilling conditions, should be followed. Holes in highly stressed

components should be free of tears, laps, untempered or overtempered

martensite. To minimize defects, the wearland on drills should be

limited to . 005 in. to . 008 in. Wherever possible, all hand feeding

during drilling should be avoided. When drilling assemblies, a rigid

machine tool or gantry type drill should be employed in preference

to portable drilling equipment. Dwelling should also be avoided because .
it produces damage and may even frictionaweld the drill to the workpiece.

The operator should visually check the hole and drill after each operation.
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19.

If average or localized wear exceeds specifications, the drill should
be replaced. If abnormal conditions develop in the hole, it should be
marked and inspected thorvughly before assembly, Galling, torn
surfaces, or discoloration due to overheating are causes for rejection.
When a drill wears excessively or actually breaks in the drilling of
sensitive alloys, the operator should notify appropriate persoanel in
order that remedial steps be taken. Accidents of this type indicate
that proper machining conditions have not been selected and/or used
properly, Coolant-fed driils may help minimize surface damage,

but no supporting data are available.

Proper Drill Fixturing Assists in Minimizing Damage During Drilling

When drilling holes 1/4 in, or larger, a drill fixture or bushing should
be used. Where accesgsibility permits, a drill backup should be used
to minimize burring.

Finishing of Drilled Holes is Imperative

Entrance and exit of all holes should be carefully deburred and
chamfered. All holes should be finish 'd after drilling whenever
possible to insure better surface finish and surface integrity.

1N

(See Guidelines 15, 20, and 21)

Special Precautions Should be Taken in Reaming of Holes in
Sensitive Alloys

Since reaming often serves as a final hole finishing operation, all
machining parameters must be controlled. Stock aliowances must

also be controlled. Power feeding of power driven machines should

be employed for reaming of gtraight holes. On tapered holes (using
power driven machines), hand feeding is permissible but power feeding
is preferred. Hand reaming (using a tap wrench) cf tapered holes

may be permissible after power reaming. If hand reaming is performed,
special attention gshould be placed on selection of tool material, reamer
geometry, and accuracy in grinding the reamer. In addition, it may be
advisable to provide for aligrment of the reamer to insure accuracy
during the hand reaming operation,

Double ream all straight holes 5/16 in. or larger with a minimum .
metal removal of 3/64 in, on diameter. On smaller holes, the minimum '
metal removal should be 1/64 in, on the diameter. The operator should
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22,

visually check the reamer for sharpness after each operation.

At the first sign of chipping, localized wear or average flank wear
beyond specification, the reamer should be replaced and the hole

should be inspected. Also, regardless of hole and reamer condition,

2 maximum number of holes should be specified for reamer replace-
ment., Each reamed hole should be carefully inspected for surface finish,
galling, smearing, scratches, etc. Entrance and exit of all holes

should be carefully deburred and chamfered.

Deburring and Chamfering Should be Used to Remove All Sharp Edges

Drilled and reamed holes should be countersunk or chamfered at the
entrance and exit to remove the entire burr because sharp edges and
burrs are common sources of component failure. To countersink,

use power feed units if possible and use a countersink which com-
pletely avo.ds chattering. Generally, low spindle speeds are desirable.
As for other sperations, chamfering tools should be kept sharp.

The operator should visually inspect the tool after each cut, and it
should be replaced if any visual evidence of wear is cbserved. The
breaking of edges or radiusing may be done by abrasive deburring
using a low speed, power “and drill. In chamfering of a part. a
minimum of . 010 in. chamfer is advisable. The break-edges and
chamfers should be carefully examined for compliance with good
surface finish requirements. This is especially important on the
entrance and exit of holes where fatigue failures have a tendency to
originate.

Honing is an Exceilent Finishing Operation for Developing Surface Integrity

Honing is usually used only when finish requirements or tolerances
are too clogse for practical use of other finishing operations such as
reaming, grinding, etc. A multi-stone head is preferred; heads with
steel shoes and/«t steel wipers are not recommended. Honing
produces less surface deformation and surface integrity damage than
any other hole fimishing process.

Boring May be Used s¢ a Finish Machining Operation if Roughness
is Within the Manufacturing Engineering Limits P

In boring, extra precautions should be taken in preparation of the
cutting edge to provide cxtrernely fine surface finish. The tool wearland
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in finish boring should be limited to . 005 in. but often is far less
than this in order to achieve the desired accuracy and surface finish,

ELECTRICAL, CHEMICAL, AND THERMAL
MATERIAL REMOVAL PROCESSES

Whenever Electrical Discharge Machining (EDM) is Used in the
Manufacture of Highly Stressed Structural Parts, the Heat Affected
Layer which is Produced Should be Removed

The altered surface layer which is produced during EDM lowers
fatigue strength of alloys significantly, The altered layer consists

of a recast layer with or without cracks, some of which extend into

the base metal, plus metallurgical alterations such as rehardened

and tempered layers, intergranular precipitates, etc. Concern over
the lowered fatigue strength is in reference to critical and/or highly
stressed structures. In ma.y tool and die applications, the altered
layer has not caused problems and there have even been reports of
improved die life. Generally, during roughing EDM, the layer
showing microstructural changes, including a melted and resolidified
layer, is less than . 005 in. deep, while during finishing EDM it is less
than . 001 in. See Guideline 29 for suggested post-processing methods.

The detrimental effects of surface alterations caused by EDM are shown
below in comparison with low stress grinding:

ENDURANCE LIMIT (KSI) AT ROOM
AND ELEVATED TEMPERATURES
(107 cvcles fully reversed bending)

Gentle or
Low Stress EDM

Grinding {Finishing Conditions)

Inconel 718 (STA, 44 R) 60 (RT) 22 (RT)

AF 95 (STA, 50 R.) 75 (RT) 40 (RT) {
98 (1000 °F) 50 (1000°F) !

Rene' 80 (STA, 40 R_) 42 (RT) 26 (RT) |
AF2-1DA (STA, 46 R,) 70 (RT) 30 (RT) v

RT = Room Temperature |

Shot peening of EDM surfaces restores fatigue properties based upon
tests in this program. See Guideline 31. o
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24, Whenever Electrical Discharge Grinding (EDG) or Electrochemical
Discharge Grinding (ECDG - sometimes referred to as ECDM) is
Used in the Manufacture of Highly Stresses Parts, the Heat Affected
Layer which is Produced Should be Removed

The removal conditions for EDG and ECDG essentially produce the
same surface effects as EDM, however, the altered layers are
usually shallower and frequently less than . 001 in, deep.

25. Electrochemical Grinding (ECG) Should be Controlled Carefully in
Order to Establish and Maintain Surface Integrity

The ECG process, using a metal bonded abrasive wheel as an
electrode, should be controlled to avoid shorting. Also, since some
metal is removed by the abrasive grains, it is possible to locally
overheat parts just as in ordinary grinding. The surface effects of
properly ground parts are very shallow and generally less than

. 001 in. It is desirable to maintain a full flow of electrolyte and a
good balance between feed rate and electrolytic cutting rate so that
mechanical removal is under 5 percent and preferably less than

1 percent of total as shown by only a few light scratches being present.

26. Surface Integrity Evaluations Should Be Made When Chemical (CHM)
and Electrochemical (ECM) Processes are Used for Finishing
Critical Parts

The fatigue strength of surfaces produced by controlled chemical and
ele 'trochemical processes has often been found to be lower than that
produced by some of the more commonly used material removal
processes. This is generally attributed to the unworked, stress-free
surface produced by processes such as ECM, electrolytic polishing
(ELP), and chemical machining (CHM). There is evidence that
processes such as milling and pelishing may sometimes provide
beneficial fatigue resistance as a result of cold working. Therefore,
when substituting ECM for other machining processes, it may be
necessary to add post processing operations such as steel shot or
glase bead peening or mechanical polishing. Some companies require
peening of all electrochemically machined surfaces of critical and/or
highly stressed structural parts. (See Guidelines 30 and 31.)
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Gentle or abusive ECM of Inconel Alloy 718, for example, gave a
fatigue strength of 39, 000 psi as compared to 60,000 psi for low
stress grinding. FElectrolytic polishing of Inconel Alloy 718 gave a
value of 42, 000 psi, virtually no improvement over ECM. Addi-
tionally, surface integrity of CHM and ECM surfaces is lowered by
intergranular attack (IGA), preferential solution of microconstitutents,
erosinn, and shorting. When shorting occurs, the high temperature
arc melts and vaporizes a local spot. Below the spot, there are other
microstructural changes which can also be detrimental., During ECM,
parts should be fixtured in a way that will provide good electrical
contact, Otherwise, there is a danger of localized overheating as a
result of resistance heating. Cases have been observed where the
damage in the form of discoloration is barely discernible on the
surface, However, just below the surface the microstructure
revealed the effects of extensive overheating including very large
grain size. ECM, improperly applied, can also cause IGA and

pitting as in the case of high strength aluminum alloys. Such defects
are often responsible for stress corrosion and fatigue failures.

Special Cognizance Should be Taken of the Surface Softening
that Occurs in CHM and ECM of Aerospace Materials

Microhardness studies on aerospace alloys (Reference 2) have shown
that CHM and ECM produce a soft layer in 2 majority of the aerospace
alloys. Hardness reductions for CHM and ECM range from 3 to 6 Rock-
well "C'" points to a depth of . 001 in. for CHM and , 002 in. for ECM.
Shot peening or other suitable post processing should be used on

such surfaces to restore mechanical properties.

Laser Beam Machining (LBM) Develops Surfaces Showing the

Effects of Melting and Vaporization

Applications for LBM are not very common yet. Recently, how-
ever, LBM with oxygen assist has been investigated for cutting
(instead of shearing) of various alloys including titanium. Also, LBM
has been used for production of small holes. Wherever LBM is used
in manufacturing highly stressed structural members, it should be
remembered that in the application of this method the surface is
subjected to melting and vaporization. Indications are that such
surfaces should be removed, It becomes difficult, however, to apply
secondary processing to parts containing very small diameter holes
or narrow slots. As a first step, it is suggested that critical parts

made by LLBM be tested to see if surface alterations lower
the critical mechanical properties.
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POST PROCESSING

Cracks, Heat Affected and Qther Detrimental Layers Created During
Material Removal Procesgging Should be Removed from Critically
Stressed Parts

By microstructural examination and microhardness testing, the depth
of adversely altered layers and other defects can generally be
egtablisned, Certain critical situations may require mechanical
testing to be certain that no alterations have been produced which
cannot be detected by microexamination. Secondary processesg which
are currently being used include:

a. Gentle conventional finish machining such as
milling and reaming

Mechanical polishing

Sanding

Low stress grinding

Honing

Chemaical milling plus peening
Electrochemical milling plus peching
Electropolishing plus peening

Heat treatment

S.;.

R RO AG

Steel Shot and Glass Bead Peening as Well as Burnishing Can be Used
to Improve Surface Integrity

A considerable number of studies, including those developed in
Reference 2, confirm that fatigue life determined in laboratory tests
and proven by field performance is measurably enhanced by peening.
Laboratory tests have shown that shot peening is effective in
substantially increasing high cycle and low cycle fatigue strength

at both room and elevated temperatures for typical titanium alloys,
high temperature alloys, and high strength steels regardless of the
type of prior material removal proceszing. EDM and abusive grinding
are two processes which are among the most detrimental to the alley
classes noted above. However, shot peening has been shown capable
of making full restoration of low cycle and high cycle fatigue at room
and elevated temperatures., Since the above comments are based upon
laboratory tests, component evaluations are recommended. See
Guideline 31, Peening, which puts the surface layer into compression
and cold works the surface, must be performed under controlled

conditions. Specifications for controlied peening should include
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consideration of factors such as cleanliness and surface roughness

of the part being machined; type, chemistry, geometry and hardness

of the shot and its fluid carrier; peening time, intensity and coverage.
Reports also indicate that peening improves resistance to corrosion

and a large refMctioy in stress corrosion susceptibility. These are
indications that cold working of drilled holes by burnishing is also
beneficial as is roller burnishing of round and flat surfaces. Some reports
contain precautions warning against overpeening in order to avoid fatigue
damage and to reduce the possibility of masking flaws such as fine

cracks.

Evaluate the Use of Controlled Shot Peening Practices to Restore
Fatigue Life of Components Processed by Electrical, Chemical,
and Thermal Removal Processes

Shot peening, based upon tests conducted in this study, has been

shown to be extremely effective in improving the fatigue life of specimens
processed by ECM, EDM, ELP, Component tests are recommended to
confirm the results of the laboratory tests. Particular attention should
be paid to evaluating the effect of envirommental conditions such as
elevated temperatures which might nullify the beneficial effects of

shot peening. Examples are:

ENDURANCE LIMIT (KSI)
HIGH CYCLE FATIGUE
LlO7 cycles fully reversed bending)

AF 95 {STA, 50 R¢)

ECM 57
ECM + Peen 105
EDM 40
EDM + Peen 115
Low Stress or 75

Gentle Grind -

Inconel 718 (STA, 44 R.)

ECM 39
ECM + Peen 78
ELP 42
ELP + Peen 78
Low Stress or 60

Gentle Grind
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ENDURANCE LIMIT (KSI)
HIGH CYCLE FATIGUE
(107 cycles fully reversed bending)

Ti-6Al-6V-25n

(STA, 42 R¢)
ECM 72
ECM + Peen 85

Low Stress or 65'

Gentle Grind
Post Heat Treatments Following Material Removal are of
Limited Usefulness

Siress relief treatments used to soften hardened layers produced

during grinding of steels do not restore the hardness of overtempered
layers which are present immediately below the damaged surface layer.
Also, heat treatment does not heal any cracks produced during material
removal, Some companies have advised the use of tempering opera-
tions to relieve stresses after EDM of steels, Stresses may be relieved
but fatigue properties are not improved sufficiently. Evidence has alse
been presented to show that annealing treatments following EDM on
nickel base alloys such as Rene' 41, Inconel Alloy 625, Inconel Alloy 718
and Monel Alloy K-500 seriously lower tensile strength and ductility as
a result of carbon diffusion. Experience has shown that heat treatments
in some cases have improved surface integrity of damaged surfaces but
not nearly as effectively as shot peening, Low temperature heat treat-
ments are helpful 1n eliminating embrittlement in operations where
hydrogen may be picked up during processing such as in plating.
Elimination of hydrogen is time and temperature dependent and also
depends upon the alloy being treated. Steels, for example, are cften

SillppalH Qs ~

treated at about 375-400°F for periods of 8 hours or more.

Abrasive Tumbling is an Effective Process for Improving Surface

Properties Including Fatigue

This process is less applicable than shot peening for many of the very
large parts required for aerospace. Both abrasive tumbling and shot
peening usually require an added polishing operation when very high
finish requirements must be met. Care must be taken not to remove
the favorable surface layer established by peening or tumbling.
Abrasive tumbling can be used to reverse unfavorable tensile stresses
by inducing a compression stresced surface layer.
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34. Washing Procedures Should Be Empleyed for Critical Parts and
Asgemblies in Order to Remove All Traces of Cutting Fluids
Which May Cause Stress Corrosion

Typical compounds which are suspect are sulfur compounds on aluminum
and nickel base alloys and chlorine compounds on titanium alloys,
Currently, some companies do not allow any chlorine-containing cutting
fluids to be used in processing titanium parts which are to be used at
room or elevated temperatures. Other companies use this precaution
only for parts which are subjected to temperatures over 500°F. For
applications at less than 500°F, carefully controlled washing procedurecs
are often used to remove the chlorinated and sulfurized cutting oils.
These fluids are particularly effective in chip removal operations such
as drilling, tapping, and broaching. Since no complete agreement
exists among manufacturers regarding cutting fluid practices, subcon-
tractors are obliged tc follow the policies and procedures established

by the prime contractor,

35. Protection of Parts

Parts should not be stored for extended periods without being carefully
washed and then covered with a coating or oil for corrosion prevention.

INSPECTION

36, Inspection Practices Should be Reviewed and Amplified to Meet
Surface Integrity Requirements

There are some nondestructive as well as destructive testing practices
which are heing employed to test for surface condition.

a. Microscopic examination including microhardness testing is used
on a sampling basis in order to determine the kind of surface layer
being produced plus the layer depth. This method may be used to
check for microcracks, pits, folds, tears, laps, built-up edge,
intergranular at‘ack, shorting, etc. Since many surface alterations
are shallow, it is essentiul to use good edge retention techniques
for microscopic examination. Sece Guideline 319 for details.

b. White layer or overtempered martensite produced during grinding .
of steels can be detected by immersion etching using 3-5 percent N -
aqueous nitric acid solution. The procedures used vary among
producers and are quite detailed and very exacting, consisting
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essentially of appropriate and specific precleaning, etching, and
post-etching procedures, including cleaning, drying, «nd
application of rust inhibitors.

c. Magnetic particle, penetrant inspection, ultrasohic testing, and
eddy current techniques are recommended for detecting macro-
cracks. Most of the inspection techniques currently being used
should be further refined by using more care in their application.
Direct visual examination ghould be supplemented by macroscopic
examination at low and medium magnification (5-20X).

d. X-ray diffraction methods are available to detect residual surface
stresses. This method may be helpful in process development as
well as for spot checking of finished parts. However, X-ray dif-
fraction can only detect stresses within a few tenths of the surface
and has the disadvantage of being expensive. The entire residual
stress profile in the surface layer can be destructively determined
by using X-ray diffraction plus etch techniques or by a deflection-etch
technique.

37. Accidents Which Occur During Processing Should be Reported to
Quality Control

Operators should be instructed to notify supervigion of all accidents
or damage including all visual evidence of damage. Grinding burn,
breaking of drills, reamers or taps in holes, and shorting of electrodes
in both EDM and ECM are examples of the type of mishaps which
should be reported. Cleanup of surface discoloration is not necessarily
sufficient to remove all of the damage which may extend several thou-
sandths below the surface. In case of damage, parts should be subject
to systematic review action,

-

SURFACE FINISH

38. From Surface Integrity Data Developed to Date, It Appears That
for Structural Components Having a Surface Finish in a Range of
10-125 Microinches AA, Surface Finish Cannot Itself Be Used as
a Measure of or For Control of Surface Integrity as Evaluated
by Fatigue Testing

Until additional much neede 1 data are made available, manufacturers
of critical components are encouraged to develop experimental programs
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reducing costs.

for the purpose of opening up surface finish requirements, thereby
Data upon which the abcve comments were based are:

ENDURANCE LIMIT (KSD)

Test Material and Surface HIGH CYCLE FATIGUE
No. Test Conditions(}) Finish (AA) (107 cycles fully reversed bending)
4340 (Q&T, 50 R)
Longitudinal surface grind
using gentle or low stress 8 117
1 conditions and tested with 65 110
fatigue stress parallel 127 100
to lay
Transverse surface grind
using gentle or low stress 11 120
2 conditions and tested with 58 100
fatigue stress perpendicular 128 85
to lay
Longitudinal surface grind
using an abusive condition
29 65
3 (surface has untempered 64 65
and overtempered marten- 97 65
site) and tested with fatigue ’
stress parallel to lay
Ti-6Al-6V-28n (ST&A, 42 R.)
End miiling - end cutting - a
. 13 2
4 using sharp cutter and tested 55 82
with fatigue stress perpend -
125 82
cular to lay
inconel Alloy 718 (ST&A, 44 R.)
Turning - facing using sharp 25 60
5 cutter and tested with fatigue 58 60
stress perpendicular to lay 118 60
(1) Note: For a given test number the same basic test conditions were used to

generate each of the three surface finishes.

The different finishes

within a given test were generated by varying feeds, cutting angles, wheel

dressing, etc., as appropriate

39




rd gl

39.

SUGGESTED EXPERIMENTAL PROGRAMS

Systematic Metallurgical and Mechanical Testing Programs for
Establishing and Controlling Surface Integrity are Essential for
Highly Critical Parts

As noted previously, these Guidelines are simply general
recommendations which should be supplemented by very specific

data in order to accommodate individual critical design require-

ments. Three types of evaluation programs are suggested.

These programs differ in the extent of data which they provide and

must be tailored to meet a plant's specific needs, These are arbitrarily
designated as:

a. Minimum Data Set
b. Standard Data Set
c. Extended Data Set

a, The Minimum Data Set is essentially metallographic information
supplemented with microhardness measurements and conventional
surface finish measurements as follows:

Surface Finish

Macrostructure (10X or less)
Macrocracks
Macroetch Indications

Microstructure
Microcracks
Plastic Deformation
Phase Transformations
Intergranular Attack
Pits, Tears, lLaps, Protrusions
Built-up Edge
Melted and Redeposited Layers
Depletion by Vaporization
Selective Etching

Micrchardness

Metallography affords a very simple approach for determining
visual changes in the surface layer at higher magnification.
Careful mounting and polishing techniques must be employed

to achieve good edge preparation. In this way, heat affected
layers can be identified, including melting or changes in the
grain structure resulting from phase transformations or plastic
deformation., Cracks are also detected readily and surface

490
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ro.ghness, pits, tears, laps and built-up edge can be identified
micioscopically. The following procedure has been used
effectively:

1) Section samples carefully and cast in a mold with a
mixture of an epoxy resin and suitable hardener plus
fine grit pellitized aluminum oxide filler,

2) Fl.ace the mounts in a vacuum chamber during the setting
period., (This step facilitates air removal and improves
adherence of the mounting compound to the surface of the
specimen, )

s

3) Cure the mounts at a temperature not exceeding 70°F for
approximately 12 hours,

4) Grind and polish specimens metallographically by using a
positive positioning polishing unit. Suc cessively finer
silicon carbide papers followed by diamond paste on suitanl=
cloths are used to achieve the metallographic polish.

b. The Standard Data Set is designed to provide more in-depth daua
for the mmore critical applications which are influenced by surface
integrity. It consists of:

Minimum Data Set

+
Fatigue Tests (Screening)
Stress Corrosion Tests
Residual Stress and Distortion

The Standard Data Set includes surface metallography studies. In
addition, three mechanical properties are suggested for evaluation
because they are generally significant in surface integrity situations.
These are residual stress, fatigue, and stress corrosion. Dis-
tortion as related to residual stress becomes an important
consideration because the emphasis on high-strength-to-weight
ratios leads to fragile parts requiring high dimensional accuracy,
Stress corrosion tests are very important because many highly
stressed components are subjected to environments which can
cause cracking in paits carrying residual surface tensile stresses.
Screening type fatigue tests isolate the most important variables
which should be considered, thereby providing a strong base for
making manufacturing decisions, A suggested format for

. summarizing important data from a Standard Data Set is shown on
page 44,




40,

c. The Extended Data Set provides data gathered {rom statistically

designed fatigue programs and yields data suitable for detailed
designing. The Extended Data Set consists of:

Standard Data Set (Includes Minimum
Data Set)
+
Fatigue Tests (Extended to obtain
design data)

Additional Mechanical Tests
Tensile
Stress Rupture
Creep

Screening tests (frorn the Standard Data Set) as well as extended
fatigue studies take various forms, but always the extended programs
can be expected to require many more tests in order to develop the
necessary confidence limits., For highly critical parts, it is usually
customary to run full-scale component tests.

To round out a surface integrity package, extended testing may
logically require evaluation of surface integrity effecte on tensile,
stress rupture, creep, and other material properties und.r
unusual environmental conditions.

SUGGESTIONS FOR IMPLEMENTING SURFACE INTEGRITY

Positive Steps Should be Taken to Increase Awareness of

Surface Integrity

Education and Training

Manufacturing and product engineering personnel on the average are
not sufficiently acquainted with the many types of surface alterations
which can be produced during material removal operations. Product
or design engineers generally do not realize that high temperatures
prevail at workpiece and tool interfaces, while manufacturing people
often do not realize the extent to which metallurgical changes occur
and how seriously they lower mechanical properties. This situation
points out the advisability of having short educational efforts to help
increase general cognizance of the importance of surface integrity
control.
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In additicn to the general educational programs, specific training is
required for machine operators and quality control personnel. Some
companies require qualification of personnel in order to perform
drilling and reaming of holes, Other plants give short courses on howto
inspect for rehardened and overtempered martensite in the manufacture
of high strength steel components.

Particular attention should be given to the necessity for maintaining
specified operating parameters. Machine operators should be
thoroughly trained to follow the proper procedures outlined by
manufacturing engineering. All parameters for material removal
should be specified by manufacturing engineering. These include tool
material, tool geometry, cutting speed, feed, cutting fluid, and tool
life (maximum number of parts per tool grind) for chip removal
operations. Similarly, appropriate parameters must be set up for
operations such as grinding, EDM, and ECM. Machinists should be
informed as to the reason and necessity for maintaining good surface
integrity and surface quality and should be made aware that currently
it is not possible to guarantee maintenance of surface integrity by
final part inspection. Management needs to be ever alert to the
desire on the part of operators to try "just one more notch' on the
control, Without requalification, this relaxation of standards may
regult in loss of surface integrity.

Publication of In-House Guidelines

The Guideline concept has been used by some organizations to assist
in the implementation of surface integrity processing., Booklets can
be designed to fit the specific needs of a company, division, or
department, Guidelines are particularly useful prior to the
development of practical and meaningful specifications.

Specifications

Preparation of processing specifications is most highly recommended
for critical parts. Some of the aerospace producers have in

fact already written detailed manufacturing specifications incorporating
machining parameters and procedures in an effort to maintain surface
integrity. These specifications, ever though widely used in subcontract
work, are generally considered proprietary and under the control of
the prime contractor, It is suggested that manufacturing engineering
departments of the large prime aerospace producers be contacted
directly concerning the availability of their specifications.
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References - Sources of Surface Integrity Date

In addition to References 1-9 (page 427) cited ‘r these guideliues, the
Bibliography on pages 428 to 430 provides both ywneral and specific

surface integrity information. An additional Surf.-. ce Integrity Bibliography,
containing 665 references, is included in ""Surfzce ‘ntegrity of Machined
Structural Components, ' Interim Report IR-7<1-3¢I), 1968, Contract
F33615-68-C-1003,

On a continuing basis data are available from the Machinability Data
Center (MDC), MDC is collecting information and data on surface
integrity as they become available and is evaluating the data for applica-
tion in the material removal industry, Specific inguiry services are
available to U.S. Government agencies and private industry. Inquiries
should be directed to Supervisor, Technical Inquiries, Machinability Data
Center, 3980 Rosslyn Drive, Cincinnati, Ohio 45209, Telephone:
513-271-9510, PWX: 810-461-2840,
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5., PROCEDURES

Procurement and Certification of Test Materials

All materials used in the fulfillment of this contract were ordered either
as 1/4'" rolled piate or 1/4' thick castings, This thickness of raw
material was chosen to allow for removal of sufficient stock from the
surface of the material so as to avoid the influence of various surface
conditions which might be present. A summary of the identification and
certification of each of the materials included in this report is as
follows:

5.1.,1 AISI 4340 Steel

Applicable Specification: AMS-6359
Source: Republic Steel Corporation, Heat No, 3820773
The specified melt chemistry of this inaterial, in comparison

with the check analysis determined by F.C, Broeman &
Company, Cincinnati, Ohio, is indicated as follows:

Specification Check Analysis

Carbon 0.38 - 0.43 0. 47
Manganese 0.60 - 0,80 0.70
Silicon 0.20 - 0. 35 0,25
Phosphorus 0.025 max, 0.015
Sulfur 0.025 max. 0,012
Chromium 0.70 - 0.90 0.78
Nickel 1.65 - 2,00 1.79
Molybdenum 0.20 - 0. 30 0.27
Copper 0. 35 max, 0.20
Iron Remainder --

The grain size as called out by the above specification was for
predominantly ASTM 5 or finer with occasional grains as large
as 3. The subject heat of material indicated an average grain
size of 10 which was quite uniform.

The subject heat of material, upon sampling the entire cross
section of the 1/4 in. plate, indicated a maximum visible
decarburization as judged by microstructure of less than 0,002 in,
A photomirrograph of this microstructure at a magnification

of 1000X is shown below.
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5.1.1

[S1]

AISI 4340 Steel (continued)

No mechanical properties requirements were covered in the
applicable specification for this alloy; no specific determinations
were made on the as-received material,

Mechanical properties determinations for this alloy is covered
in Section 5, 2, 1.

4340 Modified

Applicable Specification: The Boeing Company, BMS 7-26G
Source: Republic Steel Corporation, Heat No. 3923243,
The specified melt chemistry of this material, in comparison

with the check analysis determined by F. C, Broeman & Company,
Cincinnati, Ohio, was as follows:
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5.1.2 4340 Modified (continued)

Specification Check Analysis

Carbon 0.38 - 0,43 0. 40
Manganese 0.60 - 0.90 0.85
Silicon 1.50 - 1,80 1.72
Phosphorus 0.010 max, 0.01
Sulfur 0.010 max, 0.008
Chromium 0.70 - 0.95 0.90
Nickel 1.65 - 2.00 1.76
Molybdenum 0.30 - 0.50 C. 40
Vanadium 0.05 -0.01 0, 07
Iron Remainder --

The specified grain size for this alloy is an average of ASTM 5
or finer with the maximum permiissible size ASTM 3. This
heat of 4340 modified exhibited a grain size of 10 as measured
metallographically,

A maximum depth of decarburization of 0. 015 in. is allowable
under BMS 7-26G., The plate used for this program exhibited
an average partial decarburization to 0, 007 in.

A photomicrograph of this steel in the as-received condition is
shown below at 1000X,
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5.1.3 18% Nickel Grade 300 Maraging Steel

Applicable Specification: The Boeing Company, BMS 7-200
Source: Republic Steel Corporation, Heat No, 3911137

The specified melt chemistry of this material, in comparison
with the check analysis supplied by the vendor, is as follows:

Specification Check Analysis

Carbon 0.015 max. 0,006
Manganese 0.05 max. 0.05
Silicon 0.05 max, 0.05
Phosphorus 0,010 max. 0.007
Sulfur 0.010 max. 0. 006
Nickel 18.00-19, 00 19,00
Cobalt 8.50- 9,50 8.93
Mbolybdenum 4, 60- 5.20 4. 97
Titanium 0.60- 0. 80 0. 65
Aluminum 0.05- 0.15 0.08
Boron 0.003 max., 0,003
Calcium 0.05 max, 0.06
Zirconium 0.02 max. 0. 007
Iron Balance -~

A photomicrograph of this maraging steel in the as-received
condition is shown below at 1000X,




5.1.4 Titanium 6A1-4V, Beta Rolled

Applicable Specification: The Boeing Company, XBMS 7-174,
Condition 1, mill annealed.

Source: Reactive Metals, Inc,, Heat No. 302493.

The specified melt chemistry of this material, in comparison
with the check analysis determined by F, C, Broeman &

\ Company, Cincinnati, Ohio, and Ledoux and Company, Teaneck,
New Jersey, was as follows:

Specification Check Analysis
Titanium Remainder --
Aluminum 5.5 - 6.75 6.20
Vanadium 3.5 - 4.5 3. 82
Iron 0.25 max. 0.12
Carbon 0.08 max, 0.07
Hydrogen 0,0125 max. 0.0135
Oxygen 0.175 max, 0,119
Nitrogen 0.03 max. 0.015
Other Impurities 0.40 max. --

The heat treatment specified for Condition 1 of this alloy in
comparison to that used at the mill source for processing this
material was as follows:

Specification Heat No. 302493
1350 + 25°F to 1450 + 25°F/ 1450° F/15 minutes/air cooled
15 minutes to 8 hours/air or (production annealed)

furnace cool

The tensile properties per the applicable specification in
comparison with those actually measured by Metcut are
summarized below,

Specification Measured Properties
Thickness 0,188 - 2,000 in, 0.25 "
UTS, psi 130, 000 minimum 144, 000™
0.2% Y.S., psi 120, 000 minimum 131, 000"
Elongation, % in 4D 10. 0 minimum 12.5

* vValues reported are averages of three tests
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Titanium 6A1-4V, Beta Rolled (continued)

The applicable specification indicates that the microstructure
shall consist of 100% acicular alpha phase when examined under
conditions detailed in the specification, The microstructure
shown below at 500X magnification, typical cf the test material,
conforms to this requirement.

The hardness range of Titanium 6Al-4V is not a stated
requirement of this Boeing specification. For purposes of
record, however, it was deterrined to be in the range of
31-33 R..

Titanium 6A1-6V-2Sn

Applicable Specification: MIL-T-9046F (Tyre III-E)

Source. Titani.un Metals Corporation of America (Heat K-5228)
The specified melt chemistry of this material, in comparison
with the check analysis determined by ¥, C. Broeman & Coinpany,

Cincinnati, Ohio, and Ledoux and Company, Teaneck, New
Jersey, was as follows:
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5.1.5 Titanium 6Al-6V-28n (continued)

Specification Check Analysis

Aluminum 5.0 - 6.0 5.46
Tin 1.5 -2.5 2,46
Vanadium 5.0 - 6.0 5.20
Iron 0.35 - 1.00 0. 36
Carbon 0.05 max., 0. 045
Nitrogen 0.05 max. 0.021
Hydrogen 0.015 max. 0.014
Oxygen 0.20 max. 0.175
Copper 0.35 - 1,00 0. 682
Titanium Balance --

A photomicrograph of this titanium alloy in the as-received
condition is shown below at 1000X,

» 4 from
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Mechanical properties determinations, made after the desired
heat treatment was accomplished, are contained in Section 5.2.5.




5.1.6 Titanium 6Al-25n-4Zr-2Mo

Applicable Specification: The General Electric Company,
B50TF21-S2, Class A, Duplex Annealed

Source: Titanium Metals Corporation of America, Heat
No. K-5441

The melt chemistiry of this material as specified, in
compariscn wiih the check analysis supplied by the vendor,
was as follows:

Specification Check Analysis

Aluminum 5.50 - 6,50 6.1

Tin 1.80 - 2,20 2.2
Zirconium 3,60 - 4,40 4,2
Molybdenum 1.80 - 2.20 2.0

Iron 0.25 max, 0.07
Carbhon 0.05 max, 0,022
Oxgyen 0.15 max, 0.11
Nitrogen 0.05 max, 0.008
Hydrogen 0.015 max, 0.607

A photomicrograph of this titanium in the as-received cendition
is shown below at 1000X, |
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5.1.7 Inconel 71_§_

Applicable Specification:
B50TF14-5S4, Class A, mill annealed.

The General Electric Company,

Source: Allvac Metals Company, Heat No., 6604,

The melt chemistry of this material as specified, in comparison
with the check analysis determined by F. C., Broeman &
Company, Cincinnati, Ohio, was as follows:

Carbon
Manganese
Silicon
Suifur
Phosphorus
Chromium
Iron
Cobalt
Molybdenum
Columbium
+ Tantalum
Titanium
Aluminum
Borgn
Copper
Nickel

Specification

Check Analysis

0,02 - 0,08 max.,

0. 35 max.
0. 35 max,
0,015 max,
0. 015 max,
17.00 - 21.00
16.50 -~ 20. 50
1,00 max,
2,80 - 3,30

4,75 - 5.50
.75 - 1,1%
0.30 - 0,70
0,006 max.
0. 30 max.
Remainder

0.03
0
0.15
0.007
0.01
19.52
16.65
0.35
3.03

5,11

1.01

0. 57

0. 005
less than 0, 0%

The hardness of this material following a 1700-1800°F mill

anneal is specified as 100 Rg maximum,

The hardness of the

subject heat of material was determined to be 93-94 Rg. A

~—
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specifica

tion involves converting the material

from the mill annealed condition (Cla: 3 A) to the solution
treated and aged condition (Class B), ..nd checking certain

mechanical properties in the Class B condition.” After conversion

to the Class B conditicn, the hardness is specified to fall in
Following this procedure, the subject

the range of 38-48 R..

heat of material indicated a hardness of 43-44 R.. The tensile
properties, after heat treatment of samples converting them to
B50TF14, Claes B, are summarized as follows in comparison
to the applicable specification:
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Inconel 718 (continued)

Specification Measured
Minimurns Properties
Room Room
Temp. 1200° F Temp. 1200° F
UTS, psi 180, 000 140, 000 208, 000% 166, 000%
0.2% Y.S., psi 150, 000 120,000 160,000% 131,000
Elongation, % in 4D 12.0 5 22% 25%

Stress rupture properties after conversion by heat treatment to
Class B, and in comparison to the applicable specification, are
as summarized below.

Specification Measured Properties
Temperature 1200° F 1200°F
Stress, psi 100, 000 100, 000
Life, hours 20 min, 70 hours, removed

without failure™

The grain size of the Inconel 718 in the Class A conditiou is
specified as an average of ASTM 5 or finer, with a maxiinum
pcrmissible grain size of ASTM 3. This heat of material was
judged as having an average uniform grain size of ASTM 5-6
in the as-received condition {Class A), and ASTM 6é-10 afier
conversion by heat treatment to Class B, A photomicrograph
cif the subject heat of material at 500X in the Class A as-
received condition is as follows:

[

-

»

Values reported are averages of three tests

I
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5.1.8 AF 95

Applicable Specification:
C50TF31-3(T)

General Electric Company,

Source: Universal Cyclops Specialty Steel Division,

Heat No. KH 70160K!11

The specified melt chemistry of this material, in comparison
with the check unalysis supplied by the vendor, is as follows:

Carbon
Manganese
Silicon
Phosphorus
Chromium
Cobalt
Molybdenum
Columbium
Zirconium
Titanium
Aluminum
Boron
Tungsten
Nickel

Specification

0,13 -~ 0.17
0.15 max,
0.20 max.

0.015 max,
0.015 max,
13,00 - 15,00
7.00 ~ 9,00
3.30 - 3.70
3,30 - 3,70
0.03 - 0.07
2,30 - 2,70
3.30 - 3,70
0.006 - 0.015
3,30 - 3.70
Remainder

Check Analysis

. 14
.02
.06
. 006
. 001
.74
.18
. 54
40
034
. 35
.53
.0l10
. 50

W O W NOWW®POOOOOo

A photomicrograph of this nickel base alloy in the as-received
shown at 1000X below.

condition is
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5.1.9 AF2-1DA

Applicable Specification: Cyclops Corporation (Inte rnal)

Source: Universal-Cyclops Specialty Steel Division,
Heat No. K 70162Kl11

The melt chemistry of this material as specified by Universal-
Cyclops' internal specification, in comparison with the check
analysis supplied by the vendor, is as follows:

Specification Check Analysis

Carbon 0.32 - 0.38 0. 34
Chromium 11.50 - 12.50 12,16
Cobalt .50 - 10,50 9.96
Molybdenum 2,80 - 3.20 3. 02
Tungsten 5.80 - 6.20 6.15
Tantalum 1.30 - 1.70 1.65
Aluminum 4.50 - 4,70 4,57
Titanium 2.80 - 3,20 3.02
Boron 0.010 - 0.018 0.014
Zirconium 0.05 - 0.15 0,12
lron 1. 00 max, --
Nickel Balance -
Sulfur -- C,003
Fhosphotrus -- 0,001

A photomicrograph of this nickel base alloy in the as-received
condition is shown below at 1000X.,
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5.1.10
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Rene'! 80 :
Applicable Specification: General Electric Company, I
C50T¥F28-S3, Class C, As Cast d
Source: Howmet Corporation, Austenal Microcast Division, ‘
Heat No, 101V9419 :
The melt chemistry of this material, per the above specification .
and as obtained by the vendor in his check analysis, is given
below,
Specification Check Analysis ‘

Carbon 0.15-0,19 0.16 !
Manganese 0.20 max, 0.01
Silicon 0.20 max. 0.10 ‘
Sulfur 0.015 max, 0,002 A
Chromium 13.70 - 14, 30 14, 00
Titanium 4,80 - 5,20 4, 88
Boron 0.010 - 0,020 0.015
Aluminum 2.80 - 3,20 3. 07 ‘
Tungsten 3.70 - 4,30 3. 83
Molybdenum 3.70 - 4,30 4.00
Molybdenum

+ Tungsten 7.70 min, 7.83
Cobalt 9.00 - 10.00 9.48
Iron 0.20 max, 0.18
Zirconium 0.02 - 0.04 0,04
Nickel Balance -~
Ny 3 2.32 max, 2,28

A Lootomicrograph of this nickel base alloy in the as-received
Condition 1s shown below at 1000X,
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5.2

Preparation and Heat Treatment of Specimen Klanks

Coupons for all test specimens other than the castings werd cut from
the longitudinal direction of the 1/4" plate obtained using a heavy

duty band saw. An exception to this was in the case of AF 95 where
coupons were cut from the shorter dimension of the cross rolled plate.
Since the plate was cross rolled, the orientation of the coupons was
not consideied to be of prime importance, The change in orientation
was made in the case of AF 95 due to warpage in the material as
supplied by the mill source,

After sectioning, coupons were heat treated to the required conditions
as outlined in this section. Heat treated coupons were ther rough
machined, subjected to the test cutting operation, and subsequently
finished for testing as described in Section 5, 3.

A summary of the various heat treatments used on the alloys covered
by this report and the mechanical properties resulting from these

treatments is summarized in the following sections.

5.2.1  AISI 4340, 50 R_

It was desired to work this alloy in the quenched and tempered
condition at a strength level in the 250-270 ksi range. The
following heat treatment was used:

Piormalize: 1600°F/1 hour/air cool
Quench: 1550° F/1 hour/cil quench
Temper: 550°F/2 hours/air cool

Properties of samples of the AISI 4340 subjected to this heat
treatment were measured to be as follows:

UTS: 259, 600 psi 0.2% Y.S.: 221,000 psi
R.A,: 50, 5% Elongation: 11,5%
Hardness: 49-51 R

A photumicrograpn showing this heat treated condition is
presented as follows at a magunification of 1000X:
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5.2.1 AISI 4340, 50 R. (continued)

l 5.2.2 4340 Modified, 53 R., 285 ksi

it was desired to work with this allo

y in the 275+ ksi range. The _
following hardening treatment was used to achieve this condition: 1

. Normalize: 1675° ¥ /1 hour/air cool
Austenize: 1600°F'/1 hour/oil quench 1
Double Temper: 575°F/ 3 hours/air cool

The microstructure of 4340 modified following this heat treatment
is shown as follows at 1000X,




5.2.2

5.2,3

4340 Modified, h3 R, 285 (si (continued}

The resulting transverse mechanical properties which also
confirm acceptability of this heat of material to BMS 7-26G,
Class I, are as follows:

Measured
Specification Properties
UTS, psi 275, 000 minimum 287, 000*
6.2% Y.S., psi 227, 000 minimum 247, 000"
R.A., % in 4D 25 minimum 37"

The hardness range of this material is not a stated requirement
of this Boeing specification. The values obtained, however,
were in the range of 52,5 - 53,5 R_.

18% Nickel Grade 300 Maraging Steel, 54 R,

This alloy was evaluated in the ""double solution'' and precipitation
aged condition at an ultimate strength level of 285 ksi (minimum).
The following heat treatment was used:

Solution: 1700°F/1 hour/forced air cool
1475°F/1 hour/forced air ceol

Age: 900°F/6 hours/air cool
Properties of transverse samples of the 18% nickel maraging

steel subjected to this heat treatment, which conforms to
BMS 7-200, are as follows:

Specification Measured Values
BMS 7-200 __Heat 3911127
UTS, psi 285, 000 {min.} 315, 660
0.2% Y,S., psi 275, 000 (min.) 309,000
R.A., % 25 {min.,) 47
Elongation, % 6 (min.) 9

- e

values reported are averages of three tests
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5.2.3

5.2.4

5.2.5

18% Nickel Grade 300 Maraging Steel, 54 R {continued)

The heat treated structure of this material is shown at 1000X
in the following photomicrograph,

Titanium 6Al-4V, Beta Rolled

This alloy was evaluated in the mill annealed condition in which
it was received from the alloy producer. No further heat
treatment was carried out at Metcut, (The heat treatment used
by the mill source for processing this alloy is indicated in
Section 5, 1, 4).

Titanium 6Al-6V-2Sn, 42 R_

The solution and aging treatments selected for this alloy are as
outlined in MIL-H-81200A, These conditions are as follows:

Solution Treatment: 1600°F/1 hour/water quench

Age: 1100°F/4 hours/air cool

A typical photomicrograph at 1000X of the resulting structure is
shown below,
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5.2.5 Titanium 6A1-6V-2S5n, J:.:R

Reproduced from
best available copy.

The tensile properties resulting from this heat treatment, which
d4lso show contformance to MIL-H-9046F are tabulated below,

Specification

Measured Properties

UTS, psi

170, 000 minimum 186, 000™
0.2% Y.S., psi 160, 000 minimum 174, 000%
Elongation, % in 4D 8 minimum 127

Titanium 6A1-25n-4Zr-2Mo, 36 Re

It was desired to test this alloy in the solution treated and aged

condition as detailed in General Electric Specification B50TF22-S2,
These conditions are as follows:

Solution Treatment: 1750°F/]1 hour/air cool

Age: 1100°F/8 hours/air cool

Average room temperature properties obtained on specimens heat
treated per these conditions were as follows:

* Values reported are averages of three tests



5.2.6 Titanium 6Al-25n-4Zr-2Mo, 36 R. (continued)

Specification Measured Values
B50TF22 Heat K-5441
UTS, psi 130, 000 (min.) 160, 000
0.2% Y.S., psi 120, 000 (min.) 147, 000
R.A., % 25 {min.) 39.5
Elongation, % in 4D 10 (min.) 16.5

The microstructure of the subject heat in the solution treated and
aged condition is shown at 1000X in the following photornicrograph.

Reproduced from SE
best available copy. ‘S

5.2,7 Inconel 718, 44 Re

The solutioning and aging treavment selected for use with this alloy
coincides with the Class B heat treatment per the applicable (3, E,
Specification, B50TF14-54, This heat treatment is as follows:

Solution Treatment: 1700°F/1 hour/air cool

Age: 1325°F/8 hours/furnace cool at a rate of 100°F
per hour to 1150°F, Hold 8 hours at 1150° F/
air cool
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5.2.7 Inconel 718, 44 R, (zontinued)

The microstructure of Incos 718 following this heat treatment is
shown below at 590X,
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The resulting mechanical properties, previously obtained in order
to verify conformance of this alloy to ‘he applicable specification,

are summarized in Section 5,1.7.

5.2.8 AF 95, 50 R

This alloy was evaluated in the solution treated and aged condition
asing the heai treatment specified in General Electric Specification

C50TF31:

1650° /24 hours/elevate to
2000°F/1 hour/oil quench
1400°F,/16 hours/air cool

The average tensile properties, based cn triplicate tests of the
AF 95 material h¢ at treated per the above conditions were
determined to be as follows:
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5.2.8 AF 95, 50 R, (continued)

Measured Values, Heat No. KH 70160K11

Longitudinal Longitudinal Transverse

Room Temp. 1200°F Room Temp.
UTS, psi ' 250, COO 236, 000 239, 000
6.2% Y.S., psi 215, 000 196, 000 209, 000
A, % 10.5 11,3 10.0
Elongation, % in 4D 11,0 11.5 9.5

The hardness of the AF 95 in this condition was measured as
49-50 Re.

The heat treated structure of this material is shown at 1000X in the
following photornicrograph,
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5.2,9 AF2-1DA, 50 R,

: The heat treatment used for this alloy was the same solution and
aging cycle used for AF 95, as follows:
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5.2.9 AF2-1DA, 50 R. (continued)

1650°F /24 hours/elevate to
2000°F/1 bour/oil quench
1400°F/16& hours/air cool

The teusile properties (average of three tests) for material heat
treated per this condition azre listed below:

Measured Longitudinal Values
Heat No, K 70162K11

UTS, psi 216, 000
0.2% Y.S., psi 175, 000
RA, % 11.5
Elongation, % in 4D 12.0

The hardness of the AF2-1DA following this heat treatment was
45-46 R..

Typical heat treated microstructure is shown at 1000X in the
following photomicrograph.
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5.2,10

Rene' 80, 40 R.

It was desired to evaluate this nickel base alloy in the heat
treated condition conforming to General Electric Specification
C50TF28-83, Class A, This heat treat cycle is as follows:

2225°F (vac.)/Z hours/argon quench
2000° F (vac.)/4 hours/argon quench
1925°F (vac.)/4 hours/furnace cool to
1200° F/1 hour/air cool

1550°F (vac.)/16 hours/fan air cocl

Mechanical properties data supplied by the vendor as compared
with the specification are given below:

Tensile Properties (1600°F):

Measured Values Specification
Heat 101V9419 C50TF28-53
UTS, psi 101, 000 90, 000
0.2% Y.S., psi 90, 000 70, 000
RA, % 16 8 15

Stress Rupture (18060°F/[27, 500 psi)

Rupture Life (hours) 62.8 23
R.A,, % 5.5 5

The h. rdness of the Rene' 80 iollowing heat treatment was
IR -40 R_c,

67

P




- - B e LI - — it - —_ - "‘—- ——
ﬁ_ v h . I p. B ~ . ~v— - — R e — R

-

5.2.10 Rene' 80, 40 R {continued)

The microstructure of the heat treated condition for this alloy :
is shown at 1000X in the following photomicrograph,
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Manufacture of Specimens

Following heat treatment, specimens were manufactured in accordance
with the adjacent figures as follows:

Residual Stress Specimens, All Materials Figure 6

High Cycle Fatigue Specimens, Grinding and
Milling Figure 7

High Cycle Fatigue Specimens, EDM, ECM,
and Turning Figure 8

Low Cycle Fatigue Specimens, Grinding and

Milling Figure 9 *
Low Cycle Fatigue Specimens, EDM, ECM,

and Turning Figure 10*
Stress Corrosion Specimens Figure 11

In evaluating several of the conditions covered in this program,
surface characteristics were studied both perpendicular and parallel
to the machining lay. Definitions coverin : the various machining
orientations used relative to the specimen direction are summarized
in Figure 12,

The layout and blanking of specimens as well as specific procedures
used for the various test cut operations are summarized in the various
sections of Appendix I. This appendix covers the general preparation
of specimens (I-1) as well as the various cutting and post-processing
procedures used (I-Z through I-10), Summaries of the specific cutting
parametersa are contained in Tables I through XI.

Th:re were some slight modifications in length and width to suit
ce 'tain materials/test equipment requirements,
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5.4

Evaluation Procedures

In carrying out this program, studies of metallography, residual stress
profiles, high cycle fatigue, low cycle fatigue and stress corrosion were

used, A brief description of each is noted below.

Metallography

This phase consisted of preparing metallographic samples obtained
from test coupons, ends of residual stress coupons, and unused
portions of fatigue test specimens. These were examined at 1000X
to determine the extent of microstructural alterations present,
Detailed microhardness measurements were also made to
characterize the surface condition, Standard stylus surface finish
readings, reported in microinches AA were also included as a part
of each characteristic surface study., Details of the metallographic
procedure used are summarized in Appendix II-1,

A sampling of scanning electron photomicrographs and Talysurf traces

were also taken on some of the surfaces, This was done to briefly
explore the extent to which these tools might be used to further the

understanding of surface integrity phenomena. Examples of the results

of this effort are included in Section 6.13 of this report,

Measurement of Residual Stress

Residual stress profiles were determined for all of the significant
alloy/material removal combinations studied, This work was done
by the surface layer removal technique, following the same general
procedures as were used and reported on previously, Details of this
procedure are surnmarized in Appendix 1I-2.

High Cycle Fatigue Testing

The high cycle fatigue tests were run in the cantilever bending mode
under constant force conditions in the range of 1800-2000 cycles per
minute. All tests were run under fully reversed loading, The
majority of tests were run at room temperature, although selected
surface conditions were evaluated at an elevated temperature typical
of the service temperature range for the particular alloy involved.

General Electric performed high cycle fatigue tests on AF 95, while

Metcut performed these tests on all other materials., The specific
test details are covered in Appendix II-3,
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Evaluation Procedures (continued)

Low Cycle Fatigue Testing

Low cycle fatigue tests were accomplished in fully reversad bending
at approximately 15 cycles per minute, The equipment used by
Metcut and by General Electric for doing this work was different

in design but closely equivalent in net cyclic loading effect on the
specimens being tested, General Electric performed low cycle
fatigue tests on AF 95, while Metcut performed tests on all other
materials, For reasons noted above, low cycle fatigue tests were
also carried out at both room temperature and elevated temperature,
Details of these testing procedures are contained in Appendix II-4,

In evaluating low cycle fatigue tests, data are plotted as alternating
p3eudo stress versus total number ol bending cycles which a specimen
withstood prior to failure. Pseudo stress is an engincering term

used in low cycle fatigue and is defined as the product of elastic
modulus and the alternating strain of the specimen., The pseudo stress
value will be higher than the acti:al stress in the alloy based on the
bending mcment in the specimen whenever the yield strength of tle
material is exceeded,

Streegs Corrosion Testing

Stress corrosion testing was carried out on selected ferrcus alloys
using the salt fog exposure of bent beam specimens. This work
was carried out by the Boeing Company ir accordance with details
contained in Appendix II-5,
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6., SUMMARY OF RESULTS

AISI 4340 Steel, (Quenched and Tempered, 53 Re) o,

The surface integrity behavior of this alloy was ccvered in considerable
detail in the final report on the previous surface integrity contract,
AFML-TR-70-11. Fatigue behavior developed in that program are
included in this report for ceniparative purposes in Figare 13, As can
be seen in referring to the groups of bar graphs ghowrn in this figure,
conventional and abusive grinding both caused a significart depression
in high cycle fatigue strength as compared to gentle grinding. It can
also be seen that shot peening in most cases had the e{fect of increasing
fatigue strength considerably, although peening was not ¢ffective in
fully erasing adverse effects due to abusive machining practices,

Gentle grinding has been used as a base line to which other metal
removal processes are compared, as shown in Figure 13 and throughout
this report. The endurance limit of 102 ksi arsociated with gentle
grinding is higher than that exhibited for all other metal removal
processes, In some cases, however, a post-peening operation caused
the fatigue strength to be elevated above the 102 ksi level,

Details of the surf.ce integrity behavior of AISI 4340 are contained in
the following parts of this section.
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Surface Grinding - AISI 4340 Steel, Q % T, 50 R,

Metallography )

The metallography of ground surfaces of A1S] 4240 is very
typical of that of martensitic ferrous alloys. If such a steel

is heated to a temperature roughly ir the range nf 1500-1700°F,
the solid state microstructure immediately changes from a
mixture of ferrite or pearlite plus iron carbide to austenite.
As soon as the heat source is removed, the temperature drops
rapidly usually resulting in a transformation of this austenite
to a hard brittle phase known as martensite, If the steel being
heated rapidly is already in the martensitic state, the
austenite-marteusite cycle is simply repeated, This reaction
will occur within an extremely short time cycle, Metal
cutting operations which produce high localized heating for
only extremely short pericds of time will cause this austenite-
martensite reaction to occur in a very shallow surface layer.
This reaction is the basis of the majority of the surface eficcts
seen in ferrous martensitic alloys, This would apply to

A~SI 4340 as well as 4340 modified, which is also included in
the present renort,

The metallographic studies of ground 434¢ surfaces shown in
Figure 14 as well as the followinz residual stress data, Figure 15
are based on studies completed prior to this contractural

effort, They are included in this report, however, in order to
document the conditions of the alloy which was covered by low
cycle fatigue testing performed in connection with this contract,
As can be seen in Figure 14, gentle grinding pruednced no visible
surface alterations., This is typical of gentle or low stress
grinding operations applied to martensitic steels. Conventional
grinding as shown in Figure 14 (b) shows a small patch of hard
untempered martensite (UTM), a light etching surface laver,
immediately beneath this patch is a softened subzone of over-
tempered martensite (OTM). In the case of the abusively ground
samples, Figure 14 (c). a thick layer of light etching untempered
martensite was formed, It had sufficient depth to permit
measurernent of its hardness at 60 R.. Not only is this UTM
abou® 10 R, points harder than the base meial, but since it is
untumpered, it is brittl: and prone to cracking. Notice also that ]
the hardness of the area immediately beneath the UTM is 46 R,
somewhat softer than the base metal, This conditivn is a result of




1.1

Surface Grindiryg - AISI 4340 Steel, Q & T, 50 R,. (continued)

Metallography (continued)

overtempering the metal because of the high localized surface
heating, The temperature in this overtempered region,
however, did not get quite high enough durirg the grinding
operation to form untempered martensite.

Residual Stress

Residual stress previously determined for ground 4340 at 50 R,

is shown in Figure 15. This chart shows that gentle grinding
results in relatively low level residual stresses and in this

case, shows a peak stress of approximately 25 ksi in compression.
Both conventional and abusive grinding exhibited relatively high
tensile residual stresses, In the case of this alloy, the peaks

are in the range of 100 ksi. This is typical behavior as is the

fact that the conventional grinding usually results in somewhat
shallower stresses than abusive grinding, although the magnitude
of the peaks are gimilar,

Low Cycle Fatiguec Strength

Low cycle fatigue behavior conducted in accordance with the
details of Aprendix II-4 at room temperature is summarized

in Figure 16, As can be seen in Figure 16, the stress which
AJIST 4340 withstood for 20, 000 bending cycles was reduced from
155 to 142 ksi by shifting from gentle to abusive grinding, This
ig a 14 percent drop in stress assnciated with equal lives of

20, 000 cycles, In another comparison, at the constant stress
of 165 ksi, it may also be seen that the cyclic life was reduced
from 20, 000 tc 12, 5010 cycles by shifting from gentle to abusive

,,,,,

grinding. This is a 38 percent loss in cyciic life at a fixed stress.

While the magnitude is somewhat different, it is evident that
abusive grinding causes a depression in low cycle fatigue
behavior in this alloy roughly in proportion to that previously
determined for the high cycle fatigue behavior of the same
material. Low cycle fatigue data are summarized in Table XII.
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6.1.2 End Milling-End Cutting - AISI 4340 Steel, Q & T, 50 R.

Metallography

Photomicrographs showing the types of surfaces produced by
transverse end milling (end cutting) 4340 steel at 50 R are
shown in Figure 17, The surfaces illustrated are perpendicular
to the cutting tool path. Note the presence of some laps or
folds loosely adherent to the surtace, particularly in the case
of the gently cut samples, Figure 17 (a). Notice also in the
abusively milled samples, Figure 17 (b), the formatior of the
altered surface layers consisting of a light etching band
approximately . 0001 in, deep and an underlying darkened
band in the range of , 0001 to , 0002 in. deep. Microhardness
measurements on the abusively milled sample were able to
detect surface softening to 46 R, associated with the darkened
layer of overtempered martensite, The hardness of the white
untempered surface layer was probably in excess of 60 Rg,
Because of the shallowness of this white layer, its hardness
could not be measured by available techniques., The same
microstructural situation may exist in the gently milled sample,
Figure 17 (a), although the layers are rmuch thinner, The
’ hardness levels of these layers could not be measured. These
surface reactions are typical of those found in quenched and
tempered martensitic steels under metai removal conditions
where high localized heating occurs at the surface.

e T T e T T T

Residua: Stress

X Residual stree 3 profiles in these samples, produced by trans-
veree milling, shinwed that both gentle and abusive milling
produced a precominant peak compressive stress of approximately
120 ksi. The abusive condition also exhibited a superficial

peak tensile stress of 300 ksi, although the depth affected was

\ very smail, These dzte are plotted in Figure 18,

| As can be seen from this plot, the peak stress due to gentle
cutting occurs at a depth oi approximately , 001 in, and shows
a total affected depth of about . 008 in, In the abusively milled
sample, however, the overall compressive effect was much
greater. The compressive peak occurred at ,004 in. and the
total affected surface layer is probably in excess of , 012 in.

LN____. Y - e , -

-—— e
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1.2

End Milling:- End Cutting - AISI 4340 Steel, Q & T, 50 R¢ {continued)

Residual Stress (continued)

Even though peak rcsidual stress levels are similar, greater
distortion was produced in the abusively milled sample because
of the greater surface volume which is residually loaded in
compression Because the compressive zone lies under the
shallow tensile zone in the abusively produced surface and is
much deeper overall, the compressive condition is believed

to predominate in the integrity characteristics of this surface.

High Cycle Fatigue Strength

A summary of the fatigue behavior of gentle versus abusively
milled 4340 is shown in Figure 19, The endurance limit
attributable to gentle milling is 85 ksi, compared to 72 ksi
associated with the abusively milled condition. The surface
finishes of each group were essentially the same, in the 70 to
75 ksi range. The difference in fatigue behavior is apparently
due to the presence of overtempered martensite in the abusively
milled surface, As indicated in Figure 17, hardness of the
gently versus abusively cut surfaces were 52 versus 46 R_.
This luwer hardness, due to localized surface heating, is roughly
proportional to fatigue strength., These samples were finished
with transverse milling, hence the fatigue stress was applied
perpendicular to the surface lay, Fatigue data are summarized
in Table XII,

Stress Corrosion

A few samples of 43-.0 finished by both gentle and abusive
conditions were subjected to stress corrosion testing. All
samples failed in the range of approximately 40 to 150 hours
and in such a pattern as to provide inconclusive data regarding
stress corrocion behavior. The limited data available are
summarized in Table XXVIII.
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6.2

AISI 4340 Steel Modified, Q & T, 53 R, 285 ksi

Surface integrity behavior of 4340 Modified has been evaluated on this
alloy at a hardness level of 53 R, to determine its relative behavior
at this hardness level in comparison with that of AISI 4340 at a
somewhat lower hardness. The AISI 4340 data is summarized in
Section 6, 1.

The fatigue data on 4340 Modified shown in Figure 20 indicates the
same type of behavior as was previously exhibited for AISI 4340
(Figure 13). Most significart is the wide variation in fatigue strength
associated with differences in gurface grinding, Under gentlc
grinding conditions, an endurance limit of 122 ksi was obtained,

As shown in Figure 20, the fatigue was depressed to the range of
62-65 ksi by abusive and conventional grinding. These abusive and
conventional levels of 4340 Modified are essentially the same as that
exhibited by AISI 4340 under the same grinding conditions. The
fatigue strength resulting from gentle grinding 18 somewhat higher
in the case of the 4340 Modified because of the higher strength to
which the alloy was heat treated prior to testing. It is interesting

to note, however, that all advantage afforded by the modified alloy
in heat treating it to a higher strength level is lost in the event that
surface damage is inflicted during grinding.

It is also worthy to note that hand disc sanding resulted in a relatively
high endurance level of 105 ksi. Within the range of conditions studied,
no significant surface damage was inflicted even under the abusive
sanding conditions. In general, hand sanding has been shown to
produce relatively high levels of surface integrity under ail conditions
studied when applied to various alloys.

End milling used to perform an end cutting operation resulted in a
somewhat depressed endurance limit; namely, 63 ksi, Here again
both gentle and abusive end milling resulted in the same fatigue which
was characteristic of the level resulting from abusive grinding.
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Surface Grinding - AISI 4340 Modified, Q & T, 53 R,, 285 ksi

Metallography

Photomicrographs of structures produced by gentle, conventional,
and abusive grinding on 4340 Modified are shown in Figure 21.
Grinding conditions are summnarized in Table II. In keeping with
the procedure used for the standard data set evaluation, the
conditions to produce the various levels of grinding severity were
selected so as to attain approximately equal surface finish levels,
In the case of gentle grinding, no surface alterations or
significant microhardness changes are evident, Both the
conventional and abusive grinding procedures, however, produce
significant amounts of untempered martensite on the surface.
The underlying layer of overtempered martensite, typical of that
found in martensitic steels, is also present, It appears to be
slightly less predominant, hnrwever. than was observed in
AJISI 4340, A cormpariscon n! Figure 2) with Figure 14
indicates, by the quantities of UTM present, that the 4340
Modified at this hardness level of approximately 53 R, appears
to be somewhat more sensitive to grinding damage than AISI 4340

at 50 R.

Residual Stress

Residual strees profiles produced in 4340 Modifisd are shown in
Figure 22, F¥or comparison with 4340 at 50 R, ground under
equivalent conditions, the following data are presented,

Peak Residual Stress, ksi

Grinding

Condition 4340 Modified, 53 R, AISI 4340, 50 Rg"
Gentle 60, compression 25, compression
Conventional 150, tension 90, tension

300, tension 105, tension

Abusive

These data would again suggest that martensitic steels show
increased sensitivity to surface damage during grinding as
4

the hardness level is increased,

* Contract F33615-68-C-1003 (Report No. AFML-1T-70-11)



{continued)

r T - - -
6.2.1 Surface Grinding - AISI 4240 Modified, Q & T, 53 R_, 285 ksi ]

High Cycle Fatigue Strength

e

Fatigue strengths obtained on samples of 4340 Modified are
shown in Figure 23, Gentle grinding exhibited an endurance
limit of 122 ksi. Conventionally and abusively ground
samples yielded 65 and 62 ksi, respectively., These are

b comparable to data previously developed for 4340 at 50 R
in which the gentle, conventional, and abusive strengths were )
102, 70, and 62 ksi, respectively.® The higher fatigue strength )
of the gently ground 4340 Modified (122 versus 102 ksi) is

) logically associated with the higher strungth level to which this

alloy had been heat treated., The lower fatigue strengths in W

the 65 ksi range, however, appear to be typical of these alloys

‘ when untempered and overtempered martensite are present
in-the surface,

e

PN

L3

* Contract F33615-68-C-1003 (Report No, AFML-TR-70-11)
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6.2.2 Hand Sanding - AISI 4340 Modified, Q& T, 53 R. , 285 ksi

Metallography

Photomicrographs of modified 4340 finished by hand disc sandiag
are shown in Figure 24. Gentle sanding shows no evidence of
surface altevations. Abusive sanding shows a very thin light
etching layer on the surface and a thin dark etching layer
underneath suggesting the presence of untempered and over-
tempered martensite, The layers are too thin, however,

t¢ permit any determination of microhardness changes,

Residual Stress

Residual stress profiles of 4340 modified as the result of gentle
and abusive hand sanding are shown in Figure 25. Both types
of sanding produced shallow relatively high level compressive
stresses in the vicinity of 80-90 ksi, but with a total depth of
.001" or less, This behavior is similar to that observed
previously as a result of hand belt sanding on AISI 4340 in
whiciy case peak residual comgpressive stresses of 40 and 70 ksi
were associated with gentle and abusive methods, respectiely.

High Cycle Fatigue Strength

Fatigue strength of hand sanded samples resulted in an endurance
limit of 105 ksi for both conditions (Figure 26), Since the
photomicrographs revealed no significant surface alterations,
and since residual stress distributions were quite similar,
similar fatigue behavior can also be expected. As in the case

of hand belt sanding previously performed on AISI 4340, both the
gentie and abusive hand sanding conditions result in a fairly

high surface integrity level. Fatigue data are summarized in
Table XIV.

Stress Corrosion

A limited number of stress corrosion tests were run on disc
sanded samples of 4340 Modified in accordance with details of
Apperndix II-5, All of the samples failed in relatively short

times, however, making it difficult to draw meaningiul conclusions
from the data, Stress corrosion results are summarized,
however, in Table XXVIII,
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6.2.3 End Milling-End Cutting - AISI 4340 Modified, Q & T, 53

R., 285 ksi

Metallography

Photomicrographs of structures produced by gentle and abusive
end milling-end cutting on 4340 Modified are shown in Figure 27,
The milling conditions used for making the test cuts on these
specimens are summarized in Table IV,

The cross section of the gently milled surface shows no evidence
of plastic deformation or overheating. Microhardness data,
however, indicate surface softening, averaging 6 points R.. A
maximum softening of 8 points Rc was consistently measured

on one sample, .0005 in, beneath the surface,

The abusive milling condition produced a thin altered surface
layer which is highly worked or deformed., Apparently, no
untempered martensite is present in this surface as evidenced
by the lack of 2 white surface layer, Microhardness measurements
indicate that surface hardness changes are approximately the
same as those found on the gently milled samples, although
hardness losses as great as 10 R, were found on one sample. A
similar decrease in surface hardness was previously ohserved
on the standard AISI 4340 analysis milled under similar cutting
conditions, Section 6.1.,2. In the case of the standard 4340,
however, a thin surface layer of untempered martensite could
be observed,

Residual Stress

Residual stress profiles produced in 4340 Modifiea using the
milling conditions chosen for this program are shown in Figure 28.
The gently milled sample shows peak surface compression of

40 ksi, while the abusively milled samples show peak surface
compression of a much greater depth and approaching the stress
level of 100 ksi. Stresses produced by the abusive milling
condition penetrated to a much greater depth than those produced
by gentle milling. These effects, namely stress level direction
and relative depth, are similar to those which have been observed
previously in milling several different alloys.
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End Milling-End Cutting - AISI 4340 Modified, Q & T, 53 R, 285 ksi

(continued)

High Cycle Fatigue Strength

Fatigue strengths obtained in gently and abusively milled samples
of 4340 Modified are shown in Figure 29, Both milling conditions
result in a fatigue strength of approximately 63 ksi. These are
relatively low values as compared to the fatigue strength of

122 ksi which results from gentle grinding on this alloy.

The relatively low fatigue strength exhibited by both milled
samples is probably due to the preseace of overtempered
martensite in the surface layer. As indicated in Figure 27,
both the gentle and abusive milling caused a hardness drop in
the range of 3-4 points R.. It is interesting to note that this
fatigue depression occurs in the presence of overtempered
martensite, even though relatively high compressive stresses
are present in the sample. Note that in the case of abusive
milling, a peak residual compressive stress of approximately
100 ksi performed no better in fatigue than the gentle milled
sample which exhibited a peak compressive stress of 40 ksi,
As has been shown in other instances while studying martensitic
steels, ihe presence cof cvertempered (as well as untempered)
raartensite in the surface has an overriding effect in degrading
fatigue properties.,

A summary of the actual fatigue tests run on this material,
which resulted in the curve shown in Figure 29, is included
as Table XIV,
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T (3 {
RESIDUAL SURFACE STRESS PROFILES
IN 4340 MODIFIED (QUENCHED AND TEMPERED, 53 R.. 285 KS])
"PRODUCED B8Y END MITTING - END CUTTING —
CUTTER: 4" DIA., 5 TOOTH, C-2 (883) GARBIDE]
AR: 5° NEG. ECEA: 0°
RR: 5° NEG. RELIEF: 5°
CA: 45°
DEPTH OF CUT: .030 IN, ,
+40 CUTTING FLUID: DRY
z
g
w
Z
b
+20 GENTLE CONDITION
CUTTING SPEED: 50 FT. /MIN.
- FEED: .008 IN. /TOOTH
2 TOOL WEAR: 0-,004 IN.
y
v
23}
I~
=
w)
A
L
jov]
9
[%2]
€3]
I
4
o
I
4] l ABUSIVE CONDITION /
& , CUTTING SPEED: 70 FT./MIN.
P FEED: .010 IN. /TOOTH ;
g -60 j——V-TOOL WEAR: .030 IN, /
.80 \ L _Ar/ ORIENTATION: - |
\ TRANSVERSE MILL.
\ / STRESS PROFILES
- PERPENDICULAR TO LAY.
\ [ L
-100 | 1
. 002 . 004 , 006 . 008 , 010
DEPTH BEIOW SURFACE, INCHES v
_—
Figure 26

RESIDUA L STRESS IN 4340 MODIFIED: END MILLING - END CUTTING
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6.2.4 Drilling - AISI 4340 Modified, Q & T, 53 R_, 285 ksi

Metallography

Drilling tests were run under a variety of conditions on coupons
of 4340 Modified to explore the range of metallographic effects
associated with drilling variables. Tests were run with sharp
drills, medium sharp drills, and dull drills, both with and
without a cufting fluid., Drilling conditions are summarized in
Table VII. The technique used is described in Appendix I-7.

Photomicrographs of cross sections of drilled holes at 1000X
are shown in Figure 30, The sections chosen for photomicro-
graphs are all taken from walls of the hole, midway through
the test coupon, Figure 30 (a) is typical of that produced by a
sharp drill having essentially no wearland at the start of the
cut. No surface alterations are in evidence, although a small
quantity of built up edge which is highly deformed (light etching)
has been sineared into the surface in the center of the photo-
micrograph. No microhardness increase or decrease was
associated with the hole produced by the sharp drill. Figure 30 (b)
shows the surface produced by a somewhat duller drill having an
' initial wearland of ,008". Here again, no surface layer
alterations or changes in microhatdness were observed, The
bore of the hole is noticeably rougher than that produced between
dead sharp drills, The result of using a dull drill is shown in
Figure 30 (c), In evidence are multiple tears or cracks and
laps typically associated with the built up edge which forms
when drilling high strength steel with dull drills. A close look
at this photomicrograph alsoc indicates the presence of a high
degree of plastic deformation in the surface. Furthermore,
rehardening has occurred as a result of localized heating in
the vicinity of 60 R.. This is approximately 7 points R; higher
than the hardness of the base metal. The total depth of the
] hardened zone was found to be as great as , 004" as a result of
drilling with a , 030" wearland. All of the photomicrographs
illustrate sections of holes which were produced with a cutting
fluid (Cutmax) and with the levels of drill wear indicated,

Due to the geometry of these test surfaces, residnal stress and
fatigue data were not obtained.

SN
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6.2.5

ECM - AISI 4340 Modified, Q & T, 53 R., 285 ksi

Photomicrographs of the surface structures of 4340 Modified
produced by ECM are shown in Figure 31, Both photomicro-
graphs in this illustration show the sample to be free of heat
effected zones or plastically deformed layers, This is typical
of ECM, Microhardness examination showed a slight loss in
hardness at the surface of both samples, approximating two
points R.. This slight degree of surface softening has also
been reported on several occasions associated with ECM
processing,

The electrolyte used on the samples illustrated in Figure 31 was
NaCl. Samples were aiso ECM'd using NaNO3 as an electrolyte
with essentially the same result,
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18% Nickel Grade 300 Maraging Steel, Solution Treated and Aged, 54 R_

A summary of the high cycle fatigue behavior of this grade of maraging
steel is shown in Figure 32. In general, this limited data shows
virtually no sensitivity to variations in either hand sanding or end
milling, Conventional and abusive surface grinding exhibited a moderate
fatigue depression when compared to the effects of low stress grinding.
This depression, however, is considerably smaller than that exhibited
by the martensitic steels as well as the titanium and nickel alloys when
comparing the effects of abusive versus gentle grinding,

The same type of behavior has been previously observed for the 18%
nickel maraging steels when preliminary studies in component
distortion were made as a result of grinding and milling both the 250
and 300 grades under several conditions, Inthese  evious efforts,
the maraging steels were much less prone to distortion as a result
of abusive machining than any of the other alloys studied.
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Figure 32
SUMMARY OF HIGH CYCLE FATIGUE BEHAVIOR
OF 18% NICKEIL GRADE 300 MARAGING STEEI
(SOI.UTION TREATED AND AGED, 54 Rc)
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Surface Grinding - 18% Ni Grade 300 Maraging Steel, STA, 54 R,

Metallography

Photomicrographs of surface structures produced in Grade 300
maraging steel evaluated under gentle, conventional, and
abugive conditions are shown in Figure 33, The grinding
conditions used for making the test cuts on these specimens are
summarized in Table II.

Gentle grinding shows no microstructural evidence of subsurface
alteration, either from plastic deformation or surface overheating
which occurred, Small random light etching patches may be seen
on the surface, although they have not been identified. A surface
softening of . 0005 to . 001 in. deep was measured on the gently

ground samples. The extent of the softening was about 3 points R..

The conventionally ground samples which were studied
metallographically showed no structural evidence of deformation
or subsurface overheating, Additional disturbed patches which
were very light etching were found on the surface. The con-
ventional grinding, however, caused a greater surface hardness
loss. This loss was as great as € points R, and extended for a
depth of . 001 to , 002 inches,

Abusive surface grinding produced marked structural evidence
of surface overheating as indicated in Figure 33 (c). A light
etching layer, probably of resolutioned material, approximately
.002 in, deep, is very evident, A thin continuons completely
white etching layer may also be seen on the surface of abusively
ground samples. Neither the identity of this extreme outer
layer nor its hardness was established, Hardness loss due to
abusive grinding of approximately 10 points R, was observed.
Several hardness readings were taken within the first ,001 in,
of the surface, which ranged from 41 to 45 R,

Residual Stress

Residual stress profiles observed on maraging steel using the
grinding conditions chosen for this program are shown in
Figure 34. An unusual similarity is displayed among the
patterns of all three of the grinding conditions studied. All
exhibited a peak subsurface compression of 40 ksi, followed by
a relatively low stress tension field not exceeding 25 ksi, As
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Surface Grinding - 18% Ni Grade 300 Maraging Steel, STA, 54 R¢

{continued)

Residual Stress (continued)

the grinding becomes more severe, the tension zone becomes
deeper and the peak tension stress higher., Compared to
stress levels produced in other materials, however, the
stresses measured in maraging steel are very low, Th= reason
for the occurrence of very low regidual stresses in maraging
steel is not completely understood at the present time. It is
very evident, however, that the low, balanced surface stress
reaction is responsible for the minimum amounts of distortion
which are evidenced by this material as a result of a grinding
operation. Consequently, this maraging steel is relatively
easy to control dimensionally during processing by grinding,

High Cycle Fatigue Strength

Fatigue strengths observed in maraging steel finished by diffeirent

grinding procedures are summarized in Figure 35, A listing

of actual test data is presented in Table XV. Gentle surface

grinding produces a fatigue strength (measured at the 107 endurance

level) of 105 ksi. Conventional and abusive grinding depress .
the fatigue strength to 82 and 85 ksi, respectively., The loss in
fatigue strength due to conventional grinding is probably the
result of austenite reversion due to localized surface overheating,
This is indicated by a loss of hardness and in more extreme
instances by changes in microstructure, In terms of fatigue
response, however, the 18% Ni maraging steels exhibit
considerably less sensitivity to grinding damage than the other
high strength steels evaluated, A related behavior has also been
exhibited (in other efforts) by the minimal distortion tendencies
of these alloys.

Stress Corrosion

A few stress corrosion tests were run on surface ground samples

of this alloy per the procedure described in Appendix II-5,

Specimen life ranged from failure in 200 hours to removal .
without failure after 1000 hours. The data, however, were

inconclusive with respect to the relative stress cerrosion

sensitivity of these surfaces, Individual data points are

summarized in Table XXVIII.
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M 1 T T
RESIDUAL SURFACE STRESS PROFILES IN 18% NICKEL
GRADE 300 MARAGING STEEL (SOL. TREATED AND AGED, 54 R¢)
PRODUCED BY SURFACE GRINDING q
— p
GRINDING CONDITIONS
GENTLE CONVEN. ABUSIVE k
WHEEL A46HV A46KV A46MV
» +80 WHEEL SPEED
FT. IMIN, 2000 6000 6000 )
DOWN FEED e 1
IN. /PASS LS . 001 . 002
’ +60 GRINDING SOL. O11
FLUDD SULF. OIL (1:20) DRY
% |
E +40 WL
A
= osssssreesessss CENTILF
— ey emss CONVENTIONAIL
] ~ ABUSIVE
’ v -~ cERES e sra=n
+20 }-— —
4 A1
A \
24
= \ \ 4
2] \
. -
fg 0 -~ S
=)
n
&
m ﬂ
2
-2
Q 0
4
2
n
| 3
S -40
ORIENTATION: LONGITUDINAL GRIND. STRESS PROFILES 4
PARALLEL TO LAY,
| |
L
. 002 . 004 . 006 . 00B . 010
L
DEPTH BELOW SURFACE, INCHES
Figure 34

RESIDUAL STRESS IN 18% NICKEL GRADE 300 MARAGING: SURFACE GRINDING
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6.3.2

Hand Sanding - 18% Ni Grade 300 Maraging Steel, STA, 54 R_

Metallography

Photomicrographs showing cross sections of maraging steel
finished by hand disc sanding are shown in Figure 36. An
extremely thin layer which may be a surface alteration is
visible on each surface. No variations in microhardness were
measured, however, at distances as close at ., 001" from the
surface., Visually, it may be concluded that even the abusive
sanding operation is producing no detectable surface damage.
This is typical of behavior exhibited by this process in other
materials as well,

Residual Stress

An indication of the residual stress profiles produced in maraging

gsteel by gentle and abusive hand sanding are shown in Figure 37.
Shallow compressive stresses were produced by both conditions.
This stress profile behavior is similar to that observed for 4340
Modified, judged to be typical of martensitic steels. As may be
seen by comparing Figure 37 with the residual stress profiles
obtained on 4340 Modified due to hand sanding, Figure 25,
behavior is very similar. In neither case does it appear that
sufficient localized heat is generated by sanding to cause phase
transformations or other effects which would be adverse to
requirements for good surface integrity.

High Cycle Fatigue Strength

The high cycle fatigue behavior of hand sanded maraging steel of
this type is shown in Figure 38. The data resulting frcm all of
the test specimens which had been disc sanded under gentle
conditions and those sanded under abusive conditions fell closely
on a single curve defining the S/N behavior of the alloy. An
approximate endurance limit or fatigue strength at the 107 runout

lavel was indicated as 85 ksi, Individual test points are presented

in Table XV.

Considering the similar photomicrographs and residual stress
profiles, it is not surprising that the fatigue strength behavior
of this alloy should be unaffected by hand sanding under gentle
versus abusive conditions, The same general behavior was also
observed for 4340 Modified as shown in Figure 26.

L U ¥ 3
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6.3.2 Hand Sanding - 18% Ni Grade 300 Maraging Steel, STA, 54 R,

(continued)

Stress Corrosion

Limited stress corrosion data were obtained on hand sanded
maraging steel samples. Specimen lives ranged from
approximately 200 to €50 hours, but in such a distribution

as to be inconclusive regarding possible effects of surface
condition on stress corrosion susceptibility. The data obtained
are summarized in Table XXVIII.
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a4
RESIDUAL SURFACE STRESS PROFILES IN 13% NICKEL
GRADE 300 MARAGING STEEL (SOL. TREATED AND AGED, 54 R,)
PRODUCED IN HAND SANDING
+60
== GENTLE
110 ~—- == ABUSIVE
z
9
2]
z
i
2
+20
~ 0
w
h'A
i
s ’ HAND SANDING CONDITIONS
5 -20 GENTLE ABUSIVE
. |
p SANDING DISC Al,04 Al,04
E DISC CONDITION NEW WORN
B a0 GRIT SIZE 240 120 :
o _
- CUTTING SPEED,
9 REV. /MIN. 4500 6000
w
4 APPLIED PRESSURE LIGHT HEAVY
£ 40 |————— CUTTING FLUIG HOCUT 237  DRY =]
2
)
0
-80 —- ORIENTATION: TRANSVERSE SAND. STRESS PROFILES
PERPENDICULAR TO LAY.
. 002 . 004 . 006 . 008 L 010
DEPTH BELOW SURFACE - INCHES .
Figure 37

RESIDUAL STRESS IN 18% NICK: . GRADE 300 MARAGING: HAND SANDING
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6.3.3

wnd Milling-End Cutting - 18% Ni Grade 300 Maraging Steel,
»Ta, 54 Re

e s o

bMetellography

FPhotomicrographs of structures produced by gentle and abusive
end milling-end cutting of maraging steel are shown in Figure 39,
Milling conditions used for making test cuts on this alloy are
summarized in Table IV, Both structures show evidence of a
relatively continuous white etching layer which was also
observed in trace and greater quantities on ground surfaces,
No significant subsurface evidence of overheating or plastic
deformation is evident in the microstructures, However,

both samples showed evidence of surface softening to the extent
of ahout 3 to 4 points R¢ a8 indicated on the photomicrographs
in Figure 39,

Residaal Streas

Residual stress profiles produced in maraging steel using the

end cutting conditions indicated are shown in Figure 40, Notice
thzt both milling conditions produced moderate compressive
stresses in the range of 70 to 80 ksi and that the patterns are
generally similar., Abusive milling does, however, exert an
effect for a greater depth bencath the surface, These stresses
are somewhat higher in compression than those produced by

gentle grinding, 40 ksi, As indicated in Figure 40, the total
affected depth from abusive versus gentle milling is approximately
. 007 versus .003 inches,

High Cycle Fatigue Strength

The fatigue strengths rneasured in maraging steel samples
resuiting from the milling study are shown in Figure 4l.

Erdurance limits are essentially the same for both conditions,
namely, 123 and 120 ksi for gentle and abusive milling,
respectively, The closeness of these two endurance limits is

not surprising when one considers the similarity in microstructure,
microhardness, and residual stress profile of each surface.

It is also worthy to note that the fatigue strength levels arc
sumewhat higher than those obtained from the ground samples.

Tnis behavior would indicate a possible relationship between suriace
residual stress and fatigue strength in this material since the
higher fatigue strengths are matched with the higher peak
compressive stress levels. Fatigue dafa are summarized in

Takle XV,




6.3.3 End Milling-End Cutting - 18% Ni Grade 300 Maraging Steel,

STA, 54 R, (continued)

Stress Corrosion

A few stress corrosion tests were run on milled maraging steel
samples using the alternate immersion in salt water procedure
described in Appendix II-5. In this particular instance, 2all of
the gently milled samples were removed after a 1000 hour
exposure without failure. Abusively milled samples had lives
ranging from approximately 500 hours to removal without
failure at 1C0¢ hours. Considering the total stress corrosicn
behavior of maraging steel, however, it appears unwise to
draw any specifin conclusions from this limited data. Actual
data points are zontained in Table XXVIII,
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RESIDUAIL SURFACE STRESS PRCFILES IN 18% NIC}(EL 6'
N GRADE 300 MARAGING STEEL (SOL., TREATED AND AGED, 54 R¢) (
" . : - PRODUCED BY END MILLING - END CUTTING M
p————— CUTTER: 4 IN. DIA., 5§ TOOTH, C-2 (883) CARBIDE — :
’ AR: 5° NEG. ECEA: 2°
l RR: 5° NEG. RELIEF: 5° |
i CA: 45°
|
]

FEED: .0035IN. /TOOTH
+40 p————— DEPTH OF CUT: .030 IN.
CUTTING FLUID: DRY

| A

>
|
| | |
[

TENSION

ORIENTATION: TRANSVERSE MILL. STRESS PROFILES

g PERPENDICULAR TO LAY.
> - e S
[ 2]
w
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<
l 2 -20 ,
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@ 7/
P {
b & ]
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\ {
{
-100 b <
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Figure 40
RESIDUAL STRESS IN 13% NICKEL GRADE 300 MARAGING:
END MILLING - END CUTTING P
»
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6.3.4 Drilling -~ 18% Ni Grade 300 Maraging Steel, STA, 54 R

Metallography

Drilling tests were performed on this grade of maraging steel
primarily to determine metallographic response of drilled surfaces
to a wide variety of drilling conditions. Various conditions
evaluated are as summarized in Table VII. The testing procedure
used was as described in Appendix I-7.

As can be seen from Figure 42, all of the drilling conditions
evaluated produced rather large surface alterations in the
material. The sharpesi drill used produced a thinner distorted
layer, one as seen in Figure 42 (a), but one which is highly
worked and one which contained a number of tears or laps.

The dullest drill produced a rather deep layer of transformation
which is evidenced by the pronounced twinning pattern shown in
Figure 42 (c). Microhardness data indicated a surface loss of
approximately 4 points R, at a depth of . 001" beneath the

surface for all three conditions. Residual stress and mechanical
properties data were not obtained because of the geometry of

the test surface, The surface integrity of these drilled holes,
however, would have to be further evaluated in a specific
application in crder to qualify a particular condition for production.
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.3.5

ECM - 18% Ni Grade 300 Maraging Steel, STA, 54 R.

Photomicrographs of surface structures observed in maraging
steel finished by ECM are shown in Figure 43, These are
typical surfaces produced by ECM in that they are free of
surface layers exhibiting any degree of alteration. The surface
produced by the off-standard condition was considerably rougher
than that produced by finishing conditions, 200 and 19 AA,
respectively, Both NaCl and NaNO3 were used as electrolytes
to ECM this material with essentially equal results, Photo-
micrographs shown in Figure 43 were the result of using NaNO3.
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6.4 Titanium 6Al1-4V, Beta Rolled, 32 R,

The majority of the surface integrity work that has been done on this
alloy was accomplished in the previous AFML surface integrity
contract with Metcut (F33615-68-C-1003). The purpose of work on
beta rolled Ti-6A1-4V in the current contract was to determine the
extent to which previously observed surface integrity behavior would
also be manifest in the low cycle fatigue region.

A summary of fatigue data available to date from both the previous
contract noted above and the present contract is summarized in
Figure 44, As can be seen in this figure, abusive versus gentle
prccessing under all conditions tested, except end milling-end cutting,
showed a significant depression in fatigue strength to be associated
with the abusive condition, The greatest difference was in the case
of surface grinding where the fatigue strength was depressed from
62 to 13 ksi by shifting from the gentle to the abusive condition.

Only end milling-end cutting reversed this trend, wherein the iatigue
strength due to abusive conditions was higher than that due to gentle
conditions, 77 versus 64 ksi.

Reviewing low cycle fatigue behavior, also shown in Figure 44,
considerably less effect due to variations in processing is evident,

In comparing the stress to produce a 20, 000 cycle life, the levels
exhibited by gentle versus abusive grinding were 92 versus 71 ksi,
Percentage wise, this is a much smaller gap that the 62 versus 13 ksi
evidenced in the high cycle fatigue region for the same process,

In the case of end milling, the abusively milled surface actually
performed somewhat better than the gentle milled surface, exhibiting
fatigue strengths at 20, 000 cycles of 108 versus 98 ksi, respectively,

Considering the overall response of this alloy, it must be concluded
tha¢ the high cvcle fatigue behavior of Ti-6Al1-4V in the beta rolled
condition is quite sensitive to variables in metal removal parameters,
On the other hand, this alloy is relatively insensitive to these
variables in the low cycle fatigue region where plastic strain is
encountered in the surface area during testing.
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Surface Grinding - Ti-6Al-4V, Beta Rolled, 32 R,

Metallography

Photomicrographs illustrating the effects of gentle, conventional,

and abusive surface grinding on this alloy are shown in Figure 45,

Typical of this process, gentle grinding produced no structural

alterations nor any measurable degree of microhardness loss Y
at the surface. Both conventional and abusive grinding conditions, '
also as shown in Figure 45, indicate a slight surface alteration

in the form of a light etching layer and also a surface micro-

hardness loss of approximately 4 points Rc. Presumably this

hardness loss was due to localized heating during the grinding

operation resulting in overaging of the structure in the surface ,
area, -

Residual Stress

Residaal surface stress profiles for gentle and abusive grinding
are shown in Figure 46. Gentle grinding is shown to produce
relatively low surface stresses, but tensile in nature, The
surface peak is approximately 30 ksi and there is a subsurface
peak of approximately 15 ksi, The total atfected depth is

shallow being less than ,004". Abusive grinding produces a
residual stress profile which is very similar in appearance, but
involving considerably deeper stresses having a higher tensile
level. Peak stresses ranging from 80 to 110 ksi are associated
with abusive grinding, while the total depth affected is about , 007",

Low Cycle Fatigue Strength

The low cycle fatigue behavior of this alloy is shown in Figure 47,
Low cycle fatigue data are compared at the 20, 000 cycle range,
This is a standard which has been adopted for this program. At
the 20, 000 cycle level, the Ti-6Al-4V shows a reduction in stress
from 92 ksi due to gentle grinding to 71 ksi due to abusive
grinding, or a loss of 23 percent. In comparing cyclic

lives at 92 ksi, gentle grinding yielded 20, 000 cycles, while the
life of the abusively ground material was approximately 10, 500
cycles, or a loss of 48 percent, At somewhat higher test
stresses which resuited in specimen lives of 3, 000 to 4, 000 cycles,
the test points suggest that a crossover in behavior occurs.
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Surface Grinding - Ti-6Al-4V, Beta Rolled, 32 R, (continuzad)

Low Cycle Fatigue Strength (continued)

In comparing this low cycle fatigue behavior with high cycle
data previously obtained and shown in Figure 44, it may be
concluded that the fatigue behavior becomes less sensitive to
the surface condition of this alloy when testing is carried
out at higher and higher stresses, hence resulting in lower
and lower fatigue lives. Therefore, while at the 107 cycle
level, the fatigue lives are different having a factor of 5:1,
this gap appears to be continuously narrowing to the point
where no effect at all is observed at stresses which permit
only a 3,000 to 4, 060 cycle life. A summary of individual
test points is contained in Table XVIL
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Figure 46
RESIDUAL STRESS IN TiTANIUM 6A1-4V: SURFACE GRINDING




ONIANIYS ADVIHNS ‘ApP-1V9 WAINVLIIL 40 INDILVI JTOAD MOT

Ly 21081 q
FYNTIVE OL SATDAD
0t yO1 (01
_ 0¥
/ o
. AAISNAY m
/ 08 2
fHi 3
P | Z
ATLILNZD <!
Z,
)
ozl z
¥S 1L Falsngv %
(=
1€ z6 ATLNID o
~ o]
m
09t 3
9]
121
[
A
{vv) s} NOILIaNOD =
HSINTA SATOXD 002
- IdANS 000 ‘02
¥OJd SSTULS

“AVTI OL TATIVAVA SSIYLS AADILV.I "ANIYD TVNIANLIONOT ‘NOILVINATAO
d.5L FFANLVITINAL
SSAELE NVIW OHAZ 'NIVHLS LNVISNOD ‘DNIANIY INIOd-uN0OI *IAOW

DNIANI¥D FDVIYNS A9 JIDONA0CEL
(P¥ z¢ ‘@ATIOY VLAD) AP-1V9-11 4O SOILLSIYALDOVIVHD INDILVA ATDAD MOT

138




o e e — SO U AN ..ctn. i L S T T T T LT ™ ——y - v_"‘--,,‘rr__..,
! 7

6.4.2 End Milling-Peripheral Cutting - Ti-6A1-4V, Beta Rolled, 32 R.

The surface integrity behavior of beta rolled Ti-6Al-4V finished
by both end cutting and peripheral cutting was studied in detail
in the previous contract, F33615-68-C~1003, A total of 20
different milling conditions were evaluated statistically to
determine relative significance of various cutting parameters .
Tool sharpness was found to be the most siguificant variable.
The range of fatigue behavior resulting from the study is
summarized in Figure 44, Since the peripheral cutting
condition was found to be detrimental to fatigue life of this

alloy under abusive conditions, a brief low cycle fatigue study
was conducted in the present program. The metallographic

and residual stress data which follows is extracted from
previcus reports in order to define the surface condition for
which low ¢ycle fatigue data was obtained and is reported herein.

Metallography

Photomicrographs of beta rolied Ti-6A1-4V produced by an
arbritrary gentle and abusive condition are shown in Figure 48.
' As can be seen in these photomicrographs, nc particular
degree of surface distortion is visible. Likewise, micro-
bardness daia indicate nu changes in the hardness of the surface
layer. This behavior is typical of the beta rolled Ti-6A1-4V
which has shown relatively little sensitivity either in terms
of microstructural or hardness changes as a result of machining
. variables. Because the alloy is in the annealed condition, it
appears to be much less sensitive to surface heating which
occurs during machining than the other titanium alloys studied
which wevre in the heat treated condition.

Residual Stress

The residual stress profiles obtained for this alloy under the

milling conditions used for low cycle fatigue evaluation are shown

in Figure 49, The gentle milling resulted in a shallow peak

compressive stress of about 15 ksi, while the abusive milling

produced an equally shallow peak tensile stress of approximately

30 ksi, The total effected depth in each case was , 002 to . 003",

While some variation in residual stress profile pattern was .
noted in the detailed study mentioned zbove, residual stress

curves shown in Figure 49 are fairly typical of the response to

gentle and abusive peripheral end milling.
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End Milling- Peripheral Cutting - Ti-6A1-4V, Beta Rolled, 32 R,

(continued)

Low Cycle Fatigue Strength

A summary of low cycle fatigue data for Ti-6A:-4V \beta rolled)
machined by end milling-peripheral cutting is shicwn in

Figure 50. In examining this figure, it is noted th.:t the abusive
condition provided a somewhat higher low cycle falizue strength
than the gentle milling condition, The stress tc punduze 20, 000
cycles under abusive conditions was approximately 108 ksi,
while the stress to produce the same life under gentle conditions
was 98 ksi, Making a comparison at a constant stress level,
the stress of 108 ksi which resulted in a 20, 000 cycle life on the
abusively milled surface yielded only a 12, 900 cycle life on the
gently milled surface,

In some situations, abusive end milling (end cutting) has been
found to proviue higher high cycle fatigue life than gentle

milling (AMFL-TR-70-11). In the case of peripheral end

milling on this particular alloy, however, a fatigue degradation
was associated with abusive conditions. The reason for this
reversing of behavior is not clear, but may be assumed to result
from an interrelation of the surface plastic deformation resulting
from the milling operation plus the superimposed plastic
deformation due to the fatigue exposure,

Considering the overall behavior of this alloy, it appears most

logical to conclude that the Ti-6A1-4V in the beta rolled condition

has relatively low sensitivity to surface condition in the finite
life or low cycle fatigue region, In contrast, however, very
significant surface differences are found in high cycle fatigue
life at 106 cycles and above, A summary of individual test
points is contained in Table XVI,
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RESIDUAI. SURFACE STRESS PROFILES IN TITANIUM HAI-4V
(BETA ROLLED, 32 R¢)
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Figure 49
RESIDUAL STRESS IN TITANIUM 6Al-4V:

END MILLING - PERIPHERAIL CUTTING
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Titanium 6A1-6V-2Sn, Solution Treated and Aged, 42 B

A summary of the low cycle and high cycle fatigue behavior of this alloy
is contained in Figure 51, As can be seen, this titanium alloy is quite
sensitive to processing variations when finished by surface grinding,
end milling-end cutting, and ECM. The most pronounced effect was in
the case of surface grinding where gentle versus abusive conditions
resulted in corresponding fatigue strengths of 65 versus 20 ksi,
Significant depressions, however, were also associated with abusive
processing of end milling and ECM., An exception to this behavior

was in the case of hand disc sanding which exhibited no difference
between gentle and abusive processing in that the endurance limit
associated with both conditions was 67 ksi.

Shot peening applied to the ECM surfaces was effective in overcoming
the detrimental effects of abusive ECM in that the endurance limits

of both the standard and o‘f-standard ECM conditions were raised

to 85 ksi, Peening was somewhat effective in overcoming damage due
to the abusive grinding in that the endurance limit was raised from

20 to 50 ksi, But this did not approach the high value of 83 ksi
exhibited by gentle grinding plus peening,

Low cycle fatigue behavior of Ti-6Al-6V-2Sn, also summarized in
Figure 51, indicates that this material is rclatively insensitive to
surface variations under these test conditions, Differences between
gentle and abusive conditions were of the order of 10 rercent, and
even though the trends were the same as for high cycle ratigue, the
differences are sufficiently small as to be considered not particularly
significant,
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Surface Grinding - Ti-6Al-6V-25Sn, STA, 42 R,

Metallography

Test cuts used to nbtain gentle, conventional, ard abusive
grinding conditions on this alloy are summarized in Table IL
Photomicrographs of surface sections are shown in Figure 52,
Gentle surface grinding shown in Figure 52 (a) exhibits a some-
what roughened surface but with no microstructural evidence
of overheating or subsurface alteration. Extensive surface
softening, however, gave a clear indication of surface damage
probably due to localized heating even under gentle conditions.
Very low surface microhardness measurements were obtainzd
on gently ground samples with scveral readings in the range
of 30 R¢ at , 0005 in, and 35 R at , 001 inches. A slight

peak in excess of the base hardness was nbserved at , 003 in,
belovs the surface. The same ge-eral microhardness pattern
was observed under both conventional and ahusive grinding
conditions, but extending to a greater depth beneath the
surface. In the case of abusive grinding, for example, a total
affected depth of hardness loss of approximately ,010 in, was
noted.

The conventionally ground microstructure shows snme evidence
of surface alteration as indicated by a reasonably continuous
white layer across the surface, A pronounced heat afrected
zone was produced by abusive grinding. Visually, the total
affected depth of altered microstructure was approximately

. 006 in., although hardness changes were observed to a greater
depth as noted above, This shows a marked sensitivity of

the material to abusive surface grinding as judged from both
the microscructure and the microhardness effect,

Fhotomicrographs showing ground samples which have also been
subjected to shot peening are shown in Figure 53, Samples which
have been gently and abusively ground are presented in this
figure and appear to be very similar to those which illustrate

the condition prier to shot peening, Figure 52. The same
surface softening chavacteristics exist, although the extent of
sofiening is not quite as great as in the unpeened surface. This
may be a sample to sample difference ox may be the result of

a slight work hardening effect due to shot peening,
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6.5.1

Surface Grinding - Ti-6A1-6V-2Sn, STA, 42 R, (continued)

Residual Stress

All residual stress profiles associated with grinding contain high
residual tensile stresses, Gentle, conventional, and abusive
grinding exhibit peak tensile stresses of 20, 60, and 90 ksi,
respectively, The abusive grinding produced the greatest depth
effect, Th2se various comparisons are indicated in Figure 54.

Residual stress profiles measured in Ti-6Al-6V-28n as a result
of grinding followed by shot peening are shown in Figure 55,
Notice that both types of ground surfaces exhibit peak compressive
stresses in the range of 70-90 ksi, This behavior is typical of
that which has been observed previously, namely, that shot
peening will produce peak residual compressive stresses in a
surface equal roughly to one half the yield strength of the
material,

High Cycle Fatigue Strength

A sumraary of the fatigue behavior of Ti-6Al-6V-2Sn due tu
variables in grinding is shown in Figure 56. Complete data
are contained in Table ¥XVII. The euadurance limit of 65 ksi
assuciated with gentle grinding is within the normal range of
properties to be expected from this material. Conventional
and abusive grinding, however, exhibit marked depressions
in fatigue strength to 30 and 20 ksi, respectively. This
general behavior is typical of that which has been observed
previously on Ti-6Al1-4V, It is perhaps significant to note
that these variations in fatigue strength bear no consistent
relationship to the surface finish levels of these specimens

.which are also indicated in Figure 56.

Shot peening is effective in elevating the fatigue strength of

ground Ti-6A1-6V-25n. Notice, hcwever, also as indicated

in Figure 56, that the fatigue strength on abusively ground

surfaces was raised from 20 to 50 ksi, while the fatigue

strength of gently ground surfaces was raised from 65 to 83 ksi,

It is most important to notice that although approximately
equal compreseive stresses were produced in both the gently
and abusively ground surfaces by shot peening, that the fztigue

restoration was not equal, This is another one of many

indications that residual stress alone will not be uged as the

sole criterion for predicting fatigue behavior., It is also an




. 5.

1

Surface Grinding - Ti-6A1-6V-28n, STA, 42 R. (continued)

High Cycle Fatigue Strength (continued)

indication that, while helpful, shot peening is not completely
effective in overcoming surface damage resulting from
abusive grinding on this alloy.
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+160 1 1 1 1 1
g RESIDUAL SURFACE STRESS PROFILES OF Ti-6Al-6V-25n
(SOLUTION TREATED AND AGED, 42 R,)
PRODUCED BY SURFACE GRINDING
+140
GRINDING CONDITIONS
GENTLE  CONVEN, ABUSIVE
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DOWN FEED R
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N |
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¢ \ o e o ABUSIVE
w4 r'\ \
o \
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A \ \
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= N\
9 +20 8 \ \
4 N\
@
s 4
™~ N
-
Z ~ -
9 9 :
A ORIENTATION: LONGITUDINAL GRIND.
£ STRESS PROFILES PARALLEL TO LAY,
8 |
o =20 L L
002 . 004 , 006 . 008 010 )
DEPTH BELOW SURFACE, INCHES

Figure 54
RESIDUAL STRESS IN TITANIUM 6Al-6V-25n: SURFACE GRINDING
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RESIDUAL SURFACE STRESS PROFILES
IN Ti-6Al-6V-25n (SOLUTION TREATED AND AGED, 42 R()
PRODUCED BY SURFACE GRIND PLUS SHOT PEEN
+60 -
i |
5 [
% +40 \
: |
H \
+20 ,, \
) 0 ,
= |
é; Abusive Grind & Shot Peening
ﬁ Gentle Grind & Shot Pecening
n | ]
o] -20 Al |
g Grinding Conditions
9 Gentle Abusive
v
3 I Wheel C60HV A46MV
-40 —_—
4 Wheel Speed 2000 6000
9 l ft. /min,
A
g:; D?wnfeed nLg" 002
& / in. /pass
2 -60—2-N—1T ¥— J——Grinding —
3 ~’ Fluid KNG, Dry
-80 V,\/f | JI | |
) |
Orientation - Longitudinal Grind - Stress Profiles Parallel to Lay
1 e i
. 002 . 004 . 006 . 008 . 010
DEPTH BELOW SURFACE, INCHES
Figure 55
RESIDUAL STRESS IN TITANIUM 6Al-6V-2Sn: SURFACE GRIND PLUS SHOT PEEN
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6.5.2 Hand Sanding - Ti-6A1-6V-2Sn, STA, 42 R,

Metallography

Photomicrographs of surface secticns of this alloy produced by
gentle and abusive hand sanding are shown in Figure 57, Disc
sanding methods as summarized in Appendix I-3 and Table III
were used to make these test cuts, The Ti-6Al-6V-2Sn alloy
has demonstrated a microstructural sensitivity to localized
surface heating as shown previously in the case of the micro-
structures resulting from surface grinding operations. Since
the hand sanding shows very little if any microstructural
change, it is assumed that relatively little surface heating was
associated with the hand sanding operation. Some effect was
noticed, however, since both samples exhibited a hardness loss
of 4 points R¢, although the total depth effected in this was less
than . 002 inches,

Residual Stress

Residual stress profiles associated with hand sanding
Ti-6Al-6V-2S8a are very similar resulting from both abusive
and gentle conditions, Both curves, Figure 58, show a

shallow compression and a subsequent surface tension, although
at a low level of less than 10 ksi, approximately ,004'" beneath
the surface, The level of compressive struss was slightly
higher in the case of abusive sanding, although the position of
the peaks was very similar. This behavior is quite in contrast
to the residuzl stress profiles caused by surface sanding,
Figure 53, which show very high teneile peaks for all conditions,
even gentle sanding.

High Cycle Fatigue Strength

Both gentle and abusive surfaces exhibited the same high cycle
fatigue strengih, 67 ksi, as shown in Figure 59. This compares
very favorably to the 65 ksi level which resulted from gentle
surface grinding. Abusive hand sanding did not produce the
marked faiigue depression which was attributed to abusive
surface grinding. Comparing, however, the microstructures
associatea with the hind sanding and surface grinding operations,
this behavior is not surprising in view of the minimuin surface
distortion produced by the abusive sanding operation. The
individual fatigue data points are summarized in Table XVII,
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RESIDUAL SURFACE STRESS PROFILES
IN TITANIUM b6Al- 6V-25n (SOLUTION TREATED AND AGED, 42 Ry)
PRODUCED BY HAND SANDING
+60
e EE——— GENTLE
9 +40
% T aes e ANBUSIVE
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D e ——
7} 0 - T —
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g |
wn
]
o4
: |
w .20 Ia? B
3 |’
g HAND SANDING CONDITIONS
2 Y
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DISC CONDITION NEW WORN
% GRIT SIZE 240 120
1) CUTTING SPEED,
@ g0 |_____  REV./MIN. 2000 6000 -
[ 4
o APPLIED PRESSURE LIGHT HEAVY
o) CUTTING FLUID HOCUT 237 DRY
v I {1:50)
80 I 1 I |
| | | | |
ORIENTATION: TRANSVERSE SA['D. STRESS PROFILES
l PERPENDICULAR TO LAY,
. 002 . 004 .006 . 008 .010
DEPTH BELOW SURFACE - INCHES
Figure 58

RESIDUAL STRESS IN TITANIUM 6Al-6V-2Sn: HAND SANDING
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6.5.3 End Milling-Peripheral Cutting - Ti-6Al-6V-25n, STA, 42 R¢

Metallography

Sections of surfaces produced by gentle and abusive end milling-
peripheral cutting of Ti-6A1-6V-2Sn are shown in Figure 60. A
very thin layer of surface distortion not exceeding . 0001 in,

is associated with the gentle cutting condition. Slight surface
softening to the extent of 6 points Rc was measured at, 0005 in,
beneath the surface. The hardness change, however, completely
disappeared in the gently milled surface at a depth of . 002 inches.

When abusively milled, however, this alloy exhibited a rather

pronounced surface reaction as shown in Figure 60 (b). A

white layer, approximately .001 in. deep, was formed and an

alteration in the structure could be seen for a total depth of

. 004 inches, Abusive milling resulted in a surface hardness

loss of as much as 8 points R, and a total affected depth of

. 004 inches, The microstructural conditions shown in

Figure 60 (b) are primarily due to iocalized surface heating,

although plastic deformation is also evident in the first .00l in,

beneath the surface, :

The milling conditions used for making the test cuts on these
specimens are suinmarized in Table V,

Residual Stress

Residual stress profiles which were determined on Ti-6Al-6V-2Sn
are shown in Figure 61, Both milling conditions showed evidence
of surface tension, Gentle versus abusive milling produced
surface stresses of 15 and 65 ksi, respectively. Both milling
conditions also exhibited relatively low level subsurface
compressive peaks. This behavior is somewhat different from
that normally found as a result of milling. More typically,

low residual surface stresses resulting from milling are
compressive, Furthermore, they normally reach considerably
higher levels than those exhibited by this alloy,

High Cycle Fatigue Strength

Fatigue strengths associated with milled Ti-6Al1-6V-25n are

shown in Figure 62, Gentle milling produced an endurance

limit of 73 ksi, while abusive milling depressed this property

to 45 ksi., These values may be compared to the gentle

grinding baseline of 65 ksi. Data are summarized in Table XVIL ,
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6.5.3 End Milling-Peripheral Cutting - Ti-6Al-6V-25n, STA, 42 R¢
{continued)

Low Cycle Fatigue Strength

Low cycle fatigue behavior of Ti-6Al-6V-2Sn at room temperature
as the resuit of gentle and abusive peripheral end milling is
summarized in Figure 63, The data show relatively little
difference in behavior from the two different milling conditions,
although some spread is indicated in the longer life tests. At
20,000 cycles, which has been adopted as a comparison

standard for this program, the pseudo-stress values associated
with gentle and abusive milling are 116 and 103 ksi, respectively.
These data indicate an 11 percent drop in low cycle fatigue
strength at 20, 000 cycles for the abusive condition. Comparing
cycle lives at 116 ksi, gentle versus abusive milling results in
20,000 versus 15,000 cycles, respectively or a life loss of 25
percent,

Machining conditions used to produce test cuts on these samples
are summarized in Table V., Individual test results are pre-
sented in Table XVIII,
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RESIDUAL STRESS, KSI

TENSION

COMPRESSION

| I T T
RESIDUAL SURFACE STRESS PROFILES
OF Ti-6Al-6V-25n (SOLUTION TREATED AND AGED, 42 R
PRODUCED BY END MILLING - PERIFHERAL CUTTING
+120
CUTTER: 4IN. DIA,, 6IN. LONG, 12 TOOTH,
C-2 (883) CARBIDE
AR: 15° RELIEF: 10°
+100 RR: G°
FEED: .004 IN./TOOTH
DEPTH OF CUT: .030 IN,
+80
+60F
\ ~ABUSIVE CONDITION
CUTTING SPEED: 150 FT, /MIN,
TOOL WEAR: .015- .020 1N,
+4-0‘-———-\'— CUTTING FLUID: DRY
+20 \ GENTLE CONDITION
\ { /CUTTING SPEED: 100 FT./MIN,
TOOL WEAR: (-.004 IN,
\ CUTTING FLUID: HOCUT #237 (30:1)
0} ‘

|

| - o ®
-
\ ‘ o
“ -
-20 \'_ { J +
ORIENTATION: LONGITUDINAL MILL. STRESS PROFILES
PARALLEL TO LAY.
-40 |
. 002 004 .06 .008 .010

DEPTH BELOW SURFACE, INCHES

Figure 61
RESIDUAL STRESS IMN TITANIUM 6A1-6V-2Sn:
END MILUING - PERIPHERAL CUTTING
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q 6.5.4

ro

ECM - Ti-6Al-6v-2Sn, STA, 42 R,

Metallography

Photomicrographs of structures resulting from the electro-
chemical machining of Ti-6A1-6V-2Sn under standard and
off-standard conditions are shown in Figure 64, The ECM
conditions used to produce these cuts are summarized in
Table IX,

A cross section of the surface produced under standard ECM
conditions shows no evidence of plastic deformation or other
distortion. Microhardness data suggests a slight softening
of the surface approximating two points Re, This surface
softening is typical of that which has been observed as a
result of ECM,

The off-standard cutting condition resulted in a considerably
rougher surfacc than the standard condition, 145 versus 11 AA,
as indicated in Figure 64, This is the only visible difference
resulting from standard versus off-standard ECM in that
microhardness changes in both cases were about the same.

Photomicrographs of similar ECM surfaces, but modified by
a post-processing shot peening are show in Figure 65. Shot
peening conditions are summarized in Ta»le IX. The photo-
micrographs show the same general cond:tions as indicated
in Figure 65. No visual indication confirming the presence of
the chot peening can be seen in this photomicrograph, This
indicates that the actual degree of plastic deformation
produced by the shot peening is relatively low, Were a large
amount of plastic deformation present even in a very shallow
layer, it would be quite evident.

Residual Stress

A summary of the residual stress data obtained on the four ECM
conditions studied for thie alloy is shown in Figure 66. Note
that the standard and off-standard ~onditions in the as-ECM'd
surface produce very low levels of residual stress. The peak
stress measured is approximately 10 ksi tension at the surface.
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6.5.4 ECM - Ti-6Al1-6V-2Sn, STA, 42 R (continued)

Residual Stress (continued)

In contrast, the post-shot peening operation produced fairly
high residual compression in the surface of about 80 ksi,
The total effected depth was about ,008 inches., The post-
shot peened behavior of both the standard and the off-standard
ECM'd specimens was about the same, hence, only a single
profile is shown., This is to be expected since the as-ECM'd
samples also skowed essentially the same residual stress
profile. The level of residual stress is also what might be
expected in that many investigators have found that shot
peening a suxrface will produce peak resgidual compressive
stresses equal to about one-hailf the yield strength of the
material being peened.

It is interesting to note that thess large levels of residual stress
are produced in the surface from the degree of plastic
deformation produced by peening and yet the amount of
deformation is sufficiently small as not to be easily detectable
by optical metallographic techniques,

High Cycle Fatigue Strength

Fatigue behavior of Ti-6A1-6V-25n asscciated with LCM surfaces
is shown in Figuvre 67. Samples finished by standard ECM
exhibited an endurance limit (107 cycles) of approximately 72 ksi.
This compares very favorably to the endurance limit of 65 ksi
previously obtained for this same alloy finished by gentle
grinding. Thia is the sole instance cbserved to date with any
material where the fatigue strength due to ECM was higher

than that due to gentle grinding,

Off-standard EECM, however, as may be seen in Figure 67, caused
a marked reductiun in fatigue strength to approximately 47 ksi,
Since the reasidual stress profiles and the microhardness
distribution in beth the standard and the off-standard samples
are about the same, this fatigve depression due to off-standard
ECM may at least in part be atiributable to the increased
surface roughness. It may be misleading, however, to conclude
that the difference is totzlly atirihutable to an increase in
roughness since ather factors may aiso contribute to this Hehavior,
: This alloy differs from the behavior of others studied in that in
this case only, different ECM conditions result in significantly
different fatigue properties.




6.5.4

ECM - Ti-6Al1-6V-2Sn, STA, 42 R. (continued)

High Cycle Fatigue Strength (continued)

Shot peening of all of the samplec under conditions shown in
Table X has resulted in a considerable increase in fatigue
strength, Shot peening samples previously cut by both standard
and off-standard ECM exhibited essentially the same

behavior resulting in an endurance limit of about 85 ksi.

It can be assumed that at least a portion of this fatigue
elevation is due to residual compressive stresses induced

by the peening operation,

A summary of all of the fatigue data developed under this
contract on Ti-6A1-6V-25n to date is contained in Table XVII,

Low Cycle Fatigue Strength

Low cycle fatigue beha' ior of this alloy after ECM and shot
peening is shown in Figure 68. The stresses resulting in

a 20, 000 cycle life as a result of off-standard versus standard
ECM were 100 to 112 ksi, respectively, Thisr is particularly
interesting behavior when a comparison is made to the high
cycle resuits, Figure £7. In the case of the high cycle fatigue
samples which were not peened, the off-standard ECM showed
a pronounced fatigue depression compared to standard ECM,
47 versus 72 ksi, As a result of shot peening, the endurance
limits of both ECM varieties were raised to 85 ksi. In the low
cycle region, however, a separation between the standard and
off-standard surfacesis again evident even th -ugh the same
""corrective" peening had been applied to both surfaces as a
post-processing operation. While the cause for this behavior
is not completely clear, it is possible that the surface plastic

strain magnitude of the high cycle fatigue testing exposure serves

mlm e v wa as ale

to relax, hence, partially overcome, the compressive stresses
produced by peening. Should :his be the case, tne separation
between atandard and off-standard ECM strength as observed
would again be evident, A summary of this data is presented
in Table XVIOI,
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RESIDUAL STRESS, KSI

TENSION

COMPRESSION

+40

+20]

-20

-40

-60

-80

i H T T
RESIDUAL SURFACE STRESS PROFILES

OF Ti-6Al-6V-28n (SOLUTION TREATED AND AGED, 42 R¢)

OFI -STANDARD

1# NaCl/GAL.

STANDARD
CURii{Np’l'sﬁglz\YSI"l‘Y 476 5.10
FIL;NEz[/)NTI?\EE' . 060 20 SEC. DWELL
ELECTROLYTE 1# NaCl/GAL,

I

OFF-STANDARD ECM

STANDARD ECM

ECM + SHOT PEENING

STANDARD AND OFF STANDARD

. 002 . 004 . 006 . 008

DEPTH BELOW SURFACE, INCHES

. 010

Figure 66

RESIDUAL STRESS IN TITANIUM 6Al-6V-2Sn:

ECM AND ECM + SHCT PEENING
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6.6 Titanium 6Al-2Sn-4Zr-2Mo, Solution Treated and Aged, 36 R

A summary of the surface integrity behavior of this alloy as measured
by high cycle fatigue strength is contained in Figure 69, Typical of
titanium alloys, this material is also quite sensitive to variations in
surface machining parameters. Gentle, conventional, and abusive
surface grinding resulted in fatigue strengths of 68, 17, and 10 ksi,
respectively. End milling-peripheral cutting also showed a marked
fatigue depression when comparing gentle to abusive conditions,

82 versus 47 ksi,

Although this alloy was evaluated only in terms of surface grinding
and end milling, it is probable that the sensitivities to other metal
removal methods previously demonstrated for various titanium
alloys would generally be found in this rnaterial.




gy -
SURFACE
GRIND
END MILL S LT
PERIPHERAL CUT
GENTLE
CONVENTIONAL
]
Bl susveE
0 20 40 60 80 100

ENDURANCE LIMIT, K8I

Figure 69

SUMMARY OF HIGH CYCLE FATIGUE BEHAVIOR
OF TI-6Al-28n-4Zr-2Mo {SOLUTION TREATED AND AGED, 36 R.)
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6.6.1

Surface Grinding - Ti-6Al-28n-4Zr-2Mo, STA, 36 R¢

Matallography

Photomicrographs of surface cross sections produced by gentle,
conventional and abusive grinding are shown in Figure 70. The
gentle surface shows a relatively smooth surface and cornplete
freedom from plastic deformation or other types of surface
alteracions. The conventionally ground surface, Figure 70 (b),
shows a thin plastically deformed layer, approximately

.0002 in, deep, The abusively ground sample shows a much
deeper layer of plastic deformation which exceeds .001 inches.
None of the samples shows any rnicrostructural effects which
could be attributed to overheating., However, this material

is relatively resistant to structural charges due to at least
moderate heating; hence, this behavior is not particularly
surprising., Microhardrness measurements un all three samples
show essentially no hardness change. Even in the case of the
abusively ground sample, Figure 70 (c). the zone which
exhibited plastic deformation yielded approximately the same
microhardness measurements as the rest of the samples,

This behavior is somewhat in contrast to that found in
Ti-6A1-6V-25n, which exhibited surface softening due to
grinding.

Residual Stress

Residual stress profiles produced in Ti-6Al-2Sn-4Zr-2Mo by
various typese of grinding are shown in Figure 71. Gentle
surface grinding produced low level stresses having a2 peak of

10 ksi tension, Normally, gentle grinding produc:s compressive
residual stress, but of low level. In the case of tae Ti-6Al-25n-
47Zr-2Mo, however, and also in the case of the Ti-6A1.6V-25n
mentioned above, low level tensile stresses were produced

by gentle grinding. The significant point, howzver, app2ars to
be that gentle grinding does produce a relatively jow reaidual
stress profile which is normally compressive, but which may

in some cacses be tensile in nature., DBoth the conventicnal and
abusive surface grinding resulted in fairly high residual tensile
stresses having peake in the range of 80-90 ksi. These data
also shown in Figare 71 are typical of abusive grinding on a
wide variety of alloys,
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Surface Grinding - Ti-6Al-25n-4Zr-2Mo, STA, 36 R. (continued)

ck

High Cycle Fatigue Strength

A summaryv of the fatigue behavior of Ti-6Al1-2Sn-4Zr-2Mo due
to variables in grinding is shown in Figure 72, Endurance
limit associated with gentle grinding was rneasured as 68 ksi
at 107 cycles. In contrast, the fatigue strengths attributable
to conventional and abusive grinding were 17 and 10 ksi,
respectively, These marked reductions 1 fatigue strength
have previously been found in Ti-6Al1-47 (I:eta rolled) and
Ti-6A1-6V-25n, as summarized in previous reports. A
complete liscing of the fatigue data obtained on this alloy is
contained in Table XIX.
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1 I
RESIDUAL SURFACE STRESS PROFILES

OF Ti-6Al-2Sn-4Zr-2Mo (SOLUTION T: TA TED AND AGED, 346 R¢)

1

PRODUCED BY SURFACE GRINDING

RE .IDUAIL STKES.: IN T'TANIUM 6At-23n-4Zr-2Mo:

SURFACE GRINDING

SRINDING CONDITIONS —
GENTLE CONVEN, ABUSIVE
WHEEL C60HV C60KV AabMV
+100 WHEEL SPEED 2000 €000 £000
FT. /MIN. } ’
DOWN FEED
11 g 11 002
- IN. /PASS LS
p 4
L Y A “R;?EIISG KNO CHEM.  DRY ™
\ ” (1:20) EMUL.
z
z \
7 +60 \ GENTLE
I \ s e CONVENTIONAL
[_{
osme wes amm A RBUSIVE
:ﬁ. +40 \.
2 \
=
\
2 +20
2 \
8 \
wv)
X \
o | | \
Z 0
9 ' N
1]
]
=)
[+
& |
=
8 -20 ORIENTATION: LONGITUDINAL GRIND, STRESS PROFILES —
PARALLEL TO LAY,
e
.DO2 . 004 . 006 . 008 . 010
DEPTH BELOW SURFACE, INCHES
Figure 71
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6.6.2 End Milling-Peripheral Cutting - Ti-6A1-25n-4Zr-2Mo, STA

36 R {continued)
Metallography

Cross sections of surfaces produced by gentle and abusive end
milling-peripheral cutting of Ti~-6A1-2Sn-4Zr-24Mo are shown
in Figure 73, A very thin layer of plastic deformation
approximately . 0002 in. deep may be seen on the surface of the
gently milled sample (Figure 7T3a). A slight amount of

surface softening averaging two points R, was found to be
characteristic of the gentle milling condition on this alloy,

Abusive milling produced a significant and relatively deep

layer of plastically deformed or disturbed material. This is
very evident and can be seen in Figure 73 (b) to be approximately
. 002 in, deep (2 in. in depth on the photograph which is

1000X). All of the disturbance on both of these samples appears
to be primarily mechanically produced plastic deformation.

No microstructural change such as darkening or resolutioning
was observed, indicating a relative insensitivity of this alloy

to the effects of localized surface heating. The abusively
milled samples exhibited small surface hardness losses up

io about three points R¢ in the midst of the plastically deformed
zote, This behavior indicates that thc material is also not
subject to strain hardening as is often associated with plastic
deformation,

The milling conditions used for making the test cuts on these
specimens are summarized in Table V.

Residual Stress

Residual siress profiles produced on this alloy as a2 resylt of
both gentle and abusive peripheral end milling are shown in

Figure 74. As can be seen in this figure, relatively low levels
of stress were observed. Gentle milling exhibited peak
stresses, separately both tensile and compressive, of less
than 20 ksi. Abusive milling exhibited peak compressive
stresses slightly over 30 ksi, Note, howsver, that the total
depth to which compressive stresses were present in the
abusively milled sample is considerably greater than in the
gently milled sample, ,010 in., versus ,003 inches,




6.6.2 End Milling-Peripheral Cutting - Ti-6A1-25n-4Zr-2Mo, STA,
36 R¢  {continued)

High Cycle Fatigue Strength

Fatigue strengths determined in this part of the test program
are shown in Figure 75. Geni'e milling resulted in a fatigue
strength of 82 ksi, This is somewhat above the 68 ksi value
determined for gentle surface grinding the same material,

The abusive peripheral end milling caused a significant loss

> of fatigue strength, indicating an endurance limit of 107 cycles
of 47 ksi, This behavior is generally similar to that
determined for Ti-6Al-6V-28n reported in Section 6,5, 3,

Data for the Ti-6Al-2Sn-4Zr-2Mo alloy are surnmarized in
Table XIX.
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RESIDUATL STRESS IN I'TTANIUM 6Al-25n-47r-2Mo;
END MILLING - PERIPHERAL CUTTING

-l _ - - - - - --—gv -
! Bl | I 1
RESIDUAL SURFACE STRESS PROFIL.ES OF Ti-6Al-28n-47r-2Mo
{SOL.UTION TREATED AND AGED, 36 Rg)
PRODUCED BY END MILLING - PERIPHERAL CUTTING
CUTTER: 4 IN. DIA., 6 IN. LONG. 12 TOOTH
C-2 (883) CARBIDE
FEED, IN./TOOTH: .004  AR:+15 RR: 0° REILIEF: 10°
DEPTH OF CUT, IN.: .030 1 l
+60 i IL ‘ 1
i GENTLE ABUSIVE
140 CUTTING SPEED c _
FT./MIN. 100 150
CUTTING FLUID HOCUT #237 DRY
(30:1)
TOO:. WEAR., IN. 0-.004 015...020
120
b
Q
Z
(o
=
—_ 0 .
v H
¥ \‘ N
7 \ | | !
i \ L~
L 4
= i -~ 1
7} 207 T ' \ / - ‘
Bz j N l
[ 9 ‘
= L 3
28 1 GENTLE
i ] o o A BUSIVE
Cﬁ { { !
3 | |
v ORIENTA'"ION: LONGITUDINAL MILL. STRESS
- 60 PROFILES PARALLEL TO LAY ——
. 002 . 004 . 006 . 008 L0310
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6.7

Inconel 718, Solution Treated and Aged, 44 R,

&

A summary of the surface integrity behavior of this alloy as indicated
by high cycle and low cycle fatigue strengths is shown in Figures 76
and 77. Inconel 718 shows a significant sensitivity to surface grinding
variables, As indicated in Figure 76, shifting from gentle to
conventional grinding caused a fatigue depression of from 60 to 24 ksi,
Variations in turning (facing), ECM, and EDM, however, did not cause
differences in fatigue behavior indicating that Inconel 718 is
insensitive to variations in these processes within the ranges studied,
Note, however, that EDM and ECM exhibited basic endurance limits
considerably below those associated with gentle grinding. EDM, in
fact, yields a fatigue strength lower than that produced by conventional
grinding, 22 versus 24 ksi,

It may also be seen in Figure 76 that peening when applied to variously
produced surfaces as a post treatment is effective in significantly
raising the fatigue strength of the material. In all cases where peening
was applied to Inconel 718, the high cycle fatigue strength was raised
to a level which exceeded that exhibited by the gentle grinding.

Low cycle fatigue behavior; measured in terms of the stress to produce
a life of 20, 000 cycles, shows the same relative behavior as exhibited
by high cycle fatigue strength. As indicated in Figure 77, low cycle
fatigue strength at 20, 000 cycles due to genile versus abusive grinding
was measured as 160 versus 127 ksi. T,ow cycle fatigue strength for
turned surfaces was the same as a result of both gentle and abusive
conditions; however, high cycle fatigue behavior also gave equal

values for gentle and abusive turning conditions, Equivalent behavior
is also shown for ECM plus peening,

In still another study, an indication was obtained regarding the trans-
latability of surface integrity behavior to an elevated temperature
situation. As was indicated in Figure 77, comparative elevated
temperature behavicr for turning and ECM pius peening were in pro-
portion to the corresponding behavior at room temperature,
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6.7.1 Surface Grinding - lnconel 718, STA, 44 R¢

Metallography

To provide metallographic reference for the presentation of low
cycle fatigue data, a metallographic summary of Inconel 718
behavior associated with surface grinding has been extracted
from previous work and is shown in Figure 78. As can be
seen, this alloy does not exhibit any effects due to localized
surface heating associated with grinding. Likewise, thereis
no significant indication of surface damage or alterations in
the structure. Microhardness studies confirm the lack of

any detectable effects since no microhardness loss at cthe
surface was evident,

Residual Stress

Residual stress distribution measured in Inconel 718 as a result
of surface grinding variables is shown in Figure 79. Notice

that gentle grinding produces the typical compressive stress

near the surface of relatively low value, in this case, approaching
40 ksi, In contrast, both conventional and abusive grinding
produces relatively high tensile stresses of approximately

130 ksi. The total stress laver is considerably deeper, in the
range of .010" as compared to .003" for the gentle gvinding
condition.

Low Cycle Fatigue Strength

A summary of low cycle fatigue characteristics of Inconel 718
associated with surface grinding is shown in Figure 80. Detailed
test data are included in this report as Table XXI. At the 160 ksi
stress level, specimen life dropped from 20, 000 to 9,200 cycles
by saifting from gentle to abusive grinding. The stress required
to achieve a 20, C00 cycle life similarly dropped from 160 to

127 ksi, While the adverse effect of abusive grinding is
unquestionably present, the magnitude of the effect is somewhat
less than had been previously determined in Ligh cycle fatigue
testing, In this particular instance, however, the detrimental
effects of abusive grinding are sufficient to be a cause for
concern chould components of Inconel 718 be operating under
conditions which makes their life limit be their low cycle fatigue

behavior.
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6.7.2 Turning - Inconel 718, STA, 44 K¢

Inconel 718 was subjected to a detailed study exuploring the etffccts
of surface finish variations on surface integrity behavior under
both gentle and abusive turning conditions. A complete sununary ~
of the metallography, residual stress and high cycle fatigue
behavior of the alloy is included as Section 6,11.3 of this
report,

Low Cycle Fatigue Strength

In low cycle fatigue testing at room temperature, turned surfaces
of Inconel 718 exhibited no difference in fatigue behavior as a
result of gentle versus abusive conditions. AIll of the tests run
for these conditions, as summarized in Table XXI, fell on a singl>
curve, shown in Figure 81, This displays essentially the same
behavior as was indicated in the high cycle fatigue tests of this
alloy in the turned condition. The low cycle fatigue behavior of
this alloy at a simulated service temperature of 1000°F shows

a slight separation due to gentle versus abusive grinding. At

the 20, 000 cycle level, the data indicates a loss in strength
capability of from 118 to 103 ksi due to a shift from gentle to
abusive turning. This is shown in Figure B2.




(DNIDV.I) DNINYINL

:g1L TANOONI 40 ANDILVI JATDAD MOTT
1g 21031 g -

FHNTIVA QL SITDAD

G0t 501 01
_ NYNL
0z st AAISOGY
NYND /
}
L est dI1LNA :
(vv) 1s39) NOILIUNOD
HSINIJ SAIDAD
14NS 000 ‘02
MOJ SSAYLS

CAVT OL UV INDIANIJYEd SSTULS ANDLLYI 'NINL TSdIASNVYIL :NOILVINJATHO
A.6L THYNIVHAAWIAL

SEANMLS NVEW O¥dZ ‘NIVHLS INVISNOD 'ONIANIH ILNIOd ano4d dIacw

(ONIDVI) DNINY AL A9 ¢I0Naodd

08

021

002

ovz

(°Y ¥% 'QIDV ANV JILVIEL ~ 10S) 812 TANODNI 0 SOILSIMILOVIVHD INTILIVA ATOAD MOT L

IS ‘SS3YULS OANISH AVId

192




(ONID V) DNINYNL
ig1L IANODNI 40 ANDILVS dATDAD MOT
2g 910313

AdaIIva Ol SIdTDAD

01 501 Ol

N¥0L

0L €0t AAISNAY
NdnL

6s 8t FTINID

{vv) {1sy) NOILLIANO]

HSIN1J SATDAD
14908 000 '02
404 SSTULS

‘xv1 OL HVIGDIANIJYAd SSA¥YLS ANOILVd 'NANL ASYAASNVYL :NOILVINITIO
J,0001 HINLVIAIWIL

g6 LS NYAW OddZ ‘NIVILS LNVLSNOD ‘ONIANA D LNIOd 4n0d HAOW

TONIDVA) ONINYAL A€ IDdNaodd

Py vy ‘AIOV ANV ATLVI YL -10S) 81 TANODNI A0 SOLLSTYFLOVUVHD ANDILVA ATDAD MOT

08

0Z1

091

ooz

1244

ISY 'SSIAYLS O0ANISd ¥vid

193




,"_,_, -

6.7.3 ECM Plus Peening ~ Inconel 718, STA, 44 R

A surface integrity evaluation of ECM applied to Inconel 718 has
been previously reported in AFML-TR-70-,1, This data is
summatrized in Figure 76. A low cycle fatigue evaluation of the
ECM plus peen condition was run under the present contract,
Background data on the metallography and residual stress
characteristics of this alloy/metal removal combination are
included here for reference.

Metallography

Photomicrographs illustrating sections of surfaces which have
been ECM'd and then peened are shown in Figure 83. Feening
conditions are indicated in Table XI. Notice the roughness of

the surface and also the surface cracking evidenced in

Figure 83 (b). As indicated in this figure, a slight microhardness
increase of 2 to 3 points R shows evidence in the first . 002"
beneath the surface. This is perhaps due to deformation resulting
trom peening. Neither of these surfaces show any =vidence

of surface alteration resulting from the ECM operation. The
cracking which may be seen in Figure 83 (b) is the resalt of
peening. Shallow surface cracking is occasionally found as a
result of peening action on nickel alloys.

Residual Stress

Residual stress behavior of Inconel 718 which has been finished
by ECM and subsequently peened is shown in Figure 84. Note
the high surface compression in these samples which is
characteristic of shot peening.

Low Cycle Fatigue Strength

A summary of the room temperature low cycle {atigue behavior
of Inconel 718 as the result of ECM plus peening is shown in
Figure 85, The corresponding behavior at 1000°F is shown in
Figure 86, As can be seen in both of these illustrations, the
fatigue response of this alloy is insensitive to processing
parameters, The low cycle fatigue strength at 1000°F is
approximately 20 percent lower than at room temperature, This,
however, is normal behavior for the material, Individual

test data are summarized in Table XXI.
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RESIDUAL SURFACE STRESS PROFII ES
IN INCONEL 718 (SOLUTION TREATED AND AGED, 44 Re)
PRODUCED BY ECM PI.US SHOT PEENING
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Figure 84
RESIDUAL STRESS IN INCONEL 718:
ECM + SHOT PEENING
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6.8

AF 95, Solution Treated and Aged, 50 Re¢

The surface integrity behavior of this alloy has been explored in depth
using both high cycle and low cycle tests at 1oom temperautuie and
1000°F. This elevated temperature was selected as being typical of
service application temperatures for the alloy,

A summary of fatigue behavior determined for the material is shcwn

in bar graph form in Figures 87 and 88. From an examination of
Figure 87, it may be seen that AF 95, like virtually all other materials,
is extremely sensitive to variations in grinding practice. Fatigue
strengths associated with ger.tle, conventional, and abusive grinding
were 75, 24 and 26 ksi, respectively. Fatigue strengths associated
with standard and off-standard ECM were identical, 57 ksi. Those
resulting from roughing and finishing EDM were also similar, 35
versus 40 ksi.

In all cases wh.are shot peening was applied as a post treatment,
significant increases in fatigue strength resuited. This may readily
be seen in Figure 87.

High cycle fatigue behavior at 1000°F shows the same relative behavior
as its room temperature counterpart, Gentle versus abusive grinding
resulted in endurance limits of 98 and 48 ksi, respectively. Fatigue
behavior of ECM and EDM surfaces at 1000° F showed no sensitiviity

to standard versus off-standard or finishing versus roughing conditions.

The low cycle fatigue behavior of this alloy, summarized in Figure 88,
indicates a2 complete lack of sensitivity of this alloy to surface variations
in the ranges studied. It is evident, however, that shot peening did have
a moderate effect in those instances, where comparable data are
available. In thz case of the EDM, for example, peening raised the
stress to produce a 20, 000 cycle life at 1000° F from 90 to 137 ksi. In
the case of ECM, peening raised the corresponding stress from 122

to 165 ksi,

In all of the comparisons of high cycle data, it will be noted that the
fatigue strengths obtained at 1000°F are higher than those determined
for the corresponding room temperature condition. On the other hand,
low cycle fatigue strengths determined at 1000° ¥ are consistently
lower than those obtained for the corresponding room temperature
condition. These are metallurgical phenomena which have also been
observed in,other nickel base alloys and are discussed further in
subsequent parts of this section,
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6.8.1 Surface Grinding - AF 95, STA, 50 R¢

Metallography

Photomicrographs of the surface structures produced n AF 9%
as a result of surface grinding under gentie, conventional, and
abusive conditions are snown in Figure 89, Grinding conditions
used for making these test cuts on the specimens arse
summarized in Table II,

Gentle grinding shows no evidence of surface alteration either
from plastic deformation or localized heating. Slight evidence
of surface softening to the extent of about two points R¢ was
observed on gently ground samples.

The conventionally ground samyle as shown in Figure 89 (b),
likewise is free from any evidence of plastic deformation or
surface overheating, The macro surface {inish as measured
by stylus instruments shows the conventionally ground sample
to be somewhat rougher than the gently ground sample, 41
versus 13 AA as in the figure. A very slight tendency toward
hardening near the surface is indicated in Figure 89 (b). This
probably is the result of a slight aping reaction associated
with surface heating during grinding.

The abusively ground sample shows a somewhat rougher surface
condition including a number of microscopic tears at the surface,
Figure 89 (c). No visible plastic deformation or effects of
cverheating are evident. Microhardness data, however. indicates
a subsurface hardening of up to two points R¢ which is slightly
greater than that observed for conventional grinding. “le total
depth effected was .003 to .004 inches, It is presumed that

aging due to localized surface heating is probably responsible

for this small hardness increase.

Residual Stress

Resgidual stress profiles obtained from AF 95 samples ground
by gentle, conventional and abusive techniques are shown in
Figure 90. Gentle grinding resuited in a shallow peak
compressive stress of about 60 ksi. Both conventional and
abusive grinding resulted in peak tensile stresses at the surface
in excess of 160 ksi. The residual tensile stresses resulting
from abusive grinding are present to a slightly greater depth
than those produced by conventional grinding, This behavior

is typical of that which has been found in nickel base alloys.




6.8.1

Surface Grinding - AF 95, STA, 50 Rc (continued)

High Cycle Fatigue Strength

Summaries of the high cycle fatigue strengths obtained in AF 95
are shown in Figures 91 and 92 for room temperature and
1000°F, respectively. Grinding conditions evaluated included
gentle, conventional, and abusive grinding at room temperature
and gentle and abusive grinding at 1000°F, The 1000°F test
temperature was chosen since it represents a typical application
temperature for AF 95,

The major parameters constituting the gentle, conventional,
and abusive grinding conditions are: 1) the grinding wheel
hardness, 2) the wheel speed, 3) the down feed, and

4) the grinding fluid, (see Table II). The importance of
selecting appropriate grinding parameters is eviden: in the
wide range of fatigue strengths observed in Figures 91 and 92,

At room temperature, Figure 91, an endurance limit at 107
cycles of 75 ksi was obtained for gentle grinding, while
endurance limits of 24 and 26 ksi were obtained for conventional
and abusive grinding, respeciively. The resultant high fatigue
strength of genile grinding and the low fatigue sirengih of
conventional and abusive grinding are probably rclated to the
residual surface stresses resulting from grinding, although
other factors may be involved. Gentle grinding resulted in
peak compressive residual stresses on the order of 60 ksi
while conventional and abusive grinding resulted in peak tensile
residual stresses on the order of 180 ksi, Although this
observation qualitatively explains the results, the quantitative
relationship between fatigue strength and residual stress is at
present uncertain.

Elevated temperature testing was performed because of concern
over whether surface effects related fatigue strength differences
observed at room temperature continue to exist in the range of
operating temperatures. It has been suggested that adverse
processing can relax when subjected to elevated temperature and
diminish the influence of surface effects. A comparison of
Figures 91 and 92 show that some diminution did occur in the
fatigue strength difference at 1000°F of gentle and abusive
grinding. However, even at 1600°F, abusive grinding reduced

the fatigue strength relative to gentle grinding by about 50 percent,
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6.8.1 Surface Grinding - AF 95, STA, 50 R¢  (continued)

High Cycle Fatigue Strength (continued)

Therefore, the influence of surface integrity still must be
consgidered at elevated temperature.

A metallurgical curiosity was observed in comparing the room
temperature and elevated temperature high cycle fatigue
strengths for ground AF 95. The fatigue strengths increased
from 75 and 26 ksi to 98 and 48 ksi for the gentle and abusive
ground conditions, respectively, Normally, reduced fatigue
strength is expected with increased temperature. Low cycle
fatigue strength of AF 95 did decrease with increased
temperature as expected for both the turned and the shot

peened ECM conditions as will be seen in Sections 6.8.2 and
6.8.4.

However, for AF 95 and other similar nickel base alloys,
greater high cycle fatigue strength is sometimes observed in
the intermediate or service temperature ranges than at room
temperature. The increase in strength has been attributed

to a thermal or strain aging reaction. Specific examples of
this behavior include unpublished data on Rene' 95 barstock
generated by the General Electric Company and Inconel 718
sheet fatigue data published in the 1971 Aerospace Structural
Metals Handbook. In the General Electric data for gentle
grinding, the endurance limit in reversed bending at 107
cycles was observed to increase continuously from room
temperature to 1200°F. Inconel 718, on the other hand, tends
to exhibit a peak in fatigue strength as a functional temperature
somewhere in the 600 to 800°F temperature range.

A summary of individual high cycle fatigue results for ground
AF 95 is contained in Table XXII.
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6.8.2 Turning - AF 95, STA, 50 Rg i
{

Metallography and Residual Stress A
Metallography and residual stress data were not obtained for '
turned AF 95, It was presumed that the response of this alloy |
would be similar in nature to those obtained for turned

Inconel 718, which is covered in Section 6,11, 3. L

Low Cycle Fatigue Strength

Low cycle fatigue tests were performed at room temperature

and 1000°F on turned AF 95. As indicated earlier, the 1000°F
temperature was chosen because it lies within the service
temperature range of the alloy. Test cutting conditions for

gentle and abusive turning are summarized in Table VI, The

low cycle fatigue tests procedures are summarized in Appendix II-4.

‘A—__‘A

The low cycle fatigue strength of turned AF 95, expressed in .
terms of pseudo-stress at 20, 000 cycles to failure was found

to be unaffected by turning parameters over the range studied.
At room temperature, the strength for both gentle and abusive
turning was 188 ksi (Figure 93). At 1000°F, the strength was
162 ksi (Figure 94). Note that the strengtk decreased with
increased temperature in contrast to the general high cycle i
fatigue behavior. The AF 95 low cycle fatigue results were

reasonable relative to those obtained for turned Inconel 718,

Neither alloy exhibited sensitivity to the turning parameters

used at rocom temperature, and while Inconel 718 exhibited very 1
slight sensitivity to the turning parameters, AF 95 was

insensitive to the parameters used. The strength at 20, 000 |
cycles observed in both alloys were reasonably proportional to j
the ultimate tensile strengths; AF 95 did not show as great a '
strength loss with increased temperature as did Inconel 718 which

reflects the lesser effect of temperature on the tensile strength

of AF 95 compared to that of Inconel 718,

A summary of low cycle fatigue results for turned AF 95 is 1
contained in Table XXIII. i

209



(ONID V) DNINYQ I
564V 40 ANCILvA S'10AD MOT
£6 210813

AMNIIVE OL SHITDAD

01 501 01
] DNIN Y]]
s 331 JAISNA W
y
<7 991 oﬂzmah
ATINT

(vv) (Isy) NOILIANO

HSINII SHIDAD

EEh 000 ‘02
MO SSTVLS |

CAVT OL UVINDIANAd dAd SSTYLS ANDILVA "NYNL ASHAASMNVEL NOILVINIAIHNO
5L FANLVIAIINWAL
SSFYLS NYIW Odd Z ‘NIVALS LNV.ILSNOD ‘ONIANAG INIOd 9004 ‘ICOW

(ONIDVI) ODNINYNL A9 dIDNA0EJS

(°d 05 'adnv anv CGILVIYL NOILATOS) 564V 40 SOILSIGALDOVHVHD ANDILVI ATDAD MOT

ng

091

002

o0ve

08¢

ISM ‘SSAYILS OdNIASd MVId

210




(DNIDVA) DNINYENL
(G VY JO ANDILYA ITDAD MO
p6 2131 g

Jd0TIvVaI OL SATDAD

0l L1
ONIN YL
vs eIt AAISOL 7
g ONINJINL —

¢ o9t ATINID

(vv) Is31) NOILIUNOD
HSINIA SATIDAD
1dANS 000 ‘02

404 5STULS |

TAVT OL dVvINDIANIdYEd SSHULS AADILVA ‘NYAL ISHHASNVIL ‘NOILVLINITHO
d,0001 ‘HUNIVIZIWIL
SSHULS NVIW OHHIZ ‘NIVYLS LNVLI3NOD ‘ONIANIG LNIOd ¥i104d HAOW

(ONIDVJI) ONINYNL A9 ddDNaodd

(°Y 05 'AdDV ANV QALVIYL NOILNTOS) 664V J0 SOILSIIALOVEVHD HMNDILVA ITDAD MOT

002

[0} -44

03¢

ISY ‘SSHYLS 0dNdSd MvYdd

211




6.8,.3 EDM - AF 95, STA, 50 R

4

Metallography

Sections of AF 95 surfaces cut by finishing and roughing EDM
procedures are shown in Figures 95 and 96, Figure 95
illustrates surfaces in the as-EDM'd condition, while Figure 96
illustrates EDM surfaces which subsequently have been shot
peened. The test conditicns used for preparation of thesge
surfaces are summarized in Table VIII

A recast layer is visible on all of the surfaces which is
typical of the EDM process, In the case of the finishing
cuts, this layer is somewhat shallower than that which is
) produced under roughing conditions, This is because roughing
cuts involve higher current densities which cause a higher
degree of localized surface heating, and hence, deposit a
thicker layer., As shown in Figure 95, a slight loss in ‘
surface hardness is found in the base metal immediately
beneath the recast layer. This is typicaily a drop not
exceeding three points Rc. Where the recast layer was thick
’ enough to be measured by microhardness techniques, its

hardness on the as-EDM'd surface was found to be approximately
55 Rc. Notice also in Figure 95 (b), the presence of a crack . '
in the EDM'd surface layer which has penetrated into the
base metal., This situation would, of course, be extremely
deleterious to the fatigue strength of the material.

A

Shot peening produced no visible metallographic differences in
the surface as may be seen by comparing Figure 96 to Figure 95,
Where thick encugh to be measured, however, the peened

recast layer was somewhat harder, averaging 59 R..

Residual Stress

Residual stress profiles determined on EDM'd surfaces of '
AF 95 are shown in Figure 97. Both roughing and finishing
coaditions produced shallow peak tensile stresses in the
range of 120 ksi. This behavior is typical of nickel base
alloys and compares very closely to that determined for
Inconel 718 during a previous program (AFML-TR-70-11)},
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EDM - A¥ 75, STA, 50 R¢ (continued}

Residual Stress (continued)

Residual stress profiles for the EDM plus shot peened condition
of AF 95 were not measured. In previous effort, covered by
TR-T70-11, it was found that shot peening applied to EDM'd
surfaces of Inconel 718 resulted in high residual compressive
stresses in the surface ranging from 110 to 160 ksi, It is
presumed that the effect of peening on EDM'd AF 95 would

be very similar,

High Cycle Fatigue Strength

The high cycle fatigue hehavior of AF 95 processed by EDM is
summarized in Figures 38 and 99. Conditions examined
included finishing and roughing EDM both as produced and
following shot peening.

At room temperature (Figure 98), very little sensitivity to
EDM variables was observed in the fatigue results; endurance
limits at 107 cycles of 35 and 40 ksi were obtained for the
roughing and the finishing EDM conditions, Both endurance
limits were substantially lower than the 75 ksi endurance
limit associated with gentle grinding (Figure 91}, Howcver,
the 35 to 40 ksi endurance level is in excellent agreement
with predictions based on the endurance limits and associated
r2sidual stresses resulting from gentle, conventional, and
abusive grinding (Figures 90 and 91)., Figure 98 alsoc shows
that the endurance limit of EDM processed AF 95 was
significantly elevated following shot peening; endurance limits
of 115 and 110 ksi were obtained for the shot peened finishing
and roughing conditions, respectively. The increase in
fatigue strength in this case probably resulted from the
introduction of substantial residual compressive stresses into
the surface of the material by shot peening.

At 1000°F (Figure 99), the 50 ksi endurance limit obtained for
AF 95 finished by EDM showed very little difference in
behavior between the finishing and roughing conditions.
Although the individual test points separated slightly indicating
higher strength for the finishing condition, the data were
insufficient to justify separate treatment for the two EDM
conditions, Here also, the approximately 50 percent reduction
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6.8.3 EDM - AF 95, STA, 50 R. (continued)

High Cycle Fatigue Strength (continued)

in fatigue strength at room temperature for ECM compared to

gentle grinding persisted at 10C0°F; 75 ksi compared to 35 to 40 ksi \
at room temperature and 98 ksi compared to 50 ksi at 1000° F

for the gentle grinding and the ECM conditions, respective,

Similarly, the beneficial effect of shot peening of EDM prepared
AF 95 also persisted at 1000°F, However, the approximate
factor of two improvement in endurance limit at 1000°F, 95 ksi
compared to 50 ksi, for EDM finished material was not as
great as that observed at room temperature, 115 versus 40 ksi.

As previously observed for ground AF 95 (Section 6, 8, 1), the
1000°F endurance limit for EDM prepared AF 95 also was
higher than that at room temperature. The increase in high
cycle fatigue strength with increased temperature is believed
to result from thermal br strain aging,

A summary of individual high cycle fatigue results for ECM
prepared A¥ 95 is cortained in Table XXII.

Low Cycle Fatigue Strength

Low cycle fatigue tests were performed at 1000°F for AF 95
finished by EDM both with and without subsequent shot peening.
The 1000°F test temperature was selected because it is
representative of service temperatures for this alloy., The
low cycle fatigue procedures are summarized in Appendix II-4,
The low cycle fatigue results for roughing and finishing EDM
of AF 95 both as finished and subsequently shot peened are
summearized in Figure i00. The individual low cycle tatigue
results are contained in Table XXIII.

The low cycle fatigue strength of AF 95 firished by EDM )
expressed in terms of pseudo-stress at 20,000 cycles to

failure, was unaffected by the EDM parameters used whether

or not the material was subsequently shot peened, In the

as-machined condition, a pseudo-stress of 90 ksi was obtained .
while subsequent shot peening resulted in approximately a
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6.8.3 EDM - AF 95, STA, 50 R, {continued)

Low Cycle Fatigue Strength (continued)

50 percent increase in strength to 137 ksi. In the high cycle
fatigue results discussed above, shot peening produced a
twofold increase in strength, The significant improvement
in low cycle fatigue behavior resulting from shot peening,
while not as substantial as that observed in the high cycle
fatigue results, indicates that the beneficial effects of the
compressive residual stresses still remain in the low cycle
fatigue range, Further, despite obvious differences in the
test methods, the fatigue behavior was observed to be
continuous from the low cycle to the high cycle fatigue range.

The low cycle fatigue strength of turned AF 95 (Section 6, 8, 2) was
162 ksi compared to 90 and 137 ksi for EDM finished AF 95 and
shot peened AF 95 following EDM f{inishing, respectively,
Metallography and residual stress data were not obtained for
turned AF 95, The high fatigue strength for turned AF 95
probably results from a substantial compressive residual stress
zone which is expected to be associated with the higher energy

‘ o of deformation involved in turning compared to shot peening,
The low cycle fatigue behavior of turned AF 95 compared to EDM
finished AF 95 with and without shot peening reflects higher
residual stress in that the fatigue curves did not appear to
begin to converge even at a life as low as 1000 cycles.
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8.

4

ECM - AF 95, STA, 50 R

Metallography

Photomicrographs of cross sections through the surfaces finished
by electrochemical machining of AF 95 under standard and off-
standard conditions are shown in Figure 101. The ECM conditions
used to produce these test cuts are summarized in Table IX.

Microscopic surface roughening typical of that produced by ECM
is shown on both surfaces., However, no evidence of plastic
deformation or of a disturbed surface layer is present. Slight
softening not exceeding one to two points R, was observed at

. 001" beneath the surface. Actually, the only apparent difference
betv:cen the two surfaces is the difference in surface finish,

An incication of this can be seen visually by comparing the two
photcinicrographs in Figure 101 and also by comparing the
surface finish readings for the standard and the off-standard
conditions, 41 versus 69 AA, respectively, Photomicrographs
were not ogbtained for ECM and shot peened AF 95, It was
presumed that the surface metallography would be typical of that
of other ECM plus peening treatments applied to nickel base
alloys, s.uch as shown for Inconel 718 in Figure 83,

Residual Stress

A sumamary of the residual stress profiles present in surfaces of
AF 9% finished by ECM are shown in Figure 102, Note that both
conditions resulted in very low levels of residual stress, less
than 10 ksi, For all practical purposes, both samples may be
considered identical and stress free,

Residual stress profiles were not obtained for AF 95 shot
peened following ECM finishing, It again was assumed that shot
peening would produce high compressive residual stresses on
the order of 160 ksi as was the case with Inconel 718 as shown
in Figure 84,

High Cycle Fungae Strength

The high cycle fatigue behavior of AF 95 processed by ECM was
examined it rocm iemperature and at 1000°F, The 1000°F test
temperature represents a typical service temperature for the
alloy,
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6.8.4 ECM - AF 95, STA, 50 R. (continued)

High Cycle Fatigue Strength (continued)

Conditions examined included standard and off-standard ECM
conditions and both conditions subsequently shot peened,
Summaries of the high cycle fatigue behavior of both conditions
at room temperature ard 1000°F are presented in Figures 103
and 104, Individual high cycle fatigue results are contained

in Table XXII.

At room temperature (Figure 103), very little sensitivity to ECM
variables was observed in the high cycle fatigue results; a 57 ksi
endurance limit at 107 cycles was obtained for both the standard
and off-standard ECM conditions. The 57 ksi endurance limit
for both ECM conditions was significantly lower than the 75 ksi
endurance limit associated with gentle grinding (Figure 91).
However, the fatigue strength of the ECM'd conditions was in the
proper proportion to those both for the gentle, conventional, and
abusive grinding conditions and the EDM conditions when one
considers the residual stresses resulting frecm each condition.
As seen in Figure 103, shot peening subsequent to ECM
processing increased the endurance limit to 105 and 117 ksi for
the standard and coff-standard conditions, respectively. No
explanation can be offered at this time for the lower fatigue
strength of shot peened standard ECM compared to off-standard
prepared AF 95, The general 105 to 117 ksi endurance limit
level was about the same as that for AF 95 shot peened following
EDM finishing (Figure 98) which indicates similar residual
stress profiles,

At 1000° F (Figure 104), the high cycle fatigue behavior again was
insensitive to the machining variables; an endurance limit of

95 ksi was obtained for both standard and off-standard £CM
prepared AF 95, Very little difference in fatigue behavior was
noted between the AF 95 (95 ksi) and gentle grinding (98 ksi)
conditions. It is assumed that exposure to temperature probably
reduced the low, but beneficial residual compressive stresses in
the AF 95 produced by gentle grinding., The beneficial effect

of shot peening ECM prepared AF 95 persisted at 1000°F, but
the extent (109 ksi) compared to as-ECM'd AF 95 (95 ksi) was
significantly Yower than at room temperature. As was noted for
all other conditions of AF 95 studied, the 1000°F high cycle
fatigue strength for ECM prepared AF 95 (95 ksi) was significantly
higher than that for the same conditions at room temperature

(57 ksi). Thermal or strain aging is believed to be responsible
for this inversion of the temperature coefficient of strength,
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6.8.4 ECM - AF 95, STA, 50 R,  (continued)

High Cycle Fatigue Strength (continu‘ed)

In the case of AF 95 finished by ECM, the greatest increase in
strength with increased temperature was observed, Considering
the relatively stress free state of the ECM'd material at room
temperature, the approximately 67 percent increase in strength
at 1000° F from that at room temperature may reflect the true
extent of the thermal aging process for the highly worked and
incompletely solutioned AF 95 cross-rolled plate used in this
study.

Low Cycle Fatigue Strength

Low cycle fatigue tests were performed at room temperature and
at 1000°F on ECM finished AF 95, Conditions examined included
shot peened ECM finished AF 95 at room temperature and ECM
finished AF 95 both with and without subsequent shot peening.

The low cycle fatigue procedures are summarized in Appendix II-4.
The low cycle fatigue behavior is summarized in Figure 105 and
106, Individual low cycle fatigue results are contained in

Table XXIII.

The low cycle fatigue strength of shot peened ECM finished AF 95
expressed in terms of pseudo-stress at 20, 000 cycles to failure,
was insensitive to the ECM variables prior to shot peening; a
strength of 195 ksi was observed at room temperature (Figure 105),
while a strength of 165 ksi was observed at 1000°F (Figure 106),
At 1000°F, the low cycle fatigue strength for the ECM finished
AF 95 also was insensitive to the process parameters; a strength
of 122 ksi was obtained for both the standard and the off~-standard
ECM conditions (Figure 106). Note that increased temperature
decreased the strength ot shot peened ECM finighed AF 95, while
shot peening increased the strength of ECM prepared AF 95 at
1000°F, Both results were consistent with the observed high
cycle fatigue behavior detailed above,

As this last observation indicates, a2 continuous curve extending

from low to high cycle fatigue behavior was observed both for

as-ECM and shot peened ECM prepared AF 95, In addition, ¢
the data overall suggest a decrease in the beneficial effect of

shot peening at either very low lives or very high strain ranges.

Consgistent with the high cycle fatigue results, ECM >repared

AF 95 exhibited greater 1000° F low cycle fatigue strength (165 ksi)

than EDM finished AF 95 (137 ksi), compare Figures 100 and 103,

224




6.8.4 ECM - AF 95, STA, 50 Rc (continued)

Low Cycle Fatigue Strength (continued)

Following shot peening, the fatigue strength of ECM prepared

AF 95 was essentially identical to that of turned AF 95 bhoth

at room temperature and at 1000°F; when individual test

points were plotted, the two conditions appeared indistinguishable,

From the basic consistency of the results, one could infer the
general ranking of machining processes in terms of fatigue
strength to be in ascending order: 1) conventional or abusive
grinding, 2) EDM, 3) ECM, 4) gentle grinding, and 5) turning.
Shot peening generally resulted in strength equivalent to that of
turned AF 95 irrespective of the method of processing.




}‘lln“.u T e —— 4.1.1' g - g

WDOH Ad dIHNaoyd

(¥ 0s 'AIDV ANV QAIVIUIL NOILATOS) 6.1V 10 SOILSIMALDVIVHD ADV.I9NS
{01 240314

X 0001 uonieniyruenw
*dnoad yoes woxy suswiocads 112 uo spew sJuipesx j0 safersar 91r 3jUALLSINSEOW
YSIUulp adepang  ‘sjuawaanseaw ssaupreyoadtiw doouy WIOI} P91I3AUOD s3anjea 2y axe ?}BP S$Ssaupiey
P2iEd1pul  'sAO0qe pajou pue 8iqisSia s Yorim ssauySnox sdejans jo suo S1 @0uaiajjip juaredde
Atuo syl ‘sydex3oxdrwoloyd syj3 uo Pa31ed1pul se 3deyIns ayj e Jurusijos judils e peiedipul elEep

SSOUPITYOIDIN 'S2IN30NIISOXDIW SYI UL UMOYS ST SUl}BOYIIAC I0 UOIIRIII[® 9DBJINS JO 2DUSPIAS ON

VV 1§ ‘YStul4g 3dejang
Suo13ipuo:) pIrepueis (e)

VV 69 ‘YSwulg adeyang
SuolIIpuo) paepuriS-10 (q)

226




: T T

RESIDUAL SURFACE STRESS PROFILES
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6.9

AFZ-1DA, Solution Treated and Aged, 46 R,

A brief study of the surface integrity response of AF2-1DA was conducted,
Only sufficient checks were run to verify the belief that this alloy would
behave approximately like AF 95. In comparing a summary of the

fatigue data developed for AF2-1DA as shown in Figure 107, with that
developed for AF 95, Figure 87, the validity of this assumption is
confirmed.

Typical of other high temperature nickel base alloys, the AF2-1DA shows
a most pronounced sensitivity to surface grinding variables. Endurance
limits resulting from gentle, conventional, and abusive grinding were

70, 25 and 20 ksi, respectively. EDM and ECM exhibited their usual
characteristic levels, but with little difference in either associated with

different cutting parameters,

232

o N,




EDM

ECM g

GENTLE, STANDARD, FINISHINC

CONVENTIONAL ‘

B ~cUSIVE, OFF-STANDARD, ROUGHING

|

0 20 40 60 80 100

ENDURANCE LIMIT, KSI

Figure 107
SUMMARY OF HIGH CYCLE FATIGUE BEHAVIOR
OF AF2-1DA (SOLUTION TREATED AND AGED, 46 K} *




6.9.1

Surface Grinding - AF2-1DA, STA, 46 Re

Mzatallography

Photomicrographs of cross sections of surfaces produced in this
alloy by grinding are shown in Figure 108, Typical of the higher
strength nickel alloys, this material shows little or no
sensitivity to surface heating from grinding as can be judged

by the change in microstructure,

The gently ground sample is completely free of plastic deformation
or any indication of a surface layer alteration. Microhardness
data also indicated no change in microhardness as a result of
grinding.

The conventional sample shown in Figure 108 (b) shows very
thin random patches of deformation at the surface. The effect,
however, is quite shallow and there is no general change in
microstructure. A slight increase in surface hardness, however,
amounting to about 2 points R¢ was found at the . 001" level.
This is probably due to additional aging which occurred as a
result of localized heating during grinding. The abusively
ground samplc, Figure 108 {c} shcws a degree ot roughening
which can be seen in the microstructure and which is born out
by surface finish readings, Thin patches of disturbed metal
are also evident on this surface, The most significant feature,
however, is an increase in hardness of up to 5 points R at
depths as great as . 004" beneath the surface. »resumably this
hardness increase is the result of aging due to localized heating
during grinding, As would be expected, the effect is greater

in the case of the abusive grinding than was observed for gentle
grinding,

Residual Stress

Residual stress profiles resulting from gentle, conventional, and
abusive grinding of AF¥F2-1DA are shown in Figure 109, This
alloy is extremely sensitive to variations in grinding as
evidenced by the high levels of residual stress observed. Gentle
grinding produced peak compressive stresses of approximately
80 ksi. The total depth affected by gentle grinding is
approximately , 004", Conventional and abusive grinding resulted
in peak tensile stresses of 200 and 300 ksi, respectively,




6.9.1 Surface Grinding - AF2-1DA, STA, 46 R¢  (continued)

Residual Stress (continued)

This general behavior is typical of that exhibited by high strength
nickel alloys, However, the magnitude of the peaks, both
compressive and tensile, are somewhat greater than have been
observed in other materials under similar variations in
processing,

High Cycle Fatigue Strength

The high cycle fatigue behavior of this alloy as a result of
surface grinding variables is summarized in Figure 110. The
endurance limit of 107 cycles associated with gentle grinding
was approximated as 70 ksi., Endurance limits associated
with conventional and abusive grinding were 25 and 20 ksi,
respectively, This range of fatigue response, showing
pronounced degradation of propertics to be associated with
conventional and abusive grinding is typical of that found for
other nickel base alloys. A detailed summary of test data

is included in this report as Table XXIV.
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6.9.2

EDM - AF2-1DA, 46 R

Metallography

Surfaces of AF2-1DA produced by finishing and roughing ECM
conditions are shown in Figure 111. The recast layer normally
associated with EDM processing is evident or both samples.
The layer is somewhat thicker on the sample cut under roughing
conditions, Figure 111 (b}, because of the higher current
density, hence, thicker layer of molten metal developed during
this mode of operation.

Undoubtedly the presence of the recast layer which is hard,
brittle, and prone to cracking is the most significant feature

in determining the surface integrity behavior of EDM surfaces,
There was no evidence of microhardness change in the base
metal as a result of whatever surface heating may have been
involved in the processing. It is presumed that the recast layer
was considerably harder than the base metal, On this particular
group, however, it was not thick enough to be accurately
measured by the standard microhardness techniques.

The condition used to produce the surfaces illustrated in Figure 111
are summarized in Table VII.,

Residual Stress

Residual stress profiles measured in AF2-1DA as a result of
EDM processing are shown in Figure 112, In both cases, gentle
EDM resunlted in peak tensile stresses of 150 ksi, Abusive EDM
exhibited a peak tensile stress of 175 ksi, Within the limits

of experimental error, these test results can be considered as
equivalent., While shallow tensile stresses are typical of nickel
alloys when finished by EDM, the levels of siress exhibited by
AF2-1DA are considerably higher than that found in other materials.
In the case of AF95, for example, peak stress was approximately
120 ksi, In the case of Inconel 718 as evaluated in a previous
effort, the peak stresses associated with finishing and roughing
EDM ranged from 70 to 100 ksi in tension, It would appear
logical to conclude, therefore, that AF 95, while behaving like
other nickel alloys insofar as surface integrity response is
concerned has a somewhat higher degree of sensitivity to the
surface variables,




6.9.2 EDM - AF2-1DA, 46 R (continued)

High Cycle Fatigue Strength

The fatigue strength of AF2-1DA as a result of finishing and
roughing EDM was determined to be 30 and 25 ksi, respectively
as shown in Figure 113. This shows a marked depression
below the value of 70 ksi exhibited for gentle grinding., In this
respect, however, the behavior is about like that of other nickel
alloys that have been studied. A summary of the fatigue data is
contained in Table XXIV,
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6.9.3 ECM - AFZ-1DA, STA, 46 R

Metallography

Photomicrographs of surfaces of this alloy finished by ECM are
shown in Figure 114, There is no evidence of plastic deformation
or localized heating as would be indicated by an alteration of

the surface structure. Microhardness data indicated a slight
surface softening as shown in this figure. This behavior is
typical of that exhibited by most materials when processed by
ECM.

The only apparent differences between these surfaces is the
microscopic difference in roughness in that the matrix of the
alloy was attacked somewhat more rapidly than the second
phase present under the standard and off-standard conditions,
Off-standard processing also resulted in a somewhat rougher
surface as measured on a macro scale by the standard surface
finish instrumentation,

Residual Stress

Residual stress profiles determined for this alloy are shown in
Figure 115. Normally ECM processing shows only a slight
indication of a surface stress shift and without a significant

peak or trend., In the case of ECM, both standard and off-standard
conditions exhibited peak residual compression in the surface.
These stresses were very shallow, however, and at the relatively
low 20 ksi, This condition, since it does produce a residual
compressive stress, would not be considered potentially
dangerous to the surface integrity of the alloy.

High Cycle Fatigue Strength

The high cycle {fatigue behavior of AF2-1DA as a result of ECM
processing is shown in Figure 116, A slight difference in fatigue
strength is evidenced, in that the endurance limits associated

with standard versus off-standard conditions were 65 versus 55 ksi,

A complete summary of the fatigue data on this alloy is contained ,
in Table XXIV, -8
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6.10 Rene' 80, Solution Treated and Aged, 40 R, !

The bar graphs shown in Figure 117 indicate the fatigue behavior of
Rene'! 80 as a result of a variety of surface conditions., Most
significant of the variations is again the range of high cycle fatigue 4
strengths associated with variations in grirding. Endurance limits

associated with gentle, conventional, and abusive conditions were +
determinel to be 42, 18, and 16 ksi, respectively., This alloy is
slightly lower in strength (at roomt temperature) than the other
nickel alloys covered in this report., Consequently, the range of
differences in fatigue strength is less than for the other materials,
but is nevertheless, very significant in determining alloy behavior.

EDM and ECM also exhibited endurance limits characteristic of the
process, 26 and 28 ksi, respectively, as shown in Figure 117.
Neither of these processes, however, indicated a sensitivity to metal
removal parameters over the ranges studied.

Considering the widespread use of this alloy and other cast nickel

base alloys in its class for turbine blading materials, particular

interest was displayed in low cycle fatigue behavior as influcnced

by surface variables at a typical service temperature. As rnay be

seen in Figure 117, the Rene' alloy was :relatively insensitive at

1400° F to both grinding and EDM variations within the range studied, ’ S
Shot peening, however, did have the effect of producing a small

increase in fatigue strength. Comparing the minimum stress for

a 20, 000 cycle life of 45 ksi associated with abusive grinding to the

best strength of 66 ksi associated with ECM plus peening, it is ,
evident that there is need for some attention to the finishing of
components made from these materials when low cycle fatigue
lirnitations are important. The range in performance of the alloy,
however, is less affected under these conditions than in the high
cycle fatigue region,
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6.10.1 Surface Grinding - Rene' 80, STA, 40 R..

| Metallography

Photomicrographs of the surface structures exhibited for
| ground samples of Rene' 80 are shown in Figure 118,
| Grinding conditions used to produce these samples are
| summarized in Table II,

3

b All samples are free of visible surface alterations such as

' plastically deformed layers or structural changes., The

r surfaces tend to become slightly rougher as the grinding

| severity is increased, This is verified both visually and

! also by the surface finish measurements shown in Figure 118,

A slight microhardness increase was observed on all three

ground samples. This behavior has been sometimes seen

as a result of conventional and abusive grinding, but has not

been previously observed as a result of gentle grinding

i conditions, The effect must be related to localized heating
produced during grinding, although a specific explanation

' is not currently available,

Residual Stress

Residual stress profiles attributable to gentle, conventional,
and abusive grinding are indicated in Figure 119. Gentle
grinding resulted in a peak compressive stress of
approximately 70 ksi., Conventional and abusive grinding
resulted in peak tensile stresses of 115 and 190 ksi,
respectively, This stress distribution istypical of that

of other nickel base alloys finished by grinding,

High Cycle Fatigue Strengtl

High cycle fatigue strengths due to grinding variables are
shown in Figure 120. Note that the endurance limits
associated with gentle, conventional, and abusive grinding
are 42, 18, and 16 ksi, respectively, This behavior,
nirmely, that conventional and abusive grinding caused
marked depressions in fatigue strength as compared to
gentle grinding is typical of that of other nickel alloys that
have been investigited, In the case of Rene'! 80, the
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6.10.1

Surface Grinding - Rene' 80, STA, 40 R,  (continued)

High Cycle Fatigue Strength (continued)

percentage of change, however, somewhat lower, probably
associated with the lower inherent strength of this alloy
at room temperature,

In comparison, endurance limits due to gentle grinding of
wrought Inconel 718, AF2-1DA, and AF 95 all ranged
from 60 to 75 ksi, while Rene' 80 was at the 42 ksi level,
Considering this same group of materials following
abusive grinding, however, the endurance limits for the
wrought alloys fell in the range of 20 to 26 ksi as compared
to 16 ksi for Rene' 80. While the percentage change in
fatigue in Rene' 80 is somewhat less than that observed in
these other nickel base alloys, it is still necessary to
closely control surface grinding on this alloy whenever
surface integrity conditions are important.

Low Cycle Fatigue Strength

The low cycle fatigue response of Rene' 80 at 1400°F as a
result of gentle versus abusive grinding is shown in Figure 121,
In comparing this data at the 20, 000 cycle life ievel, it may

be seen that the fatigue strengths due to gentle versus abusive
grinding are 55 versus 45 ksi. In another way of comparing
behavior, it could be said that at the stress level of 55 ksi
which produced a 20, 000 cycle life due to gentle grinding,

the cyclic life would be reduced to atout 6, 000 cycles in

the event that abusive grinding were introduced. While
normal design procedures would compare the 55 to the 45 ksi
values, the potential for shortening of design life by abusive
grinding at a pre-chosen stress level should not be overlooked,
This data was obtained at 1400°F because of the need for
surface integrity data under temperatures similar to those
scen for this material in service,
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RESIDUAL STRESS IN RENE' 80:

SURFACE GRINDING
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5.10.2 EDM - Renec' 80, STA, 40 R

Metzllography

Photomicrographs illustrating surfaces of Rene' 80 as a
result of finishing and roughing EDM are shown in
Figur= 122, The recast layers present are typical,
although somewhat thicker than those normally found on
nickel alloys under these particular EDM parameters,

b The EDM layer on the roughing sample was thick enough
to permit hardness measurements, it was found to be
approximately 50 R., as compared to the base hardness
of 40 R;. Slight surface softening of 1 to 2 points R¢ was
noted beneath the recast layer, This is also shown in
Figure 122,

Residual Stress

Residual stress profiles on the curfaces of these samples
are presented in Figure 123. Both finishing and roughing
conditions produced high shallow stresses which are

' tensile in nature, The pezk stress of 250 ksi is a value
indicated for the finishing condition. While the specific
level may be subject to experimental error, due to presence
o1 recast layer, the direction and magnitude appears to be
well defined. Shallow tensile residual stresses are almost
always associated with EDM surfaces.

High Cycle Fatigue Strength

The roomtemperature high cycle fatigue strength of Rene' 80
finished by EDM under roughing and finishing conditions is
shown in Figure 124, The fatigue response shows lack of
sensitivity toc EDM variables which is typical, Notice that
this occurs in spite of the large diffevence in surface finish,
70 versus 150 AA also indicated in Figure 124, Individual ﬁ
test points are summarized in Table X¥V,

Low Cycle Fatigue Strength

A plot of the low cycle fatigue benavior of Rene' 80 at 1400° F

finished by IzEDM is shown in Figure 125, As can also be

verified by the individual test points cuntained in Table XXVI, N
the alloy appeaxrs comrgpletely insensitive to variations in EDM




6.10.2

G0 _ had = _:mo‘w-y -

EDM - Rene' 80, 3TA, 40 R (continued)

Low Cycle Fatigue Strength (continued)

processing over the range ccvered, Itis also significant
to note that, at 1400° F, the stress to produce a 20, 000
cycle life is essentially the same as that exhibited by
gentle surface grinding (54 versus 55 ksi),
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RESIDUAI SURFACE STRESS PROFILES
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6.10,3

ECM - Rene' 80, STA, 40 R,

Metallography

Surface microstructures resulting from ECM processing
applied to Rene' 80 arc shown in Figure 126, Both
standard and off-standard conditions exhibited the same
type of structure, with the latter being inclined toward
somewhat greater roughness. The ECM conditions used
to produce these test cuts are summarized in Table [X,

These structures both show the smocth unaltered surface
structure characteristic of the ECM process. Micro~
structural evidence of overheating and plastic deformation
are completely lacking, The differential machining rate

on the matrix and the secondary phase in the structure is
typical of ECM. Notice in the case of the standard sample,
Figure 126 (a), .he protrusion of a large carbide, A more
common effect produced by selective etching is the development
of surface pockets as a result of undermining secondary
phase particles. This probably accounts for the pocket
shown in Figure 126 (b), Notice also the possibility of some
intcrgranular cracking in the grain bourdary which emanates
from the pocket,

The most significant feature of thess structures probably
lies in the microhardnese loss which is indicated in the
figure, The standard sample shows a hardness loss of 5
points R¢ at the . 001" level and a son :what greater loss
although not indicated in the photomicrograph at the , 0005"
level., Off-standard ECM resulted in hardness losses of

7 points Rc at the , 001" level. Readings as low as 29 D¢
were measured , 0005 from the surface of the gamnle
shown in Figure 126 (b), although data at depths shallower
than . 001" are not generally reported in the illustrations,
The suriace softening phenomena has come to oe associated
with ECM. The extent of softening in Rene! 80, Lhowaver,
is generzlly greater than that which hae Leen observed in
other alloys under roughly equivalent processing conditions,

Residnal Siress

Both types or ECM processing resulted in virtuilly stress
free saraples as irdicated by Figure 127, Thir is ypical
oi the Zcnavior o illcys when finished by ECM.




6.10.3

ECM - Rene' 80, S1'A, 40 Re (continued)

High Cycle Fatigue Strength

The high cycle fatigue behavior of Rene' 80 produced by
ECM is shown in Figure 128. Note that both standard

and off-standard conditions exhibited the identical
endurance limit of 28 ksi, in spite of the difference in
surface finish, 20 and 40 ksi, Again, this response to ECM
parameters is typical, indicating a lack of surface integrity
sensitivity to variations of the ECM process. These data
are summarized in Table XXV,

Low Cycle Fatigue Strength

The low cycle fatigue strength of Rene' 80 finished by ECM
and subsequent shot peening and measured at 1400°F is
described by Figure 129. Similar to previously described
behavior, standard versus off-standard parameters resulted
in a single curve of fatigue behavior., After shot peening,

by inference from other data, it may be presumed that an
equivalent response due to the two different ECM methods
would also be indicated before peening, had this data been
obtained, The low cycle fatigue data cn this alloy is
summarized in Table XXVI,
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: RESIDUAI SURFACE STRESS PROFILES
IN RENE' 80 (SOLUTION TREATED AND AGED. 40 R¢)
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Surface Finish Study

A surface finish study has been developed specifically to explore the
relation between the microinch tinish of 2 machined surface and its
characteristic fatigue strength. In preparing these samples,
differences between the surfaces other than finish were intentionally
kept as small as possible, One oi the specific purposes of the study
was to determine the sensitivity ard suitability of microinch finish
as an index of surface integrity, Surface finish studies were run as
follows:

- - ‘(L‘

Gentle and abusive grinding -~ 4340 steel (quenched and
tempered, 50 R.)

Gentle turning -- Inconel 718 (solution treated and aged,
44 Rc)

Gentle end milling -- Ti-6Al-6V-25n (solution treated
and aged, 42 R.)

In preparing the test specimens, surface finish was varied widely,
keeping all other factors as constant as possible. In all of these
studies, gentle cutting was used as the base condition, Abusive
cutting at a single surface finish level was used in some instances
for comparison. Residual stress profiles were measured in each
case, It was intended that these be about the same for each .
metal removal/alloy combination, Significant differences in residual ' ‘
stress within each group, should they occur, would add a bias

to the test results and confuse the isolated effect of surface finish .
on fatigue strength. (

A summary of the data obtained from this study is shown in Figure 130,
In gentle longitudinal grinding, note that the fatigue strength varied
from 117 to 100 ksi as surface finish was varied from 8 to 127 AA,

In the transverse orientation with the lay of the surface perpendicular
to the applied cyclic stress, the fatigue strength range increases

to 120 to 85 ksi for a similar range of surface roughness. An inverse
proportionally between finish and fatigue strength is therefore
indicated for gentle grinding, with the sensitivity being higher when

the stress is perpendicular to the grinding lay, Note, however,
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Surface Finishk Study (continued)

that the fatigue strength level associated with abusive grinding is
significantly lower, 65 ksi; this condition shows no bias due to
variation in surface finish,

End milling-end cutting of Ti-6Al-6V-2Sn shows no fatigue variation
in fatigue behavior due to surface finish variation over the range
studied, Finishes ranging from 13 to 125 AA all yielded an
endurance limit of 82 ksi. All milling cuts were made with sharp
tools under gentle cutting conditions.

Turning of Inconel 718 also shows no variation in fatigue response,
regardless of cutting conditions, Gentle turning with sharp tools,
performed as a facing operation, resulted in a uniform fatigue
strength of 60 ksi, although finishes ranging from 25 to 118 AA
were evaluated. Abusive turning with dull tooling, resulting in a
finish of 76 AA also yielded a fatigue strength of 60 ksi, Tne data
are also summarized in Figure 130,

Considering these relationships, it is evident that surface finish
may not have as direct a role in influencing the fatigue behavior

of materials as has been traditionally accepted, In sensitive
situations such as grinding, factors other than finish seem pre-
dominant even though finish variations do exert an influence.

In non-sensitive situations, perhaps needless attention and expense
has been directed at improving the surface finish of components
beyond nominal levels,
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6.11.1

Surface Finish Study: Surface Grinding AISI 4340 Steel,
Q& T, 50 R¢ .

Surface grinding studies were run cn samples finished by
beth longitudinal and transverse grinding (see Figure 12).
The san.e grinding conditions were used in both directions,
hence the data contained in this report indicate the
relationship of surface finish to the properties studied,
both in terms of roughness and orientation.

Metallography

Photomicrographs summarizing the surface inetallography
observed in longitudinaliy ground samples under gentle
conditions are shown in Figures 131 and 132, Figure 131
illustrates surfices whose sections are perpencicular to
the grinuing lay, while Figure 132 illustrates surfaces
whose sections are parallel to the grinding lay, As
indicated in the section on specimen manufacturiug, it was
found that the most important variables in producing the
range of suriace finishes within a gpecific mode of grinding
was the procedure used in dressing the wheel (Table X},

Figure 131 shows variations in surface microstructure
associated with the obtained range in microinch finish,

8 to 127 AA. Microhardness measurements ver: made on
several samples from each of the surface finish groups,

No significant surface softening was found in any of the
gently ground samples. In addition, no surface layers or
microstructural alterations were observed. These findings
are consistent with the previous observations made afier
low stress grinding. Surface finish measurements wexe
taker on these gsamplea both perpendicular and parallel to

21T

the lay. These data are summarized in Figure 132,

Figure 132, showing sections of taese same surfaces pirallel
to the gri.ding lay, indicates the same characteristics with
respect to microhardness, lack of plastic defcrmation, gtn.,
as noted above., In Figure 132, however, some tendency

to form laps and smears on the surface, which is paraliel

to the cutting action, can be >bserved.
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6.11.1

Surface Finish Study: Surface Grinding AISI 4340 Steel,

Q& T, 50 R (continued)

Metallography (continued)

Experimentation with abusive longitudinal grinding yielded
speciinens having maximum surface roughness ranging

from 29 to 97 AA, Photomicrographs of cross sections of
these surfaces are shown in Figure 133, Here again,

the visual surface roughness approximates the measured
value. In the case of the abusively ground surfaces, however,
all specimens exhibited the characteristic layer of hard
untempered martensite and an underlying overtempered
zone. This has been previously found and reported on many
occasions as a typical result of abusive grinding applied to

a martensitic steel, On three groups of samples, the
maximum martensite hardness was found to be approximately
62 Re. The minimum hardness in the overtempered zones
immediately beneath the martensite ranged from 42 to 46 Rc.
All of the abusive samples showed non-uniform patches or
streaks of untempered martensite on the surface. Maximum
depth of untempered martensite observed was approximately
.002 inches. In surface regions where untempered
martensite was not formed, sofiecned overtempered
martensite was generally present, This can be understood
by realizing that the surface hezting in these softened areas
was sufficient to cause the tempered or softening reaction,
but not quite great enough to cause rehardening to occur.

Figures 134 and 135 show surfaces produced by transverse
grinding under gentle conditions., Sections both perpendicular
ard parallel to the grinding lay are again illustrated. As

can be seen by comparing Figure 131 with Figure 134 and
Figure 132 with Figure 135, no distinction exists between

the metallurgical conditions observed as a result of longitudinal
versus transverse grinding. Nor were any expected since
only the direction of grinding was changed (Figure 12),
Slightly different surface finish readings were obtained,
however, since the values reported were averages of the
particular specimens within each group.

Residual Stress

Residual stress profiles obtuined under gentle and abusive
longitudinal grinding conditions are shown in Figures 130
and 137, Each curve illustrac2s the residual stress profiles

272

r

.



6.11.1

Surface Finish Study: Surface Grinding AISI 4340 Steel,
Q& T, 50 Re  (continued)

Residual Stress (continued)

associated with the range of surface firishes studied, In
longitudinal grinding, the data indicate residual stress in the
direction parallel to the grinding lay. Note that the gently
ground samples all exhibit shallow zones of residual
compressive stress having a total affected depth of less

than . 002 inches. The best surface finish, 8 AA, however,
indicates an extremely shallow but high level of residual
tensio™: in the surface,

All of the abusively ground samples exhibit high residual
tensile stregses a8 shown in Figure 137. The total
affected depth ranged from , 008 to0 .012 inches, These
residual stress profiles are typical of what has been
previously observed under similar conditions,

Figure 138 shows residual stress profiles associated with
gentle transverse grinding. in this situation, the residual
stress is measured in a direction perpendicular (o the
grinding lay, The predominant characteristic of all of these
curves is one of moderate residual compression. The
medium and rough surfaces are very similar. The finest
surface finish, however, shows extremely shallow, but
high level compression in the direction perpendicular to

the grinding lay (Figure 138},

This same type of surface finish shows extremely shallow
but high level tension in the direction parallel to the
grinding lay {(Figure 136),

S ARlS iy = - e

Fatiguc Strength

S/ curves were run on eight specimens for each of the
surface [inish conditions described in Figures 131 through
135, TLe resuiting data are summarized in Table XXVII,
A summary o: this information is shown graphically in
Figures 139, 140, and 141.
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Surface Finish Study: Surface Grinding AISI 4340 Steel,

Q& T, 50 R¢ (continued)

Fatigue Strength (continued)

Fatigue behavior of longitudinally ground samples having the
grinding lay parallel to the principal fatigue stress is
summarized in Figure 139, It will be :oted that the samples
which were ground by gentle techniques (which result in low
surface stress) show a variation apparently due to surface
finish. The samples with the best surface finish, averaging
8 AA, exhibit an endurance limit of 117 ksi, Gently ground
samples having average surface finishes of 65 and 127 AA
exhibit endurance limits of 110 and 100 ksi, respectively,

In contrast, all of the abusively ground samples adhered
rather closely to the single S/IN curve shown in Figure 139
as representing the abusive conditions. Considering the
relatively low scatter exhibited by three abusively ground
samples, all three groups pointed rather clearly to an
endurance limit in the vicinity of 65 ksi,

Fatigue data summarizing the effects cf gentle transverse
grinding in the range of 11 to 128 AA are shown in Figure 140,
These data represent the effect of grinding lay perpendicular
to the principal fatigue stress. The range in endurance

limit, 120 down to 85 ksi, is somewhat greater than that
associated with the grinding lay being parallel to the surface,
117 to 100 kei. These ranges in fatigue strength are believed
due to differences in surface finish.

For ease of comparison, the ranges obtained in both longitudinal
and transverse gentle grinding on 4340 are graphed together

in Figure 144, The total spread in endurance limit for gentle
longitudinal grinding amounts to + 7 percent of the average value.
The total spread in endurance limit for transverse grinding

(in which the fatigue stress is perpendicular to the lay) is

+ 17 percent of the average value, It may be concluded,
therefore, that surface finish does excrt a measuvrable influence
on fatigue strength of ground surfaces in the absence of other
significant surface alterations. The effect appears to be more
pronounced when the zrinding lay is perpendicular to the

fatigue siress,

Whenever untempered/overtempered martensite is present,
however, as in the case of all of the abusively ground samples,
it would appear that this damage has an overriding effect and
is the controlling factor in determining the fatigue strength
exhibited by the material, see Figure 139,
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IN AISI 4340 STEEL (QUENCHED AND TEMP.JRED, 50 R,)
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Figure 13¢
RESIDUAL STRESS IN AISI 4340:
GENTLE SURFACE GRINDING




RESIDUAI SURFACE STRESS PROFII.ES
IN AISI 4340 STEEL (QUENCHED AND TEMPERED, 50 R,)
OVER A WIDE RANGE OF SURFACE ROUGIHNFESS
PRODUCED BY ABUSIVE SURFACE G INDING

140 = ' SURFACE FINISH, AA :a b4 a7 7|

P

CROSS FEED, IN/PASS L0530 100 106
TAULE SPEED, FI,/MIN, 40 40 €]
WHEEIL WIDTH, IN. 1/2 1/4 1/4
WHEEL DRESS Fine Moed, Coarse
120 T T T ‘AJI_ -
5
b GRINDING WHEEL: Ad4eMV
5 WHEEL SPEED, FI./MIN.: o0Q0
l — DOWN I'EED, IN, /PASS: 002
N 100 —_ —— GRINDING FLUID: DRY EE——
DEPTH OF GRIND: 010 IV
lq AN L )
vd AA ——  ay—
B 80 . ) 97 AA o> o wwee
x v
4 |
6]
“ ORIENTATION: TONGITUDINATL
S GRIND. STRESS PROFILES
a 00 F PARAILIEI TO GRINDING TAY .S
=
n
6]
a4
40 F
20
!
N 0
Fe
9
0
)
€3]
ol
2
= =20
0 .
9] L0022 . 004 . 00b , 00y 010

DEPTH BELOW SURFACE, INCHES

Figure 137
RESIDUAI STRFESS IN AIST 4340:
ABUSIVE SURFACE GRINDING
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6.11.2 Surface Finish Study: End Milling, Ti-6A1-6V-2Sn, STA, 42 Rc¢

Metallography ' J

Surface alterations produced in this alloy by gentle end milling-
end cutting conditions are shown in Figure 142, Using trans-
verse milling, surface finishes varying from 13 to 125 AA
were developed by varying tool geometry, In general, an
increase in the apparent surface roughness, as judged at
9 1000X, can be seen in these photomicrographs, all of which
are perpendicular to the lay of the surface. Slight surface
alterations are visible indicative of plastic deformation at
the surface. The visible depth of this penetration does not
) exceed . 0002 in., although the actual depth of deformation
may be somewhat greater. Microhardness measurements,
which are indicated on the photomicrographs, show a
significant degree of surface softening in these samples,
While the alloy had a base hardness in the range of 41 to 42 R,
surface softening of five to ten points R, was observed in the
first , 001 in. beneath the cul surface, This is probably
agsociated either with plastic deformation in this zone or with
’ localized heating produced during the cutting operation.
Surface finish measurements were made both perpendicular
and parallel to the lay of the surface., The average hardness
characteristics of the several samples in each test group
are also indicated in Figure 142,

—th W

®S . _ . .

Resgidual Stress

Residual stress profiles measured in end milled Ti-6Al1-6V-2Sn
are shown in Figure 143, These data indicate a very similar
residual stress condition produced by the three gentle milling
conditions being evaluated, As had been found in the facing .
operation on Inconel 718, the gentle cutting produces the ;
residual compression in the surface.

I'atigue Strength

The fatigue behavior of specimens finished by transverse end !
milling i8 summarized in Figure 144, The principal fatigue

stress was perpendicular to the cutting direction, hence,

perpendicular to the lay of the surface. The eight tests run on

each of the three surface finish levels all fell on the same N
curve ag shown in Figure 144,
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6.11,2

Surface Finish Study: End Milling, Ti-6A1-6V-2Sn, STA,
42 Re {continued)

Fatigue Strength  (continued)

An endurance limit of 82 ksi was indicated bty these tests.
The fatigue data are summarized in Taktle XXVIL. As in
the case of turning or facing Inconel 718, it is shown that
the fatigue strength of titanium is wnaffected by changes
in surface finish produced by gentle milling conditions over
the range studied. The equivalence of the residual stress
profile and of the microstructural condition of the threc
groups of samples contained in this titanium study
substantiates .he conditions hoped for in running this test
seriecg; namely, that the isolated effect of surface finish
per se could be evaluated,
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| 1 1 ]
‘ RESIDUAL SURFACE STRESS PROFILES
IN Ti-6A1-6V-2Sn (SOL. TREATED AND AGED, 42 R¢)
OVER A WIDE RANGE OF SURFACE ROUGHNESS
PRODUCED BY GENTLE END MILLING - END CUTTING

—

CUTTER: 4" DIA., S3INGLE TOOTH, C-2 CARBIDE
AR: 5° CA: 45°
RR: 0° CI.LEARANCE: 10°
CUTTING SPEED: 100 FT. /MIN.
+40 FEED: .004 IN. /TOOTH T
DEPTH OF CUT: .010"
CUTTING FLUID: #237 HOCUT (30:1) SPRAY MIST
TOOL WEAR: 0-,004 IN.

+20 ‘ - 13 AA 55 AA 125 AA
1

\d
TENSION

ECEA 1 5° 10°

-20

RESIDUAL STRESS. KSI
1
\
|
\\

55 AA e smummu 1

, 125 AA emm e e w0

_40.| -
|

_\%_4

COMPRESSION

-80

ORIENTATION: TRANSVERSE MILL. STRESS PROFILES
PERDENDICULAR TO LAY.

|

. 002 . 004 . 006 . 008 .010

-100

DEPTH BELOW SURFACE, INCHES i

Figure 143
RESIDUAL STRESS IN TITANIUM 6Al-6V-28n:
~ GENTLE END MILLING - END CUTTING 4
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€.11.3

Surface Finish Study: Turnirg, Inconel 718, STA, 44 R¢

Metallography

Photomicrographs summarizing the surface metallurgy
observed in transverse turning of Inconel 718 are shown

in Figures 145 and 146. Figure 145 shows three different
surface finishes ranging from 25 to 118 AA produced by a
gentle turning operation. Figure 146 shows a single

sample of Inconel 718 produced by an abusive turning operation.
The particular conditions chosen resulted in a surface

finish of 76 AA on the abusively cut samples. All of these
photomicrographs show a surface section which is parallel

to the direction of tool travel, Microhardness measurements
were made on several samples from each of the surface
finish groups.

Slight surface softening was measured under gentle machining
conditions, Scoftening and an underlying zone of slightly
increased hardness was observed in the case of abusively
turned samries. A combination of localized surface heating
and plastic deformation are believed responsible for these

P e

reactions.
Surface finish measurements were made both perpendicular
and parallel to the lay of the surface. These are also

summarized in Figures 145 and 146.

Residual Stress

The residual stress profiles measured for the three gently
turned and one abusively turned samples of Inconel 718 are
shown in Figure 147, These data are for ihe residual

stress in the surface perpendicular to the cutting direction
since all samples were turned in the transverse direction.
Note that all of the gently turned surfaces exhibit very

similar residual stress patterns, showing a peak compressive
stress of approximately 50 ksi, The abusive sample shows

a much deeper residual compressive stress, obtaining a

peak level of approximately 120 ksi, Notice also that the ¢
abusively cut sample shows a total depth of stressed surface
considerably in excess of , 010 inches, All of the gently
turned surfaces, however, indicate a much shallecwer depth




6.11.3

Surface Finish Study: Turning, Inconel 718, STA, 44 Rc¢ (continued)

Residual Stress (continued)

of surface alteration., This residual stress behavior is
similar to that which has been seen previously in milling
operations, The general tendency, again confirmed

here, is that gentle cutting produces compressive surface
stresses of relatively low order, while abusive cutting
(associated with dull tools) produces residual compressive
stresses, but of considerably greater magnitude. This is
in contrast to grinding operations, in which case residual
stresses associated with abusive operations are generally
tensile in nature,

Fatigue Strength

The fatigue behavior of the four groups of Inconel 718 surface
finish samples was determined by running standard S/N
curves, Specimens were turned or faced in the transverse
direction. For this reason, the principal fatigue stress was
perpendicular to the lay of the surface, Seven to eight

tests were run at each surface finish level. These exhibited
fatigue lives ranging from 105 to 107 cycles, These data

are summarized in Table XXVII.

In plotting the data, however, all of the points from the

four groups of samples fell on the single fatigue curve
shown in Figure 148, These data indicate an endurance
limit tor this material of 60 ksi in all of the conditions
studied. It is interesting to note that in the previous surface
integrity contract, * gentle surface grinding applied to
Inconel 718 also exhibited an endurance limit of 60 ksi when
tested under the same conditions. It would appear that this
alloy is insensitive to differences in surface finish in turning
over the range of finishes covered by this study.

It should be pointed out, however, that abusive turning
procedures are still an area of concern in component
manufacture since the higher residual stresses associated
with them (see Figure 147) can lead to distortion problems,
even though fatigue strength may not be particularly affected.
These comments, however, should be confined to a specific
situation such as turning from which the data have been
established., In grinding, the abusive condition has been shown
to result in fatigue strengths of less than 24 ksi on this alloy. *

* Contract F33615-68-C-1003 (Report No. AFML-TR-70-11).
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RESIDUAT. STRESS. KSI

TENSION

COMPRESSION

+20

-20

-40

-60

-80

- 100

-120

T T T T
RESIDUAL SURFACE STRESS VROFILES
IN INCONRI, 718 (SOT. TREATED /. ND AGED, 44 R¢)
OVER A WIDE RANGE OF SURFACFE ROUGHNESS
4 PRODUCED BY TURNING (FA(‘ING) 4

4

\ ORIENTATION: TRANSVERSE TURN. STRESS PROFILES
PERPENDICUILAR TO LAY.

\
\

S
i/

GENTLE, 25 AA
i

|
/—I\— GENTLE 118 Ah —————

L ' i ~

! . — GENTLE, 58 AA /I

I L____i e Lt .

ABUSIVIE, 76 AA h
| \>/ ’

I - — R — -*4 e e .
TOOT. MATERIAL: C-2'(833) BRAZED TOOT.
BR: 5° NEG. SCRA: 60°
\ / SR: 0° ECEA: €0°
REILEF: 10° ;
- / DEPTH OF CUT: , 0id ]
\ CUTTING SPEED: 35 FT. ‘MIN.
‘ / CLTTINC. FLUID: SOLURIE OIL (1:20)
1 / . GENTI E ARUSTVE
1 L _~+__.,.__._.*L ~ 25 AA  SBAA 11X AA Tt AA
NOSE RADIUS, IN. . 050 031 023 030
FEED. IN. /REV. 007 007 L012 007
L4
TOOL WFARITAND, IN, 0-.004 0-.004 0-.004 . 830
1 | | | |
.02 R 06 . 008 L0100

DEPTH BELOW SURFACEF, INCHES

Figure 147
RESIDUAL STRESS IN INCONFEL 718:
TURNING (FACING)
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Additional Comparative Studies

A review of all of the data obtained on the subject contract permits
a surface integrity analysis of two different areas of engineering
interest, These are the effect of elevated temperature and also
the effect of shot peening as a post processing operation,

A summary of high cycle fatigue data obtained on a nickel-base alloy,
in this case AF 95, is shown in Figure 149, This series of bar
graphs compares the behavior of various alloy/material removal
procedures at room temperature versus 1000°F, In general, it may
be said that the relative behavior of gentle versus abusive or
standard versus off-standard observed at room temperature is
carried over to the elevated temperature exposure. In ithe case of
surface grinding at room tamperature, for example, endurance
limits due to gentle versus abusive grinding were 75 versus 26 ksi,
At 1000°F, these values are 98 versus 48 ksi. A discussion
concerned with the reasons for the fatigue behavior at 1000° F being
higher than at room temperature is contained in Section 6. 8.1, The
point to be made here is that the comparative relation between
gentle and abusive grinding is carried over from room temperature
to the elevated temperature exposure, in reviewing Figure 149, the
same relative effects may also be seen for ECM and EDM, although
in both of these cases little difference in fatigue gtrength is
associated with variations in metal removal parameters,

Also shown in Figure 149 is the effect of shot peening as a post-
processing operation and its ability to carry over at elevated
temperatures, In the case of the AF 95 which was used for this
study, it may be seen that shot peening effects, which enhance fatigue
strength at room temperature, do indeed enhance fatigue strength

at the 1000°F level. From an overall review of Figure 149, it is
probably logical to conclude that surface integrity considerations
based on room temperature test data are quite applicable at normal
elevated service temperatures of materials, At least this appears
to be true in the case of nickel-base alloys, It is also valid to
conclude that the merits frequently demonstrated for shot peening

in sometimes correcting poor surface integrity and also in enhancing
the fatigue strength of parts having a high surface integrity level
will also exist in many elevated temperature situations, The
effectivenesa of shot peening over long periods of time in these
situations, however, has not been established.

A summary of the effect of shot peening on a number of room temperature
surface integrity situations is shown in Figures 150, 151, and 152,

In all cases, shot peening demonstrates an ability to increase fatigue
strength, although the proportions of increase are quite variable, The
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6.12 Additional Comparative Studies (continued)

greatest effect is observed when shot peening is applied to situations
which otherwise exhibit relatively poor fatigue strengths. This is
particularly evident in Figure 151 which summarizes a number of
EDM comparisons. Lesser effects are seen in the case of low stress
grinding and of electrolytic polishing as shown in Figure 150,

From a comparison of the data in these three figures, 150-152, the
general trend could be concluded that shot peening can elevate the
fatigue strength of surfaces machined in a variety of ways to a peak
or plateau value characteristic of the alloy being peened. Within
limits this is probably valid. It must be remembered, however,
that all machined surfaces cannot be shot peened effectively to be
consistent with other engineering requirem:nts, Where applicable,
however, peening appears to be a potentially useful means for
enhancing surface integrity. Specific evaluations must be made,
however, in applications where the cyclic strain range or temperature
of the component in service may cause decay of the compressive
stresses set up by the peening,




GENTLE  GENTLE
STANDARD ¢ 75°F RN\ STANDARD 1000°F

FINISH FINISH
ABUSIVE ABUSIVE
B o:r-smo. } 75 [N OFF.STD 1000°F
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SURFACE m\mm\ o

GRIND

ECM
95

50

EDM

ECM + PEEN |

EDM + PEEN

0 20 40 60 80 100 120

ENDURANCE LIMIT, KSI

Figure 149
SUMMARY OF HIGH CYCLE FATIGUE BEHAVIOR
OF AF-95 (SOLUTION TREATED AND AGED, 50 R) *

EFFECT OF TEMPERATURIE




HAND SAND
4340
Q& T, 50 R

SURF, GRIND
4340
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Figure 150

SUMMARY OF HIGH CYCLE FATIGUE RESPONSE
EFFECT OF SHOT PEENING
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INCONEL 718, SOLUTION TREATED AND AGED (44 Re)

75

0 20 40 60 80 100
ENDURANCE LIMIT, KSI

AF-95, SOLUTION TREATED AND AGED (50 R¢)

*e o . NECERR
%4 g, . e R . et e
. .
- DTS RN ST W P S MR VA ML AL P M S

Ix'.. -'I
a2y FINISHING + PEM CING

.

i
-ROUGHING -ROUGHING + PEE NING
| L N |

0 20 40 60 80 100
ENDURANCE LIMIT, KSI

Figure 151
UMMARY OF HIGCH CYCLE FATIGUE RESPONSE: EDM
EFXFECT OF SHOT PEENING
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".1-6A1-6V-28n, SOLUTION TREATED AND AGED (42 R_)

+ PEEN
il L

0 20 40 80 100 120
ENDURANCE LIMIT, KSI

INCONEI. 718, SOLUTION TREATED AND AGED (44 R¢)

- : -+

0 20 40 60 80 100 120

ENDURANCE LIMIT, KSI
AF-95, SOLUTION TREATED AND AGED (50 R)

1 T i’

) 20 40 60 80 100 - 120
Figure 152 ENDURANCE I.IMIT, KSI
SUMMARY OF HIGH CYCLE FATIGUE RESPONSE: ECM
EFFECT OF SHOT PEENING




.13

Scanning Electron Microscopy

As part of the overall manufacturing engineering survey, the
General Electric Company prepared a number of scanning electron
photomicrographs and also some Talysurf traces of various
alloy/material removal combinations. At the present time,
specific engineering data is not available to permit direct and
mcaningful interpretation of the information contained in scanning
electron photomicrographs to the surface integrity situation.
Examples of this work, however, are included in this section for
illustrative purposes only, It is anticipated that documentation
of this type may prove beneficial in subsequent surface integrity
studies. The following illustrations are presented:

Figure 156 ~ Low Stress Grinding - AF95

Figure 157 - Conventional Grinding - AF95

Figure 158 ~ Abusive Grinding - AF95

Figure 159 -~ Talysurf Traces-Surface Ground - AF95
Figure 160 ~ ECM (Finishing) - Ti-6Al-6V-2Sn
Figure 161 - ECM (Roughing) ~ Ti-b6Al-6V-28n
Figure 1€2 - ECM (Finishing) - AF2-1DA

Figure 163 -~ ECM (Roughing) - AF2-1DA

Figure 164 - EDM (Finishing) - AF95

Figure 165 -~ EDM (Roughing) - AF95

Figure 166 - EDM (Finishing) - Rene' 80
Figure 167 - EDM (Roughing) - Rene' 80
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GENERAL S ELECTRIC &4

NG ELECTRON PHOTOMICROGRAPHS
ABUSIVE GRINDING - AF95

155
CANRT

%Ll

1

Fi

306




Cod V- ONNOYD IDVIHNS ‘HADOVYI JUASATIVL
:SHAVYDO0YDIWOLOHd NOMIDATE DNINNVOS

947 2andr g
RIS AL
A3TIVA O AV3s \\\on vy, 75 0l
ONIGNI¥S  SS3¥15  MO1T
QEVE. o081
. L » § Ve ....,u
"u.r P @N . ! ... L o ._., . N kr& ,( ..
i .......,.._.LS;‘...ﬂLr_ .:F.,u).\.?.\.\ ., d,.. Y, (_\..M...p., -y P O Tn g
A31IVA  OL )ivid 708z <<e§.\uv
ONIGN!¥S  315Vi3aNS I1YNOILNIANOD omu"nua‘ . )
. , az S92
T
“ A

307

AINVA Of NVid u.\ﬂn A 4 Ig
w x\a\

ONIGNI¥OS 2DVIINS ANV

AV1 OL T 30ovalL dunsaivi
Vis 64V  ONIGNIND




uSZ-A9-1v9-IL - (ONIHSINII) WDH
ADVYEL JUNSATVL ANV SHAVIDOUDIWOLOHd NOYLDATA UzEz<Umm
JGT 2an L)

SUTREREICRITETEL) IvEL jansatvi

o 0\,4 T LTI 7T Iy

VI8V 1VDIidAl

X sTIL9

3IGOHLIVYD
91sd OF INO '$S3¥d -
91sd 00l NI "SS3¥d —
i ,001 dW3 1~

12 YN~ 1VO/8 | 3dAL-31A70493M2

» O10° avo

NIW/, s»O 31vy G334

oLt ‘NI'OS /sdwWy

el $110A

G4ILIWVEVd QUVONVYIS 3O ONIHSINIZ 1VDIdAL

Sb Iv. Wa3as
11 T-9-9 (ONIHSINIY) W D 3

308




TTT™

FYl
‘

1{‘]‘1“ "  TwWw 4 -~ JII‘ ~—vy T -  — -

USZ-AY9-1V9-I1 - (ONIHDNOY)} WDH
*AOVYL A4NSATVL ANV SHA 7dDOUDIWOLOHA NOML I TT DNINNVOS
RGT Axndry

2 1.0211,% 19YINIY 3IDviEl 4¥NSATVY

VST L e

# . / \ X 96 o~
" : _ . S A SMO110H 310N A
. ,\ o0 /> : Iy ‘ . © ‘ !_.v.

- — -

ssvyd 3100HIVD

9154 OF ANO SSI¥d_
9154 00T Ni SS3dd—
1,001 dW3l -

13 YN-1V9/u 1 3dA1-31A10813313
.Ov0’ davo
113md 31vy¥ c334

s N!'DS /SdWY
£ 5110A

S¥ILIWYIVE QUVENVYIS 440 0 ONIHONOY 1VIidAlL
Sy IV W3S

IL 2-9-9 (ONIHONOYW) WD 3

306

.."‘..._.__-—— ——— .

e ———— =

T I T T T T T T e T e




VAI-z4AV - (ONIHSINIA) WDA

PADVEL JYNSXATIVI ANV SHAVIDOUDINWOLOHd NOULDATH UZHZZ<UM
651 24081 g

01643313 &3 TVHINIY YEL  Jansavy

3 s ~ T

P TS N S
1

o
_ aeouﬁmm_ae.ﬁ =
w .
30CHIVY
1RO *SI%d -
9isd 00T NI ‘S38d -
15001 Wil
CON YN-vE/8 Z 3dAL - 32308190
eto° 4vO
NIW/Sy0r arn
oty N DS /SN
4] $1%0A
SUILIWYEWE QUVONVIS 30 OMNINSINGG TVINdAl
omld h( im“
Val-ZdV (ONIHSINIY) W D 3
- a - — PEER "y - - oy .




VAI-2AV - (DNIHDNOY) WNOHA
ADOVEL JYNSKIVI ANV SHAVEDOEDINOLOHd NOYIDA TH DNINNVIDS

NG AanRT T

JI812373,% TYHINDY 3ovidl  dansalvi

A niais s B i

; : ]
R A TR
: S % s

LA . |

F-'—'>
TR

19NYY, 7Ozl

d

~KINIVA .dﬂ !amw\mm

e = 107

VIdv IVDIdAl

311

X 00SH

1QOH1VI

*534d —

D154 00Z NI "S3¥d —

- 00! dwil —
N EoN YN—1voR ¢ 3dAL —31AT0¥13313
.M ,. 010 dvo
Mama @334
S NI DS /SdWvV

S110A

€
SY¥31IWVIVd  QUVONVIS 440 3O ONIHONOY¥ 1VDIdAL

oSV 1V Wis
Val-Z4dV (ONIHONOY) W D 3




§6AV - (DNIHSINIJ) WAX

:7oVYl JYNSATVI ANV SHAVIDOUDIWOLOHI NOYLOITE DONINNVOS
191 21n31A

30Vil  43nSAMWL

AN PR B ISR D

c v P T

oY o s , o

: - . [ S ‘ ; : 2 "l
R Y IUPRN S R €, N
SR I 1 T o

. - ) .

s i [ - N w_

- ]

[ RS S

o S T B 3

' _ —_ -
i - I

AOVHED 3IION

X 00TT

NIW/ &Y ANOIAVIORdI 523

66y ODVYX3L J181231318
134d02 10081320

(] JOINVIIIVEYD

HX 09T AININOEN

L . SdWY

oL SINOA
1S¥11IWY .

| o9 v was
vis 64V (ONIHSINIY) Wa 3

312




e e —

SeAV - [DNIHDNOY) WA3
ADOVEL JUNSAIVI ANV SHAVEDOUDINWOLOHA NOYLDFTH DONINKNVYOS

IASE T SR IS RN 8 ed
ot s

IDVIL  JdNSATVL

‘ : D SRR 7S N U S S TN S S NS
ot H T . H ] T T T *
R I A P B TR St S Sk BOat

: PRSI S Ot S s i s

L i ] : [T P S pr R L

% s B R e 1 |~

H .- 4. R

313

NIW /¢¥ NOIHLYDOO¥dID Y
66% 0OJ3VYX3l 2141931310
334402 3aceL2313

QiW ¢ I3NVLIIVEVYD

HY Ot AIN3INDIN

sS—v SAWNY

a8 5170A
SY3L3IWVvAVYd

o? v wis

V1§ ONIHDNOA
{V wag 3




08 \ANFY - {DNIHSINII) NaHA
*ADVEL AUNSATVL ANV SHAVUDOUDIWOLOHA NOYIOATHA DONINNVDS

€91 24031y

oo 91413313 % 1VEINID

IDVYL  HSINId  J¥NSAYVL

B A P I T T e
w L(H T g i Y o X N 2
[0S0t S e s £ ) AN x
T A K 0 R SRt XS : bt
—3 I* .
T 1 =
ln o o
1
Y
-~ 7
. I £
o y AV
- y A 1.4 d
. -t e
(1= € L [ W

AOVEI0WIW  :ILON

314

X o008

NIW/Zsy NOILVY 0341038

1.1 4 oJvXii AHaLdNUG
41344020 300113313

0 JINVLIOVIYD

HX 092 AININDIBS

i SdWV

04 S110A

oS¥ 1V  Wis
vis 08 ,3N3¥ (ONIHSINIJ) W g 3




08 ANAJI - {(2LIHONGL; Nad
ITOVEL JYNSATVI ANV SHAVEDDUSIWOLOHA NOULDATA DNINNVDS
#91 2an81 g

%

R &

LN IVEINID  35yN1  HSINIZ  JEnSATVL

“.

—— rlhrv .\4”( "‘HAI‘
i 8 y
1

b o

AIVEI0UUW
X 005¢

315

NIV /7S NOILYI0uE1I3N

66% 0OJVXii 2131310
¥3dd0D 3Qq0N11313
aiw ¢ FIONVLIIDVEY)

WX 9L AININT N4
S~» 3dWY

o8 S110A
mmwhm$<¢<awz_zgcu

oS¥ Lv  Wwas
vis 08 ANV (ONIHONOY W a 3




(1:1) 6f 110308 pPu® IMPEaIYL
0¥
050 -

sKofrv wniuei], s€ dWes
010~
001¢
ATOID9PVEE

+SKorrv osed-112IN
pue S139318

{1:1) 6¢ TrO¥>® A

AiQg pue xBUND
414 yjool 378ulS TN 11°2US y3ool 01
900 010"
34 61
800~ 2007
aprqxeD(g88)Z-D L
p/e-2 p/e-1
08,2u2y 81 . [uodU]
vdai-z4av
G6AV

08 ,2udd ‘VAI-2IV ‘G6AV '81L U0l
a8eIeN 00€ @PEID TOIN %81
OWZ-1ZF-USZ-TV9-1L ‘USZ-A9-IV9-IL ‘AP-IV3-LL

(02:1)°ONM
o¥
050

ssed/ 'ut 00O ' 3® "I 2100~ ISP
ssed/ ‘ut 000~ 38 'UT 800" I°N
ssed/ ‘ut gpOO * ¥€ ‘UL 800" ISINA

(1:1) 6€ TI03Ived
@Gm wom xeuannod
1IN 112YS Y300L 01
010"
€€
¥00 "
2N
2/1-2

% ST231S

0L10°
001¢
SA8L09D6¢

*SKoTIv

wnuel,

AiQ
A1d giool ardulg
900’
001
900"
aprqieD(¢gglz-D
¥/e-2

%SKorIv

umtueILL

‘patsipoN O¥EV ‘CYed

SIOVIENS Ll

3 1SAL NVHI YdH1O NO SNAWIDAIS

DNIHDLOVANNVW 904 adsa SNOILIANO

r—n.

I dTIdV.L

3 DNINIHOVW TVIINID

:opnyout sdoqre ssed-{ >IN
:apn(oul S[293S
:apnjoutr sAojle WNIUBILL %

:prnfg Sulpulid

:rutway 33 ‘paads S19EL
:ssed; 'ur ‘pa’dd ss01D

:gsedy ur ‘pes g uvmo(d
:ur ‘puted yo yidaQg
prutwa/ ‘3 ‘poadS [P9UM

1oy pm Surputad

DONIANIID

CPIRLg
1I1933InD

:(wmurnxewr) Iedpm (0L
: rurwa/ (33 ‘peeds Buihnd

iyjool/ ‘ut ‘paedg

i[etIajew 100, -
1 rut ‘IdjowIBRL] I21ND

ONITIINW

316




)

328 17/ul "29s

sino
-waeds §
2000 /S
$000°/7
I00°/S

oro”’

060°

200

0009

ANOVY

aAlsSNQy

LIt *d38 L]l

sIno
-jxeds ¢
2000 °/5S SN0
5000° /27 -daeds 2
100°/5 100°/6S
0t10° 010~
1§{e] 1o
2qnros LU
0¥ (114
0s0° 050"
100° %571
0009 0007¢
ANMIPY AH9YVY
CAu0D a13uan

084V PUt ‘VU1-7dVY ‘S6dVY ‘B1L [duodU]

OWZ-17p-UST - V9 WMIUTL], PUB ‘LGZ-AQ-1VG WNIUBILL ‘Ap-TY9 WMIUEJL]
aBeiely 00¢ 9PTID [94OIN %81 PUR ‘PAYIPOLL OpChy ‘OPEH :2PNIIUT 513935k

-Umw ‘.N\—V.H -UOIn

sjino
-yreds
2000 °/5
S000° /2
1007 /%

010~

54

050"

200 °

0009

ANV

IATSNQY

Lal

sjno
-sjreds ¢

7000 7/
$000°/2
100°/5

ore”

Snwy
TwayD

oy

050~

100°

G009

AMO09D

“TAUOTy

1opurid sdejins OTMEBIPAY

*Jas P\:A

SO
-yaeds g
100°/5
010"

gzt
ZONM

ot

040 °

0002

AHO9TZ:

o1juUar;

skotiy oseg (901N

sAoy wmruelry

‘ut $7 AQ TUl g UOJION

I2PNOUT 25t g [2IIN

I3pNIOUT WMIUBIL],

ssutyoep Butpurnin

"293s [Z/ul *o9s  LfuT  tI9S L/ul 193BYy 9s5adABa]
puowelg
sino s3jro
-ydieds -y1eds g
2000 /S 2000 /5 sno
50007 /2 5000°/2 ->ieds 7 ssed 1ad yidap
1007 /S 100° /5 100°/6 jsasseyq durssdacy
123ym 10 "OoN
. . . (-un)
010 010 oto puiin Jo qadag
110 110
Kig s1qniog NS prd Fuiputan
TUTWE/ "33
oF 0% 0% pasds s1qer
T . . ssedy ‘ur
0$0 050 059 pa3s501n
200° 160° %871 ssed; "ut
playumocg
0009 0009 oz Turwy 33
poadg 195uym
AWIPY ANAPY AH9FV 10ayp Jutpurin
sAISNqQYy “AUOD EiriEls]
B EEES

SHEWIDIJS NO $107 LSEI ONINVIN 404 ddsn
SNOLLIQr: D ONIONIED IDVIENS

o EIdvy

317




TABLE III
HAND SANDING CONDITIONS ,,i
USED FOR MAKING TEST CUTS ON SPECIMENS \]
'
Gentle Abusive !
Steel Alloys Titanium Alloysx All Alloys

b
Sanding Disc Al, 0 Al;O4 Al;04 ‘
Disc Condition New New Worn ‘
Grit Size 240 240 120 1

Cutting Speed, 4500 2000 6000
rev, /min, ‘1

Applied Prossure Light Light Heavy
Cutting Fluid Hocut 237{1:50) Hocut 237(1:50) Dry

*Materials Used In Haud Sanding

Steel Alloys: 4340 Modified

18% Nickel Grade 300 Maraging Steel

Titanium Ailsys: Ti- 6A1-6V-28n
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TABLE V

END MII.LING - PERIPHERAL CUTTING CONDITIONS
USED FOR MAKING TEST CUTS ON SPECIMENS

Cutter: 4' Dia., 6'" long, 12 Tooth, C-2(883) Carhide
Axial Rake: 157
Radial Rake: 0°
Relief: 10°
Feed: .004 in. /tooth
Depth of Cut: . 030"
Width of Cut: 2.0'" on High Cycle Fatigue (Fig.7 )
1. 5" on Low Cycle Fatigue (Fig. 9 )
1, 0" on Stress Corrosion (Fig.11)
. 75" on Residual Stress (Fig. 6 )

Gentle Abusive
Cutting Speed, ft. /min, 100 150
Cutting Fluid: Hocut 237(1:30) Dry

Tool Wear, in. 0-.004 .015-, 020




TABLE VI :
TURNING CONDITIONS USED FOR MAKING TEST CUTS CN SPECIMENS 1
d
Tool: C-2(883) Carbide, . 030" Nose Radius
Depth of Cut: . 010" '
Cutting Fluid: Staysol 77 (1:20) '
.
Inconel 718 AF95
r Gentle Abusive Gentle Abusive
Back Rake: -5° -5° -7° -7° 1
y Side Rake: 0° 0° 0° 0° ;
Side Cutting Edge Angle: 30° 30° 45° 45°
End Cutting Edge Angle: 60° 60° 45° 45° 1
Relief: 10° 10° 7° 7°
i Cutting Speed, ft, /min,: 35 35 10 10 ‘
Feed, in. /rev.: . 007 . 007 . 006 . 006 ‘
b Tool Wearland, in.: 0-.004 . 030 0-.004 . 030




T T

-

TABLE VII

DRILLING CONDITIONS USED FOR MAKING TEST CUTS ON SPECIMENS

Cutting Speed, ft. /min.

Feed, in. /rev,
Drill Material
Drill Dia., in.
Depth of Hole, in.
Point Angle

Point Type

Relief

Cutting Fluid

Wearland, in.

4340
Modified

15
. 0005
T-15
. 250
.400 thru
118°
plain

10°

Chlorinated Qil

. 000
, 008
. 030

322

18% Nickel
Grade 300
Maraging Steel

25
. 001
T-15
. 250

. 400 thru
118°
plain

10°

Chlorinated Oil

. 000
. 008
.030

A-.A(L‘:

N




TABLE VIII
EDM CONDITIONS USED FOR MAKING TEST CUTS ON SPECIMENS

Dialectric: Texaco 499
Electrode Material: Copper

Roughing (Off Standard) Condition

Mode: Reciprocating, 45 strokes/min,

Voltage Frequency Current Capacitance Depth of Cut
(Volts) (Kilo hertz) (Amperes) (Microfarads) (Inches)
72-74 8 15 2 First . 032-.035"
80 16 4-5 2 Last . 010"
Finishing (Standard) Condition
Voltage F_ equency Current Capacitance Depth of Cut
(Volts) (Kilo hertz) {(Amperes) (Microfarads) {Inches)
70 8 10 P First . 027-. 030"
70 16 8 1 Next . 010"
70 65 6 0.5 Next . 003"
70 250 1 0 Last , 002"
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TABLE X

TEST CUT CONDITIONS

GENTLE SURFACE GRINDING PROCEDURES USED ON
AISI 4340 (50 R.) FOR THE SURFACE FINISH STUDY

Surface Finish, u in, AA

g-11 - 127-128

(perpendicular to lay) —_— 28-92 AR
Grinding Wheel A46HV A46HV A46HV
Wheel $peed. 2000 2000 2000

ft. /min,
Down Feed, "y, N Gt A SKCRES

in. /pass
Cross Feed, . 050 . 100 .100

in, /pass
Table speed, 40 40 40

ft. /min.
Depth of Grind .ol10" .010" .o10"
Grinding Fluid Sulfurized Sulfurized Sulfurized

0il Cil 01l
Wheel Width, in, 1,0 1/2 1/2
No. of Wheel Dressing 5/.001 6/.001 6/.001
passes/depth per pass 2/..0005 2 sparkouts No sparkouts
5/.0002
4 sparkouts

Diamond Traverse Rate 1" in 21 sec. 1'in 5 sec. 1" in 2 sec.

Grinding Machine: Norton 8 in, by 24 in, hydraulic surface grinder.

*1.S: Low Stress Down Feed: First: ,008 in. at .0005 in. /pass
Next: ,0008 in. at .0004 in./pass
Last: .0012 in. at ,0002 in. /pass




TABLE X (cont.)

TEST CUT CONDITIONS ‘

ABUSIVE SURFACE GRINDING PROCEDURES USED ON
AISI 4340 (50 R.) FOR THE SURFACE FINISH STUDY

i Ba

Surface Finish, uin, AA

26 ’
(perpendicular to lay) —= L 97 ’
b Grinding Wheel A46MV Adb6MV AdoMV
[
Wheel Speed, 6000 6000 6000 |
ft. /min, !
) Down Feea, . 002 . 002 002 !
in, /pass w
Cross Feed, 050 . 100 . 100
in. /pass
Table S.peed, 40 40 60
l ft. /min.
Depth of Grind: .olo" .610" . 010"
; Grinding Fluid Dry Dry Dry
Wheel Width, in, i/2 1/4 1/4
No. of Wheel Dressing 5/.001 6/.001 6/.001
passes/depth per pass 2/.0005 2 sparkocuts No sparkouts
5/.0002
1
4 sparkouts 1
3
Diamond Traverse Rate 1'"in 21 sec. 1'"in 7 sec. 1'"in 3.5 sec.

Grinding Machine: Norton 8.in. by 24 in. hydraulic surface grinder, '
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TABLE X (cont.)
TEST CUT COMDITIONS

GENTLE TURNING PROCEDURES USED ON INCONEL 718
FOR THE SURFACE FINISH STUDY

NN

Conditions Common to All Gentle Turning

L
Tool Material: (C-2) 883 Brazed Tool ]
Back Rake: 5° Neg.
Side Rake: 0 )
Side Cutting Edge Angle: 30° w
Edge Cutting Edge Angle: 60°
Relief: 10°
Depth of Cut, irn.: . 010
Cuiting Fluid: Soluble 0il (1:290)
Tool Wearland, in.: 0-.004
Cutting Speed, ft./min. 35

Conditions Which Varied With Surface Finish

25 AA 58 AA 118 AA

Nose Radius, in.: . 050 . 031 L0253 1
Feed, in./rev. . 007 ,007 .012
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TABLE X (cont,)

TEST CUT CONDITIONS

ABUSIVE TURNING PROCEDURES USED ON INCONEL 718
FOR THE SURFACE FINISH STUDY

Tool Material: {C-2) 883 Brazed Tool
Back Rake: 5° Neg.
Side Rake: 0
Side Cutting Edge Angle: 30°
Edge Cutting Edge Angle: 60°
Relief: 10°
Nosge Radius, in.: . 030
Depth ot Cut, in.: .010
Cutting Fluid: Soluble Oil (1:20)
Tool Wearland, in.: . 030
Cutting Speed, ft, /min, 35
Feed, in, /rev. . 007

izs




TABLE X (cont. )
TEST CUT CONDITIONS

GENTLE END MILLING (END CUTTING) PROCEDURES USED ON
Ti-6-6-2 FOR THE SURFACE FINISH STUDY

Cutter: 4'dia., single tooth, C-2 (883) Carbide
Axial Rake, (AR): +45°
Radial Rake, (RR): 0
Corner Angle (CA): 45°
Clearance: 10°

Cutting Speed: 100 ft. /min.

Feed: {04 in./tooth

Depth of Cut: .010 in,

Width of Cut: 2.0 in. on High Cycle Fatigue
.750 in. on Residual Stress

Cutting Fluid: #237 Hocut (30:1) Spray Mist

Tool Wear: 0-.004 in.

@, of Cutter on @ of Specimen

Conditions Which Varied With Surface Finish

13 AA 55 AA 125 AA

End Cutting Edge Angle,(ECEA): 1° 5° 10°




TABLE XI
POST TREATMENT CONDITIONS USED ON TEST CUT SURFACES

SHOT PEENING CONDITIONS:

Ti-6Al-6V-28n Inconel 718 AF95 Rene' 80
Shot Size 5170 S110 S110 S110
Intensity . 006 - . 008 A, . 006-.008 A, .004-.006 A, . 004-, 006 A,
Coverage 300% 300% 300% 300%

Shet Hardness 45-50 R 50-55 R 50-55 R 50-55 RC




TABLE XII

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA
FOR AISI 4340 ALLOY QUENCHED AND TEMPERED (50 R.)

Specimen Max, Stress Fatigue Cycles
No. (ksi) (10-3) Status

—

GENTLE END MILLING {(END CUTTING)

22-31 130.0 47 Failure
22-32 110.0 159 Failure
22-38 100.0 220 Failure
22~-33 0.0 263 Failure
22-37 90.0 12,877 Runout
22-D 85.0 14, 836 Runout
22-35 80.0 10, 064 Runout
22-34 70.0 10, 238 Runout
ABUSIVE END MILLING (END CUTTING)
22-46 90.0 i30 Failure
22-39 80.0 186 Failure
22-42 75.0 2,071 Failure
22-45 75.0 12, 842 Runout
22-41 70.0 10, 039 Runout
22-43 70.0 688 Failure
22-44 70.0 10, 233 Runout
22-40 60,0 14, 638 Runoaut
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TABLE XIII l‘
SUMMARY OF LOW CYCLE FATIGUE T:5T DATA J
f FOR AISI 4340 ALLOY QUENCHED AND TEMPRIED (50 R.) b
L
Specimen Pseudo Stress S'atigue
No. (ksi) Cycles 4
GENTLE SURFACE GRINDING ‘
L
+ 21-5 290 i, 714 J
N 11-17 256 2,455
21-4 240 3,613
11-15 200 10,469
21-6 160 26,836

ABUSIVE SURFACE GRINDING

21-9 290 1,147
2l-10 240 2,911
21-7 200 6,871
21-11 170 11,600
21-8 140 21,420




TABLE XIV

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA
FOR 4340 MODIFIED ALLOY QUENCHED AND TEMPERED (53 R., 285 KSI)

Specimen Max. Stress Fatigue Cycles
No, {ksi) (10-3) Status

GENTLE SURFACE GRINDING

23-1 160.0 49 Failure
23-2 140.0 291 Failure
23-3 130.0 3, 702 Failure
23-5 130.0 1, 020 Failure
23-4 125.0 10, 053 Runout

23-6 125,0 3, 554 Failure
23-8% 125.0 706 Failure
23-7 120.0 10, 303 Runout

] CONVENTIONAL SURFACE GRINDING

23-20 120.0 23 Failure
23-17 100.0 524 Failure
23-18 90.0 588 Failure
23-23 75.0 4,277 Failure
23-19 70,0 9, 302 Failure
23-22 70.0 15,108 Runout

23-24 70.0 7,231 Failure
23-21 65,0 10,118 Runout

ABUSIVE SURFACE GRINDING

23-9 100,0 46 Failure
23-10 80.0 122 Failure
23-12 70.0 3,496 Failure
23-14 70.0 8, 565 Failure
23-13 65.0 12, 884 Runout
23-15 65.0 6, 351 Failure
23-11 60.0 14, 544 Runout
23-1¢ 60,0 10, 018 Runout

*Failed at internal inclusion




TABLE XIV (continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA

zx‘- Rkl o

FOR 4340 MODIFIED ALLOY QUENCHED AND TEMPERED (53 Rﬂ 285 KSI)
Specimen Max, Stress Fatigue Cycles
No. (ksi) (10 -3 Status
GENTLE HAND SANDING
24-1A 125, 0 1, 498 Failure
24-2A 120.0 373 Failure
24-4A 115.0 2,142 Failure
24-5A 110.0 3,102 Failure
24-7A 110,0 757 Failure
24-6A 105.0 10, 297 Runout
24-8A 105.0 9, 800 Failure
ABUSIVE HAND SANDING
24-16A 140, 0 58 Failure
24-15A 120.0 10, 020 Runout
24-13A 115.0 3,917 Failure
24-9A 110.0 549 Failure
24-14A 110.0 10,516 Runout
24-11A 105,0 12,726 Runout
24-1CA 100, 0 12, 450 Runout

L Ad




TABLE XIV {(continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA
FOR 4340 MODIFIED ALLOY QUENCHED AND TEMPERED (53 R., 285 KSI)

Specimen Max. Stress Fatigue Cycles
No. (ksi) (10-3) Status

GENTLE END MILLING (END CUTTING)

25-6A 150.0 14 Failure
25-3A 110,0 40 Failure
25-4A 90.0 107 Failure
25-2A 75.0 162 Failure
25-1A 70.0 10,092 Runout
25-T7TA 70.0 397 Failure
25-8A 65.0 262 Failure
25-5A 60.0 10,264 Runout

ABUSIVE END MILLING (END CUTTING)

25-12A 130.90 33 Failure
26-10A 100.0 78 Failure
25-A 80,0 1,447 Failure
25-11A 70.0 337 Failure
25-16A 70.0 10, 135 Runout
25-15A 65.0 10,231 Runout
25-14A 60.0 10, 630 Runout

25-13A 50.0 12, 760 Runout




— —— -
TABLE XV
SUMMARY OF HIGH CYCLE FATIGUE TEST DATA
FOR 18% NICKEL GRADE 300 MARAGING STEEL ALLOY
SOLUTION TREATED AND AGED (54 R_)
Specimen Max. Stress Fatigue Cycles
No. (ksi) (10-3) Status
GENTLE SURFACE GRINDING
28-1 158.0 40 Failure
28-2 140.0 101 Failure
28-3 120.0 876 Failure
28-4 110.0 5, 403 Failure
28-6 110,0 3, 378 Failure
28-8 110.0 10, 222 Runout
28-5 105.0 12, 558 Runout
28-7 105,00 12,918 Runout
CONVENTIONAL SURKFACE GRINDING
28-17 130.0 140 Failare
28-22 120,0 150 Failure
28-18 110,0 170 Failure
28-19 90.0 624 Failure
28-21 85.0 5,120 Failure
28-20 80.0 12, 129 Runout
28-23 80.0 352 Failure
28-24 80.0 15, 352 Runout
ABUSIVE SURFACE GRINDING
28-9 120.0 43 Failure
28-10 100.0 111 Failure
28-12 90.0 9,875 Failure
28-14 90.0 2, 676 Failure
28-13 85.0 10, 127 Runout
28-15 85.0 356 Failure
28-16 85.0 12,266 Failure
28-11 8C.0 12, 506 Runout
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TABLE XV (continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA FOR
‘ 18% NICKEL GRADE 300 MARAGING STEEL ALLOY +A

SOLUTION TREATED AND AGED (54 R¢)

Specimen Max, Stress Fatigue Cycles
No, (ksi) (10 -3) Status

GENTLE HAND SANDING

29-1 110, 0 245 Failure
29-3 100, 0 361 Failure
29-6 93.5 330 Failure
29-2 90,0 4, 822 Failure
29-5 %0.0 10,072 Runout
29-17 90.0 9, 354 Failure (a)
29-4 85.0 10, 379 Runout
29-8 5.0 655 Failure

ABUSIVE HAND SANDING

29-9 100.0 674 Failure
29-10 95.0 602 Failure
29-11 90,0 5,196 Failure
29-14 90.0 2,433 Failure (a)
29-16 90.0 10, 020 Runout
29-12 85,0 919 Failure
29-13 85.0 10, 004 Runout
29-15 85,0 10,116 Runout

(2) Possible nick at origin




TABLE XV (continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA FOR

18% NICKEL (GRADE 300 MARAGING STEEL ALLQOY

Specimen

No.

SOLUTION TREATED AND AGED (54 R_)

Max, Stress

_ (ksi)

Fatigue Cycles
(10-3)

GENTLE END MILLING (END CUTTING)

30-8
30-3
30-4
30-7
30-6
30-A
EX-1

145,
140,
130,
130,
125,
125,
120,

e NeNeNeoNoNeoNol

141
647
5,654
7; 694
14, 907
469
10,208

ABUSIVE END MILLING (END CUTTING)

30-12
30-13
30-14
30-15
30-11
30-16

150. 0
140. 0
130.0
125, 0
120.0
120, 0

338

68

71

623
926
10, 260
340

Status

Failure
Failure
Failure
Failure
Runout

Failure
Runout

Failure
Failure
Failure
Failure
Runout

Failure

YT
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TABLE XVI

SUMMARY OF LOW CYCLE FATIGUE TEST DATA

FOR Ti-6A1-4V ALLOQOY (BETA RQLLED)

Specimen Pseudo Stress Fatigue
No. (ksi) _Cycles

GENTLE SURFACE GRINDING

33-1 145 1,727
33-3 130 3,384
33-2 115 7,733
33-4 105 9,056
33-5 90 21, 367
33-¢ 80 42, 303

ABUSIVE SURFACE GRINDING

33-8 14¢ 3,430
33-7 125 3,884 -
33-9 100 8,369
33-10 80 16,902
33-11 70 21, 639

339
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TABLE XVI (continued)

SUMMARY OF LOW CYCLE FATIGUE TEST DATA FOR

Ti-6A1-4V ALLOY (BETA ROLLED)

Specimen Pseudo Stress Fatigue
No. (ksi) Cycles

GENTLE END MILLING (PERIPHERAL CUTTING)

34-14 150,0 2,459
34-17 135.0 4, 489
34-15 120.0 6,966
34-16 100.0 22,547
34-25 95.0 28,876
34-13 85.0 40, 477

ABUSIVE END MILLING (PERIPHERAL CUTTING)

34-19 150.0 4, 942
34-23 120.0 16, 544
34-18 110.0 14, 672
34-22 100.0 26,970
34-21 85.0 51, 690



T

TABLE XVII

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA

Specimen
No.

GENTLE SURFACE GRINDING

35-1
35-2
35-3
35-4
35-5
35-7
35-¢6
35-8

FOR Ti-6Al-6V-25n ALILOY SOLUTICON

TREATED AND AGED (42 R¢)

Max. Stress
{ksi)

120.0
100.0
90.0
80.0
70.0
70.0
65.0
65,0

CONVENTICNAL SURFACE GRINDING

35-17
35-18
35-20
35-21
35-23
35-19
35-22
35-24

ABUSIVE SURFACE GRINDING

35-9

35-10
35-11
35-13
35-14
35-16
35-12
35-15

70.0
50.0
40.0
35.0
35,0
30.0
30,0
30.0

80.0
60.0
40,0
30.0
25,0
25,0
20.0
20,0

341

— —— -
Fatigue Cycles

(10-3) Scatus

18 Failure

57 Failure

206 Failure

557 Failure

2,743 Failure

373 Failure
10,273 Runout
10, 320 Runout

31 Failure

110 Failure

208 Failare

345 ¥Failure

478 Failure

10, 000 Runout
10, 056 Runout
10, 042 Runout

17 Failure

35 Failure

117 Failure

259 Failure

233 Failure

503 Failure

10, 023 Runout
10, 062 Runout

-

. S

Al




TABLE XVII (continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA

FOR Ti-6A1-6V-25n ALLQY SOLUTION
TREATED AND AGED (42 Rg)

Specimen Max. Stress Fatigue Cycles
No. (ksi) (10-3) Status

GENTLE HAND SANDING

36-1 75.0 70 Failure
36-3 75.0 5, 892 Failure (a)
36-4 72.5 £01 Failure
3.-2 70.0 10, 041 Runout
36-5 70,0 3,810 Failure
36-8 70.0 7, 044 Failure (a)
36-6 7.5 9, 194 Failure
36-7 65,0 10, 240 Runout

ABUSIVE HAND SANDING

36-9 75.0 75 Failure
36-11 75.0 312 Failure
36-13 75,0 367 Failure
36-14 72,5 1,423 Failure
36-10 70,0 10, 009 Failure (a)
36-12 70.0 10, 680 Runout
36-15 70,0 8,879 Failure (a)
36-16 67.5 4,807 Failure (a}

(a) Possible subsuriace failure.




Specimen
No.

37-9

37-10
37-11
37-12
37-13
37-15
37-14
37-16

37-26
37-20
37-21
37-22
37-23
37-25
37-24

a
TABLE XVII (continued)
SUMMARY OF HIGH CYCLE FATIGUE TEST DATA FOR
Ti-6Al1-6V-25n ALLOY SOLUTION -
TREATED AND AGED (42 R.)
Max. Stress Fatigue Cycles
(ksi) (10-3) Status
GENTLE END MILLING (PERIPHERAL CUTTING)
120.0 29 Failure
100.0 205 Failure
90.0 554 Failure
80.0 2,940 Failure
75.0 9,191 Failure
75.0 4,859 Failure
70.0 14, 319 Runout
70.0 12, 791 Runout
ABUSIVE END MILLING (PERIPHERAL CUTTING)
115,0 17 Failure
100.0 19 Failure
80.0 45 Failure
60.0 859 Failure
50,0 2, 861 Failure
50.0 168 Failure
45,0 10, 295 Runout
45.0 7,829 Failure

37-D




TABLE XVII (continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA FOR
FOR Ti-6Al-6V-25n ALLOY SOLUTION

TREATED AND AGED (42 R.)

Specimen Max, Stress Fatigue Cycles
{ksi) {10-3) Status

No.

STANDARD ECM

39-1 90.0 45 Failure
39-6 80.0 106 Failure
39-5 75.0 1, 611 Failure
39-8 75.0 206 Failure
39-2 70,0 9,814 Failure
39-4 70.0 10, 154 Runout
39-7 '70.0 10, 087 Runout
39-3 65,0 12,969 Runout

39-9 90,0 15 Failure
39-10 70.0 38 Failure
39-15 55,0 147 Failure
39-11 50.0 285 Failure
39-14 50.0 12, 631 Runout
39-16 50.0 196 Failure (a)
39-13 45.0 10, 147 Runout
39-12 40.0 17,486 Runout

(a) Failed at surface pit,




TABLE XVII (continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA
FOR Ti-6A1-6V-25n ALLOY SOLUTION
TREATED AND AGED (42 R_)

Specimen Max. Stress Fatigue Cycles
No. {ksi) (10-3) Status

STANDARD ECM + PEENING

40-2 95,0 2,774 Failure
40-4 95.0 150 Failure
40-1 90.0 3,128 Failure
40-8 90.0 371 Failure {(a)
40-3 85.0 3,989 Failure (a)
40-5 85,0 6, 652 Failure
40-7 85.0 10, 174 Runout
40-6 80.0 10, 879 Runout

OFF-STANDARD ECM + PEENING

40-10 90,0 166 Failure (a)
40-12 90.0 160 Failure (a)
40-16 90.0 120 Failure (a)
40-13 85.0 8, 762 Failure
40-14 85.0 6, 376 Failure (b)
40-15 80.0 10, 245 Runout
40-11 80.0 5,093 Failure (b)
40-9 70.0 10, 331 Runout

(a) Edge failure.
(b) Failure origin appears to be subsurface,

345




_TABLE XVII (cont,)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA
FOR Ti-6A1-6V-25p ALLOY SOLUTION
TREATED AND AGED, (42 R¢)

PR : Py

Specimen Max, Stress Fatigue Cycles
b No. (ksi) (10-3) Status

GENTLE SURFACE GRINDING + PEENING

b 7 100. 0 190 Failure
8 95,0 2,950 Failure
9 90.0 8,296 Failure
10 85.0 7, 391 Failure
11 80.0 10,01¢C Runout
12 85.0 10, 180 Runout
l
ABUSIVE SURFACE GRINDING + PEENING )
P 19 100.0 306 Failure ,
20 110, 0 95 Failure
21 95.0 332 Failure
22 80.0 586 Failure
23 75.0 963 Failure
\ 24 65.0 1, 807 Failure !

*

N
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TABLE XVIII

SUMMARY OF LOW CYCLE FATIGUE TEST DATA
FOR Ti-6Al-6V-25n ALLOY SOLUTION
TREATED & AGED (42 R¢)

Specimen Pseudo Stress
No. (ksi) Fatigue Cycles

GENTLE END MILLING (PERIPHERAL CUTTING)

38-4 170.0 2, 045
38-5 150.0 5,423
38-3 130.0 11, 711
38-A 110,0 24, 448
38-6 100.0 35, 424
38-B 95.0 67, 653 (a)

ABUSIVE END MILLING (PERIPHERAL CUTTING)

38-9 170.0 1, 950
38-10 140.0 7,012
c 38-8 130.0 10, 657
38-7 110.0 16, 001
38-11 100.0 22,126

(a) Specimen did not fail.




TABLE XVIII (continued)

SUMMARY OF LOW CYCLE FATIGUE TEST DATA v

FOR Ti-6A1-6V-2Sn ALLOY SOLUTION
TREATED AND AGED (42 R()

Specimen Pseudo Stress
No., (ksi) Fatigue Cycles

STANDARLD ECM + PEENING

41-4 150.0 3,967
41-2 130.0 8,051
41-5 110.0 22,271
41-6 100.0 62, 140 (a)
41-3 95.3 £3, 388 (a)

OFF-STANDARD ECM + PEENING

41-B 150.0 1, 488

41-7 130.0 3,598

41-8 110.0 6, 945 |
41-10 90.0 70, 792 (a)

41-9 80.0 62,173 (a)

(a) Specimen did not fail.




TABLE XIX

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA

FOR Ti-6Al-285n-47Zr-2Mo ALLOY SOLUTION
TREATED AND AGED (36 R¢)

Specimen Max. Stress Fatigue Cycles
No. (ksi) (10-3) Status

GENTLE SURFACE GRINDING

42-1 120.0 23 Failure
42-2 90.0 168 Failure
42-3 80.0 750 Failure
42-6 80.0 948 Failure
42-5 75.0 10, 268 Runout
42-17 75.0 2,908 Failure
42-4 70.0 12,772 Runcut
42-8 70.0 7, 602 Failure

CONVENTIONAL SURFACE GRINDING

42-17 70.0 33 Failure (a)
42-18 50.0 82 Failure (a)
42-19 25.0 560 Failure
42-24 25.0 518 Failure
42-21 20.0 1,201 Failure
42-23 20.0 10, 195 Runout
42-20 15.0 10,266 Runcut
42-24 15.0 10, 030 Runout

ABUSIVE SURFACE GRINDING

42-9 90.0 11 Failure (a)

42-10 60.0 24 Failure (a)

42-11 40.0 53 Failure (a)

42-~13 20.0 343 Failure (a)

42~ 14 15,0 689 Failure

42-16 15,0 748 Failure (a) .
42-12 10,0 10, 059 Runout

42-15 10,0 10, 122 Runout

(a) Multiple surface origins




TABLE XIX (continued)

—

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA FOR
Ti-6A1-2Sn-4Zr-2Mo  ALLOY SOLUTION

-‘n-_.A‘

TREATED AND AGED (36 Rc¢) o

‘ Specimen Max. Stress Fatigue %‘,ycles
No. (ksi) (1077 Status 4
1
GENTLE END MILLING (PERIPHERAL CUTTING)
4
# 43-1 120.0 48 Failure d
43-2 100.0 301 Failure
43-4 95.0 607 Failure
43-3 90.0 10, 072 Runout
43-5 90.0 596 Failure(a)
43-6 90.0 1,774 Failure (a)
43-7 90.0 1, 117 Failure
43-8 85.0 7,168 Failure {a)
ABUSIVE END MILLING (PERIPHERAL CUTTING)
43-9 120.0 24 Failure
43-12 95.0 65 Failure
43-10 85.0 126 Failure (
43-11 75.0 312 Failure ‘
43-13 70.0 169 Failure
43.14 60.90 1, 652 Failure
43.15 50.0 6,993 Failure A
43-1¢ 45.0 10, 105 Runout

(a) Edge failure.




TABLE XX

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA

FOR INCONEL 718 ALLOY SOLUTION TREATED AND AGED (44 R)

Specimen
No.

Surface Finish: 25 AA

79-7
79-6
79-2
79-1X
79-4
79-8
79-5

Surface Finish: 58 AA

79-13
79-11
79-9

79-14
79-10
79-12
79-15
79-16

Surface Finish: 118 AA

79-22
79-17
79-18
79-19
79-24
79-20
79-23
79-21

A. GENTLE TURNING (FACING)

Max. Stress
{ksi)

Fatigue Cycles

90.0
80.0
70.0
65,0
65,0
65,0
60.0

90,0
80.0
70.0
70.0
65,0
65.0
55,0
60.0

99.0
80.0
7C¢. 0
65.0
65.0
60,0
60.0

(10-3) Status
319 Failure
640 Failure
933 Failure

10, 257 Runout

2, 592 Failure
1,512 Failure

10, 229 Runout
314 Failure
511 Failure

4, 615 Failure
9, 357 Failure
10, 265 Runout
10,001 Runout
2,269 Failure

10, 032 Runout

247 Failure
417 Failure
987 Failure
1, 616 Failure
10, 805 Failure
5, 318 Failure

12,015 Runout

Runout




TABLE XX {continued)

SUMMARY OF HIGH _YCLE FATIGUE TEST DATA
FOR INCONEL 718 ALLOY SOLUTION TREATED AND AGED (44 R¢)

B, ABUSIVE TURNING (FACING)

Specimen Max, Stress Fatigue Cycles

No. (ksi) (10-3) Status

Surface Finish: 76 AA

45-14 90.0 399 Failure
45-9 80.0 " 650 Failure
45-10 70.0 2,013 Failure
45-11 65.0 3,015 Failure
45-13 65.0 1,713 Failure
45-16 65,0 1,704 Failure
45-12 60.0 10, 000 Runout
45-15 60.0 12, 449 Runout
352

S i

2. . . .




- T W T T —— e o —
e o = — e e e oo o

-~ R == = "'*'_ il s o 4

TABLE XXI

SUMMARY OF LOW CYCLE FATIGUE TEST DATA
FOR INCONEL 718 ALLOY SOLUTION
TREATED AND AGED (44 Re¢)

Specimen Pseudo Stresc Fatigue
No. {ksi) Cycles

—

GENTLE SURFACE GRINDING

T

44-2 260 2,913
44-4 230 4,165
44-1 200 6, 995
44-5 175 10, 095
44-3 160 29, 450
[ 44-6 150 28,273
' ' ABUSIVE SURFACE GRINDING
44-8 275 1,536
44-17 200 4, 487
44-9 160 9,729
44-10 135 16, 320
44-11 5 44, 958

2 d
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TABLE X¥XI (continued)

SUMMARY OF LOW CYCLE FATIGUE TEST DATA

FOR INCONEL 718 ALLOY SOLUTION

TREATED AND AGED (44 R)

Specimen Pseudo Stress
No. (ksi)

GENTLE TURNING (RCOM TEMPERATURE)

46-2 200
46-11 185
46-3 . 170
46-5 160
46-1 150
46-4 140

ABUSIVE TURNING (ROOM TEMPERATURE)

46-6 200
46-8 170
46-10 160
46-7 150
46-9 140

354
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Fatigue
Cycles

3,331
6, 099
7,185
10, 898
22,787
38, 554

2,253
7, 845
12,124
25, 650
45,981

-~
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TABLE XXI (continued)

SUMMARY OF LOW CYCLE FATIGUE TEST DATA FQR
INCONEL 718 ALLOY SOLUTION
TREATED AND AGED {44 R¢)

Specimen Pseudo Stress Fatigue
No. vksi) Cycles

GENTLE TURNING (1000°F)

47-3 200 605
47-6 160 1,154
47-2 140 2, 646 (a)
417-5 120 14, 312
47-1 107 31,966
17-4 100 42,070

ABUSIVE TURNING (1000°F)

47-9 160 950
47-8 120 5,984
47-7 100 17, 957
47-11 95 31, 043
47-10 90 60, 078 (b)

{a) Failed near thermocouple weld.

(b) Specimen did not fail,

355
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TABLE X_Z:[_ i {continued)

SUMMARY OF LOW CYCLE FATIGUE TEST DATA

FOR INCONEL 718 ALILQY SOLUTION
TREATED AND AGED (44 R)

Specimen Pseudo Stress Fatigue
No, {ksi) Cycles

STANDARD ECM & PEENING (ROOM TEMPERATURE)

48-1 280 1,944
48-2 200 5,499
48-3 160 15,920
48-5 160 20, 990
48-12 140 65, 033 (a)

OFF-STANDARD &CM & PEENING (ROOM TEMPERATURE)

48-9 280 1,912
48-10 200 6, 195
48-11i 1530 17,565
48-13 160 15,425
48-14 150 40, 751

(a) Specimen did not fail.

356
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TABLE XXI (continued)

SUMMARY OF 1.OW CYCLE FATIGUE TEST DATA

FOR INCONEL 7138 ALLOY SOLUTION
TREATED AND AGED (44 R.)

Specimen Pseudo Stress Fatigue
— No. (lesi) _Cycles _

STANDARD ECM & PEENING (1000° F)

49-15 175 2,967
49-7 140 7,864
49-14 130 17, 090
49-11 125 29, 668
49-12 122 31,032
49-13 118 56, 850 (a)

OFF-STANDARD ECM & PEENING (1000°F)

49-4 190 1, 500
49-5 150 3,439
49-D 130 12, 311
49-6 125 14, 766
49-2 120 51, 744 (a)

(a) Specimen did not fail,




TABLE XXII

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA
FOR AF 95 ALLOQY SOLUTION TREATED AND AGED (50 R.)

Specimen Max. Stress Fatigue iCycles
No. (ksi} (1079 Status

GENTLE SURFACE GRINDING - ROOM TEMPERATURE

50-1 125.0 154 Failure
50-2 110.0 365 Failure
50-3 100. 0 467 Failure
50-4 90.0 1,615 Failure
50-5 85,0 1,250 Failure
50-6 £0.0 1,809 Failure

0 11,266 Runout

50-7 70.

CONVENTIONAL SURFACE GRINDING - ROOM TEMPERATURE

50-15 70.0 91 Failure
50-16 50.0 570 Failnre
50-17 45,0 1,280 Failure
50-18 40. 0 1,153 Failure
50-19 35.0 1,227 Failvre
50-20 30.0 3.114 Failure
50-21 25.0 5 811 Failvve

ABUSIVE SURFACE GRINDIMG - ROOM TEMPERATURE

50-9 60.0 293 Failure
50-10 4C. 10 1,62 Failure
50-11 30.0 3,014 Failure
50-14 30.0 3,074 Failure
50-13 27.5 19, 700 Runout
50-12 25.0 16, 807 Runout




Specimen Max. Stress Fatigue Cycles

No.

GENTLE SURFACE GRINDING - 1000°F

TABLE XXII (continued)

SUMMAR" OF HIGH CYCLE FATIGUE TEST DATA

FOR AT 95 ALLQOY SOLUTION TREATED AND AGED (50 R)

ksi (10°3) Status

51-2 130, 0 67 Failure
51-3 120. 0 87 Failure
51-4 110, 0 426 Failure
51-5 100.0 6,341 Failure
51-6 95, 0 415 Failure (a)
51-7 95.0 13, 066 Runout
51-1 90.0 12,978 Runout
ABUSIVE SURFACE GRINDING - 1000°F
51-8 80.0 51 Failure
51-¢ 65.0 150 Failure
51-14 55,0 245 Failure
51-11 50.0 712 Failure
51-~13 47.5 10,3006 Runout
51-12 45,0 10,410 Runout
51-10 40.0 10, 803 Runout

(a) Failed in tab wrea, at thermoccuple location

359
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TABLE XXII {continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA

FOR AF 95 ALLOY SOLUTION TREATED AND AGED (50 R,.)

Specimen Max. Stress Fatigue Cycles
No. (ksi) (10-3) Status

FINISHING EDM - ROOM TEMPERATURE

54-10 80.0 128 Failure
54-9 70.0 213 Failure (a)
54-8 60,0 1,455 Failure
54-11 55.0 2,320 Failure
h4-12 50.0 2,677 Failure
54~ 14 50.0 2,171 Failure
54-13 45. 0 4,202 Failure
ROUCGHING EDM - ROOM TEMPERATURE
54~4 70.0 203 Failure
54-2 60,0 453 Failure
54-5 55, 0 1,130 Failure (a)
h4-1 50. 0 2,187 Failure
R4-3 45.0 3,176 . Failure (a)
54-6 40.0 3,950 Failure (a)
54-7 35.0 9,247 _ Failure (a)

{a) Multiple Crackiig

{
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TABLE XXII (continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA
FOR AF 95 ALLOY SOLUTION TREATED AND AGED (50 R¢)

Specimen Max. Stress Fatigue Cycles
No. (ksi) (10+3) Status

STANDARD ECM & PEENING - 1000°F

66-1 140 602 Failure
66-5 130 959 Failure
66-4 125 1,004 Failure
66-7 120 1, 370 Failure
66-2 115 5, 588 Failure
66-3 112 2,613 Failure
66-6 110 10, 665 Runout

OFF-STANDARD ECM & PEENING - 1000°F

66-14 140 450 Failure
66-13 130 783 Failurc
' 66-10 120 1, 323 Failure
66-12 115 3,149 Failure
66-9 110 2,194 Failure
66-11 108 10,792 Runout

66-8 105 11,023 Runout




TABLE XXII (continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA

FOR AF 95 ALLQY SOLUTION TREATED AND AGED (50 R¢)

Specimen Max. Stress Fatigue Cycles
No. (ksi) (10 -3 Status

STANDARD ECM - 1000°F

62-5 120 290 Failure
62=-2 110 372 Failure
62-3 100 2,841 Failure
62-6 98 3,000 Failure
62-17 97 3,405 Failure
62-4 95 11, 619 Runout
62-1 80 10, 235 Runout

OFF-STANDARD ECM - 1000°F '

62-13 130 10C Failure
62~11 120 124 Failure
62-8 110 1,045 Faiture
62-9 100 1,272 Failure
62-12 98 2,989 Failure
62-14 97 1,192 Failure
62-10 95 10, 259 Runout




65-7
65-4
65-3
65-6
65-1

OFF-STANDARD ECM

125 1,033
120 4, 028
110 3,956
107.5 6, 756
105 13,754

& PEENING - ROOM TEMPERATURE

Failure
Failure
Failure
Failure
Runout

TABLE XXII (continued)
SUMMARY OF HIGH CYCLE FATIGUE TEST DATA
FOR AF 95 ALLOY SOLUTION TREATED AND AGED (50 Rg)
Specimen Max. Stress Fatigue Cycles
No. (kesi) (10 - 3) Status
STANDARD wxCM & PEENING - ROOM TEMPERATURE
65-2 140 894 Failure
65-5 130 1,887 Failure

65-11 140 179 Failure
65-12 130 1,976 Failure
65-10 125 271 Failure
65-13 120 1, 326 Failure
65-9 119 2,060 Failure
65-8 117.5 10, 37¢C Runout
65-14 115 11, 508 Runout
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TABLE XXII (continued)
SUMMARY OF HIGH CYCLE FATIGUE TEST DATA
FOR AF 95 ALLOY SOLUTION TREATED AND AGED (50 R¢)

Specimen Max, Stress Fatigue Cycles
No. (ksi) (10-3)

STANDARD ECM - ROOM TEMPERATURE

60-1 90.0 176
60-5 80.0 369
60-2 70.0 790
60-4 60.0 1, 337
60-3 55.0 10, 870
60-7 50,0 12, 542
60-6 40.0 12, 322

OFF-STANDARD ECM CONDITION - ROOM TEMPERATURE

60-13 90.0 171
60-9 80.0 355
60-8 70.0 732
60-11 60.0 1,713
50-12 59.0 10, 956
60-14 57.5 10, 630
60-10 55,0 11, 860

364

Status

Failure
Failure
Failure
Failure
Runout
Runout
Runout

Failure
Failure
Failure
Failure
Runout
Runout
Runout
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TABLE XXII (continved)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA FOR

AF 95 AL.LOY SOLUTION TREATED AND AGED (50 R.)

150

56-5 140
56-7 130
56~1 120
56-86 110
56~4 100

93

56-10 140

56-8 130
) 56-9 120
56-12 110
56-13 100
56-11 98

95

56-14

Specimen Max. Stress
No. {ksi)

Fatigue Cycles
(10-3)

FINISHING EDM & PEENING - 1000°F

ROUGHING EDM & PEENING - 1000°F

336
382
579
2, 354
5,290

44
402

500
1, 398
2,396

552
10, 448

Status

Failure
Failure
Failure
Failure
Failure
Failure
Runout

Failure
Failure
Failure
Failure
Failure
Failure
Runout




TABLE XXII (continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA

FOR AF 95 ALLOY SOLUTION TREATED AND AGED (50 R_.)

Specimen
No.

Max. Stress

ksi

FINISHING EDM - 1000°F

58-1
58-4
58-6
58-5
58-12
58-9
58-7

80.
60.
60.
55.
52.
50.
45.

OO MO OO O

ROUGHING EDM - 1000°F

58-10
58-2
58-8
58-3
58-11
58-13
58- 14

(a) Multiple cracking

60.
55.
52.
50.
47.
45,
40.

n

O O no

Fatigue Cycles

{10-3)

366

61
64
130
110
139
10, 660
11, 040

112
150
268
8,951
374
189
10,459

Status

Failure
Failure (a)
Failure
Failure (a)
Failure (a)
Runout
Runout

Failure
Failure
Failure
Failure
Failure
Failure
Runout

JY IS~y —‘LA

——‘_L_
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TABLE XXII (continued)

SUMMARY OF HIGH CYCLE FATIGUE TIHET DATA
FOR AF 95 ALLOY SOLUTION TREATED AND AGED (50 Ry)

Specimen Max, Stress Fatigue Cycles
. No. ksij (10-3 Status

FINISHING EDM + PEENING - KOOM TEMPERATURE

59-5 140. 0 695 Failure
59-3 130.0 2, 429 Failure
59 -1 120.0 3,952 Failure
59-7 115.0 9,810 Failure
59-2 110.0 2,786 Failure (a)
59-6 107.5 13, 743 Runout
59-4 105.0 16, 000 Runout

ROUGHING EDM + PEENING - ROOM TEMPERATURE

59-8 130.0 638 railure
59-10 125.0 831 Failure
56B 120.0 2,995 ¥Failure
56A 110. 0 3,596 Failure
59-9 107.5 11,288 Runout
58B 105.9 10, 000 Runout
58A 100.0 17, 158 Kunout

(a) Edge failure




TABLE XXIII

SUMMARY OF LOW CYCLE FATIGUE TEST DATA

FOR AF 95 ALLQOY SOLUTION TREATED AND AGED (50 R,.)

Specimen Pseudo Stress Fatigue
___No. (ksi) Cycles

GENTLE TURNING - ROOM TEMFERATURE

52-1 270.5 2,979 (a)
52-5 267.5 4, 120
52-6 220.5 14,890
52-3 214 3, 591
52-2 179.5 24,224
52-4 173 217, 285

ABUSIVE TURNING - ROOM TEMPERATURE

52-7 272 300 (a)
52-11 239.5 3,830 (b)
52-9 215.5 5,021 (a)
52-10 208 17,473
52-8 155 38, 421
Notes:

(a) Failed in radius at end of turncd surface.

(b) Failure induced by probe - specimen interaction.

368




TABLE XXIII (continued)

€
SUMMARY OF LOW CYCLE FAT.:GUE TEST LATA
b FOR AF 95 ALLOY SOLUTION TREATED AND AGED (50 R_.)
Specimen Pseudo Stress Fatigue
| No. (ksi) Cycles
' GENTLE TURNING - 1000°F
53-5 2Nn0 3, 054
53-6 185,5 5,797 1
53-4 176 (a) 6, 088
53-3 165.5 10, 116
53-1 157.5 58, 093
53-2 156. 5 5,150 (b)

ABUSIVE TURNING - 1000°F

53-9 232 1,014
53-8 192 3,750
52.10 169.5 5,722 (b)
53-7 169.5 21, 348
53-11 151 12, 259 (c)
Notes:

(a) Snecimen had 524 cycles at 153,5 ksi before stress was increased
to 176 ksi,

(b) Edge failure,

(c} Failed at oxide spot on surface,
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SUMMARY OF LOW CYCLE FATIGUE TEST DATA

TABLE XXIIO (continued)

FOR AF 95 ALLOY SOLUTION TREATED AND AGED (50 R,)

Specimen
No.

FINISHING EDM - 1000°F

55-3
55-6
55-)
55-5

s5-2
ROUGHING EDM - 1000° F

55-8
55-11
55-10
55-9
55-7

Pseudo Stress
{ksi)

265
138
132.5
120.5
59

160.5
130
114
101
96.5

370

Fatigue
Cycles

141
2, 685
2, 046
6, 280
5,991

765
2,466
4, 494
8,208
9, 509

v

A
MLL




TABLE XXIII

SUMMARY OF LOW CYCLE FATIGUE TEST DATA

(continued)

FOR AF 95 ALLOY SOLUTION TREATED AND AGED (50 R..)

Specimen Pseudo Stress
(ksi)

No.

FINISHING £DM & PEENING - 1000°F

57-1
57-4
57-5
57-6
573
57-2

57-11

(=R J
Jl—s

57-9
57-10
57-7

Notes:

(b} Edge failure,

(c) Specimen did not fail.

371

175
172
160.5
148.5
136.5
134

ROUGHING EDM & PEENING - 1000°F

186
152,5
148.5
119
92.5

(a) Failure at sharp corner is transition area.

Fatigue
Cycles

1, 408
2,821
7, 369
12, 075
6, 085 (a)
53,253 (b)

3, 634
5, 304
9, 182
87,081 (c)
56,097 (c)
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TABI E XXHII (continued)

b

SUMMARY OF LOW CYCLE FATIGUE TEST DATA
FOR AF 95 ALI.OY SOLUTION TREATED AND AGED (50 R)

-

Specimen Pseudo Stress Fatigue
No. (ksi) ) Cycles

STANDARD ECM - 1000°F

61-2 161.5 3,321
61-1 136.5 7,927
61-3 127 9,706
61-B 127 15, 353
61-5 126 400 (a)
61-6 99.5 77,892 (b)

OFF-STANDARD ECM - 1000°F

61-11 165.5 3,323
61-10 137.5 14,017
61-9 132.5 6,616
61-8 118 76,318 (b)
61-7 110 57,367 (b)

(a) Thermocouple pulled loose from specimen; test discontinued.

(b) Specimen did not fail.
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TABILE XXIII (continued)

SUMMARY OF L.LOW CYCLE FATIGUE TEST DATA

FOR AF 95 ALLOY SOLUTION TREATED AND AGED (50 R¢)

Specimen Pereudo Stress Fatigue
No. o (ksi) Cycles

STANDARD ECM & PEENING - ROOM TEMPERATURE
63-5 263 6,888
63-4 243 9,912
63-3 240 16,553
63-1 187 21, 857
63-6 176 20, 254
63-2 155 52,984

OFF-STANDARD ECM & PXENING - ROOM TEMPERATVWRE

63-B 234 6,239
63-A 232 3,924
63-9 213 12,532
63-11 205 36,113

63-10 €7 19,986
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TABLE XXIII {continued)

SUMMARY OF LOW CYCLE FATIGUE TEST DATA
FOR AF 95 ALLOY SOLUTION TREATED AND AGED (50 R )

Specimen Pseudo Stress Fatigue
No, {ksi) Cycles

STANDARD ECM & PEENING - 1000°F

64-4 224 1,230
64-1 207 2,284
64-6 176 (a) 2,518
64-2 167 67, 651
64-5 159 15,028
64-3 158 8,118 (b)

OFF-STANDARD ECM & PEENING - 1000°F

64-11 210 2,030
64-8 179 3,978
64-7 176 14,308
64-9 172 (c) 2,757
6410 152 36,514
Notes:

(a) Specimen had 387 cycles at 152 ksi (RT) before starting test,
(b) Failed at thermocounle location.

(c) Specimen had 103 cycles at 148 ksi before stress increased
to 172 ksi,
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TABLE XXIV

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA FOR ATF2-1DA

ALLQOY SOLUTION TREATED AND AGED (45 1

)

Specimen

No, .

Max, Stress
(ksi)

Faligue Cycles

(10-3)

GENTLE SURFACE GRINDING

67-5
67-3
67-7
67-2
67-6
67-8
67-4
67-1

CONVENTIONAL SURFACE GRINDING

67-17
67-18
67-23
67-19
67-21
67-20
67-22
67-24

90.0
80.0
80.0
75.0
75.0
75.0
70.0
65.0

50.0
40.0
35,0
30.0
30.0
25.0
25,0
25,0

ABUSIVE SURFACE GRINDING

67-9

67-10
67-15
67-12
67-14
67-16
67-11
67-13

40.0
30.0
30.0
25,0
25,0
25,0
20,0
20,0

(a) Muitiple surface cracks

{b) Possible subsurface origin

——

539
8138
1,417
1,895
10, 235
1, 609
12, 531
13, 319

810

1, 646

2, 484

2,206

10, 237
10, 225
10, 141

528
1,403
1,767
3, 680

10, 240
2, 687
10, 030
10, 178

Failure
Failure
Failure
Failure
Runout
Failure
Runout
Runout

Failure (a)
Failure (a)
Failure (a)
Failure (a)
Failure (b)
Runout
Runout
Runout

Failure (a)
Failure (a)
Failure (a)
Failure
Runout
Failure {a)
Runout
Runout

-

s
\

nae.




SUMMARY OF HIGH CYCLE FATIGUE TEST DATA FOR AF2-1DA

TABLE XXIV {continued)

ALLQY SOLUTION TREATED AND AGED (45 R.:)

Specimen
No.

FINISHING EDM

68-6
68-1
68-2
68-4
68-7
68-3
68-5
68-8

ROUGHING EDM

68-11
68-10
68-15
68-9

68-12
68-14
68-13
68-16

Max, Stress Fatigue Cy:les

(ksi) (10° 3) Status
60.0 102 Failure (a)
50.0 1,790 Failure
40,0 3,249 Failure (a)
35,0 4,288 Failure (a)
35,0 4,237 Failure
30.0 10, 242 Runout
30.0 10,010 Runout
30,0 9, 543 Failure
60.0 487 Failure
50.0 1,204 Failure (a)
40,0 2, 609 Failure (a)
35.0 3,028 Failure (a)
30.0 4,875 Failure (a)
30,0 4,824 Failure
25,0 10, 065 Runout
25,0 10, 314 Runout

(a) Multiple surface origins




TABRLE XXIV (continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA FOR AF2-1DA

ALLOY SOLUTION TREATED AND AGED (45 R.)

Specimen
No.

STANDARD ECM

69-7
69-2
69-3
69-5
62-3
69-4
69-6
69-1

OFF-STANDARD ECM

€9-14
69-11
69-9

69-12
69-16
69-10
69-13
69-15

Max. Stress

(ksi)

90.0
80.0
70.0
70.0
70.0
65.0
65.0
60.0

80.0
70.0
60.0
60.0
60.0
55.0
55,0
55,0

Fatigue Cycles

(10-3) Status
490 Failure
837 Failure
2,084 Failure
2, 643 Failure
2,809 Failure
10, 043 Runout
10, 088 Runout
10, 000 Runout
502 Failure
950 Failure
1,963 Failure
2,324 Failure
3,558 Failure
10, 008 Runout
10,110 Runout
10,115 Runout




TABLE XXV

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA FOR RENE' 80

ALLOY SOLUTION TREATED AND AGED (40 R¢)

Specimen Max. Stress Fatigue Cycles
No. ‘ (ksi) v10- 3) Status

GENTLE SURFACE GRINDING

70-8 75.0 553 Failure (a) ;
70-2 60.0 1, 181 Failure (a)

70-1 50,0 2,837 Failure

T70-4 50.0 5, 022 Failure

70-3 45.0 10, 066 Runout

70-5 45,0 4,497 Failure

70-7 45,0 10,114 Runout

70-6 40,0 10, 282 Runout

CONVENTIONAL SURFACE GRINDING

70-17 40,0 251 Failure (a)
70-22 35.0 498 Failure (a)
70-18 25.0 1, 636 Failure (a)
70-19 20,0 2,999 Failure
70-21 20.0 4, 146 Failure (a)
70-24 20.0 10, 039 Runout
70-20 15.0 12,899 Runout
70-23 15,0 10, 652 Runout

ABUSIVE SURFACE GRINDING

70-15 35.0 366 Failure (a)

70-9 30,0 568 Failure (a)

70-10 25,0 - 769 Failure (a)

70-11 20.0 5, 349 Failure

70-13 20.0 3, 087 Failure

70~16 20,0 2,418 Failure (a)

70~12 15,0 10, 150 Runout .
70~ 14 15.0 10, 282 Runout

(a) Multiple surface cracks




TABLE XXV (continued)

SUMMARY OF HIGH CYCLE FATIGUE TEST DATA FOR RENE' 80
ALLOY SOLUTION TREATED AND AGED (40 R¢)

Specimen Max. Stress Fatigue Cycles
No. (kst) (107 7) Status

STANDARD ECM

74-7 60.0 308 Failure
74-1 50.0 580 Failure
74-8 45,0 1, 321 Failure {(a)
74-2 40,0 2,022 Failure (d)
74-3 35,0 3, 825 Failure (c)
74-5 35,0 3,734 Failure (b)
74-4 30,0 10,003 Runout
74-6 30,0 10, 150 Runout

OFF- STANDARD ECM

74-9 45,C 761 Failure
74-10 40,0 1,353 Faiture (c)
T4-11 35,0 3,518 Failure (c)
74-15 35.0 3,819 Fzailure (a)
74-12 30.0 6,170 Failure (b)
74-14 30.0 10, 150 Runout
74-16 30.90 10, 311 Runout
74-13 25,0 10, 006 Runout

(a) Possible surface shrink or IGA from ECM
(b} Surface pitting & IGA from ECM
(c) Several failure origins

(d) Secondary cracking of specimen




TABLE XXV (continued)

SUMMARY OF HIGH CYCLE FATIGUE TES. DATA FOR RENE' 80

Specimen
No.

FINISHING EDM

72-1
72-2
72-6
72-3
72-5
72-8
72-4
72-7

ROUGHING EDM

72-13 q

72-15
72-11
72-14
72-9

72-12
72-16
72-10

(a) Surface origins

ALLOY SOLUTION TREATED AND AGED (40 R()

Max. Stress

Fatigue Cycles
(10-3)

o O OO0

348
1, 194
1, 844
9, 595
5,185
3: 496
10, 242
10,010

521
927
1,805
4, 607
3, 345
4,034

10,242 .

10,010

Statu._s_

Failure ()
Failure (c)
Failure (a)
Failure (c)
Failure {a)
Failure (a)
Runout

Runout

Failure (a)
Failure {(a)
Failure (a)
Failure (a)
Failure (b)
Failure (a)
Runout

Runout

(b) Possible defect at surface; oxide discoloration or drecss at edge,

Origin is at surface, not in defects.

(c) Multiple surface fatigue origins

$ -

‘_,s__x—-f-—-—————".‘—“ -




TABLE XXVI

SUMMARY OF LOW CYCLR FATIGUE TEST DATA
FOR RENE' 80 ALLOY SOLUTION TREATED AND AGED (40 R}

Specimen Pseudo Stress Fatigue
No. (ks1i) Cycles

GENTLE SURFACE GRIND (1400°F)

71-1 116.5 176
71-5 90 1,105
71-4 70 6,555
71-3 55 13,093
71-6 45 56,401 {a)

ABUSIVE SURFACE GRIND (1400°F)

T1-7 55 5,992
71-8 50 15,760
Ti~11 46 13,304
Notes:

(a) Specimen did not fail.

381




TABLE XXVI (continued)

SUMMARY OF LOW CYCLE FATIGUE TEST DATA FOR
RENE' 80 ALLOY SOLUTION TREATED AND AGED (40 R_)

b s

Specimen Pseudo Stress Fatigue
No, (ksi) Cycles

FINISHING EDM (1400°F)

73-1 75 3,438
73-2 55 8,194
73-6 54 24,786
73-5 53 28,564
73-4 52.5 41,450
73-3 47.5 86,417 (a)

ROUGHING EDM (1400°F)

73-8 75 3,993 i
73-7 55 11,764
73-11 54,5 19,335
73-10 54 24,422
73-9 52.5 57,388 (a)

il
Notes: {

(a) Specimen did not fail, & !
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TABLE XXVI (continued)

SUMMARY OF LOW CYCLE FATIGUE TEST DATA
FOR RENE' 80 ALLOY SOLUTION TREATED AND AGED (40 R¢)

Specimen Pseudo Stress Fatigue
No. (ksi) Cycles

STANDARD ECM (1400°F)

75-1 100 1,160
75-2 80 3, 607
75-3 70 15,318
75-4 66 20,205
75-6 60 63,782 (a)
75-5 47.5 80, 560 (a)

OFF-STANDARD ECM (1400°F)

75-8 100 1,498
75-17 80 4,367
75-9 75 7,192
75-10 66 18, 980
75-11 62 29,704
Notes:

{a) Specimen did not fail.




TABLE XXVII

SUMMARY OF FATIGUE TEST DATA
FOR AISI 4340 (50 R¢)

A. GENTLE LONGITUDINAL SURFACE GRINDING WITH FATIGUE STRESS
APPLIED PARALLEL TO THE GRINDING LAY

Specimen Max, Stress Fatigue Cycles
No. (ksi) (10-3) Status

Surface Finish: 8 AA

76-6 140.0 79 Failure
76-5 130.0 285 Failure
76-4 125.0 10,012 Runout
76-7 125.0 243 Failure
76-1 122.5 10, 192 Runout
76-3 120.0 620 Failure
76-2 115.0 10, 084 Runout
76-8 115.0 9, 475 Failure
Surface Finish: 65 AA
76-14 140.0 49 Failure
76-13 130.0 94 Failure
76-15 120.0 265 Failure
76-9 115.0 273 Failure
76-12 115,0 10, 120 Runout
76-16 115.0 361 Failure
76-11 110.0 10, 174 Runout
76-10 105.0 10, 065 Runout
Surface Finish: 127 AA
T6-17 125.0 117 Failure
76-18 115, 0 282 Failure
76-24 110.0 181 Failure
76-19 105.0 228 Failure J
76-22 105.0 100 Failure
76-21 100.0 10, 022 Runout
76-23 100.0 10, 000 Runout
76-20 90.0 10, 000 Runout




TABLE XXVII (cont.)

SUMMARY OF FATIGUE TEST DATA
FOR AISI 4340 (50 R¢)

B. ABUSIVE LONGITUDINAL SURFACE GRINDING WITH FATIGUE STRESS
APPLIED PARALLEL TO THE GRINDING LAY

Specimen Max, Stress Fatigue Cycles
No. {ksi) { 10'3) Status

Surface Finish: 29 AA

A‘__LA&‘_LA__A_MA a ‘__‘LA

T7-7 90.0 90 Feilure
¥ 77-2 80.0 144 Failure
17-3 75.0 230 Failure
77-8 70.0 10, 044 Runout
77-1 65.0 381 Failure
77-6 65.0 10, 320 Runout
77-5 60,0 10, 164 Runout
| 77-4 55. 0 10, 010 Runout
b Gurface Finish: 64 AA
17-15 90.0 90 Failure
T7-9 80,0 98 Failure
77-12 75.0 87 Failure i
77-16 75.0 226 Failure
T7-13 72.5 102 Failure
| 77-11 70.0 10,151 Runout
77-14 70.0 10,121 Runout
77-10 65.0 10, 022 Runout

Surface Finish: 97 AA

! 77-24 90. 0 77 Failure
77-17 80. 0 167 Failure
{ 77-18 70.0 85 Failure
77-21 70.0 105 Failure !
77-23 70.0 5, 871 Failure |
f 27-20 65. 0 10, 293 Runout 4
b 77-22 65.0 10,119 Runout |
77-19 60.0 11, 824 Runout Y




TABLE XXVII (continued)

SUMMARY OF FATIGUE TEST DATA
FOR AISI 4340 (50 R¢)

C. GENTLE TRANSVERSE SURFACE GRINDING WITH FATIGUE STRESS
APPTIED PERFENDICULAR TO THE GRINDING LAY

Specimen Max. Stress Fatigue Cycles
No. {ksi) (10~ 3’) _ Status

Surface Finish: 11 AA

22-1 130.0 106 Failure
22-4 125.0 230 Failure
22-6 125.0 143 Failure
22-3 120.0 10, 306 Runout
22-5 120.0 10,252 Runout
22-8 115.0 12, 929 P.anout
22-2 116.0 10, 172 Runout

Surface Finish: 58 AA

82-1 119.0 91 Failure
82-3 105.0 51 Failure
82-5 105.0 92 Failure
82-7 105.0 69 Failure
82-2 100.0 12,081 Runout
82-4 100.0 10, 189 Runout
82-6 100.0 10, 046 Runout

Surface Finish: 128 AA

22-9 130.0 13 Failure
22-10 100.0 57 Failure
22-11 90,0 118 Failure
22-16 90.0 959 Failure
22-15 85.0 14,830 Runout
22-14 80.0 10,072 Runout
22-13 70.0 10, 137 Lwunout

22-12 60.0 10, 362 Runout




TABLE XXVII (continued)

SUMMARY OF FAIGUE TLEST DATA
FOR INCONEL 718 (STA, 44 R.)

A. GENTLE TURNING (FACING)

Specimen Max. Stress Fatigue Cycles
No. (ksi) (10‘3) Status

Surface Finish: 25 AA

79-7 90.0 319 Failure
79-6 80.0 640 Failure
79-2 70,0 933 Failure
79-1X 65.0 10, 257 Runout
79-4 65.0 2, 592 Failure
79-8 65.0 1,512 Failure
79-5 60.0 10, 229 Runout

Surface Finish: 58 AA

79-13 90.0 314 Failure
79-11 80.0 511 Failure
79-9 70.0 4, 615 Failure
79-14 70.0 9, 357 Failure
79-10 65.0 10, 265 Runout
79-12 65.0 10, 001 Runout
79-15 65.0 2,269 Failure
79-16 60.0 10, 082 Runout
Surface Finish: 118 AA
79-22 90.0 247 Failure
79-17 80.0 417 Failure
79-18 70.0 987 Failure
79-19 65.0 1,616 Failure
79-24 65.0 10, 805 Failure
79-20 60.0 5, 318 Failure
79-23 60.0 12,015 Runout .
79-21 55.0 12, 024 Runout




TABLE XXVII (continued)

SUMMARY OF FATIGUE TEST DATA v

FOR Ti-6-6-2 (STA, 42 R_) #

Specimen Max, Stress Fatigue Cycles #

__No. (ksi) (10-3) Status
) GENTLE END MILLING - END CUTTING (Surface Finish: 13 AA)

78-1 120, 0 50 Failure
78-2 100.0 217 Failure
78-3 90.0 4, 371 Failure
78-4 90.0 3,818 Failure
78-5 85.0 7,371 Failure
78-7 85.0 7,282 Failure
78-6 80.0 10, 069 Runout
78-8 80.0 10, 487 Runout

GENTLE END MILLING - END CUTTING (Surface Finish: 55 AA)

78-9 120.0 57 Failure

73-10 100.0 296 Failure :
78-11 390.0 4,426 Failure *
78-12 85.0 8, 345 Failure

78-B 85.0 7,226 Failure

78-13 80.0 7, 443 Failure ﬁ
78-15 80.0 10, 2206 Runout

78-D 80.0 4, 091 Failure

GENTLE END MILLING - END CUTTING (Surface Finish: 125 AA)

78-18 120.0 31 Failure
78-19 i0c.0 171 Failure
78-20 90.0 4, 608 Failure 4
78-21 85.0 2,969 Failure
78-22 £5.0 9,235 Failure
78-23 80.0 6, 489 Failure
78-24 80.0 8, 506 Failure R
78-A 80.0 6, 099 Failure
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TASLE XXVII (cont.)

SUMMARY OF FATIGUE TEST DATA
FOR INCONEL 718 (STA, 44 R.)

B. ABUSIVE TURNING (FACING)

Specimen Max, Stress Fatigue Cycles
) No. (ksi) (10-3) Status

Surface Finish: 76 AA

P 45-14 90.0 399 Failure
45-9 80.0 650 Failure
45-10 70,0 2,013 Failure
45-11 65.0 3,015 Failure
45-13 65.0 1,713 Failure
45-16 65.0 1,704 Failure
45-12 60,0 10, 000 Runout

l . 45-15 60.0 12, 449 Runout

) 389
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TABLE XXVIII

STRESS CORROSION TEST RESULTS

Specimen Number and Time to Fail

Material Operation Gentle Hours Abusive Hours
4340 End Mill 22-51 64 22-56 45
22-52 142, 5 22-58 142.5
22-53 64 22-59 64
22-54 111.5 22-60 &8
4340 Mod, Surface 23-28 75.5 23-32 28.5
Grind 23-29 9%.5 23-33 28.5
23-30 95.5 23-34 30.5
23-31 50.0 23-35 15.5
Hand 24-19 30.5 24-23 87.5
Grind 24-20 95.5 24-24 29.0
24-21 30.5 24-25 47.5
24-22 39.5 24-26 39.5
End Miil 25-19 64,0 25-23 47.5
25-20 64,0 25.24 72.0
25-21 64.0 25-25 27.0
25-22 39.5 25-26 19.5
Grade 300 Surface 28-28 654 28-32 1000NF
Maraging Grind 28-29 1000NF * 28-33 1000NF
Steel 28-30 1000NF 28-34 1000NF
28-31 453.5 Z8-E 207
Hand 29-19 236 29-23 286.5
Grind 29-20 1000 NF ¥ 29-24 359
29-21 ol 29-25 845.5
29-22 283 29-26 215
End Mill 30-19 1000NF 30-23 1000NF
30-20 1000NF 30-24 1000NF
30-21 1000NF 30-25 1000NF
30-22 1000NF 30-E 495, 5
* No failure when test terminated ~ very small cracks evident,

% K End cracked at fixtnre sometime less than 1000 hours but not detected.
*%%  Specimen incorrectly fabricated.




APPENDIX I

DETAILED MANUFACTURE OF TEST SPECIMENS

I-1  General Preparation of Specimens

I1-2 Test Cuts

Surface Grinding

I-3  Test Cuts - Hand Sanding

I-4 Test Cuts - Milling

I-5 Test Cuts - Turning

I-6 Test Cuts - Drilling

I-7 Test Cuts - Electrical Discharge Machining (EDM)
I-8 Test Cuts

Electrochemical Machining (ECM)
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APPENDIX I-1

General Preparation of Specimens

The general procedure used was to saw blanks, perform any necessary heat
treatment and then reduce blanks to a size suitable for producing the various
test cuts or test surfaces which were to be studied, After these test cuts
were made, the specimens were finish manufactured, making them ready
for testing. The following table summarizes the amount of metal which was
removed in taking the test cuts on the various types of specimens and using
the various metal removal processes.

Depth of Test Cut (inches)

Machining Process Metallography Residual Stress Fatigue Stress Corrosion
Surface Grinding . 010 .010 .010 .010

Hand Grinding . 002 . 002 , 002 . 002

End Mill-End Cut . 030 . 030 . 030 . 030

End Mill-Peripheral Cut . 030 . 030 . 030 -

Turning .010 .010 . 010 -

EDM . 045 . 070 . 045 --

ECM . 045 . 070 . 045 --

Specimens for residual stress, stress corrosion, and fatigue tests were prepared
in accordance with Figures 6 through 11 of the main report (Section 5. 3).
Whenever residual stress or fatigue speciimens were madc using a particular

set of metal removal variables, the coupons required for metallographic studies
were cut from these specimens, In several instances, however, combinations

of cutting paramecers were subjected to metallographic evaluation only. In

those instances, metallographic coupons as shown in Figure A were specifically
prepared for that purpose.

Metallographic Samples

Most metallographic samples were taken from fatigue specimens in one of two
conditions:
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1. Sampies were removed from the fatigue coupon after the
test cut was made but before the gage section was
contoured. The sectioning was dene in such a way that
the area removed from the coupon would not affect the
finished specimen geometry,

2., Metallographic samples were also taken from fatigue
specimens after testing was completed,

Metallographic coupons were also obtained from the ends of residual stress
specimens prior to testing. In all cases, sectioning of the metallographic

samples from the various sources was accomplished using a silicon carbide
slitting wheel.

Residual Stress Specimens

Residual stress specimens were made in conformance with Figure 6, After
the blanks were heat treated, these specimens were rough milled and then
further reduced by low stress grinding to obtain the final thickness of
specimen required prior to making the test cut, Details of these milling and
grinding procedures are noted in Table I. The test cut was then rmade o1 one
side of the specimen as detailed in Appendix I-2 to I-8. On the completion

of the test cut, the residual stress specimens were considered to be ready
for evaluation,

Additional grinding stock (. 010 in,) was left on the backs of the ECM and EDM
specimens to compensate for excesaive warpage of the specirnen during the
test cuts, should it occur. Low stress grinding per Table I was used un the
back surface of these specimens after the test cut was completed in order to
reduce the specimen to the final dimensions shown in Figure 6.

High Cycle Fatigue Specimens

High cycle fatigue specimens as desc

eSS

M

ibed by Figures 7 and 8 were milled and
low stregs ground as indicated in Table I to the point of being ready for the
test cut, Test cuts were taken on both sides of the fatigue test specimen
before the coupon was contoured to obtain the constant stress gage section,
See Appendix I-2 to I-8 for details, After the test cuts were completed, the
gage section was contoured by low~stress plunge grinding, The edges of the
test section were polished longitudinally and given a 1/32 in. radius by hand
finishing. The edges of the gage section were then shot peened as detailed in
Figure 7. At this point, the fatigue specimens were ready for test,

Low Cycle Fatigue Specirnens

Low cycle fatigue specimens were made in accordance with Figures 9 and 10,
Figure 9 describes the specimen used to evaluate conventionally machined
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surfaces such as milling, grinding, and facing. The specimen shown in Figure 10
. was used to evaluate test surfaces finished by EDM and ECM. In manufacturing

specimens, the heat treated blanks were milled and then low stress ground

as indicated in Table I to the point of being ready for the test cut, Test

cuts were then made on both sides of the fatigue test specimens. In the case of

the conventional machining operations, the entire surfaces were machined,

In the case of EDM and ECM test surfaces, a pocket which would encompass

the gage section was cut on each side of the specimen. The overall surface

machining versus the electrically-assisted pocket accounts for the difference

in specimen design, Figure 9 versus Figure 10,

After the test cuts were completed, the gage section was contoured by low
stress plunge grinding, The edges of the test sections were then poligshed
longitudinally and given a 1/32 in. radius by hand finishing., The edges of
the gage section were then shot peened as shown in the specimen drawing,
The purpose of the peening is to prevent failures at the edges where a stress
concentration occurs. Forcing the failure to occur away from the edge

or corner is intended to provide fatigue data representative of the plane
machined surface, After peening, the specimens were ready for low cycle
fatigue testing,

Stress Corrosion Specimens

Stress corrosion specimens were made in accordance with Figure 11, After
the blanks were heat treated, these specimens were recugh milled and then
further reduced by low stress grinding to obtain the final thickness required
prior to making the test cut, Details of these milling and grinding procedures
are noted in Table I, The test cut was made on one side of the specimen as
detailed in Appendix I-2, I-3 and I-4. On completion of the test cut, the
stress corrosion specimens were considered to be ready for evaluation.

Test Cuts

At the appropriate point in specimen manufacture, test cuts were made on the
gage section of specimens using the variety of metal removal methods and
variables being studied by this effort., A summary of the specific cutting
conditions used to manufacture test specimens is as follows:

Material Removal Method Table No,

Surface Sanding 11

Hand Grinding I 4
End Milling-End Cutting v

End Milling-Peripheral Cutting v




et e i e
—————e

Material Removal Method Table No.
Turning VI ’ | :
Drilling VII

Electrical Discharge Machining (EDM) VIII

Electrochemical Machining {ECM) IX

Surface Finish Study X

Post Treatments XI

Surface Finish

Surface finish measurements were made on each specimen after manufacturing.
A stylus type instrument, a Model BL-185 Surfindicator, was used, All
surface finish readings contained in this report are average values taken
perpendicular to the lay of the surface (when present)., A cutoff of , 030" was
used for surfaces of 30 microinches or greater, A cutoff of ,010" was used
for surfaces less than 30 microinches,




APPENDIX I-2

Test Cuts - Surface Grinding

The grinding test cuts were performed at Metcut using a Norton 8 in, by
24 in, hydraulic surface grinder driven by a 2 HP variable speed drive,

Lie variables used in grinding the material involved in this contract will
be described in the Tables of Test Conditions, Table II.

The high strength steel specimens were held in place during grinding by a
magnetic chuck, The titanium and nickel base alloys were mechanically
clamped to a table of the grinder. Specimens were positioned on the

table so that the grinding marks or ''lay' of the ground surface was as shown
in Figare 12,

In the basic portion of this program, specimens were produced by either
gentle, conventional or abusive conaitions. A single set of grinding
paramet>rs was used to produce each of the three conditions, However,

in the surface finish study, three different sets of grinding parameters were
used to produce the gentle conditions and three others to produce abusive
conditiors, KEach set of parameters produced a different level of surface
roughness,

In rnaking these specimens, all conditions in the surface other than roughness
were held as constant as possible. Normally, surface grinding of hardened

4340 would produce a finish between 30 and 50 microinches (AA), Experimentally,
however, grinding conditions were developed which produced surface finishes
ranging from 8 to 125 AA., This was done in both gentle or low stress grinding
and in abusive grinding.

It was fourd that the wheel dressing procedure was the single mos .mportant

variable in obtaining the desired range of surface finish, The bes: “inishes

were produced using a low speed of diamond dressing across the wn:el and

ligh: diamond infeed, This procedure resulted in a finely dressed grinding

wheel, On the other hand, the rougher surface finishes were produced by a

faster dressing traverse and higher infeed of the dressing tool. These

procedures resulted in an open grinding wheel. The specific conditicas

developed to produce both low stress and abusive grinding over the range of

8 to 125 AA are summarized in Table X, ‘




APPENDIX I-3

Test Cuts - Hand Sanding

Disc sanding was chosen to provide grinding or sanding conditions
representative of actual production hand finishing operations, An
aluminum oxide, resin bond on cloth was used as the abrasive material
to produce the test surface, The surface '"lay'" produced by this
operation was oriented in the same manner as the transverse turning
and end milling shown in Figure 12,

It is interesting to note that the manual disc sanding time for the titanium
alloy sampies was approxiriately three times greater than those for the
steel samples for removal,

After hand grinding the initial specimen, excessive thinning near the corners
existed. A picture-type frame made from steel strips was used to support
the edge on th: following specimens, This type of fixture was necessary

in order tc maintain uniform edge thicknsss. The conditions used for hand
sanding in tlus program are given in Table III.




APPENDIX I-4

_;[‘_est Cuts - Milling

End milling tests were performed on a Cincinnati No. 3 horizontal high
speed, dial type milling machine. In performing the test cuts, specimen
coupons were holted doewn to a suitable baseplate in order to hold them
flat, The bolt holes in the blanks were located so as to be removed
during subsequent specimen manufacture. A photograph of a milling
setup, along with the coupon holding fixture is shown in Figure B,

End Cutting

The end milling cutter was a 4 in. diameter, five-tooth inserted blade
cutter with an integral tapered shank, This particular ¢ tter, fitted with
brazed carbide inserts, is shown in Figure C,

Peripheral Cutting

The peripheral milling cutter was manufactured by Boeing/Seattle and was
loaned to Metcut for this particular project. The teeth of this cutter were
twisted carbide inserts, mechanically clamped to the cutter body, as
illustrated in Figure C.

Milling conditicns used for test cuts of specimens covered in this particular
report are summarized in Tables IV and V,
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END AND PERIPHERAL MILLING CUTTERS

Figure C
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APPENDIX I-5

Test Cuts - Turning

The turning tests (facing) were performed ona 16 in. by 54 in. LeBlond
heavy duty lathe equipped with a 30 HP variable specd drive. The setup

is shown in Figure D, As shown in this figure, the specimen blanks were
bolted down to a faceplate for making the test cuts. The bolt holes in the

) blanks were located so as to be removed during subsequent specimen
manufacture, The complete list of cutting conditions for turning is given
in Table VI. In gentle turning, the various surface finishes were produced
by changing the nost radius of the tool and the feed, other conditions
remaining constant. The principal difference between gentle and abusive
turning was the sharpness of the tool, as measured by the wearland. The
wearland was . 030 in. for abusive turning and 0 - . 004 in. for gentle turning.
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APPENDIX I-6

Test Cuts - Drilling

Test cuts were made in small coupons on a Cincinnati 16 in, Siiding Head
Box Column Drill. The coupons were fixed in a small table vise, Positive
feed was used on all drilling operations. A summary of the gentle and
abusive drilling conditions used on Il three of the test materials is
presented in Table VII.




APPENDIX 1-7

Test Cuts - Electrical Discharge Machining (EDM)

The electrical discharge test cuts were accomplished by General Electric/
Evendale using an Elox HRP 104 ECM machine with an NPS D100 power
supply. In the previous AFML surface integrity contract with Metcut,

this same basic machine was used, At that time, however, a rotating-
traversing brass electrode was used to produce the specimen blanks.

This fixturing has been modified for the present contract in that a
reciprocating plunge type of motion has been developed. An overall view
of the Elox equipment with the appropriate fixturing in place is shown in
Figure E. A closeup view showing the copper electrode and a specimen
blank clamped in place is shown in Figure F. In operation, dielectric fluid
is flushed through two ports in the electrode. The dielectric fluid,

Texaco 499 EDM oil, flushes over the specimen from two slots in the
electrode which are perpendicular to the direction of stroke, 7The equipment is
set up operate on a 3 in, maximum stroke at a frequency of 45 strokes
per minute,

A photograph of a apecirnen blank before and after the EDM operation is
shown in Figure G. A complete table of the EDM parameters used on this
program are given in Table VIII,




Figure E

QUIPMENT USED FCR EDM TEST CUTS

v
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APPENDIX I-8

Test Cuts - Electrochemical Machining (ECM)

The electrochemical machining of fatigue specimens was accomplished by
General Electric/Evendale using a Cincinnati Milling Maching Company

Triplex ECM machine. The power supply used was a Rapid Electric 30
volt, 10,000 amp rectifier., The electrolyte studies were made on a small

laboratory unit constructed by G, E,, equipped with a Metal and Thermite 25
volt, 1,500 amp power supply.

The ECM tooling used to produce ECM test cute on specimens iz shown in
Figures Hand J. The particular set of tooling shown in these illustrations

is for the production of low cycle fatigue test specimens, That used for the
other specimen configurations is similar, Figure H shows the fully assembled
fixture, while Figure J shows the components disassembled but with a

' specimen blank in place. The flow of electrolyte is down one side of the
electrode, across the ECM gap, and out the opposite side of the tooling.
Electrolyte used for the Rene' 80, Inconel 718, and Ti-6A1-6V-2Sn specimens
was | 1b. /gallon NaCl, For AF2-1DA and AF 95, the electrolyte was

2 1b. /gallon NaNOj.

Dimensions of the cutting face of the electrodes were as follows:

High cycle fatigue specimen electrode rectangular,
1,5 in. by 1,75 in,

Low cycle fatigue specimen electrode rectangular,
1,75 in, by 3.5 in,

Residual stress specimen electrode rectangular,

b N2 s
LoV ilie ~ 1in,

The complete liat of conditions used in ECM machining on this program is

given in Table IX,
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APPENDIX II

DETAILED PROCEDURES

Metallurgical Procedures
Procedures for Measurement of Residual Stress
High Cycle Fatigue Testing Procedures

Low Cycle Fatigue Testing Procedures

Procedrzes for Stress Corrosion Evaluation




APPENDIX II-1

Metallurgical Procedures

Specimens used for metallographic studies were obtained from poriions of
fatigue or residual stress coupons or from specifically prepared metallo-
graphic coupons. All samples were sectioned by standard metallographic
techniques using a silicon carbide cutoff disk flooded with a water-base
coolant to prevent overheating, Samples were then ground back using an
abrasive belt plus coclant, At this point, they were mounted using a
special procedure which was developed in order to provide maximum edge
retention during the metallographic polishing operation. An outline of
this procedure is as follows:

Cast gamples ;na i1~-1/4 in. diameter mold with a mixture of
an epoxy resin and a suitable hardener plus a fine grit
pellitized aluminum oxide filler,

*  Place mounts in a vacuum changer during the initial setting
period. (This step facilitates air removal, minimizes the
possibility of voids between the met 1 sample and the
mounting plastic, and also improves the adherence of the
mounting compound to the surface of the sampie.)

Cure mounts at a iemperature not exceeding 70°F for
approximately 12 hours.

Grind and polish specimens metallographically using an
automatic mechanically driven poiishing unit of the positive
positioning type. Successively finer silicon carbide papers,
to 600 grit, followed by diamond paste on suitable cloths
are used to achieve the final metallographic polish,

After polishing, samples were etched using reagents suitable for the alloy
involved, Etchants uged for the current test materials were as follows:

Titanium Alloys: HF, HNOj3, H,O
Steel Alloys: Nital, 2%
Nickel Base Alloys: Kalling's

In order to characterize surface hardness gradients, Knoop microhardness
readings were taken using a Tukon machine. One hundred gram and five
hundred gram ioad ranges were generally used at depths greater than

.005 in. from the surface of the specimen. In order to obtain valid readings,
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Metallurgical Procedures (continued)

and "o minimize the possibility of edge yielding under these loads, series of’
10 and 25 gram Knoop readings were taken on most specimens in the first o
.0C2 to . 005 in, from the surface,

Direct Rockwell readings were also taken on all samples to determine the
base hardness,

All data presented in this report have been normalized and converted from
Knoop values to Rockwell values using standard calibration and conversion
procedures,
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APPENDIX II-2

Procedures for Measurement of Residual Stress

A surface layer removal technique was used to determine the residual stress
data presented in this report, The procedure using the specimen shown in
Figure 6 of this report consists of successively etching off thin layers of

the stressed surface of the specimer. and determining the corresponding
change in specimen curvature. The actual curvature measurement js made
by measuring change in deflection over a fixed span of 3.5 in, The fixture
used for making these measurements is shown in Figures K and L,

Successive layer removal was accomplished on titanium and steel alloys by
etching, which consisted of total immersion of the samples for short
intervals of time in an acid bath, The backs of the sample were ''stopped-
off" with a lacquer so that the etching action would be confined to the test
surface only., Twenty percent HF was used on the titanium specimens;

10 to 15 percent HNO3 was used on the steel specimens,

In working with the nickel base alloy specimens, an electrolytic swabbing
method was used to remove controlled amounts from the test surface, The

electrolyte consisted of 25 percent HCl., The setup for this electrolytic
etching technique is shown in Figure M.

After each etching step, the thickness of the specimen was measured at

10 to 12 different stations to the closest . 0001 in, with an indicating
micrometer., Localized etching would be accoraplished as necessary to
achieve uniform layer removal, The thickness of stock removed versus

the change in deflection data is then used to calculate the residual stresses
at each measured step below the surface of the specimen, The uniaxial
stress in the longitudinal direction of the test specimen was calculated using
an equation developed by F. Stablein, *

E 2 df
Sn = =5 { H-hp) (T) ~ 4 (H-hp) (f;) - 2 (h,f,)
3L n
k
-2 / fdh]
(o]
<
* Stablein, F. - ""Spannungsmessungen an einsertig abgeloschten Knuppeln' -

Kruppsche Monatghefte, Vol. 12 (1931) pp. 93-98.




Procedures for Measurement of Residual Stress (continued)

Where: s, = Residual stress, pounds/square inch
H = Initial thickness of the test specimen, inches
h = Stock removed to any depth, inches
f = Deflection of specimen at any depth, inches
f, = Initial deflection of the test bar, inches
LL = One-half gage length, inches
E = Modulus of elasticity, pounds/square inch
df . .
e Slope at any point on deflection versus stock

removed curve
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APPENDIX II-3

High Cycle Fatigue Testing Procedures

All fatigue tests summarized in this report were run on cantilever bending
specimens at rooin temperature under fully reversed loading, All tests

on titanium were run at Metcut using Sonntag SF-2-U or SF-01 fatigue
machines. These units are mechanically excited, constant force machines,
and operate at a constant speed of 1800 cpm, Load verification was obtained
by standard calibration procedures involving the dynamic readout of
instrumented specimens using a light beam oscillograph and cross
calibration with specimen deflection measured optically,

All tests on AF 95 were run by General Electric/Evendale. G.E. used a
modified Krouse type cantilever bending fatigue machine. The modification
consisted of a change in the mechanical coupling to convert this unit from

a constant displacement to a constant force machine. In setting up each
individual test, the specimen was loaded statically with a load calculated

to produce the desired stress in the test section of the specimen., The
corresponding static deflection was noted, When the test machine was
started dynamically, the dynamic deflection was adjusted so that the half
amplitude was equal to the static measurement, Specimen life is monitored
with an automatic cycle counter,

High cycle fatigue tests were run by General Electric/Evendale using the
procedure described above.

In reportiing test results, runout stresses are the initially calculated stress
of the maximum stress in the test section of the specimen., Failure stresses
are back calculated and indicate the actual stress at the origin of failure,
which may be less than the maximum stress in the specimen,

Thermocouples, used to monitor and to control temperature, were tack-welded

to the larger specimen tab adjacent to the gage section, The grips were wire

resistance heated to 450°F and the specimen temperature was allowed to

stabilize. An induction coil powered by a model T-2.5-1KC-TBW, type T-254-72

Lepel induction heater was used to heat the speccimen gage section to 1000° F,

Temperature control was achieved using one of the thermocouples tack-welded

to the specimen tab, The gage section temperature was moanitored using a .
model 300T3 Ircon infrared pyrometer, The material's emissivity was ‘3
obtained nsing a specimen instcumented with tack-welded thermocouples; the

gage section temperature at all points was within 10 degrees of the desired test

temperature, Temperature stabilization was allowed for one hour. After the

soak period, a calibration curve was obtained at temperature and the test was

started as described above for the room tempcrature tests.
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APPENDIX II-4

Low Cycle Fatigue Testing Procedures

Low cycle fatigue testing was performed in fully reversed bending at 15 cycles/
minute. The equipment in use at Metcut is a hydraulically driven servo-
controlled unit, An overall view of this apparatus is shown in Figure N, A
closeup of a test specimen mounted in the bending fixture is shown in Figure P.

The test equipment was calibrated by relating the controlled parameter,
fixture amplitude to surface strain in the gage section, This relationship was
established by plotting surface strain measured with strain gages as a function
cf fixture amplitude, Agreement within 1 to 2 percent was obtained between
strain calculated from specimen curvature as measured with 2 spherometer
and strain measured with resistance strain gages, These two methods of
strain determination are valid beyond the elastic limit of the material. For
stresses helow the elastic limit, strain calculated from the applied load and
fixture geometry agreed with values obtained from spherometric and strain
gage measurements.

Low cycle fatigue tests were run and tabulated in terms of pseudo stress. This
value is a product of ihe specimen strain times the clastic modulus of each
alloy. The stress value is artifically high since specimen surface yielding
frequently occurs under low cycle fatigue (LCF) stress conditions, The actual
stress as determined by loads supplied does not actually reach the high level
as indicated by the psc¢udo stress value, This procedure, however, is a
conventional way of handling LLCF data, Perhaps more often, LCF data is
reported in terms of strain rather than stress. This complexity appears
unnecessary in this report, however, Among other things, it complicates

the relationship between low cycle and standard high cycle fatigue data.

Afier loading, tesis are run under constant strain conditions

n s determined

by maintaining a constant peak curvature of the test specimen. A spherometer,
which is an electrical readout device consisting of three probes which contact
the ends and the midpoint of the gage section, is used to determine curvature,
This value can be read intermittently or monitored continuously as desired.
Control of the low cycle fatigue device itself is achieved through maintaining

a constant cyclic fixture amplitude which is adjusted as nec. sary to

maintain constant peak curvature of the specimen, hence constant strain,
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Low Cycle Fatigue Testing Procedures (continued)

Elevated temperature tests were performed by radiantly heating the center

1 in. portion of the gage section. The spherometer was used to verify the
strain level in the presence of the thermal gradient. No difference was
detected in the strain obtained at room and elevated temperatures for a given
fixture amplitude, The temperature in the one inch hot portion of the gage
section was maintained within + 10° F of the test temperature,
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Figure N

LOW C¥CLE FATICUUE TESTING APPARATUS
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Figure P
CLOSEUP OF LOW CYCLE FATIGUE TEST FIXTURING




APPENDIX II- 5

Procedure for Stress Corrosion Evaluation

Specimens per Figure 11 were clamped into fixtures which prestrained them
in bending as shown in Figure Q. Specimens were stressed to approximately
75% of the vicld strength of the material., They were exposed until fzilure

or an elapsed tim= of 1000 hours, whichever occurred first. The exposure
environment consisted of 3, 5% sodium chloride solution at room temperaturs
meeting the purity of pH requirements of Method 811 of Federal Test Llethot!
Standard 151. Aliernate immersion between the salt solution and a1 was
accomplished on a continuous exposure cycle of 10 minutes immersion in
the solution and 50 minutes out of the solution., Samples were exiamined
approximately once each day and failure times noted. A photograph of a
typical failed specimen is also included in Figure Q.

All stress corrosion testing was accomplished at Boeing/Seattle,
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Figure Q

BEFORL FAILLURE

AFTER FAILURE

PHOTOGRAPHS OF 4340 TEST SPECIMENS MOUNTED
IN STRESS CORROSION FIXTURING
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