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FOREWORD

This technical report covers all work performed under Contract F33615-72-C-1630
from | June 1972 to 30 November 1973. This manuscript was released for publication by
the author in February 1974,

This contract with The Boeing Commercial Airplane Company was initiated under
Manufucturing Methods Project 746-2. “*Sleeve Coldworking Fastener Holes.”™ It was
conducted under the technical direction of Captain Carlan  Silha, Metals Branch
(AEML/LTM). Manufacturing Technology Division, Air Force Materials Laboratory,
Wright-Patterson Air Force Base, Ohio.

This program was accomplished at The Bocing Commercial Airplane Company in
Svattle. Washington, with Mr. Richard G, Christner as program manager, Mr, Joseph L.
Phillips as principal investigator, and Mr. Ray Hendricks as primary coordinator and director
of the testing program. Giher personnel that supported the program in Boving were DeVere
Lindh, Dave Reese, Tom Kane. Burke Dykes, Walt Swilt, and Merrell Christianson.

Publication of this final technical report does not constitute Air Foree approval of the
report’s tindings or conclusions, It is published only for the exchange and stimulation of
idvas. Your comments are solicited on the potential utitization of the information contained
ferein as applied to your present and/or tuture production and/or your maintenanee
rwork. Suggestions concerning additional manuficturing methods on this or other subjects
will be appreciated.

This progeam was accomplished as part of the Air Force Munubacturing Technology
Program. the primary objective of which was to deselop on a timely basis. manufacturing
processes and  teehniques for use in economical production of USM‘ materials and

“gomponents for aireralt production,

This technical report has been reviewed and approved for publication.

v
H. A. JOINS(

Chief, Metals Branch .
Manutuctusing Technology Division
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ABSTRACT

In this 2l-month program, optimized process parameters for sleeve coldworking of
fustener holes have been developed, and the effects of process and application parameters on
structural performance have been defined for selected aluminum, titanium, and high-
strength steel alloys. The sleeve coldworking process for fustener holes is a process that uses
a tapered mandrel in conjunction with a disposable. prelubricated sleeve to compressively
prestress a significant size zone around each hole which offsets the stress concentration of
ghe hole itself. The sleeve method allows higher degrees of prestressing than possible with
other methods and offers potential for significant improvements in fatigue performance, In
addition, it does not require precision controls germane to other fatigue-rated hole
preparation/fastener installation systems. This technical report covers the results of this
21-month program. In addition to definition of optimized methods and the effects of
process and application variations upon structural performance, the results include
performance and economics comparisons for the process with other fatigue-rated hole
preparation/fastencr systems. Volume 1 contains test data sheets and other supporting data,
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SECTION 1

INTRODUCTION

In a stressed component, a fastener hole creates a significant concentration of stresses;
that is, the gross arca stresses are magnified at the hole. If these stress concentrations are not
reliably compensated for, critically stressed aircraft components will suffer premature
faitures under cyclic loading conditions. In addition, the methods of gencrating the holes,
especially in higher strength metals, can lead to finish and metallurgical conditions that will
amplify the problem.

The sleeve coldworking process offers what appears to be one of the most toolproof
systems of compensating for these problems. This system utilizes a high-interference tapered
mandrel with a disposable, prelubricated sleeve to prestress a significant-sized zone around
cach fustener hole. This zone is prestressed with a high-order compressive hoop stress that
cftectively mitigates the stress concentration. The process does not demand precision
controls required for other fatiguc-rated hole generation/fustener systems,

tn this program, optimized process parameters for use of the process in 2024-T851 and
T175-T736 aluminum, Ti-6Al4V and Ti-6A6V-28n titanium, and 3GOM steel have been
developed. Additionally, the effect of process and application parameters upon performance
have been defined. Phase 1ot this 21-month program covered development of the optimized
process parameters; phase [ ocovered definition of the effect of process variations and
application parimeters upon performance,

Phase | optimized mandrel taper angles, hole expansion values, sleeve design, sleeve
lubricant, mandrel finish, hole sizing requirements and methods, multimaterial stack
techniques. and inspection methods, and defined portable equipment, foree requirements,
edge bulging parameters and distortion parameters. Optimization was based on pull forees,
sleeve  thinout, hote  profile, surface upset. and fatigue  performance for 3/8- and
d-inch-diameter holes. Phase 1 primarily utilized tatigue coupon testing plus some stross

corrosion and photostress westing to assess the effect of process and application parameters

upon performance. This inchided eftects of edge margin, hole spacing, load transfer,
adjacent nonvoldworked holes, sleeve-split ovientation, steeve design, subsequent hole sizing
amount, filled versus nontilled holes, fastener interference, countersink and countersink
angle, countersink/coldworking sequence, difterential growth, surlaee upset, joint prestress,
prior hole processing. prior hole futigue cycling, prior hole damage, subsequent hole damage,
and material thickness, : s

This program wis coordinated with contraet F33615-71-C-1 848, “Precision Hole

Generation Methods,™ conducted at MeDomnell Aircraft Compauny in 8t Louvis, Missouri.

Hole generation vriteria for certain specimens and tutigue specimen design were coordinated -

o allow valid comparisons of results, .'

\ vuan Bens IS
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SECTION 11

SUMMARY

This program has taken the process of sleeve coldworking for fastener holes, as
originally developed and utilized for aluminum structure, and refined it with regard to
processing and application parameters in aluminum, titanium, and steel. Detailed results
from the phase | process refinement effort are extensive and included in the body of this
report: in summary, this ¢ffort preduced the following results:

1)

4)

)

7)

A chunge in mandrel taper from 0.0135 inch/inch to 0.045 inch/inch that allows
foss buck-side cleavance and a significant reduction in force requirements

Definition off force  requirements for different hole diameters and stack
thicknuesses in the program materials

Detinition of optimum coldworking expansion values for different hole digmeters
in the program materials within the restraints of process capability. such as limits
imposed by mandrel breakage above certain expansion values in the high-strength
stevl

Definition of surtace upset protiles and hole axial profiles with vegard to further
definition of allowable purt g,appuu,. fretting shim requirements, and postsizing

requirements

Definition of " the ‘effect of the process upon. part g.rowth. edge bulging, and
distortion

Development of o successful steeve process with a pull mandrel for the

‘highestrength steel: atbeit, the pull process has a capability to produce only

one-half the vetained expunsion for an cquw.xlem muial theoretical mterlcrcm.e as
the salid ¢ nbu%e m.mdn,l push provess

Definition of the uumu «.lcc\e design, xlwve-apm width, . .md lnlcrual slscvc

: -lnbnwnl EL) omimum for. (Iw provess

9)

)

Demonstration of the capability of the provess to easily secomplish its bencm.lul;
prostressing in mulmmm ful sticks of alummum aed tiwm-lm

Detinition of finite postsizing recommendations and initial hole size recommendas
“tions to assure that enough metal remaing Tor full cleanup postsizing (Note: the

phase 11 results indicute tha postsizing or Tull cleanup may tml be neCEssury for
many 20r0- Lo lnwnlo.ul lmnslcr dppliwli&m\.) o e

Detailed detinition of portable wol rcquircmcu s .

.-
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1)

12)
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Detailed listing of commercially available portable tools with specific capabilitics
designated

Definition of a suitable inspection procedure to assure proper processing has been
accomplished

The phase 11 effort on application parameters is probably of the most interest. The
resutts have shown many elements of definite significance, including several that were ot

)

3)

4

-5

& anticipated. These results and/or interpretations are summarized in the following:

Fatigue test rosults for reamed only and honed only holes in this program were
comparable 1o those achieved in the McDonnell Aircraft Company Precision Hole
Generation Program (AFML-TR-73-135 report) even though testing speeds were
different. Thus, perforinancy results can he directly compared.

With small test specimens, in some metals, the use of net arcas rather thun gross
arcas (Tor caleulating applicd load stress) allows a properly prestressed fatigue
specimen with a fastener i it to produw fatigue values better than base metal
values.

The previous proved to be possible with the 2024-T851 aluminum alloy, but was
not achieved with the Ti=0A4Y titanium alloy and the 300M (270-300 ksi) steel,
This might indicate that equivalent levels of prestressing (based on strength levels
of the alloys) may not have been achieved in the titmium and steel. Edge strain
measirements indicate that this was probably the case for the titunium, but not

for the stesl. The titonium, however, disclosed an- erratic pcriormanw (wide

sczmcr) at inghct levels-of «.uldwm'lung. mMiurcnw '

In the 2()24-‘!‘35! aluminum, u straight shunk lmlt in a coldwarked hole praduced
u fatigue performuance equivatent to o properly installed taperlok in zero-load-

Cotranster as well os in o highdond-transter applications. The high-load-transter
T application reguired some additional bolt interference (0.002 inch) to gehieve

equivalency. With the se<called “opiimum™ coldworking interference, however, un

- interference-tit bolt reduced pesformaice of a 2evo-doad-trunsier applivation. .

A Dush installation tapered shank tastenes proved to be inudequaw in protecting
the countersink in wluminum altoy instatlations, wherens, s coldworked hole that
was posteountersunk had ¢ fatigue performance stightly better than a soncounter-

sunk hole. The fush tapered shank fastencr in titanikim instatigtions, however,

showed only a slight loss in performance over the protruding hwad versions in
ovo-doad-transtor  applications.  The  countersuok  and  voldworked hotes in
titmium stll showed better performance than the tupered shank fastenersin the
zeroslogd-transtor - applications;  however, the sequeace "ol eoldworking  and
countersinking was reversed in terims of best perfonmace. This possibly s the

result of inadequate prestressing in the titanium, 1t should he noted that the best -

Cn e
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7)

8)

9)

)

performancy  of all in the titanium (under zero-load-transfer conditions) was
achieved by using an interterence-fit bolt in a coldworked hole. The tapered shank
results in titanium were very erratic and scattered.

In the high-strength steel, countersinking before coldworking was detrimental to
fatigue performance, whereas, countersinking after coldworking produced the
best overall vesults with zero load transfer,

Deletion of postreaming in coldworked holes demonstrated no influence upon
fatigue performance ol open holes or upon low-load-transfer specimens in the
2024-T851 aluminum. In the Ti-6Al-4V titanium, deletion of postreaming
produced no change in open-hole performance, but some improvement over
postreamed holes with low load transfer. Only open-hole  performance of
nonpostreamed holes was assessed in high-strength steel; in this case, it showed a
significant improvement over coldworked and postreamed holes (which were no
better than reamed only holes), bui only a slight improvement over coldworked
and postreamed holes produced in “as-drilled™ (versus preveamed) holes.

Postreaming allowances for oversizing appear to be quite wide in aluminum and
titaniwm with no significant ditterence in open-hole performance up to the 1/16
inch ton the diameter) removed in this program. The 300M (270-300 ksi) steel is
more sensitive to the open-hole testing and shows a loss in performance at
H/6d-inch removal, recovery at 1/32 inch, and a Joss again at 1/16 inch. This is not
necessavily  logical in view  of the increase in performance  achieved in
countersinking the steel, That is. this more noteh-sensitive material probably
reacts to the loss of the initial, highly stressed compressive surfiace layer in terms
of crack initiation. Further metal removal very likely reduces compression and
tension prestress levels without reducing the size of the compressive zone and, in
turn, may achieve a better bulunce of stresses to reduce crack propagation rates,

The span between “worst™ performanee and “bost™ performance was least with
the aluminum and most with the steel. The worst performanee in the sluminam is
registerad with zero load transter, open, reamed only holes: whereas, in the
titunivm and steel, high-load-teanster applivations produced drastic reductions in

Sutigue performance for all conditions. The best high-load-transter perfornumes in

the titunium was achieved with the tapered shank fasteners, The tapered shank

Tusteners were not tested in the steel. Coldworking praduced o 4 1o ]

improvement in high-foad-trunster applications in the steel at 110 Rsi maximum-

~ el test stress and o 20 to 1 improvement with zevo load transter at the same tost

SIeNs, , -

In oo, bin, suelace upsetting appeared 1o. cause wo loss of perlormanee from

Arett iy Zero-doad-transier and low-loud-teanster applivations, but did produce

Coxoar ¢ Toss oF improved pertormanee with high-load-transter applications. The use

—of i thin, aivarta intertice shim eliminated this tretting and the perfornmance loss

in aluminum. I Ganiom, highload-ransier perdormance. was best without the

~shin; in the steel itmade no ditterence,
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Open-hole-testing appears to be a valid approach for comparisons in aluminum,
but raises questions of value with the more noteh-sensitive materials. Tiie author
would definitely recommend that only filled-tiele testing be used for future
comparisons.

The stress corrosion tests of coldworked holes in the 300M (270-300 ksi) steel
showed absolutely no problem with stress cutrosion cracking after completion of
almost 900 hours of alternate immersion testing in a 3-1,2% salt-water solution.

The lack of countersink protection from a tupered shunk fastener and from
coldworking where the countersink  alveady  exists (with sseeption o the
titanium) means that neisher would be worthwhile applying to flush instaliations
in repair work on aluminum and steel structure where countersinks already exist.
An exception would be an application whereby the underlying structure roquires
the protection.

Edge margins and  hole-spacing  variations showed no effect spon fatigue
performance gains for coldworked holes in all materials beyond nomal scatter
bands with edge margins down to 1-1/20 and hole spacing down to 3D,

The 7175-T736 wlloy showed appreciably better base metal fatigue performance
than the 2024-TR51. but was only slightly better in reamed. open and filled holes
and i coldworked open holes. In coldworked and tilled holes, it had slightly less
performance than the 202 :-T851,

The STA and STOA heat treat condition. for the Ti-6A14V titanium alloy did
not produce as good fatigue pcnormanw a the anue aled wlloy under any test

_condition, including base metal.

None o the heat trewt conditions Tor the Te6 ALOV-28n tiaaimm alloy-had better

“petformonee in any condition tun the annealed TiEOARV titwium,

The STOA heat treat tor the TROAROV-281 titimium alloy showed slightly bever
fatigue performunce than the sancaled or STA conditions Yor the same alloy in
the Brse metal tesis sl the reanwed, tilled hotes, Meither the STA or the STOA

were as gocd as the anncaled condition with coldworked, Filled lmlc».. :

The pull process with a sleeve developed in this program for the 270-300 ksi stel
application praduced  the Tollowing velative fatigue pertormanee  ai 110 ksi

maximuntuet area test steess with Gitled hobes aad 2evo boud teanstor:

) Reamed oaly o | SOW.000 cyeles
) CAWV with steel mandrel atd steeve LS00 cyeles
¢} CIW with carbide pandedl . S 30000 ey eles
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With unsupported thin aluminum materist (0.060 inch), the high-interference
coldworking process produced dishing of the matei ial around the hole and no gain
in fatigue perforinan.e from loss of prestress. In tituniuss, the loss was slight, and
in steel there was no loss. The relative differences may be a result of differing
material stiffness and alse the differing -cnsitivity of the titanium and steel to
oper-hole testing. Stack sandwiching might salso alter the aluminum resalt.

Pest damage by scoring coldworked holes showed no loss in improved tatigee
perfornance in any of the alloys indicating that the process would not be
sensitive tu damage caused by bolt installatica or reaming.

The location of the sleeve split caused no loss of periormance in zero-load-transfer
testing of the aluminum, titanium, or steel. The discontinuity in the <arface upset
caused by the sleeve split may create localized interface fretting with sluminum
under high-load-transfer conditions. Use of the previousty mentionsd micarta
shim technique wousid avoid this problem.

Photostress analysis of precountersunk and coldworked spevimens indicated that
the sleeve-split discontinuity may be the determining factor in not providing
protection for the countersink in aluminum. A ~olid sleeve may prove to be Ds.nu
tor rework purposes where a countersunk already o <ts,

Proper drilling prior to coldworking was not detrimental to fatigue performance,
but abusive predrilling was detrimental in aluminum and titarium. Both proper
predrilling and abusive predrilling proved to te better than prereaming ia
coldworked holes in the J00M steel. This bears mors investigation in ferms of its
potential for reducing current costs for- muul hole gcncmnon eomro!s in

high-strength steal,

Priov £ igue cyeling followed by s, we u;:ldworkmg ad prioe -.mnﬁ tatipue cracks

fulloweu by sleeve coldworking resulted in no loss of fatigie perfornaee for the

©opluamdaum, lmium or stedover thut cagmud with uni.\uguod or um.rm:ked

26)

270

hotes,

The provess displuyed éxcellent repuazability of watiix without extreme care

tequired in . provessing and provided pwmtim\ for flush imtnumimc when

correctly s»qm.nwd

Cost xmv«lym shows  that prtwision of nli.tblc “eaddworking prswctimx i&

signitieantly less than that far the tapered fiastener systems and shightly muore than
a straight shank, interterence-fit holt system. The tutter, hosever. ds practivadly
Hited by dismeisr, whees, the hig gh im»ricrcm'c. sheevy coluwrkim. sy:.um

isnot,

vt et
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SECTION Ul

PROGRAM PLAN

The program consisted of a two-phase effort. Phase I included eight separate tasks that
developed optimized process parametsrs for applyirng the sleeve coldworking process to
aluminum, titanium, and steei. Phase 1l included five separate tasks that defined the effects
of process and application parameters upon the performance of these alloys—primarily with
regard to fatigee. The basic intents of the program were: (1) to demonstrate that this
process is a relatively low-cost, reliable process to assure repeatable, required performance of
critical aircraft structure and components, and (2) to Jdevelop and define the ne~essary
parameters to allow optimize:l use and application. A tabnlation of the specific tasks is
showa in figure 1. A more detailed delincation for each task follows.

1. PHASE I: PROCESS PARAMETERS
a.  Task I-Optimum Mandrel Taper Angle

In this task, 3/&<inch- and 3/4-inch-diameter holes were coldworked to tharce
differcnt expansions with each of three different taper angles on the ¢.idworking mandrels,
This was accomplished in 2024-T8S1 aluminum, the Ti-6Al-4Y titanium (anncaled) and the
300M steel (270-300 ksi). Test materials were 3/8 and 1-1/2 inch thick for the
3/8-inch-diameter tools to provide both partial and full engagement of the mandrel taps =,
Tost material was 2 to 2-1/2 inches thick for the 3/d-inch-diameter tools to assus> ful}
engagement.

The coldworking was performed with the test material and a standard pull gun
mounted in & Tinjus-Otsen tensile;comprossion test machine (for aluminum and titanium),
The test machine was used to push the carbide push mandrels for steel. A minimum of five
holes was coldworked per condition to ussess scatter. Pull forces were recorded for the
different raaterials, thicknesses, ‘mandrel taper angles, and hole/mandrel interferences.
ColdworkeA holes were measured for surface upsetting, hole profile, and retained expansion.
Coldworking sleeves were measured for thinout. Analysis of these data resulted in seloction
of a pr»ferred mundrd taper angle for cach metal,

1)  Test materials

—a) 3/8inch-diamuoter tosts
i) 3/8-dnch-thick 2024-T851 sluminum
it)  11/2-inch-thick 2024-T851 aluminum

i) 3/8-inchethick Ti-(SAMV anitealed

&;'w K ‘..& 2 1‘\.'

"-“-fL .mmm PAOI mvr rnnm:

S - Y



4 iv) 1-1j2-inch-thick Ti-6AI-4V annealed
‘% v)  3/8-inch-thick 300M steel (270-300 ksi)
E vi) 11/2:inch-thick 300M steel (270-300 ksi)
"; 4

b) 3/4-inch-diameter tests

2

3 | i)  2-1/2-inch-thick 2024-T851 aluminum
ii) 2-1/2-inch-thick Ti-6Al-4V annealed
iii) 2-1/2-inch-thick 300M steel (270-300 ksi)
2) Test mandrels
a) Aluminum and titanium tests (H-11 steel, nitrided, pull design)
b) Steel tests (883 carbide. push design)
3) Test sleeves
~a)  Aluminum tests

i)  3/8-inch-nominal diameter, axial split, 0,010 inch thick, 1-1/2 inch
long, 301 stainloss, 1/2 hard, internal Fel Pro 300 lubricant

il) 3/4-inch-nominal diameter, axial split, 0.015 inch thick, 1-1/2 inch
long. 301 stainless, 1/2 hard, internal Fel Pro 300 lubricant

b) Titanium and steel tests
i)  3/8-inch diameter—as above, except full hard
i)  3/4-inch dinmeter—-as above, except full hard
4) Tost values | | |
R a)- Mandral hole interforences (nominal)
D 3sdnch diameter ~0.009, 0,012, and 0.019 inch

Til)  3/4-inch diamewrm().()z?.. 0.026, and 0.032 inch

10
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b) Mandrel tapers
i) 3/8-inch diwmeter- 0.015, 0.030. and 0.045 inch/inch on diameter
i) 3/d-inch diumeter --0.020. 0.030. and 0.045 inch/inch on diumeter
b.  Task 2--Oprtimum Mandrel/Hole Interference

In this task. mandrels with optimum taper angles, based on task 1 tests, were
utilized to coldwork fatigue coupons. The coupons used tor testing are shown in figures 2
and 3 and were a cro-load-transter type with two open holes, Fatigue coupon designs were
coordinated with those used in the McDonnell Aireratt Company program, “*Precision Hole
Generation Methods,” (contract AF33615.71-C-1548). These coupons were tested on the
equipment shown in figures 4 and 3. Loads were selected on the basis of past testing
experivhice 1o provide approximately 100.000 cycles to tailure, Primary test variable was
mandrel hole intertference values: four ditferent interference values were user Yor each hole
dismeter €38 and Y d-inch diameter). Selection of these values was based on prior test
(UGN TUIVLR

Al fatigue test coupons were shot peened prior to coldworking the holes to
ensure that fatigue testing measured hole performance vather than non-associated surtuge
problems, Coupons were tested with tension-tension loading to a stress natio of + 0.1
stresses for loading were based on net areas. Only three coupons per condition were tested.,
unless scativr of pesults divtated the need tor additional quantitivs,

Selection of optimum hoie mandrel interference values was based jointly on

fatigue performance and an assessment oF surtace upsetting and operational forees reguired,

1 Test coupons
) dsB-inch=diameter holes
o l%-it_wh-thi-.k 204-TN51 alumiﬁuﬁu per figure 2
i dnchethick Ti6 ARV mincﬁlcd et figure 2
W1 deinchethick 300M stect (270-300 ksi? per figure 2
b 3iddnchsdiameter holes |
i S;"S-iuchflhi\:k 2024-T851 aluminum per ligure 3 |
) ¥8-inchthick Ti-(’s.-«\HV anneiled per ligure 3
fuii) Jeeineh-thick 300M steel 1270-200 kb per fgure 3

21 Test mandrels tas specitied Tor sk 1) '




3)  Test sleeves (as specitied tor task 1)
4)  Test values
a)  Mandeel taper tas selected in task D)
b)  Hole/mandrel interterence
1) 3/8-inch-nominaldiameter holes
2024851 aluminum 0.010, 0.0135, 0.020, and 0.025 inch
Ti-eARIV titimium  0.010, 0.018, 0,020, and 0.025 inch
J00M steel 0,010, 0.015,0.020. and 0.025 inch
i) 3,/4-'m\_'h-nnmiuul-dmmclcr holes
20241851 aduminum 0.025, 0.030. 0.035, and 0.040 inch
Ti-oARV titimivm 0,025, 0.030, 0.035, and 0.040 inch
JOOM steel 0.020. 0.025, 0.030, and 0.038 inch.
o Miscellaneous parameters
5) Sleeve-sphit oriv mauon on coupon axis tor ull holes
m Holes w;mmt m coldwork dimension prior tu-coldworking '

i fnitiat hole sizes selected 1o allow am\rmim.ndy 0.010-inch ream (on
 diametert o notinal hole size atter coldworki g

¢, Tusk 3--Pull Mandrel tor High Strength Sieel

The radial vompression Torees mvalved in coldworking holes in 270-300 ksi steel

- to high-expansion vatues Tave Been ostimated 1o be in the order of 300 ksi. This radil

loading plus tensile or compressive axial towding to puil or push a mandrel thirough 3 hole
Sreates o biunial loading situation that is extremely rigovous. For 270-300 kai steel, limited,
previousty conducied tests Tiid not upcovered any combinations of material und design that
would allow use of a pulltype ovandrel without catasteophic mandrel tailure. Existing
techniques required use ot i carbide, push-type mandrel. A pull-type mundrel, iowever, wis

“extremely desiruble sinee it woukd be more amenable to assembly operations, The push-type

mundeel requites one of the fellowing: (1) aweess Tor u squeeze yokeo (29 suitable
dtiachment Tor thrust equipment, or (3) disissembly capability Tor press operations,




The intent of this task was to conduct tests with specitic mandrel materials that

had not been tested betore and which anpeared to have some potential for this type of
operation. In addition, hole/mandrel interference values were varied starting at o low value
to determine af there is an upper limit for this type of operation which is below the
optimum fatigue value defined with carbide mandrels in task 2. Test criteria were based on
wmandrel failure, mandrel diameter retention, and retained hole expansion observations.

b

[ )
-

4)

Test material

) beinchethick 300M steel (270-300 ksi)
by Zinch-thick 300M steel (270-300 ksi)
Test mandrels

ab  AEST9260 thecaded pull type

Y} V;ag;njcl MA threaded pull type

b MAZHSS thrvaded pull type

Test slovves

@) Xs-inch-nominal dmmctcr. O Oanch wall, .m.nl split, 301 sumlcss. tull '

Iutd

B Fdlachnominal dianeivr, OOlS-mo.h wall, uwl spht. 301 stainless, full

hm’\l

Holefar drel intcrt‘c‘rcnce

4y h*imh-m)mimsi diameter: \!.ﬁ“l al 000'% inch and pwc.eed in 00()‘1 inm

imn.mems 1o optimum vulue delined in task 2

-~ by 3deinchenominat dismeter: start at 0.010 inch and pmu.ul in 0005 imh

HICFIENIS o oplimun value defined in task 2.

Tu»k 4-Physical Lffects and Revwaining Mnudtdi&lwe Param&tm

e llus task tiwluded definition ol

h

tmpact of steeve coldworking to optimum values upon past growth, distottion,

odge bulging und center line shilting as aliected by *d;,c margin, hole smuu;., ,
! o vounlersink ' -

Effect of part per upon venterdine shifting and retained expansion . -

13
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3) Subsequent diameter creep relative to ultimate fastener fits
\‘\\: . .
Ry 4) Optimized callouts for:
: a)  Sleeve-split geometry
N b)  Sleeve lubricant
. ¢)  Mandrel
o
o Test utilized growth, distortion, edge bulge, centerline shift, and diameter-creep
~ measurements of coldworked specimens and holes to define general parameters for growth
: and distortion. application, and projected fastener fits, Measurements of pull forces in
) conjunction with a general analysis of operational factors defined the optimum sleeve-split
™ configuration. sleeve lubricant, and mandrei finish.

[t should be noted that the lubrication tests were relatively limited in lubricants
being tested, only because a significant number of selected lubricants were already tested by
the contractor in the original development of the process. Comparative data on the

2 previously tested lubricants are included in this report.

< 1) Test materials

- a4)  Growth. distortion. edge bulge parameters
L

L "B 3/8-inch-diameter holes
N ' '

. ~  3/8-x 1-1/2-x 15-inch 2024-T851, Ti-6Al-4V, and 300M
i - 3/8x 1-1/8-x 15-inch 2024-T851, Ti-6Al-4V, and 300M
L = 3/4-x 1-1/2- % 15-inch 2024-T851. Ti-6A1-4V. and 300M (tapered

o 2°and 4°)

- ii)  3/4-inch diameter holes

~  3/4-x 3-x 15-inch 2024-T851, Ti-6Al-4V, and 300M

- 3/4-x 2-1/4- x 15-inch 2024-T851, Ti-0Al-4V. and 300M
~ b) Sleeve/mandrel parameters
» i) 3/8inch-thick 2024-T851, Ti-6Al-4V, and 300M
N 2)  Test mandrels

. ]

a)  Asdefined in previous tasks

14
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b) Asdefined in previous tasks, but vapor blasted
Test sleeves

a)  3/8-inch-nominal diameter, 0.010-inch wall, 301 stainless, 1/2 hard, axial
split, Fel Pro 300 lubricant

b) 3/4-inch-nominal diameter, 0.015-inch wall, 301 stainless, 1/2 hard, axial
split, Fel Pro 300 lubricant

¢) Asina), but tull hard

d) Asinb), but full hurd

e) Asina), but lubricated with Dow Molycote “G”
) Asina), but lubricated with Lifelube LLC-30

g)  Asina), but Jubricated with Lifelube LLC-36
h)  Asina), but with helical split

1) Asina) but with scarfed axial split

Task S--Multimaterial Stack Parameters

The intent of this task was to define the parameters or techniques required to

rleeve coldwork fustener holes in assembly stacks of combination materials such as titanium
and aluminum, Primary criteria tor assessment of process were analysis of rotained hole
expansion, sleeve removal characteristics, and postsizing dimensions.

Test muoterials

a) 1/ % 12 x 1 Minch T6AL4V |
1= x 12 X 1 2-inch 2024-T851 Stack
1/d- % 12+ x 1 2:inch TH6ARV |

B)  1/d- X 12-% 1 2ineh 2024-T8S1 |
1/4- x 12-x 12-uch T-6AL4V | Stack
1/4- x 12-x 1 2-inch 2024-T85 l_j

Test mandrels (as detined in provious tasks)
Tost sleeves

a)  3/8dnch-nominal diameter, 0.010-inch wall, axial split, 301 stainless, tull
-~ hard, Fel Pro 300 lubricant ' -

15
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f.  Task 6-Postsizing Parameters

The intent of this task was to define and verify both the methods and quantities
required to reliably assure cleanup of as-coldworked holes to a consistent, precise diameter.
The primary method cevaluated was reaming; broaching was included for aluminum sizing.
The slight bellmouthing ol the hole created by the coldworking operation plus the slight
ridge from the sleeve created a potential tool misalignment problem relative to defining
minimum quantitics required for cleanup. The tests involved use of coldworked specimens
from previous tasks to define minimum quantitics required to assure cleanup of the hole
profile.

g. Task 7—Portable Equipment Definition

This task primarily involved documentation of test work, knowlcdge, and
experience that alrcady existed in the design and use of inine and offset pulling guns,
associated slecve containment nosepicees, and special portable power sources,

h.  Task 8-~Inspection Methods Definition

This task involved defining an inspection system that wvould provide adequate
assurinee to the user that proper performance results would be achieved.

2. PHASE il: APPLICATION AND PERFORMANCE PARAMETERS

In this phase, the relative eftects of process and application parameters upon
performance were defined, The primary mode ol evaluation was constant amplitude fatigue
testing supplemented by some stress corrosion testing, edge strain testing, and analysis of
photostress specimens, This phase consisted of five tasks, The last task consisted of compara-
tive cost and performance analyses relitive to other fatigue-rated hole/fastener systems,

Most of the fatipue testing was conducted on thwe Amsler Vibraphore fatigue test
machines shown in figures 4 and 5, However, Richie-Los hydraudic fatigue test machines,

- simitar to figuee 6, were used an the low=load-transfer and the high-load-transter specimens

t0 avoid specimen heating with ity lower frequency capubility, In addition, micarta shims
were used in some of the high-toad-transler specimens to avoid premuature failutes {rom
intertuce tretting, Other busic parameters used in the fatigue testing program follow:

1) All comparisons and testing were bused on net aved caleubinted stress,

2) ANl coupons were shot peenad o dssure perfornimee mensirement ol hole
troatiment, :

3) Primary provess and application parametee testing used zevo-load-teanster type
specimens with both open and tilled holes.

e SN Y P it g em
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An S-N curve was produced for base metal, standard open hole, coldworked open
holes, standard hole with straight shank fastener, tapered hole with tapered
fastener, and coldworked hole with straight shank fastener in:

a)  300M steel

b) Ti-6Al-4V unncaled titanium

¢)  2024-T851 aluminum

S-N curves were based on use of four selected test stresses.

All other process and application performance parameter testing utilized selected
singulur test stresses to provide comparison ratio indicators.

Limited range S-N curves were extrapolated on the basis of the singular stress tests
and related family S-N curves generated in the program,

Net stress values for singular stress tests were selected to provide approximately
107,000 cycles to failure for a “mean™ condition and then utilized tor all tests
within an alloy series to allow direct compatisons,

Fatigue test loading was constunt amplitude, tension-tension to a stress ratio
of +0.1,

All filled holes used cquivalent fastener torque,

Each test condition used three fatigue test coupons: more were used only if goud
grouping of test results did not oceur,

All fasteners in the aluminum and titanium were cadmium-plated titanivm;
fasteners in the steel coupons were cadmium-plated steel,

Unless otherwise noted, axial split in sleeves were in line with coupon axis.

Unless otherwise noted, all coupons with holes kad 2D edge margins and 4D hole
spacings,

Primury coldworking method for tests in the J00M steel used the carbide push
mandeels comparative performance tests with the pull/sleeve process were also
conducted. ~

Task t--Base Metal Fatigue Values

The purpose of this task was definition of the tutigue performance for the base

metal being used in this program. Base motal values were considered necessary te allow
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5 comparisons of improvements achieved with coupons that had holes in them (and associated

: stress concentrations). These tests provided assurance that “real world” base metal values

! were obtained for the specific heats of metal being tested in the program because metal

: thickness, coupon fabrication, coupon design, and coupon test methods can create
significant differences from handbook values. The coupons used were without holes in the
test area but were otherwise gquivalent to that shown in figure 2.

2y A 5
T T e

1) S-N test materials

.
3 a)  300M (270-300 ksi) stecl
b) Ti-6Al4V anncaled ti:anium

¢) 2024-T85! aluminum

: | 2) Single stress comparison materials

a) Ti-6Al4V STA and STOA titanium

b) Ti-6Al6V-28n annealed STA and STOA titanium

¢)  7175-T736 aluminum
b. Task 2—Basic Open-Hole Fatigue Values

In this task., a series of fatigue tests was conducted to costablish basic and
comparative performance parameters for stundard straight holes and sleeve coldworked
holes using the optimized techniques defined in phase [ All coldworked holes were reamed
prior to coldworking. All tests used the 3/8-inch-diameter hole, zero-load-transfer coupon
shown in figure 2. These tests are-outlined for all alloys and heat treats as:follows:

1) 300M and Ti-0AL4V anncaled

a)  Single stress comparison test of honed open holes to veniy uompatibility of
McDonmnell and Bucing results

2)  200M, Ti-6AR4V anncaled and 2024-T851

a) SN tost of standard, reamed, open holes

b)  S-N test of optimum sleeve coldworked and postreamcd open holes
<) Sum.le sm» compurison fest ot "aswldwurl\ud“ ape.m tmlm.
3) AH other ullcys and heat treats’

a)  Single stress comparison 'g)l'ﬁ standard, reamued, open holes

i8
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¢
: b) Single stress comparison of optimum sleeve coldworked and postreamed
open holes
{
1
i c.  Task 3—Basic Filled-Hole Fatigue Values
k
_ ; The intent of this task was to obtain basic'and comparative fatigue performance
v L for standard. rcamed. straight holes with a net-fit fastener installed; tapered holes with
E tapered fasteners; and optimum coldworked and postreamed straight holes with net-fit
B pr & fasteners. All tests in this series used the 3/8-inch-diameter hole, zero-load-transfer coupon
28 s shown in figure 2. Both flush and protruding head tapered fasteners were included for later
R ‘J 2 process and system comparisons,
o 3
b -
£

1) Ti-6Al4V anncaled and 2024-T8351
- a)  S-N tests of protruding head Taperloks
b)  Single stress comparison test of 100° flush head Taperloks

2y 300M, Ti-6Al4V annealed and 2024-T8S51

a)  S-N tests of standard, reamed holes with net-fit, protruding head Hi-Loks

) SN aests of sleeve coldworked and postreamed holes with net-fit, protruding
head Hi-Loks

3) _‘All other alloys and heat treats V

a)  Single stress comparison test of standard, reamed “holes with net-fit,
'protmdmg head Hi-Loks ' '

~'h) Smgle stress comparison test of slcwu coklworked .md postmmmd Tholes
' with net-tit, protruding head Hz-Loke.

- d Task 4=~Appli¢miou and Pmc'e.w Parameter Effects

This task vontained many different tests und types ol test coupons to provide
answers Tor the offects of process wnd application parameters. Unless otherwise noted all
holes were sieeve coldworked und postreamed approximately 0,010 inch on the diometer,
Each particular process or ._l;‘)phu.ﬂmn parnmeter tested is-delineated in cach test description.
All tutigue tests in this task utilized the single-stress comparison test method, Ouly the

- baseline materials uscd lor priuuty wmparisom (300M ’I‘i-(iAMV muwulud ‘0"4-1‘85!) ,
Cwere included.

i,owvlu.ad-lmmm ; inuuuc wupuu ;m tigure 2
wm\i

0 Bifled hulu. mldwnrkod with publ-type a.lul munduls wuh s!cwu using
Cand ‘JO“spm oncntulwus '

19
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b) Ti-6Al-4V and 2024-T851

i) Open holes with 90° orientation of axial split in sleeve during
coldworking

¢y 300M, Ti-6Al-4V annealed and 2024-T851
i)  Open holes abusively drilled prior to sleeve coldworking
i) One of two open holes scored after sleeve coldworking and postreaming
iii) Filled holes that were precracked in fatigue prior to slecve coldworking
iv) Filled holes that were fatigue cycled prior to sleeve coldworking

v)  Open holes with subsequent sizing or postreaming of 1/64, 1/32, and
1/16 inch (on diameter) after sleeve coldworking

vi) Open holes sleeve coldworked in thin (0,060 inch) material
vii} Open holes sleeve coldworked with helical sleeve

viii) Filled holes with 0.002-inch clearance and 0.002-inch, interference-fit
Hi-Loks: holes sleeve coldworked

ix)- Filled heoles with net-fit, 100° head Hi-Loks in holes sleeve coldworked
prior to and after countersinking ’

'x) Filled holeq with net-fit. 70° head Hi-Loks (70‘ csk) in holes sleeve -
"~ coldworked prior to wumersinkim,

- i) Filled us-reumed hole-adjacent to sleeve coldworked hole (use standard
filled-hole tests us baseline) '

- ) Lcm»lond mmster tmigue mupou per nguro 7
Cw) SOOM Ti-0AI4V, and "0’4-1‘83!

1 Open<hole edge margin tests with shewa s.oldworkcd holes and nominul
o odge marging of 1-1;2D, D and 2-1/ ’D :

i) Open hole tests with sloeve wldworkcd holcs und nomimtl holu spacings
- o 3D, 4D, and SD ‘ . : ‘
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Low-load-transfer fatigue coupon per figure 8

a) 2024-T851/2024-T851

i)

i)

iii)

Filled holes with net-fit, protruding head Hi-Loks in sleeve coldworked
and postreamed holes. Holes drilled, resmed, coldworked, rcamed and
filled one at a time to evaluate low load transfer and provide baseline
for differential growth test comparison.

Filled holes with net-fit, protruding head Hi-Loks in sleeve coldworked
and postreamed holes, Holes gesierated and filled with production-type
process, i, produce, coldwork and fill end holes and center Lole first
then produce, coldwork and fill all remaining holes.

As in d.3)dki) above, but holes not postreamed

b) Ti-6Al4V/Ti-0Al-4V

i)

i)

As in d.3)a)ii) abuve

As in d.3)aiii) above

¢)  Ti-6Al4V/2024-T851

i}

As in d.3ai) above

Zervo-load-transier futigue coupon per figure 9

a) - Ti-6Al4V and 2024-T851

i)

Filled holes with net-fit, protruding hoad Hi-Loks | n sweve wldworksd 4

ard postreamed holes

High-loud-tmnsfcr tatigue coupon per figure 10

»)  300M, Ti-0AL3V anncaled und 2024-T851

-

iy

1

Filled holer with net-fit protruding head Hi-Loks in reamed only holes,
Buscline tor comparison. Run with micarty shims.

Filled holes with net-fit. protrading head and 100° head Hi-Loks in

“sleeve coldworked and postreamed holes. The purpose was 10 assess
efteet of load transter on coldworked ho'a performance. Run with

micarta interfiace shims.

Filled holes with 0.0024nch clearance and 0.002-incit interference-it

Hi-Lok tustences (separate tsts) in sleeve coldworked and postreained

ts
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holes to assess tii- effect of fastener {it in coldworked holes under
high-load-transfer conditions. Run with micarta shims.

iv) Filled holes with protruding-head and 100° flush head Taperloks
(separate tests) in taper-reamed holes to obtain comparative perfor-
mance values. Run with mic. rta shims.

v) Filled holes with net-fit, protruding head Hi-Loks in sleeve coldworked
and postreamed holes. Fatigue tests to be run without intesface shims
and two surfuce conditions: surface upset remaining and removed.

Stress corrosion testing with coupon per figure 11

Only the 300M was investigated with regard to the potential effect of sleeve
coldworking on stress corrosion characteristics. This approach was based on the
contractor’s extensive stress corrosion testing experience. Previous tests with
coldworked holes in 2024-T3 and 7075-T6 aluminum have never produced any
stress corrosion cracking, even when short transverse grains have been favorably
exposed. The tiwnium alloys were not included since they are insensitive to
low-temperature stress corrosion cracking, The steel stress corrosion specimen
shown in figure 11 has hole edge margins of 2.0- and 1.6-inch diameters: this
produced residual tensile prestresses at the specimen edge of approximately 90 ksi
and 160 ksi when the holes were coldworked. The specimens were immersed in
3-1/2% salt-water bath every hour and then exposed to laboratory air, Specimens
were checked for evidence of stress corrosion cracking daily with the test
terminated at approximately 1000 hours of exposure.

Edge struin testing with coupon per figure 12

The edge strain tests were intended to produce supplementary data to help
explain specitic fatigue test results, In this test the coupons were strain gaged at
the edge of cach coupon adjacent to one of two axially aligned holes and at the
edge of each coupon in between the two holes. Each coupon was first tensile
loaded to produce a graph of ioad versus strain. Each coupon was then untoaded
and sleeve coldworked while unloaded. The tensile strain at each coupon edge,
induced by the steeve coldworking, was then mwasured. The true strain at the edge
wus then measired by tensile toading the coupon as betore and recording load
versas strain, Thiz was ropeated .u‘ tor postmuming: a filled hole was ulso included
tor thy aluminum.

Photostress testing

Photostress coupons (plain plates) were fubricated with various conditions of

~hole spaving, edge margins, countersink/eoldwork sequence, adjucent noncold-

worked holes and postreaming amounts, Photostress Nucm.». were rcc.ordud and
mmtywd for bolh entry and oxit sides,
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e. Task 5—Cost and Performance Evaluation

This task involved analyzing the accumulated data and summarizing it for
comparative performance with the baseline tapered fastener system. It also involved cost
comparison evaluations of the sleeve coldworking system with the tapered fastener system
and other established fatigue-rated hole/fastener systems.




e

T

e g e TR R N S R

SECTION 1V

PHASE I: PROCESS PARAMETERS—~DETAIL RESULTS AND DISCUSSION

This section comprises the detailed results and associated discussions for each task in
phase 1.

Test reports for the basic material properties of the 2024-T851 aluminum, the
Ti-6Al-4V titanium, and the 300M steel used in this program are contained in volume Il of
this report. Data sheets with detailed test descriptions and test results for all tests in both
phase I and phase 11 are also contained in volume I1. Because of the large number of figures
contained in this report, they have been placed in one group at the end of the text.

1. PHASE L TASK 1-OPTIMUM MANDREL TAPER ANGLE
a.  Taper Angle

The primary factor used to define the best taper angle for coldworking mandrels
was the force required to cither pull or push the mandrel through a hole with various
interforences in the materials of concern. Additional factors considered were variations
produced in sleeve thinout, hole profile. and surface upsetting. Test plates, test setup, tools,
sleeves, and cquipment are shown in figures 13 through 16. A surfanalyzer for measuring
sutface upset is shown in figure 17,

In all materials, the steeper taper angles produced the lowest forces., with the
largest differences noted at the higher interferences, The degree of sleeve thinout, hole radial

Cvariation (profile), and surface upsetting was not significantly affected by variations in

mandrel taper angle. 1t should be noted that the scatter in pull force results was relatively
tow when coldworking the aluminum, but increased in the higher strength materials and
higher interferences -especinlly with the lower taper angles. As a result of these tests, the
0.045 inch/inch taper angle was initially selected as the optimum mandrel taper ungle for
coldworking mandrols for use in all materials. Taper ungle selection for carbide mandrels to

“coldwork 370-300 ksi stee! is further covered in the phase 11, tusk 2 discussion (section V).

Pull forces for varying taper angles, varying diameters, varying interferences and
varying material stack thicknesses are shown in figures 18, 19, and 20 for 2024-T851
aluminum: in figures 21, 22, and 23 for mwaled Ti-6AV titanium, and in tigures 24, 285,
26, and 27 for 270-300 ksi 300M steul, ~ ' '

b. - Pull/Push Force Requirements

All atuminum and titanium taper angle tests utilized steel pull-type mandrels;

push-type carbide mandrels were used in the high-strength (270-300 ksi) steel. Axiul-split,
hali~hard 301 stainless steel sleeves were used for the aluminum material, and axial-split,
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full-hard 301 stainless steel sleeves were used for the titanium and steel materials. All sleeves
were internally prelubricated with a baked-on Fel Pro 300 dry lubricant. The primary
testing in the steel was done without sleeves and with Fel Pro 300 baked directly in the
holes. Push force and retained expansion comparison tests with sleeves were also conducted
in this task; further tests with pull-type mandrels are reported in phase I, task 3.

Measured maximum pull or push force requirements for the diameters and stacks
tested are shown in figure 27 for all three basic materials. Forces also proved to be
dependent on stack thickness. With the larger diameter holes, forces increase with stack
thickness and reach a plateau when full-taper engagement thickness is reached; forces
increase beyond this point with increasing stack thickness in the smaller diameters (when
using a sleeve). It is believed that this is a result of the thinner walled sleeves used in smaller
diameter holes being axially compressed during coldworking, thus providing a braking action
on the shank of the mandrel. Effect of stack thickness on forces is shown in figure 28 and
projected foree requirements for various hole diameters as influenced by stack thickness are
shown in figure 29 for aluminum, titanium, and steel. Selection of equipment based on
these plots should allow for some process and equipment variation. It should also be noted
that these force requirements are for the specific alloys and heat treats tested: ditterent
strength alloys or heat treats within these alloy families may make some difterence in
requirements.

The effect on push forces using a sleeve versus no sleeve in the 270-300 ksi steel is
shown in figure 30. As indicated, there is no significant difference at the lower interferencos,
but the forces are significantly less without a sleeve at the higher interferences.

¢.  Mandrel Matorials
The phase I, task 1. tests were not basically intended to evaluate mandrel

materials, but the testing did disclose some definite trends. That is. the current Boeing
standurd H-11 steel mandrel with a nitrided surface showed no undesirable characteristic

such as excessive scatter in forces, obvious wear, or swaged reductions in diameter when

used to prestress (coldwork) holes in aluminum. However, when used in the Ti-6A14V
titanium, the H-11 nitrided mandrets sufiered some initial loss in diameter in the order of o

~few thousandths of uan inch. This was not o wear loss since it appeared to diminish to zero

after the mandrel appurently work hardened itself to o sufficiently high strength,

~ For this reason, mundrels oft AISI 9260 and Vuscojet MA fabricated for pull
mandrel development tests with 270-300 ksi steel were also used to coldwork holes in
titantwm. These muandrels proved 1o be adequate tor the tusk and did not sutTer any loss in
diameter. 1t should be noted that these mandrels were not nitrided on the surface; this
ditfercnce in surfuce trcatiment did not produce any noticeable difference in Torces.
AlSE 9260 und Vascojet MA mandrels did not disclose any problems i their fabrication, As

~a result of this test data, it appears advisable to change the current mandrel material callout

from H-11 to cither AlS1 9260 to Vascojet MA or equivalent strength alloys.

In coldworking holes in the 270-300 ksi steel, the 883 carbide mandrols showed a
definite tendency towards unpredictable broakage. primarily with the higher interterence
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values and thicker stacks. The failure was not a compression type of failure per se, but a
clean transverse rupture perpendicular to the mandrel axis. Some previous tests with other,
especially selected, higher transverse rupture strength carbides (outside the confines of this
program) did not disclose this transverse rupture problem at similar interferences. Test work
in coldworking high-load-transfer specimens (3/8-inch hole diameter; 0.023-inch interfes-
ence; 3/4-inch stack of 3-1/4-inch plates) for phase 11, task 4 showed that this condition was
extremely marginal with regard to breakage of the 883 carbide. It also showed that the
transverse rupture was not totally a function of differential radial pressures from the
high-interferences alone; i.c., breakage usually occurred only when the push forces rose
significantly from lubricant film breakdown. Thus, the rupture was caused by a resultant of
a biaxial stress condition. Higher strength carbides may help, but lubricant film breakdown
after one or two holes at higher interferences in thicker stacks may be the primary limiting
factor in interference selection. Tests using a lower interference mandrel as a first step did
not provide any reduction in forces or lubrication breakdown rate for the final mandrel,

Results of the pull mandrel tests in 270-300 ksi steel holes will be covered in the
task 3 discussion.

d. Retained Expansion

Knowledge of the amount of expansion retained after the mandrel is pulled
through the hole is useful for defining reamer pilot sizes or for general quality control.

Figure 31 is a plot of the retained expansion versus the initial mandrel/sleeve
interference for 3/8- und 3/4-inch-diameter holes in ull materials tested. The plot also
includes a 1-1/2-inch-diameter hole in aluminum from another program, 1t is very interesting

. to note that the retained expunsion versus initial interforence is the same for the aluminum,

titanium, and 270-300 ksi steel for cquivalent efficlency processes, even though these metals
have significantly different yield strengths and elasticity moduli. The smaller diameters do
seem to fall on a differcnt curve and, with the exception of the aluminum, did not appear to
*_be stack dependent. There is a slight transition in values between the 3/8- and 3/4-inch

-diameters, but all diameters from the transition upward fall on the same line~as noted by

the 1-1/2-inch diameter hole data point. The maximum retnmed expansiou for the task 3
: pull mandrel Is also shown und wm be discuswd under tsk 3.

- As previously pointed out. the retained expansion uppears to be equivalem for all
 materdals tor equivalent mandret/hole interference vatues. Further examination of test data

from other programs indicates that this result and the sweeping conclusions that might be

~ -drawn from it may purely be the result of a circumstantial combinution of alloys. That is,

- ulthough the results derived were valid in thetsclves, they should not be used to indicate

* that the same values will be obtained for all alloys within a family. The probability is: less
- retained expansion (greater springbuck) will be encountered for afloys with higher vield
© strengths within a family that has an cquivalent modulus of elusticity. This variance will

probably be smalt, and since the highdnterference, sleove coldworking process uses o :

postsizing operation, the variance will probably be of wo major significance. I the
starting-hole values recommended herein are used (based on certain mmimum valucs for
_ postsiziug removal), the variance should not cause iy prodlem.
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Figure 32 is a bar chart of retained expansion in the 270-300 ksi steel as a
function of mandrel/slceve combinations. Here it is shown that there is some loss of retained
expansion when the carbide push mandrel is used with a sleeve versus no sleeve, and
approximately a 45% loss when the pull mandrel is used with a sieeve. Test resuits in
phase 11 will show that this also results in only a 50% gain in fatigue performance relative to
that achieved with the carbide mandtel.

e.  Hole Finish

The eftect of the sleeve coldvrorking process upon the prior hole finish is shown
in figures 33 through 35. The data show that coldworking improves the hole finish by a
factor of 2 regardless of the starting tinish. This fact is probably of no significance, but has
been recorded for possible future reference.

f.  Radial Variation

Knowledge of the probable radial variation in a coldworked hole as a function of
the “hourglassed™ hole profile from coldworking is usetul in defining minimum chip loads
to assure full cleanup for final sizing, The maximum radial variation for all materials is
shown as o function of conditions and dinmeters in figures 36 through 38, The indications
from these plots are that an increase in the minimum diameter in the order of 1/64 inch
should provide both sssurance of cleanup und a minimum practical chip load for all
diameters of normal concern. Postsizing requirements are further discussed under task 6.

A typical hole profile trace in sluminum is shown in figure 39, This truu. was
produud wuh the Brush Surfanulyzer shown in ﬂgmrc l?

g. Surface Upwt

Surfuce upwlti% or parl thickeaing is mlwrem to the hole mldworkiug process

and i something that must be understood or contended with in use or upplication of the

- process. Surface upsetting oceurs on both the entrance und eXit sides of a hole and is always
greater on the exit side. Upsctting. that oceits at an interfuce is usually less than that

- produced on a free surtuce, but not always necessarily so, as shown herein by the titaniwm
data for thick stacks. Nevertheless, this upsetting G not removed) will cause some gapping
- of stacked detuils, although not at the fustener hotes. To dare, this surface upsetting has not
shown any detrimental effects on futigue performance of lowdoad-transfer joints in
alumintin; its effects-in high-load-transfer juunts will be covered in the phase 11 discussion.

Typical traces of hole axial profile and surface upsetling on enteanee, intorface,
and exit surfaces for 2024-TSS1 wluminuim, J00M steel (270-300 ksi), und Ti-6AL4Y
anpeated titaniugm are showa in Tigures 40 through §7. Tt should be noted that the scate is
highty magnitied on these Wruces Tor precision and should be telerred to for proper

pctspeuwe

If results shown tiergin are compared., it can be seen et surlave upset values for
cquivalent interferenves are poeater for titanium und steel than these Tor aluminuim. Figures
_58 through 65 show that subsequent sizing will vol signilicantly aller oe remove this upset.
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The vatues for distanee of upset away from the hole also give some-idea of the significant
size of the zone that is affected by the high-interference, sleeve coldworking process.
Further evidence of this is shown in figure 66, a laser holograph of a hole as it was being
coldworked in 7075-T6. This holograph was produced at Wright-Patterson AFB by Dr.
Adams with our support. The technique uses diffiaction of a laser speckle pattern to show
strain. Some difficulty was encountered in attempting to use this technique because of the
magnitude of the strains that occur during the coldworking process. Elastic strain is shown
by the fringe patterns: plastic sirain could not be picked up and is depicted by the
nonfringed zone around the hole. Thus, this photograph supports previous contentions that
a yielded zone (that goes into compression after coldworking) exists that is one radius or
more away from the cdge of the hoie: in fact, it appears to be more on the order of one
drameter.

Figure 60 shows the effect of mandrel taper angle on surface upsct amount in
Ti-6AI-3V titanium. As can be seen, the lower taper angles (the longer ramps) produced
greater amounts of surface upset. This was not particularly evident in the aluminum test
data but detinitely supports the decision to use the sieeper taper for force reduction and
mandrel length reduction.

Figures ol and 62 show that thickness of material also affects the amount of
upset for the same diameter and mandrel/slecve-to-hole interference. Upset is increased with

“the thicker material. This is in line with the higher degree of retained expansion shown for

thicker material.

Figure 63 shows both Trec surface upset values, as well as interface values, for a
3/4-inch-diameter hole in Ti-6Al4V. The reason for the interface exit value being the
highest is not logically explainable; nevertheless, it did occur,

Figure 64 shows the general effect that interference levels for coldworking have
on the amount of surface upset produced. It also shows some effect of stack thicknesses and
hole diameters for equivalent interferences.

Figure 65 gives the upset values for a 3/8inch-diameter hole in 300M steel
(270-300 ksi). These results are approximately cquivalent to those encountered with
titanium. It should be noted that all of these results were obtained using mandrel/
sleeve-to-hole interference values that were considered optimum for fatigue performance,
Changes in interference will have a direct effect upon swrface upset. Since the optimum
values for 300M steel have been adjusted upwards from the values shown in this figue, the
upset values will also be slightly higher,

2. PHASEI: TASK 2-OPTIMUM EXPANSION

Figures 2 and 3 fatigue coupons were used to evaluate the effect of four ditferent
initial expansion values on open-hole fatigue performance. Hole expaision values equal to
original process values, plus values 0,005 and 0.010 inch over und 0.005 inch below the




original process values were generally approximated for the aluminum and titanium and
0.005 inch over and 0.005 and 0.010 inch below for the steel. The tests were not only
designed to define optimum values, but also to show any indication of diameter effect.

Test results for the 2024-T851 aluminum are plotted in figure 67. The plot shows a
definite trend for improved fatigue performance with increasing interference. What appears
to be adifference in slope of cycle improvement with interference increase between the small
and large diameters is purely a function of not using increases in interference increments
equivalent to the diameter ratio. When this is accomplished, the extrapolated slope for the
3/4-inch-diameter hole is equivalent to the 3/8-inch-diumeter hole. The fatigue cycles also
show a leveling off towards the upper end tested. As a result, the maximum values were not
selected as “optimum’ values since the increased impact of the maximum interference upon

. upset, forces, and other parameters did not appear to justify the slight fatigue improvement.
Thus, a 0.019-inch interference value was selected as optimum for a 3/8-inch diameter and
0.030 inch for the 3/4-inch diameter. An adjusted plot of recommended coldworking
interferences versus hole diameters for 2024-T851 aluminum is shown in figure 68.

Test results from this task for the 300M steel are shown in figure 69. The original plan
for the 3/8-inch-diameter holes in the 300M steel optimum expansion tests included values
for 0.009-, 0.014-, 0.019-, and 0.024-inch expansion or mandrel/hole interference. The
values of 0.021 and 0.023 inch were added when a significant difference in performance
improvement was noted between the 0.019- and 0.024-inch interference levels (approxi-
mately 70,000 cycles versus 200,000 cycles). The results indicate that a minimum of
0.023-inch interference is needed to gain this significint benefit with tho 3/8-inch-diameter
holes.

The 3/4-inch-diameter hole results for the 300M steel in figure 69 show a basically
equivalent performance for the lower levels of interference to those obtained with the
3/8-inch-diameter hole specimens. Thus, we can assume that the base metal is equivalent for
the two hole dinmeters. However, the same problem of using equivalent increments of
interference rather than double increments. which would equate to the doubled diameter,
exist here as in the aluminum (and titunium) tests. Therefore, the improvement slope does
not appear to be equivalent for the larger dinmeter, whereas, extrapolation based on double
increments shows it to be basically equivalent. The projected optimum interference versus
hole diameter curve that results from this extrapolation, however, has a steoper slope than
those projected for the 2024-T85! aluminum,

This projected optimum interference curve is shown in figuee 70. There is a secondary
curve shown on this plot. This secondury curve is o projected probable practical limit tor
interference  that is  well  below  the  projected  optimum  from  approximately
S/8-inch-diameter holes on up. This secondary curve is based on the breakage in carbide
mandrels that has occurred above this line, The breakuge s a function of the directly
increasing, high radial pressures with increasing interference that results in breakdown of the
Fel Pro 300 lubricant and transverse rupture of the carbide mandrels. Higher rupture
strength carbides than the Carboloy 883 used might help if the lubricant breukdown doesa't
excossively amplity the biuxial stresses, '
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Note: Test work in another (concurrent) progra.n has shown that Carboloy 55B or
Curboloy 248 carbide are superior to the Carboloy 883 carbide for this usage.)

It should be noted thai even though optimum interference values for the different
alloys appear to be relatively equivalent for the smaller diameter holes, this again may be a
circumstantial situation for the particular alloys tested. For a lewer yicld strength alloy with
the same modulus of elasticity in a basic metal family. the optimum interference values
might be slightly lower,

One other point relative to optimum interfercnce testing is worth discussing. There was
some question if the open-hole specimen fatigue test for optim:'m inter :rence values was
truly valid for filled holes (with fastencrs). It now appears that the open-hole spe. men test
is a reasonably valid test for this purpose with aluminum since concurrent tests at Lockheed
(in Georgia) with the sleeve coldworking process, disclosed basice!ly cquivalent optimum
interference values for filled holes with up to 50% load transfer in 7075-T6 specimens. Their
values were;

Hole diameter (inches) Optimum interference (inches)
/4 0.014
S/16 0.017
3/8 0.021
1/2 0.024

Further test work fater in this program with titanium and steel indicates, however, that
open-hole  comparisons may not be meaningful with regard to ultimate filled-hole
performance. In fact, the stress amplification of an open hole coupled with greater notch
sensitivity of these and other metals may totally mask significant improvements that might
be achieved with filled holes, Thus, the suthor believes that open-hole testing should not be
used for such evatuations in the future.

The optimum interference fatigue performance data for the TH6ARYV anncaled
titanium is shown in figure 71, Three items presented some difficulty in attempting to
interpret these data:

e  The generally lower tatigue performance of the 3/d-inch-diameter hole specimens

o The different slope on  fatigue improvement  with increasing mundeel/
sleeve-to-hole interferency for the 3/4-inch-diameter hole specimens

e  The relatively large scatter in results at higher mandrel/sleeve-to-hole interference
values not evident at lower values.

The Tollowing presents results of further investigations relutive to the foregoing items and of
turther unalyses aimed at establishing a reasonable optimum Interference curve.
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a.  3/8- Versus 3/4-Inch Holes (Ti-6A1-4V)

The mandrel/sleeve-to-hole interference values used in these tests were selected on
the basis of limited work conducted previous to this program that indicated that optimum
interference levels for aluminum and steel might be relatively close to one another, The
equivalent retained expansion values for the aluminum, titanium, and steel obtained in this
program also indicated that a good baseline value for interference with the steel and
titanium was the optimum value defined for aluminum, The test plan then included one
increment below this value and twe above for the titanium and two below and one above
for the steel. The latter decision was based on the probability that practical limits on high
interference  would occur with the high-strength steel. Interference values for the
3/4-inch-diameter hole specimens were selected using the same slope on the interference
versus diameter curve for aluminum (based on equivalent strain calculations).

The initial reaction, when the 3/4-inch-diameter hole titanium specimens failed at
a generally tower level than the 3/8-inch-diameter hole specimens, was that the titanium
required a difterent slope curve tor diameter. Further examination of the datu disclosed,
however. thut the entire band of data for the 3/4-inch-diameter hole specimens is shifted
downward toward lower performance. Observation of the fracture faces from the fatigue
tests also showed an obvious difference in visual appearance between the 3/8- and
3/4-inch-diameter hole specimens (fig. 72). The 3/8-inch-diameter hole specimen had a
granulated, large grain appearance, and the 3/4-inch-diameter hole specimen had a laminar,
fine grain appearance. In phase I, the 3/8- and 3/4-inch-diameter hole specimens were not
fabricated from the sume heat ol material ns all specimens were in phase 11, A spectrographic
analysis of the two materials (fig. 73) showed some difference, but each was within alloying
specifications. Metallurgical sections (figs. 74 and 75) show a more laminar grain structure
for the 3/d-inch-diameter hole specimens, but neither metallurgical structure is considered
abnormal for Ti-6Al-4V titanium.

Scanning clectron microscope phliotos of the two fracture fuces (figs. 76 through
79) show some difference in appearance at high magnification, but nothing of great
significance. The conclusion that must be drawn from these observations is that a
phenomenon known us texturing in titanium alloys is present and is causing a difference in
futigue performance. Thus, this favtor or phenomenon must be taken into uousudcmtwn
when atlowables are defined.

The possibility that larger diameter holes in titantum and steel do not follow the -

same inteeference increase requirement for farger diometer holes in aluminum was also
investigated. A number of specimens were tabricated to analyze strain patterns using a Moire
fringe pattern technique, This included specimens of 3/8- and 3/4-inch-dismeter holes in
aluminum and titanium, plus one with o 3/8-inch-diameier hole in steel. The specimens ware
prepured by applying a 400-line/inch lnear grid in one direction before coldworking. After
coldworking, the specimens were placed in g vacuum frame, and a matching 400-line/inch
film grid was registered with the specimen grid. The specimen was then photographed at a
seale of 1:1 while the tfilm grid was keld in contact by the vacuum systom. The film grid was
then adjusted to give a rotational mismateh of 16 fringes per inch, and this pattern was

photaogruphed. The photographic negatives were then enlurged in 4 wear projection systom at
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a magnification of 4.85:1. The density of the enlarged image was scanned with a
motor-driven photoeleciric pickup. The scanning aperture was a rectangle, 0.05 inch wide
by 0.015 inch long. Al scans were made in the Y direction as referenced on the specimen,
i.e., perpendicular to the grid lines. Plots of density versus position were recorded on an X-Y
plotter. The position scale was adjusted to a magnification of 10:1; i.e., 1 inch on the plot
was equivalent to 0.10 inch on the specimen.

The half- and full-order fringe positions were located on the plots, and surface
displacement curves were drawn with each fringe equal to 0.0025 inch of displacement. The
slope of the displacement curve then represented the strain. Photographs of the fringe
patterns are shown in figure 80. The top photograph represents the method described; the
bottom represents a 90° placement of the grid o assist in orientation of the strain field
through angular shift of the grid lines. Figure 81 is a plot of the actual strain data taken at
the edges of the hole, As can be seen from these data, the affected zone is in general
agreement with the laser holograph: i.e., it is roughly equivalent to one diameter away from
the edge of the hole. Also, no significant pattern emerges on tangential stresses (the ones
considered important to fatigue) other than some loss in the larger aluminum holes where
performance was considered equivalent. The radial strains are much higher in the titanium
and steel than in the aluminum, but the tangential strains appear to be basically equivalent.
Thus, no definite requirement for higher interferences in larger diameters (for the titanium
and steel) can be drawn from these data,

b.  Scatter at Higher luterfeiences (Ti-6Al-4V)

Since the vield strength of titanium is relatively close to the ultimate strength, the
scatter in fatigue performance with the highest mandrel/sleeve-to-hole interferences used
raised the question of whether the coldworking operation itself was causing surface
microcracks in the holes at these values. To resolve this question, specimens of holes
coldworked to these high interferences were submitted to the Boving Commercial Airplane
Compuny quality control tesearch organization for examination, As defined in figure 82, a
number of eddy current and penctrant inspection methods were used to inspect these
specimens. including a “wink™ method wherein the specimen is loaded in bending to open
up any cracks that may exist but are closed by compressive stresses. None of these tosts
disclosed any evidence of surfuce cracking in the holes. Nevertheless, the higher interference
values were avoided in tiw projected optimum interference curve until more performance
data ave available, s

¢ Interference-Versus-Diameter Cutve (Ti-6A1-4V)

The values for mandrel/sleeve-to-hole interference for optimum performance are
the crucial clements of concern. Further examination of the data discloses that shifting data
points to usc increases in tnterference increments that are pertinent to diameter increases,
plus shifting the loss due to “texturing” of the metallurgical structure, plus discounting the
high end of the interference (on the busis of scatter) results in selection of a curve for
optimum interference in Ti6ALAV titanium thaut is equivalent to that for the 2024-T8S1

- aluminum, Such a curve is showa in figure 83, Test work in phase 11, “Application and

Performance Paramoters,” used-interference vatues selected from this curve,
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3. PHASEI: TASK 3—PULL MANDREL DEVELOPMENT

The high-strength steels selected for fabrication of experimental pull mandrels for use
in coldworking 270-300 ksi steel were AISI 9260, Vascojet MA, and M-42 HSS. Al of these
alloys have yield strengths above that for the 300M steel heat treated to 270-300 ksi. All
tests run with these test mandrels used disposable, full-hard 301 sleeves.

The M-42 alloy proved to be too difficult to work with in fabrication and was
discarded. Mandrels of AISI 9260 and Vascojet MA were fabricated. These mandrels did not
have a nitrided surface as the standard H-11 mandrel does. Data from Alloy Digest for these
alloys and 300M steel are shown in volume 1 for comparison and reference purposes.

The test results and conclusions for this task follow:

It is possible to use a pull mandrel with a sleeve to coldwork the 270-300 ksi
300M steel; but the lower modulus of a high-strength steel mandrel (versus
carbide), coupled with sleeve thinout, results in roughly one-half the retained
expansion that is obtained with a carbide mandrel for equivalent mandrel-to-hole
interfurence (theoretical).

The Vascojet MA alloy was the best alloy tested and also proved to be practical to
fabricate.

The Vascojet MA mandrel does not require nitriding as the prwmus H-i lor H-IB
mandrels do for sleeve coldworking in aluminum.

Since the now standard H-11 or H-13 mandrels are not adequate for titanium, on
the basis of diameter loss veduction, it appears that a Vuascojet MA mandrel is a

good muterial ‘selection not only for use in high-strength steel, but also as a
standard for all uses (lack of nitndmg wquiwmmt wmpensates for’ highcr
' matcrml Cost).. -

The radial pressures in cc)ldworking the high-strength steel are still sufﬁciem to
cause initial surface yiolding of the Vascojet MA mundrels, with a resulting

diameter loss of 4 few thousandths, but this decreases to zero through work

hardening of the mandrel surface if the interferonce is kept within limits, Thus,

mandrels tor this purpose <hould be ‘made oversize and. pm.onditioncd by

- coldworking prior to produstiou usage,

The limits for use of the steel pull maudrcl in mgh-smng,m steel (or in wrbzde)
are not totally defined but are probably equivalent to the interference values
- detined for aluminum, up to a probuble limiting interference of 0.025 inch.

The pul! force for the steel mandrel and sleeve is reduced by the same ratio as the
retained oxpansion; i, to onehall of that requived for the carbide push mandrel

“Tor the sunie theoretical interfrence (based on initial dimensions).
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o The degree of fatigue improvement that can be obtained by this method is
reduced by approximately the same ratio as the retained expansion is reduced
(from results in phase 11, task 4).

4. PHASEI: TASK 4-PHYSICAL EFFECTS AND REMAINING
MANDREL/SLEEVE PARAMETERS

a. Lineal Growth

The lincal growth of aluminum, titanium, and steel material with varied edge
margins and hole spacings for 3/8- and 3/4-inch-diameter holes as a function of
high-interference sleeve coldworking is plotted in figures 84 through 89. Values are shown in
lineal growth per foot of part length for three conditions: (1) after coldworking, (2) after
coldworking postream, and (3) after postream and countersink,

A three-diameter versus a four-diameter hole spacing seemed to have little effect
on results: whereas, edge margin was more significant (for a stringer type of part). No
definite trend could be observed relative to subscquent operations such as postreaming and
countersinking. The parts with larger diameter holes had significantly less lineal growth per
foot. This is probably due to the interference values for the larger diameters not being in .
direct ratio to the increase in diameter (see fig. 83). The lincal grawth for the titanium and
the steel are significantly greater than that shown for aluminum. As with any interference
system, this growth must be tolerated in tooling systems and methods. in structural design.,
and in operations technique. For instance. with the relatively stundard two-diameter edge

‘margin and four-diameter hole spacing in the 2024-T851. the lincal growth for a

100-toot-fong part with 3/8-inch-diameter holes would be on the order of 1 inch (for a part

~ such as a stringer or o spar chord). Obviously, this value would be somewhat reduced by

constraint of attached skins or webs: nevertheless, tooling must provide allowances. In

“addition, critically located parts may require location after all of the growth has been
" encountered and mismatch of holes in different parts must be prevented by using a

technique of “spot™ completion, That is, every tifth or 10th hole (or some other number) is

- coldworked. postreamed. and filled prior to coldworking the remainder.

" ‘b. Bow or Distortion

As with lineal growth, edge margin hud more effect on degree of bow than lole
spucing, Bow was more significant in the thinner gages and was approximately equivalent for

the aluminum and-titanium before countersinking, but it was approximately twice as great

in the steel (higher interference). The amount of bow tor different edge margins, hole

-spacings, hole diameters, and specimon thicknesses is shown betore and after countersinking

for -wluminum, titanium, and steel in figures 90 through 95, It should be pointed out that
many interference-fit fastenct systems, dncluding Taperfok, will cauge some bow in
unrestrained specimens, although some systems such as uniformly squeezed slug tivets
minimize the effcet. The previous evidence of higher retained expansion und groater surtace
upsetting on the exit side of the hole showed up in the direetion of bow. In all cases, the
bow wus concave away from the exit or pull side of the hole. Since a pull-type operation
would normally be an external operation on a countersunk part, such as o wing skin, the
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countersink was kept on the coldworking exit side in all cases. Since the countersinking
partially removed some of the compressive material, it reduced the bow. This was more
significant in the thinner gages of aluminum than in the thicker and even resuited in
zero-to-negative bow in the titunium. This definite effect on material bow from removing
this countersink material certainly raises some question on how significant an effect it may
have upon fatigue performance -especially since the Moire strain data did not show a
significantly different tangential strain on the exit side. This certainly lends some credence
to the proposal that 4 70° countersink may be more advantageous than a 100° countersink.
The effect of countersink sequence and countersink angle is covered in phase Il

c.  Edge Bulge

Values tor edge bulging with 112D and 2D edge margins in 3/8- and
3/4-inch-diameter holes at 3D and 4D hole spacing are plotted tor the aluminum, titanium,
and steel in figures 96 through 98, Edge bulge of some degree will always occur with normal
edge margins and s a factor that must be understood as an acceptable item with
coldworking or other interference-fit fustener systems. Normal bulge is not a cosmetically
unaceeptable item to casual observation, although it can be seen by the naked eye if one
sights along an edye (see fig, 196). The 121720 edge margins do have some increase in edge
bulge, but. as can be seen in the figures, the increases as well as the overall values are
relatively small. Thus, there may be some ditference in fatigue performance with 1-22D
versus 2D edge margins, but probably not in the order of major signiticance, The fact that
the 3/4-inch-diameter holes are showing o greater bulge for equivalent edge marging (based
on diameter) tends to indicate that the interference levels being used for the larger diameters
is not out of order, as was questioned cuarlier, Edge bulge also represents a tensile stress
condition at the edge of o part that could raise guestions about its effeet upon stress
corrosion with certain alloys, Previous tests at Boeing with aluminum, including 7079
materinl with transverse end grains unfavorably exposed, have disclosed no problems with

©ostress corrosion when wing the high-interferenve, sleeve coldworking  process,  Stress-
corrosion tosts with the sleeve coldworking process and other interference-fit fastening
systems reported in reference | indicote that the sleeve coldworking process is outstandingly
better than all the other systems evalugted when tested in 7075-T6. Tests in phase 1 will
show that fuvorable stress-corvosion performance can be achieved with 300M steel,

d. Surface Taper Effect

In this portion ot task 4 (phuse 1), holes were coldwarked by aluminum, titanium,
and steel with surfuce tapers of 2° und 4° to determine if there was any serious effect on the
uniformity of the coldworking near the surfice, Thiz was done with 3/8-inch-diameter holos

“using basteally a 0.019-inch mandrel/steeve-to-hole dnterierence. The resulting retuined
expansion should normally be in the order of 0.01 2-inch tor this expansion (0.C06-inch per
side). The vesults are -plotted in figure 99, md some typical rotary teaces taken on a Moore
precision measuring machine are shown in figure 100, These measaremoents showed the
centerdine shitt at the taper stirface entry to be on the order of 0.003 inch tor both the 2°
and 4° tapers. Thus, the voldworking retained expansion ts roughly 50% of normal at the
high side of the hole on the tapeved surtiace. This shift should cause no postsizing difficulties
in production: in addition, it should cause no ditficaltios with fatigue performance sinee the
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area of reduced retained expansion is in line with the normal direction of stress relative to
taper.

e. Diameter Creep

A check was made with 3/8-inch-diameter heles in aluminum and titanium to
determine if there was any significant degree of diameter creep after coldworking. The
results of these measurements are shown in figure 101. The hole diameters were checked
immediately after coldworking, 1 hour after coldworking, and 24 hours after coldworking,
Only 0.0001-inch loss in diameter occurred within the first hour; this result was the same
for both materials. No further detectable changes occurred in the next 24 hours. In the past,
installation ditficultics have been reported when bolts were not installed on the same day,
but the data seem to refute the contention that this problem was based on creep.
Furthermore. creep would result ina change in prestress and would require an evaluation of
time effects on fatigue performance, This limited test indicates, however, that time and
creep do not scem to be problems.

f,  Sleeve Lubricant

The sleeve lubricant selected as a standard Iubricant for the process carly in its
development was Fel Pro 300, This is a solid-film molybdenum disulfide type of lubricant
that comes in air-dry or bake-on versions. Of the two. the latter performs best and has been
used as the standard. Prior to the initiation of this program, some difficulties were
experienced with high forces and force variations in coldworking 9/16-inch-diameter holes
in thick stacks of material. At that time, an evaluation of numerous alternatives to the Fel
Pro 300. or combinations with the Fel Pro 300, was conducted. The earlier tests, as with
those within this program, were conducted on a Tintus Olsen setup as shown in figure 14, In
this setup, an actual pull gun is used to pull the mandrel through the hole at the same rate
that occurs in normal use with the machine registering the forees involved. Some typical
mundrels and sleeves used in this type testing are shown in figure 15,

The previous testing was fairly extensive and concentrated heavily on the
long-chain alcohols since cetyl alcohol was proven to be such an outstanding lubricant for
mundrel coldworking of holes. In this program, two versions of a new lubricant, which
supposedly combines with the surfuce and u molybdenum disulfide paste, were evaluated.
Results of both the previous tests and the program tests are shown in figures 102
through 106.

Figure 102 shows that the baked-on Fel Pro 300 was superior to the LLC 36 dry
lube and the Moly Kote G paste in this extreme prossure situation. 1t should be noted that
the 2024-T8S31 test also represented the lowest demand ol the materials of convern in this
program. The tests produced loud, snapping sounds with the LLC 36 and the Moly Kote G
paste, indicating u slip-stick action from complete broukdown of the lubricant,

Figure 103 shows some basie vartations in steeve lubricants: it also shows why
some attention was paid to the long-chuin aleohols, since the cetyl aleoliol is quite close to
Fel Pro 300 in performance. Nevertheless, nothing surpassed the Fel Pro 300, although
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driving off any absorbed moisture in the Fel Pro 300 just before use did help some. The
benefit, however, was not sufficient to merit the special handling that would be involved. It
should be noted that the Fel Pro 300 is designated, in figure 103, as being properly mixed.
E: Figures 104 through 106 show variations with Fel Pro 300, including some in which the Fel
b A Pro 300 is not properly mixed. The mixing turned out to be very important since the
lubricant has some heavy metallic clements that settle out very rapidly if the liquid is not
4 agitated continuously.

Close observation of the test results, which included 32 lubricant variations,
shows that only two were slightly better than properly mixed Fel Pro 300. These were cetyl
alcohol and paraffin in combination with improperly mixed Fel Pro 300. The slight
improvement was not sufficient to justity the complexity involved in application. As a
result, the Fel Pro 300 baked-on version continues to be the standard for the coldwork
sleeves. The manufucturer of the sleeves was contacted as a result of the previous evaluation,
and a system to ensure continuous agitation of the lubricant in the automatic application
system was installed.
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g.  Mandrel Finish

A Previous work with mandrel-only  provesses in aluminum showed that some
: reduction in pull foree could be achivved by vapor blasting the mandrel to provide o “grip”
< for the cetyl alcohol lubricant. Vapor-blasted mandrels for use in the sleeve coldworking
E process were ovaluated in this progeam. The mandrels were tiest vapor blasted and then
AN treated by baking on a couat of Fel Pro 300, They were then tested in coldworking aluminum
and titanium by the sleeve method and compared with stundard mandrels. The results are
shown in figure 107, As can be seen, the treatment did produce a slight reduction in pull
force, but it was not signiticant enough to justily the extra processing.

h.  Sleeve Configuration

The standard sleeve process uses i sleeve with an axial split in it as shown in figure
IS, The width of the split is established at o vadue that will produce a minimum-wiidth ridge
in an as-coldworked hole but wide enough to prevent the edges of the thinned-out sleeve
from being jammed together by hole springback tafter the mandrel pusses by) causing the
sleeve 1o be locked into the hole. A typical ridge in g thick stuek is shown in figure 108
where two nonaligned split sleeves were used in conjunction with each other to handle the
stack thickness, This vidae produees a surfuce discontinaity in steaing (paet surdiee, not hole
surface) us evidenced by the Maire data but does not necessarily represent @ zone that has
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: ; not been adequately prestressed. The hoop expansion results in g hoop strain that s
‘ apparently sutliciently uniform since previous tests buve shown ae detrimental etteet from
this vidge or its tocation, Test work in phase 1 veritied this contention, in general, but
g photostress tests in phase 11 disclosed some lmmauuns relative Lo precountersunk lmlc\ {so0
g " phase U tor more detail),

Actutatly, the width of the split in the sleeves, as previously detined., proved to be
adequate Tor all but the very highest interterencey attempted in this program, Sitwve these
masinm values of iu(cmwuw were ot selected tor use, the existing sleeve design appeas
to be adquate.
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As now configured, the sleeves also have different thicknesses. Actually, they
could all be of a singular thickness of a high value, but this would make them more difficult
to manufacture in the smaller diameters and very difficult to put onto a mandrel in the
smaller diameters. Consequently, the sleeve thickness starts at 0.006 inch for a 3/16-inch-
diameter mandrel and progresses in increments up to 0.018 inch for a l-inch-diameter
mandrel, The 0.018-inch thickness also happens to be the maximum limit for the axial split
sleeve with the current manufacturing equipment; thus, it a one-sided operation is to be
used, another sleeve configuration with thicker walls must be used for mandrels over | inch
in diameter, The incremental thickening of the sleeve wall is necessary to allow one-sided
entry of the mandrel into the hole and achieve the necessary diameter-related interference
(through sleeve thickness) on mandrel withdrawal.

Use of thin walls to facilitate sleeve manufacture and placing a sleeve on a
mandrel leads to one other requirement. The thin wall has a low column strength, and
nosepivee jaws in the pull gun (to restrain the sleeve) are not adequate alone with the
thinner sleeves if the sleeve does not grip the hole with a high friction component. The
presence of any lubricant, cither on the outside of the sleeve or in the hole from drilling,
may cause the sleeve to cripple and result in a rejection. Therefore, the current sleeves are
lubricated only on their internal surfaces: the Bocing process specification stipulates that
holes to be coldworked must be drilled with a noncontaminuting cutting fluid such as Freon
TB-1. Use of oils, parattin, or cetyl alcohol that are not cleaned from the hole may lead to
difficulties,

Practice  has also disclosed a further refinement in the axial-split sleeve
configuration that is desirable. Since the sleeve wall is relatively thin in smaller diameters,
the nosepicce jaws are not as reliable when the sleeve does not have s flure on its one end.
This flare not enly deercases the probability of slippage. but it also enhances the eperation
of putting a sleeve on the mandrel by providing an entry taper, It also makes it relatively
easy to use simple tools to hold the sleeves for placing them on mandrels. Since a singular
sleeve length is probably adequate for most stacks in smaller dimmneter holes, a nontlured
sleeve in smaller dinmeters (for end-to-end stacking) is prebably not a serious requirenient.

This discourse has been aimed at providing an understanding of the parameters
involved in current sleeve configurations. Within this progrum, other wuuwmtiuus were:
evaluated. They arc as follows:

(1) Scarfed Axial-Split Sleeve

The concept here is to continue use of the current axial-split sleeve but to
searl the edges of the split at an angle (instead ot 90%). Thooreticully. this should allow use
of a nurrower split and should prevent inadvertent difficuitics in sleeves that jam in holes at
high interferences because the edges of the split should ride over one unother when they
close together. The current manufucturing technique for the sleeves, which uses a
pull-through cutoft’ tool to part the sleeve material, also appeared to e umumblc 10
producing this configuration,

As stated previously, no jumming ditticulties with the stundard sleeves was
encountered, and it was difticult o provide any comparisons of knprovement without
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significantly altering mandrels and starting hole sizes. This was not done because
microscopic examination of the “scarfed” splits showed that it was process-critical and
S would require further development to gain the quality and uniformity deemed essential.

(2) Helical-Split Thin-Wall Sleeves

This concept was evolved before the contract, although only partially tested.
The sleeve is wound from strip material as a spring is wound and then cut into individual
length sleeves. Several as-wound strips are shown in figure 109. As can be seen, there is a
probable maximum strip width for a specific diameter since the wider strip has an anticlastic
saddling that could present some diificulties. The theory of the helical-split sleeve is that it
does not have to be precise, the split is not critical, it can be casily wound, it can
accommodate diameters that are close (but différent), and it should not leave as significant a
ridge in the hole. Figure 110 shows some helical sleeves cut to length: it also shows the two
major problems of helical slegves: (1) the ends of the helix have a tendency to spring
outward and present problems on inserting a mandrel/sleeve combination into a hole, and
(2) the deburring evident on the sleeves represents an unsnived problem relative to a
practical. high-rate cutofl method that does not require subsequent deburring,

: Figure 111 shows the minimal ridge that this type of sleeve leaves in a hole.

Test work in this program also showed that the helical, thin-wall sleeve was easier to put on

15 the mandrel and to remove from the holes. Retained expansion and thinout were no

2 different than axial-split sleeves, as should be expected. The fabrication problems, however,
: still retard practical adoption of this type sleeve.
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(3) Square-Wire Siceve

, This is u furthee evolution of the helical sleeve conceived before this program
and onty purtiolly evaluated. In this concept. the helical material is a square or rectangular
wire that can be fabricated close coiled on u conventional spring machine and the end cut to
length in the conventional tashion that a spring is. A number of such sleeves ure shown in
figare 112, The potontial advantages of this sleeve are that it cun be fabricated with
standard. low-cost techniques and equipment, it can be ent to length with no difficulty. it
can be made heavy enough so that it should resist buckling on its own without lubricant
restraints, and it should be able to sccommodate variations in diameter close 1o its nominal
diameter. ' o : :

Tests with this sleeve coneept (in this program) have disclosed a number of
problems. The fiest problem iy that of putting the sleeves onto the mandrel, This has proven
to be very difficult and would require further development of a special toading device that
unwinds and enlarges the sieove diameter i a quick and casy fashion tor mandrel placement.
The second is not as comples: it was encountered in fabricating aluminum fatigue coupons
for phase 11 In this problem, 4 square-wire sleeve was extended because the juws let it slip
through, This resulted in very wide gaps that did not get coldworked. The solution appears
to by a modification of the nosepicee jaws to accommudate the thicker slceve material in a’
way that the jaws will not tip and allow the sleeve to slip by, The third problem is
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trapezoidal tipping of the square wire clements under the frictional faces encountered in
attempting to coldwork titanium. This problem totally voids its consideration for this type
application without use of heavier elements. The fourth problem was breaking of the rings
that extend beyond the hole so that a housckeeping problem is generated.

One further factor deserves to be mentioned about helical sleeves in general;
the tests disclosed that they produce less difference in axial radial variation than the
standard axial-split sleeves.

5. PHASEl: TASK 5-MULTIMATERIAL STACK PARAMETERS

This task involved reaming. sleeve coldworking, and postreaming multimaterial stacks
of titanium and aluminum to define the feasibility and practicality aspects of such an
operation. The stacks selected consisted of nominal thicknesses as follows:

1/4-inch Al + 1/d-inch Ti+ 1/4-inch Al
1/4inch Ti + 1-inch Al + 1/4-in¢ch Ti

The task was somewhat simplitied by the selection of equivalent interferences for cach
alloy as optimum interfercnces. Hole diameter was 3/8 inch. Figure 113 shows the retained
expansion obtained at different interference levels in the specific stacks, and figure 114
shows the prercam, as coldworked, and postream dmmeters for the specific stacks at the
optimum interference, ,

Even though the previous retained expansion curves plotted from individual plates of
material showed basically equivalent values for the different materials, the combination
stacks produced retained expansion values in the titanium that were 0.0015 to 0.002 inch

smatler than those for aluminum, The prercam and the postream operations, however, were
within 0.0005 te 0.001 inch of each other. with the titanium actually ending up slightly

larger in all cases, Freon TB-1 was used for all reaming and may have had an influence

because titanium often ends up smaller in reamed holes in titanium/aluminum stucks,

Nevertheless, no significant probiem occurred in final hole size, In the coldworking

-operation, or in the removal of the disposable sleeves. 1t should be notcd that the sleeves

could not be removed casily from the holes in the normal fashion with fingers alone: they

did require the use of pliers in most cases. Helicul sleevos could. ruct*cy this simalion :f their

other ussociated probh.ms wore wlwd

6. PHASEL: TASK 6-POSTSIZING PARAMETERS

This task wus atimed at defining the minimum allowances for postreaming or

~ postbraaciing to ensare cleanup of the surfuces in all cases, To some dogroe, o pedon of

this task, und perhaps the most difficult, was alreudy coverea in the multimaterial stack
offort. The data sheets in volume 11 show that holes in the aluminum, with 0.0C3-inch

minimum (on the diameter) and 0.007-inch maximum o ve tomoved (as a result of hole
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profiling) were consistently reamed to final hole size with full cleanup in every case when
using piloted reamers. Holes in titanium were consistently reamed to final hole size with
piloted reamers with only 0.002-inch-minimum removal and 0.005-inch-maximum removal.
These values are considered to be excessively low in terms of a 100% assurance that cleanup
will always occur, although the tests did show that this performance could be obtained.
Nevertheless, we have defined 0.010 inch and 0.015 inch (on the diameter) as minimum
removal values for holes fess than 1/2 inch and more than 1/2 inch, respectively. Charts that
define the relitive starting-hole sizes to ensure these cleanup amounts are provided in tigures
1S and L6,

I hand-held power equipment is used for reaming, tests have disclosed that a long pilot
is required on the reamer tor guidance. Broaching can also be used for sizing, but it is
practical only in aluminum. Care must be exercised in brogching thick stacks relative to
ensuring cleanup, sinee the hole profile and the sleeve ridge in the hole prevent having a
close-titting pilot to assure angular alignment. Consequently, the teeth on the broach must
be ground in a certain manner (o provide the required alignment. That is, the broack must
be ground with teeth in sets of three that all cut to the same diamieter before the next set
increases ae increment of dismeter. A broach that cuts bigger with every tooth does not
seem o line up as well with an existing coldworked hole axis as the previously
specificd type.

1t should also be noted thut this task placed some emphasis on assurance of cleanup:
phuse 1 results indicate that lack of postsizing or full cleanup is actually not detrimental to
fatigue performance of 2ero- and low-loud-transfer applicstions. The advantage of postsizing
is elimination af requirements tor precise starting holes and precise knowledge of springback

to produce finite finished holes (no postsizing): nevertheless, phuse I1 results indicate that
Fall eleanup Is not totally m.wwry tor many upptiwticns und should be 50 spu.tlud in -
_' -pertincm :.pcdﬁwnonm L A o _ : ‘

7. PHASEL TASK 7-PORTABLE EQUIPMENT DEFINITION

Depending on specific performmice requirements, the sleeve coldworking process can

- be bamically considered a process that is-very amenable to assembly and rework operations
with portable tools. Most individuals that are exposed to the actual coldworking operation
are wstally impressed with its simpliuity Tiwe b.lsiu clcuwut:. of the wolm;. o awomplish
sleeve coldworking ure: : .

o Mumlrcl
&  Sleewe
o Nuose cap and jaws

o Pull gun

e~



D odper t e

T

-

O T

=

P

Ead

ab

e  Hydraulic power pack
e Postsizing reamers or broaches

The process is patented and licensed to a manufacturer for sale of the elements to anyone
that wishes to use the process. The licensce is listed under reference 2.

It should be noted that the mandrels and sleeves now carried as standards by this
supplier basically reflect the Boeing system as originally developed. The standard tools now
being offered do not necessarily include the changes that may be advisable as a result of this
program. Howeves, provision of sleeves and mandrels to revised designs and dimensions on
the basis of either this program or the procuring organization’s desires appears to be no
major problem.-

Selection of tools for sleeve coldworking operations requires knowledge of Py
o Diameters of holes to be coldworked

e Interference to be used

@  Stack thickness of the parts to be coldworked

e  Material to be coldworked

From this knowledge and the data contained herein, the type of sleeve, size of sleeve,
size of mandrel, pull gun size, and starting hole size can be defined. For instance, the type
301 half-hard stainless sleeve is normally used for aluminum coldworking, and the type 301
full-hard sleeve is required for coldworking titanium (ot steel if u lower performance pull
process is used). Actually, the full-hard sleeve can be used for all materials if it proves to be
advantageous from a cost factor in separation and stocking. The Vascojet MA mandrel will
be required for sleeve coldworking titanium or stecl. It is not currently a standard at the
supplier, although it will probably become the standard for all mandrels in the future,

Sleeves can be procured in various lengths in 1/16-inch increments between 1/4 inch
(minimum) and 1-1/2 inches (maximum). For specific diameters, there is a fixed price for
sleeves from 1/4 inch to 3/4 inch in length and o slight increase in price for sleeves from 3/4
inch to 1-1/2 inches in length. Practice has shown that it is advisable to procure the slecves
in standard singular lengths of 3/4 inch or 1-1/2 inches. Excess sleeve sticking beyond the
stack will cause no problem unless there is a limited clearance situation on the far side of the
hole. Thicker stacks than 1-1/2 inches are accommodated by stacking nonflared slecves end
to end. The 0.045-inch/inch taper should be snecified on the mandrels since it will
significantly reduce force requirements and shorten mandrel ramp length, The latter can be
critical with limited back-side clearance restrictions. It should be especially noted that all of
the charts compiled in the remainder of this section for equipment selection are based on
use of the 0.045-inch/inch mandrel taper. . ‘
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Mandrels can also be procured with a threaded tang or a collet-type tang. The latter is
; shown on the mandrels in figure 15. The coliet tang is a holdover from the original
mandrel-only, low-interference, coldworking process in which the entire mandrel must be
passed through the hole, grasped by the collet in the pull gun, pulled, and automatically
released from the gun to repeat the cycle. The type of gun and collet are evolutions of the
CP 659 and CP 660 broach pullers shown in figures 117 and 118. These pull guns have a
longer stroke than is normally required for most coldworking operations but can be used if
they are available. With the sleeve coldworking system, the operation is a simple one-sided
operation whereby the sleeve is placed on the mandrel, the mandrel/sleeve combination
inserted into the hole to be coldworked, and the mandrel withdrawn by actuating the pull
gun, The steeve stays in the hole during the operation and is manually extracted later and
discarded. Consequently, for this type of operation, the mandrel should stay affixed to the
pull gun continuously, except when the mandrel diameter is to be changed. This means that,
if a collet system is being used, the gun must be sct up so that the coilet does not
automatically bottom out and release the mandrel on extension. Setting the gun up this
way, however, requires removal of the entire nose barrel to actuate the coilet for mandrel
changes. For this reason, it appears advisable to use a simple threaded adapter on the pull
gun with a threaded tang on the mandrel. Such a mandrel is easier to change, and the
adapter costs less than the collet. One further aspect needs to be considered, however, As
will be noted in the offset attachments shown later in this section, a collet-type tang may be
advantageous for limited access, quick attachment situations. Consequently, a combination
tang that mects both requirements is proposed in figure 119,

-

The nose cap design is also deserving of some comment. The current standard available
uses a singular nose cap with interchangeable jaws or inserts to handle various dismeters of
mandrels. These jaws or inserts are segmented (in four pieces) to accommodate the change
in mandrel diameter and held together with springs or O-rings. The jaws are necessary to
support the end of the sleeve and prevent sleeve slippage. The design of the jaws and nose
cap also provides flush support of the structure being coldworked adjacent to the hoie by
both the jaws and the nose cap. A typical nose cap and jaw assembly is shown in figure 120.
The feature of having a singular nose cap that can accommodate different jaw inserts has
proven to provide some difficulties in use. If the particular combination of mandrel length,
gun barrel length, and gun stroke results in the mandrels withdrawing totally into the barrel,
the current system requires the operator to hold his hand over the inserts to keep them from
popping out when the mandrel re-oxtends. This oceurs because there is o tipping moment on
them that cannot be accommodared properly with the universul cap. Consequently, the nose
cap design needs to be revised to prevent this-the obvious solution is u nose wp/juw
assembly for cach diameter range.
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Figute 121 is a tabulation of pull guns that are available, their designations, stroke,
force capucity. and oil volume requivement. Figure 121 also includes a squecze-yoke setup
, for pushing carbide mundrels. In addition to this chart, figure 122 gives the dianwter
: capacity for each unit in different materials and stacks, and figure 123 gives the material

- stack or thickness capaeity for cach unit, The fatter takes into uecount the stroke limits of
cach unit versus the totul stroke capability required tor specitic stucks and specific
diametars, Photographs of this cquimuunt ury shown in figures 117, 118, and 138 .md also
in figures 124 thmu;.h { N
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Figure 132 lists puller unit accessories for offset and angle situations where an in-line
pull on the tool is restricted by space limitations. The accessory designation, critical
dimensions, use with designation, stroke, and force capacity are given. Photographs of these
accessories are shown in figures 133, 133, 136, and 138 and schematics of some in use in
tigures 134 and 137.

Figure 139 provides a listing of various types of power sources that have been used
with these pull or squeeze devices. It provides their designation, maximum pressure, volume
flow at maximum pressure, oil available per cycle, type of action, input power, type unit,
approximate weight, and 1973 list price. Photographs of most of the units are shown in
figures 140 through 145, 1t should be pointed out that any hydraulic power source can be
used, including the simple hand pump shown in figure 146. The latter may be quite
adequate for a simple rework job, but is totally impractical for production usage. One other
fact must be pointed out. Figure 147 shows a schematic of the internal construction of a
broach puller unit (similar to the coldwork tool pull guns). These guns are operated for
pulling action by hydraulic pressure. Return stroke is provided by air pressure. Therefore, a
small air pressure line to the gun is required in addition to the hydraulic line. For
practicality, even the hand pump setup shown in figure 146 should have an air bottle
hookup for stroke return. Because air is normally readily available in most plants and
maintenance areas, most of the power packs shown are either pneudraulic or pneumatically
operated. A further factor must be considered if the standard actuation system on the pull
gun is to be used. Each gun, as shown in figure 147 has three attachment ports. The larger
one is for the hydraulic supply, one of the smaller ports is for the return air supply, and the
sccond small port is for supply actuation. This is a small air line to the power supply.
Deprossion of the gun's trigger biceds pressure from the actuation line and causes a
pressure-drop valve to actuate the power supply. The CP 805 pneudraulic power supply
shown in tigure 140 is cquipped with this remote control system that is compatible with the
guns as a standard feature. Most other power sources will require this remote control
modification. A schematic of such a modification is shown in figure 148,

The standard hose systems normally provided with the CP 808 system and pull guns
are believed to be especially cumbersome, as shown in figure 140, An cven more

“cumbersome hose setup with o heavy air hose used is shown ip figures 144 and 145, This

problem can be reduced by using smaller diameter lines, as shown in figures 141 and 142,

since the flow requirements for this operation are not high, The small pneudruulic power

supply shown in figures 142 and 143 would not be ecommended for production work, but
ithas proven to be useful for field rework Kit applications.

8. PHASEL: TASK 8-INSPECTION METHODS DEFINITION

Test work in this task was limited to tests with eddy current probes to determine it this
method could be used satistactorily to detect that coldworking had not only taken place in
a hole, but also to what degree. These tests were totally unsatistuctory - no detection of
voldworking wus possible within the scope of using available equipment and probes.
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The above test work was aimed at providing a possible end-item inspection tool for an
inspection system to be defined in this task. The remainder of the task effort was directed
to analysis and observation to define a pructical inspection system in lieu of the probe
detection system. Such a system, however, must be in-process controlled.

Since the primary criteria for fatigue performance with the process is the amount of
mandrel/slceve-to-hole interference used for a specific diameter of hole, this interference
must be controlled, As now cstablished, the process uses a 0.003-inch, maximum-tolerance,
precision-drilled hole. Thus, the interference is controlled basically within a 0.003-inch band
since the sleeve thickness and mandrel dimensions are usually very close and consistent.

Nevertheless, the only way that the required interference can be ensured is to require
inspection and recording ot the starting hole dimensiens. With good equipment setups, this
can definitely be done on a sampling basis with the sample size defined by continuing
experience with a particular sctup. Inspection and recording of dimensions on mandrels and
sleeves in use are also essential.

The question that most often arises with regard to inspection of coldworking is: “How
can you tell that the hole has been coldworked?™ It the hole has been coldworked and
postreamed without an intermediate inspection step, it may prove to be diftficult, although
the surface upset at the higher interferences usually has a discontinuity where the axial split
was located. If there is 4 serious question when such a situation urises, close observation of
the surface at the hole periphery should disclose the upset and the discontinuity. 1f other
suituble inspection has not ensured that the appropriate coldworking has taken place and no
surface upset can be detected. then the hole may require oversizing and recoldworking,

In practice, a reasonubly practical system has evolved for inspection control of the
process.  After recording sturting-hole and tool sizes, the mechanic performing the
coldworking operation leaves the sleeves in the holes he has coldworked as a guide to
himself on what holes he has coldworked. The sleeves could be left in the holes as an
indicator to the inspector that the holes had been coldworked and not removed until
“bought oft.’”" 11 u further cheek is desired at this point, the inspector can spot cheek for
presence of a definite ridge in the holes, This s casy to spot and provides definite assurance
that coldworking hus tuken place, '

If the starting-hole dimensions have been properly cheeked and recorded, the inspector
could afso spot check for proper interference by checking the ascoldworked hole against
the retained expansion values defined in this veport to determine it the hole is within the
proper range, This technique is not being advocited as o standard method, but it is available
it serious questions arise, '

Finally, the postreuming or postbroaching operitions can be controlled to some degree
by requiring that the reamers or broaches hive noncutting pilots of u specitic diameter that
will only enter a hole it it hus been coldworked. Agiin, réconding tool dimensions is essential

“to control und ensuring that they ave truly being used is inother. Unfortunately. it is u weak

control because it is difticult 1o provide assuranee thal the proper reamer wus usad.
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Consequently, the strong elements of an inspection system must be control of
starting-hole sizes and coldwork tools and intermediate inspection prior to final sizing to
ensure that coldworking has been accomplished.
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SECTION V
PHASE iI: APPLICATION AND PERFORMANCE PARAMETERS-

DETAIL RESULTS AND DISCUSSION

The work in this phase was primarily fatigue testing to define the performance
parameters of the sleeve coldworking process in various types of applications and its
relativity to standard fastening systems and other fatigue-rated systems. In addition, the
effects of process and control variations were also assessed relative to fatigue performance.
This work was complemented by additional studics relative to stress corrosion, relative
strain (using photostress and strain gage coupons), and comparative costs.

The reports for the basic material propertics of the 2024-T85! aluminum, the
Ti-6A4V titanium, and the 300M stecl used in this program are contained in volume Il of
this report, Data sheets with detailed test descriptions and test results for all tests in both
phase | and U are also contained in volume 11, Because of the large number of figures
contained in this report, they have been placed in one group at the end of the text.

The primary data were procured with the three major alloys: 2024-T851 aluminum,
annealed Ti-6AR4YV titanium, and 300M steel €276-300 ksi). With these alloys, multistress
fatigue data were precured for base metul, busic open holes, and basic filled holes. S-N
curves were plotted for these data (tasks ! through 3). All other process and application
variations and the additional alloys and heat treats (Ti-6A14V STA., Ti-6A1-4V STOA,
Ti-6AL6V-28n annealed. Ti6ANOV-28n 8TA. Ti-6AI-6V-28n STOA and 7175-T736) were
all tested at a singular test stress, This stress was selected from the previously generated S-N
curves so that a singular test stress could hopefully be used for all variations so that direct

—“across-the-board” comparisons could be made. The original intent was to select o stress for

cach condition thut would produce approximately 100.000 cyeles fatigue performance: this
was discarded in favor of the singular stress approach sinee it allowed direct comparisons
and since the high-speed Vibraphore test muchines could hundle large-value cycles quickly.
Thus. 30 ks was the maximum net area stress used for the aluminum comparisons: 70 ksi
was the maximum net area stress used for the titanium comparisons: and 110 ksi was the
maximum net area stress used for the 300M steel comparisons. The stress ratio (R) was 0.1
for all tests, For comparison purposes, extrapolated SN curves have been generated for
major single-stress vardations and plotted on overall suminary plois,

Al figure 2, 3. und 7 configur-tion specimens were tested on the Amsler Vibeaphote

‘machines- ut 4000, 5000, or 6000 cpm. All of the aluminum specimens of these

configurations were tested on the 36 kip Vibraphore suchine shown in figure 4. All of the
figure 2 titanium and steel specimens were also tested in the 36 kip Vibraphore. Al figure 3

Candd 7 specimens in titanium and steel were tested in the 100 Rip Vibriphore shown in
figure 5. Al figure 8. 9, and 10 specimens were tested in Richle-Los equipment similar to

that shown in figure 6. Test speed in these machines was set at 600 epim. The Richle-Los
viguipment was used Tor these tests to handle the coupon size and to provide » lower testing
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speed so that overheating from interface fretting would be less of a potential problem. The
maximum part temperature that ever occurred in any of these lower speed tests was 200° F
(300 M steel).

Data sheets on each test (contained in volume II) also include sketches depicting
origins of all fuilures. Fuilure origins are also summarized for each metal family, but the data
sheets should be referred to if there arc any questions relative to origins, failure and
parameter conclusions, or specific numerical values for fatigue cycles. Summary fatigue
cycle sheets are also contained in volume I1 for case of reference.

It should be noted that all fatigue specimens in this program have been shot peened
before testing. This was done to prevent premature surface failures and to ensure definition
of maximum benefits to be gained from coldworking of the holes. Admittedly, this will
improve the fatigue life of the base metal specimens as well, but this is probably appropriate
since the author believes that most truly fatigue-critical structural components should be
shot peencd where it is possible and practical.

Where fasteners were used, the same standard torgue value was used for all nuts. No
variation in fastencr preload or use of high prefoads was used in the program. All fasteners
used in the aluminum and titanium were cadmivm-plated Ti-6AI-4V: fasteners used in the
steel were cadmium-plated steel, The use of Hi-Loks for the straight shank fastener system
should not be construed to mean that this fastener was selected for any particular structural
fatigue performance attributes: it was selected only because it is a relatively common
straight shank fastener system.

In phase 11, all specimens ol a specific alloy have been fabricated from a single heat of
material. Where different thicknesses of material were used, the material has been machined
(not rolled) to that thivkness. The 2024-T8S1, Ti-0Al4V, and Ti-6A16V-2Sn were
muchined from plate stock und the 7175-T736 und 300M were machined from forged stock,
Where the test plan called for anneuled. STA. und STOA heat treat conditions of the
Ti-6A1-4V and Ti-6A16V-28n ulloys, vach material was fabricated as a special heat, a portion
ol this heat was mill annealed and the remainder was solution treated and aged (STA) by the
vendor. Part of the lutter portion was overaged at Boeing to put it inda the STOA condition.
Much of the STA material, as recelved tfrom the vendor, was wisped from the heat-
treatment, The worst of these were selected Tor the STOA condition, given a protective
couting. overaged in a hot Nuttening press and then chemically etehed to remove any
alpha case, : '

The original plan called for use of all aluminuny and titanivm matesials in the asrolled
“condition, but this was impractical since the surfices were too badly pitted and scored to
assume that the shot peening alone would mask or slteviate these potential sources of failure
initiation. Consequently, all aluminum specimens were machined to  thickness during
specimen tabrication. and all titanium and steel specimen blanks were ordered ground to
thickness by the vendor. The 300M steel specimens were heat trented to 270-300 ksi at'ter

machining to contiguration using copper plating tor decarburiaution control,




A word of caution: care should be exercised in studying the plotted fatigue results
because the logarithmic scale on fatigue cycles foreshortens the larger values and can be
misleading to an uncritical observer. For proper perspective, one should compare the actual
values because the graphic scale often makes the differences appear to be smali when they
are not.

For case of discussion and to allow grouping of results displayed in the figures by
major metal groups, the following material is divided into major groups by metals as first
headings.

1. ALUMINUM
a.  Phase 1I; Task 1--Base Metal Performance (Aluminum)

Values for base metal futigue performance are plotted for the 2024-T851
aluminum in figure 149, These values were obtamed with figure 2 type test coupons
(without holes in the test section) that were 1/4-inch thick. These values may not be
equivalent to handbook values, which are usually obtained with 0.060-inch-thick clectro-
polished specimens, but they are “real-world™ test values tor this heat and thickness of
metal -albeit, the results may also be influenced by the friction grip loading in the test
machine and the relationship of part thickness to this method of loading. The static loud
test values for this heat of 2024-T8S51 are given in volume L.

The test values in figure 149 are plotted as an S-N scatter band curve. The seatter
band shown is purely a graphic interpretation: it does not represent a statistical calculation
of probable limits based on test quantitics and deviations. A graphic *maan® S-N curve for
these data is plotted in tigures 153 and 154 for comparison with other open- and filled-hole
S-N data. Figure 153 is plotted on the basis of not area stresses. Figure 154 is plotted on the
busis of gross aren stress since many individuals find it difficult to aceept net area stress
comparisons. More on this subject will be discussed later.

A 30 ksi maximum net stress (R = 0.1) comparison of the base metal fatigue
performuance for 2024-T8S1 and 7175-T736 aluminum is shown in the fiest line of figure
158, At this comparative stress, the 7175-T736 is significantly better in fatigue performance
than the 2024-T851 ~-a mean of approximately 500.000 cyeles in one case and 8-10 million
cyeles in the other. The noteh sensitivity and fructure mechanics differences in these two
alloys might not have produced this significant difterence in performance without the shot
peening, The better futigue performance of the base metal 71757736 should be expectd
(vspecially with the surfuce protected by shot peening) since its typical yield strength
(72 kai) is well above that for 2024-T8S1 (60 ksi). The higher yiold strength also indicates
that a higher coldworking interference may be required in this equivalent modulus alloy o
gt the sume dc.grcc of l'inul wmprcssivc prostressing for fatigue improvement.
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b. Phasell: Task.Z'—Basic Open-Hole Data (Aluminum)

Scatter band 8-N curves for as-reamed open holes and sleeve coldworked open
holes are shown in figure 150. The open holes are 3/8-inch diameter and the holes are
coldworked to the 0.019-inch optimum interference value selected in phase I and then
postreamed to nominal size (dimensions specified in volume Il data sheets). It should be
noted that all tests and sleeve coldworked holes in phase Il used the optimum interference
values; the specific value for interference will not be generally defined for each case in
the text.

Graphic mean S-N curves for these data are also plotted in figures 153 and 154 for
comparison with base-metal and filled-hole S-N data. Discussion of these curves will be
covered in the task 3 subsection.

A comparison of open-hole results at the 30 ksi maximum net stress level for
2024-T851 and 7175-T736 is shown on lines 2 and 3 of figure 158. The open reamed hole
results indicate that the 7175-T736 is morc notch sensitive since its fatigue performance
with a notch (the open, untreated hole) is now only slightly better than the 2024-T851:
whereas, its base metal performance is significantly better (as shot peened). When the holes
are sleeve coldworked, the 30 ksi maximum net stress performance improves from an
approximate mean of 40,000 cycles for a reamed hole to 300,000 cycles for the coldworked
hole in the 2024-T851; for the 7178-T736, it goes from approximately 50,000 cycles to
500,000 cycles. This is maintaining, more or Jess, the same ratio of performance and
indicates the possibility thai insufticient interference is being used in coldworking the
T175-T736 since the type of improvement shown possible with the “unnotched™ buse metal
specimen is not being achieved. It could also indicate that an open-hole test is too severe an
evaluation with more notch-sensitive material. -

Basically, all of the tests conducted within this program and most of the plotted
data are based on net area stresses. These are theoretical averaged stresses in the net

- remaining area since there actually is o gradient of stresses from the notch factor. Because

many design considerations for tatigue are reluted to-bending stresses in a wing (with no

-significant load transfer), many stress engineers use stress levels based on gross arcas as being

relevant to what the wing panol encounters. The author believes that neither system (net

area or gross aren) provides the proper visibility for securate comparisons when using small -

section coupons, The developinent of an improved system was not in line with the basic
intent of this program and is not included. Nevertheless, the author believes that this very
clemental arca of need (low-load-transter appiications) should be investigated to explore the
use of an equivalent strain cancept for useful comparisons und allowables development,

That s, when o wing bends. every element in & wing panel within a chordal area struing an

equal amouni (disregarding twisting loads). Thus. if u lurge panel with little area removed by

~ fasiener holes is strain guged adjucent to a fastener hole and the strain values are plotted for
spocific gross urcu stresses in the pancd, these strain volues could be used to define loads to

produce equivalent strain adjucent to the Tastener holes in steain-gaged simall specimens. The
strain guges are placed nest 1o the holes because this is the area of maximum concern being
tested and because the area adjacent to the hole will strain o geeater amount than the arca

between holes in-a smudl specimen.: Therelore, when one wants 1o conduet a test, load values

YW, P L
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5 i to use for equivalent gross stress in a large panel would be determined via a chart and used.
The results should be truly meaningful and should allow better interchange and application
of data,

All failure origins in this task were at the holes. In the reamed holes, the fatigue
failure origins were fairly uniformly distributed along the hole surfuce on the hole centerline
90° to the load axis (as shown in figure 168). In the slecve coldworked and postreamed holes
in aluminum, the failure origins were relatively uniformly distributed as well but with more
definite origins at the hole exit corners. As with all coldworked holes in aluminum observed
in this program, the longer life coupons had more definite, localized origins that were well
defined. In addition, all noncountersunk coldworked hole failure origins were, without
exception, located at the coldworking entrance side of the holes.

¢.  Phase II: Task 3—Basic Filled-Hole Data (Aluminum)

Basic S-N data is contained in the scatter zone curves of figures 151 and 152 for
as-reamed holes with net-fit protruding head Hi-Lok fasteners, sleeve coldworked and
t postreamed holes with net-fit protruding head Hi-Lok fasteners, and taper-reamed holes
with protruding head and 100° flush head Taperlok fastencrs. Graphic mean curves are
plotted in figures 153 and 154 as well for comparison with other data.

Filling a reamed hole with a net-fit fastener (in aiuninum) provides a significant
7 improvement in fatigue performance over an open, reamed hole, although the scatter in
results is rather large at lower stress lovels. .

The difference in mean performance shows approximately a 300.000 cycie lite for
reamed tilled holes at 30 ksi maximum net stress (versus 40.500 cycles for an open reamed
hole) and 900.000 cycles for a sleeve coldworked filled hole (versus 300,000 cycles for a
| I steeve coldworked open hole). At 40 ksi maximum net stress, the performance of filled
reamed and filled coldworked holes is 50,000 cycles and 155,000 ¢ycles, respectively.

The protruding head Taperloks were slightly better than the coldworked holes
with net-fit. protruding head Hi-Loks although the Taperloks had a large scatter at tower
stresses, The flush head Taperloks, however, had failure origins at the countersink to part
surfuce junction (where no  prestressing from the taper shank oceurs) with futigue
performance only slightly better than that obtained from a net-fit, protruding head Hi-Lok
i a reamed hole. The Taperlok holes were all prepared with care under laborntory
conditions to u Boeing cluss F specification. This specification reauires a higher minimum
7 and maximum level Tor protrusion (eftective interference) than the vendor stundard und all
) ' known industry standards. This Bocing protrusion standard is 0.187 10 0.289 inch for a

' 3/84nch tastener: all Taperloks within the progeam fell between 0.200- and 0.240-inch
proteusion values. All Taperlok holes were reamed to size, but no holes were checked for
contact with bluing pins. One failure unalysis of Taperlok installations in a high-lond-trunster -
coupon did show a corkserew type of fretting in the shank areu even with the care exercised. :

R The rwesults indicate that, in 2024-T8SL, proper tensile prestressing via a
proteuding head Tuperlok system is as good or slightly better than o straight shunk net-fit
fastener in o coldworked hole, although there appoars to be more scatier and less conlidence

)
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built into the tapered fastener system. The flush head tapered fastener runs into serious
difficulties in the nonprestressed countersink; its performance is little better than a
conventional flush head fastener installed with a good net fit in a reamed hole, Figures 155,
156, and 157 are photographs of typical tracture faces and failure origins.

Figure 158 shows the relative performance of reamed and sleeve coldworked holes
filled with protruding head Hi-Loks in 2024-T851 and 7175-T736 aluminum (lines 4 and 5).
The reamed holes with Hi-Loks in 7175-T736 show a mean value improvement (at 30 ksi
maximum net stress) from approximately 55,000 cycles for open holes to 500,000 cycles
for filled holes: the latter valuc is not signiticantly better than that achieved for 2024-T851
(a mean of approximately 400,000 cycles). Whereas, the coldworked and postreamed holes
in 2024-T85! showed an improvement tfrom 400,000 cycles for open holes to 750,000
cycles for filled holes, the 7175-T736 showed no basic improvement. In fact, the filled
coldworked holes in 7175-T736 had lower performance than equivalent installations in
2024-T851. Thus. the benelits potentially achievable with the 7175-T736, as evidenced by
the basc-metal test values, are not being reached with the coldworking interferences used.
Either the notch sensitivity is too critical or the prestressing (via interference) is not
adequate for this alloy., Further SN type testing and optimum interference testing with
open and filled holes appear necessary for this alloy to resolve the questions not answered
by the planned tests in this program,

d. Phase II: Task 4—Application and Process Performance Parameters (Aluminum)

In this phase. variations in aoplication such as edge margin, hole spacing. adjacent
noncoldworked holes, and loud transter plus process variations and controls such as
countersink sequence, hole finish, prior damage. subsequent damage, and split orientation
are ovaluated for their impact on fatigue performance. The task also included some strain

effect and photostress testing (vovered-in the *All Alloy - Genesal® subsection).
P

All data that toliow are solely for 2024-T851 aluminum: it wus un cbtained by
testing at 30 ksi maximum netstross (R=0.1). '

(1) -Hole Finish and Program Correlation{Aluminum)
The program included specimens with both asséamed holes and honed holes

(no coldworking) with the latter to serve as u test method chieek uguinst results from the
“Precision  Hole-Generution  Methods™  contract,  F-33615-71.C-1548  conducted ot

‘MeDonnell Aireraft Company. This was aimed at providing o proper veference for _

comparisons and correlations, The McDonnell program, however, used honing in only its

titanium and steel test work: comparisons will be nuide in the mbwuimm ontitmivmand -

stecl (whic.h do show that results are directly comparable).

The open assremed and asshoned results shown in lines 2 aud of figure
159 for 2024-T85) indicate that improving the hole Vinish from dpproximately §8 RHR s
reamed) to 25 RHR (us honed) does not eesultin any improvement in futigue performance,
The use of an as-deifled hole versus a reamud hole prior to steeve coldworking, us shown in
lines 2 and 4 of figare 1o 1, did not vesult in any change of coldworked fatigue pertforimance
either: actuatly, the finish of cach type of precoldwork hole was relutively equivalent (40-50
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RHRY). The use of a very dull drill (line 5, figure 161) for abusive drilling immediately prior
to coldworking produced hole finishes of 125, 130, and 145 RHR. The open-hole fatigue
petformance of these holes was 287,000, 110,000, and 93,000 cycles, respectively, relative
te a coldworked open-hole fatigue performance of 200 to 400,000 cycles for properly
prereamed or properly predrilled holes. It is interesting to note that the loss in performance
was relative to the degree of increase in finish above 125 RHR (with the 125 RHR specimen
showing no loss in performance). Further examination of the data in volume Il for this set
of abusively drilled spccimens shows that the retained expansion from coldworking was
greater than should be expected (as previously determinad and charted). Thus, the heat
generated in the abusive drilling operation (with a very dull drill) was apparently able to
accomplish some overaging and loss of strength in the material immediately surrounding the
hole with a resultant loss in fatigue capability (regardless of coldworking).

These results indicate that a 125 RHR finish limitation is still probably a
practical overall limit: any finish beyond 125 RHR may indicate other damage and should
be cause for rejection and reaming of the hole to the next oversize to remove damaged
material. Further, it may be wise to limit the number of holes that approach 125 RHR toa
specific percentage to ensure good process control. This should present no practicat
problems since standard precision drilling processes for the 0.003-inch total tolerance hole
now generally specified in aluminum will normally produce hole finishes in the 40-60 RHR
range.

(2) Starting-Hole Tolerance (Aluminum)

The phase | optimum interference dutu for the 2024-T851 are repeated in
lines 4 through 7 of figure 139 for 3/8-inch-dinmeter holes. In figure 68, a proposed
interference-versus-divmeter curve was plotted for 2024-T851. This was based on unalyses of
the performance data and selection of 4 0.019-nch interference tor 3/8-inch-diameter holes
as a reasonable optimum and 0.030-inch interference for 3/4-inch-diameter heles amd
applying @ downmward hole tolerance of 0.003 inch to these values. Further examination of
these datu indicates that, if the starting-hole tolevance of 0.003 inch is to be maintuined
without causing the process to become toleranve critical fit performance, the interference
range for the 3/8-inch hele should probably be ;mmd irom tiw om,hmlly projecied 0.016

10 0.019 inch to one of 0.018 to 0.021 inch.

(3) Slgeve-Split Location (Aluminum) -

~ As shown in figure 160, the axial split in the coldworking sleeve leaves a
ridge in the hole after coldworking, In all tests to this point, this ridge hus been aligned at 0°

_ o the axis of louding to place it in a4 noneritical 2one in the 2ero-load-teanster specimens, In

this test, the split in the sleeves was aligned at 90° to the loud axis in the wost critical, 201
of the holus in each umimcn Lines 3 and 3 of figure 161 compare the results for the 0°
orientation and the 90° orientation. The results show that the sphit location s no

_ dclrmwnul effeet whatsoever on the fitigue performance with the resulis falling well up in

the 0° scatter band. In fact, the tidite not only dispayed no adverse effect, but all failure
origing were on uw side of the holes opp«mlc the lovation of the ndge.




56

For load-transfer applications, the location of the split in the sleeve or its
mere existence might cause some problems. That is, the surface upsetting generated in
coldworking displays a discontinuity at the split’ location. This discontinuity could
accentuate interface fretting under conditions of foad transfer. Methods of offsetting
fretting problems are covered under the subsection on high-load-transfer testing in task 4.

(4) Process Predamage (Aluminum)
This subjcci has alrcady been covered in the subsection on hole finish.
(5) Process Postdamage (Aluminum)

In this test, holes that had been sleeve coldworked and postreamed were
deeply scored with a sharp tool at the mest critical position, 90° to the load axis and in line
with the hole axis. Only one of the two holes in cach specimen was so scored. The test
results are shown on line 7 of figure 161, Since all failure origing were in the nonscored
holes, it must be assumed that a sleeve coldworked and postreamed hole has a relatively high
tolerance for postdamage~cespecially for the conventionul scoring or rifling that might be
encountered in standard reaming and broaching processes. No significance is especially
attached to all failures oceurring in nonscored holes: this is probably a statistical anomaly
and should not be construed to indicate that scoring is beneficial,

The actual fatigue performance values (with one exception) fell within the
desired scatter band. The one low value (in 4 nonscored hole) showed evidence of fretting
products from drilling that had migeated into the futigue fracture interface, This indicates
that the presence of such aluminum oxide fretting particles may influence the ¢rack
propagation rate by acting as wedges or props in the cruck. This subject may deserve further
exploration since many of the so-called noncontuminating solvent-type cutting fluids used -
for precision drilling of aluminum alloys often produce some mlting pmducts. ‘

(6) Postreaming Allowables (Aluminum)

In this series of tosts, the open-hole tatigue performance with no postream

“and postreams of 1764, 1732, und 1716 inch on the dismeter were compared to results
obiadned with a stundard postream. The stundard postreanm is currently on the order of =

0.006 to 0.010 inch on the dinmeter, The results are shown on lines 6 and 8 through 10 of
figure 161 und should be compared 1o the standurd shown on line 2 of the same figure. As

~ shown, no postreaming prodices results towards the high vnd of the scatier band and o ,

1/64-inch postream toward the fow end of the seatter band. The increased postreams of
1732 and 1/16 inch actually showed u progrossive improvement in resulls, all within the
scatter band limits, Thus, these rexults would indicate that o number of suvcessive oversizing
operations could Be exersised Jor repaie or rework without recoldworking the hole. Sinee
the test results did aot show any loss in performance up to a full 1/16-inch removal, the
maximuni timit has not been defined: however, a practical allowable hus. The results ulso -
indicate that no postreaming should be TRCCssUrY - tor holes in .nlumumm that remain

open <such gs clearanve and deain lmle-.‘
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(7Y Square-Wire Sleeve (Aluminum)

The concept of a square-wire sleeve was covered in the phase I discussion.
This concept appeared to offer some potential for sleeve fabrication improvement and
process flexibility. In this test, its capability to provide equivalent fatigue performance was
to be verified. The results of the test are shown on line 11 of figure 161. Of the three
specimens tested, two produced acceptable fatigue results within the defined scatter band
(tine 2). One specimen, however, had reduced performance (still well above the reamed-only
performance shown on line ). In this specimen, the square-wire sleeve slipped through the
nose picce and helically extended within the hole. As a result, a specific helical zone within
the hole received a reduced amount of coldworking. resulting in a loss in performance.

This problem can probabyy be averted in the future by revising the ledge in
the nose cap jaws or inserts to fully support the thickness ot the square wire. The jaws used
were designed Tor the thinner sheet metal split sleeve: the eceentric load condition with the
thicker sleeve caused them to tip and allow the sleeve to slip throagh. In addition, the
square-wire sleeve proved to be very difticult to place on the mandrel compared to a regular
split sfeeve. A special sleeve handling tool will be required to overvome this problem before
turther covsideration can be given 1o this sleeve concept. In addition. difticulties
experienced with this sleeve concept in titanium tdiscussed later) indicate that pocential
application would probably be restricted to aluminum structuge.

, _(8) Material Thickness (Alumintim)

Material thickness of the part bemng coldworked has previously teen shown

1o influenve surface upset amount and retained expansion values. In this test, specimens

were fabricated Srom 0.060<4nch-thick 2024-T831 and sleeve coldworked and posireamed.

© Open-hole fatigue results Tor ihese specimens are shown on line 4 of figure 162 und

compared to base-metal coldworked and reamed-only results in 0.250-inch-thick 2024-T851

dn lines 1, 2 and 3 of the same figure. The results show o serious Joss in performuance

compared 1o the thicker material, “with only u slight improveuwm over that 1o be expected

' Mth ] wumud-«mly hote,

, Obwwntion of tlw specimens disclosed that the muwrial guge amowed it to
achieve its condition of lowest poteatial envrgy via otlcanning or dishing at cach hole, thus,

© practically climinating any beneficial compressive prestressing at the hole. This test has

disdlosed that o serous limitation may exist in applying this process to thin gages, especiilly
those in sandwich siruetires, 1tis highly probuble that the Dattening ol such dished zones,

when chimped by a Tastener into a thicker stack, would reestablish the desire ! performanee

improvement, bui that was not tested in this program. I addition, the tinut on gage for
aluminum where this loss of performance in unsupporied structure ceises to be a problens

 has tot been defined. Both deserve further exploration. Tests discussed in later sections for
the steel and titanium show uul their higher modulu:. (greater suft‘nm) diminished this
' problcm. :

o
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(9) Edge Margin and Hole Spacing (Alurpinum)

Since the sleeve coldworking process is a high-expansion process that
depends on an external tensile tangential prestress within the part to maintain an internal
compressive wngential prestress, some consideration must be given to edge margin
limitations, especially for rework situations. For this test, a special specimen more
representative of actual edge margin conditions, per figure 7, was used. All tests were
conducted with open holes. Edge margins were varied between 1-1/2, 2, and 2-1/2D. Hole
spacing, at 2-1/2D edge margin was varied between 3, 4, and 5-1/4D. Test results are given in
figure 163. Of these conditions, the only one that showed some loss in performance from
the standard of 2D edge margin and 4D hole spacing was the 1-1/2D edge margin condition.
The best results (although only slightly so and with more scatter) were obtained with the

- 2-1/2D edge margin and the wide 5-1/4D hole spacing. Some other tests conducted within

Boeing have indicated that the limit for the beginning of performance loss with edge margin
is at 1-3/4D, although the loss suffered at 1-1/2D was not severe. Therefore, hole spacing
down to 3D and edge margin down to 1-3/4D should be considered no problem.

(10) Type Fastener System—Zero Load Transfer Application (Aluminum)

The 30 ksi maximum net stress test values from task 3 are included for
net-fit, protruding head Hi-L.oks in reamed holes and coldworked holes and for protruding
and flush head Taperloks in lines 2 through 5 of figure 164 for comparison. This graphically
shows the large scatter in results with reamed-only holes and with tapered fastener holes,
although the scatter band for the latter is admittedly high in overall performance. It also
shows the loss in performance suffered by the flush head Taperlok through countersink
failure origins that make its performance almost equivalent to that which can be expected
from a good net-fit, straight shank fastener in a reamed hole.

(11) Countersink and Countersink Sequence (Aluminum)

The previous subsection defined the effect of a countersink on a Taperlok
system. In this test, the effect of a 100° countersink and its preparation sequence (before or
after coldworking) on the fatigue performance of a flush head Hi-Lok in a sleeve
coldworked hole was assessed, The results are shown on lines 6 and 7 of figure 164,

When the countersink is produced after the sleeve coldworking operation,
the area that is being countersunk has already been prestressed. Admittedly, a significant
amount of metal is removed from this zone in the countersinking operation, but apparently
a sufficient prestress remains since the performance is actually better than that shown in the
scatter band for protruding head Hi-Loks in coldworked holes. The fact that these results
are slightly better with a high metal removal, plus the fact that the protruding head
Taperloks are also somewhat better, indicates that the improvement may be related to a
lesser tensile prestress in the edges of the specimen, In fact, it leads one to question the
possible merit of using a high coldworking interference to achicve u sizable affected zone
coupled with a significant postream to reduce the outer tensile prestress levels. The trend
toward improved performance with increasing postream amounts tends to support this
hypothesis,
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o When the 100° countersink is produced prior to coldworking, the result with
;v net-fit Hi-Loks in the holes is a serious loss in performance (shown on line 7 of figure 164)
» from a mean value of approximately 1,000,000 cycles to individual values of 169,000,
: 213,000, and 508,000 cycles. All failure origins were at the countersink-to-part surface
. juncture. Performance loss was basically equivalent to that suffered by the flush head
Taperloks.
&

The need to countersink in a separate operation is not desirable since a
one-shot drill/countersink operation is preferable from the point of flow time and assured
hole/countersink concentricity. Nevertheless, it is a firm requirement if the intended fatigue
improvement is to be achieved. Such countersinking operations should be performed with
good-fitting pilots on the tools: a nonrotating pilot would be best. An even better approach
with regard to concentricity control and lowest labor costs would be to incorporate the
countersink with the reamer for a one-shot postreum/countersink operation.
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The requirement to countersink after coldworking indicates that use of the
sleeve coldworking process tor a rework situation, wiere a countersink already exists, is not
Lo a valid application-~especially with zero to low load transfer and hard, nonupsetting
fasteners. A valid solution is not clear-cut and there are a number of alternatives. However,
all of them require verification or qualification beyond the scope of this program (as
originally defined).

: (12) Countersink Angle (Aluminum)

Y

& , N . . N :

Since a 100° countersink has a relatively large major diameter, its outer
L boundaries cut well into the previously prestressed zone. In the planning of this prograin, it

was anticipated that o 70° countersink (with a 70° head fastener) would remove luss of this
beneficially prestressed zone and would, thus, prove to be advantageous. This test was
» designed to contirm or disprove that theory. The results are shown on line 8 of figuie 164,

The test produced some totally unanticipated results. A severe loss in futigue
performance occurrod with the 70° countersunk hole thut fell into the zone of performance
one would expect for an unfilled (open) coldworked hole. Observation of the trm.turc faces
3 disclosed u severe fretting and erosion at the bottom of the countersinks on the 96° and 270°
Y sides relative to load axis. Further investigation disclosed that the actual countersink
included angle was 73° and the fastener heud was 69° which ted to contact primarily at the
bottom of the countorsink. The fallure origins, however, were not located at the aren of
fretting but at the top edge of the countersink. Thus, the lack of support wus miore severe -
than the fretting. '

Further investigation of the previous 100* included angle  countersink
installations dlsalu\cd that there wus a discrcpzmuy in angles there also. In this case, the
countersink was 102° and the hmd was 100°, The same type of performunce result did not
oceur, however, with the 100° head instalhmons. Analyses indicute that this is probably
based on the greater flexibility of the 100° head in allowing the torque pwload to seat it and
fully support the countersink: whereas,. the rolative rigidity of the 70° heud would not us
readily seccommaodate o mismatch,
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Thus, the 100" head design remains as a good choice. However, it has become
apparent that closer controls necd to be exercised on countersink angles, head angles,
countersink perpendicularity, and countersink concentricity than the probable norm in
the past.

(13) Fastener Fit—Zero Load Transter (Aluminum)

All straight shank fastener tests conducted to this point in the program had
fasteners installed in a fit as close to net as could be achicved by measuring actual fastener
diameters and selecting reamers accordingly. This test series assessed the relative impact of
using 0.002-inch clearance fits (on the diameter) or 0.002-inch interference fits in
3/8-inch-diameter holes. This proved to be an important test with some previously
unanticipated results, The fatigue test results are shown on lines 9 and 10 of figure 164.

Two of the three clearance-fit fastener installations produced results within
the scatter bund to be anticipated for net-fit fasteners in coldworked holes and one at the
high end of the band for open coldworked holes. All failure origins, however, were at the
corners of the specimens (away from the holes); whereas, open coldworked holes always
have failure origins at the hole. Fracture analyses of the lower performance specimen
disclosed no detectable damage near the edge failure origin that might have precipitated
premature failure. 1t did disclose a fairly farge bulge at the corner from shot peening (not
uncommon) that may have created an adverse stress condition, Since this failure has no
other explanation, this conclusion must be accepted. It it is correct, it would imply that care
should be exercised to ensure 45° shot peening of edge corners after the major shot peening
is completed. As previously noted. open holes and reduced prestress in countersinks coupled
with fastener mismatch have a significant impact upon performance: whereas, a 0.002-inch
clearance fit in this case does not. Until more data are available to answer the question of a
specific-dimensional Hmit, the 0.002-inch limit will have to be accepted,

The fatigue results with the 0.002-inch interference fit fustener were the
lowest of any of this Tilled-hole series for the figure 2 zero-doad-trunster coupons. Previous
Bocing-funded test work in 2024-T351 with the lower mandrel-to-hole interference
currently in use as a standard did not show any loss in performance when using a low-level
interference-fit fastener. Fracture analyses of the interference-fit specimens in this section
disctosed that failure origins wore all located at the specimen corners. In each case, there
were multiple, very definitely defined origing with very short fatigue crack lengths and
large-aren ductile failures as iF the specimen, in general, was overlouded, Apparenily, the

‘combination of the tensile prestresses (that support the compressive prestresses) from the

so-called optimum interference  coldworking. plus  the  tensile . prestresses  from  the
interference-fit fustener, actually did just that overdoaded the specimen. Thus, zero-load-
transter applications should not use an interference-tit fustener with optimum interforence
coldworking and a st Jurd postream. Alteenatives for intorference-fit installations would be
use of @ larger postream to reduce tensile stresses away from the hole (while still maintaining
a large-aren compressive zone) or lowst interferenve stundavds for cotdworking similar to
those in the Boeing Company’s originat standavds for the process, '




o
P4
&
W

e s

o
i

v
&
!'.._'
i

[~

This brings up another probability on process sequencing or control, When
hand-driven rivets are used with coldworking to achicve fatigue performance and the shanks
are upset into an 82°/30° countersink, the countersink arca will probably see a reasonably
high interference whereas the shank arca will not. Therefore, it may be advisable to
coldwork after countersinking for this type application. Some limited Boeing data with this
type of installation and lesser coldworking interference tend to support this probability.
These results should not be construed as a blanket indictment of interference fits in
optimum coldworked holes. These results are refative to zero or low load transter. The later
section on high load transfer discloses some different results,

(14) Adjacent Hole Not Coldworked (Aluminum)

In the application of a process such as coldworking, there are often finite
zones of the structure where its benefits are deemed necessary. On the boundarics of such
zones, a transition would be required to noncoldworked hole/fastener installations. It is this
transition that was of concern in these tests since some photostress panels in high-strength
steel prior to this program showed a possibility that a coldworked hole adjacent to a
noncoldworked hole might produce some detrimental stress risers in the noncoldworked
hole. In this test, only one of the two holes in each figure 2 specimen was coldworked, The
other hole was as-reamed. Each hole had a net-fit Hi-Lok installed in it. The hole spacing
was the conventional 4D spacing relatively common in practice and used as a standard
within this program, unless hole spacing perse was being evaluated. The intent was to
compare the fatigue life performance of the noncoldworked hole (with an adjucent

-¢coldworked hole) to that of the reamed, filled-hole specimens tested in task 3. The results
are shown on line 11 of figure 164. The performance of these specimens was surprisingly
goad with the performance of two specimens falling within the scatter band tor coldworked,
filed holes and the third within the statter band for an open coldworked hole. Failure
origins for the two higher performance specimens were actually in the coldworked holes;
failure origin in the lower value specimen was in the noncoldworked hole. Therefore, some
benefit from the prestress field was apparently gained in the noncoldworked hole, Since the
results from all specimens were above the scatter band to be anticipated for reamed, filled
holes, this situation shoukl cause no concetn in conventionul applications ol the process.

~ Hole spacings closer than 4D may require some test verification of applicution validity.

{15) Prior Fatigue Crack (Aluminum)

Any fatigue improvement fastening system must be considered not only for
production applications, but also for field rework. overhaul, and extended-life modilica-
tions, In rework, the question arises relative to oversizing the holes (1o remove damaged
materiad) and what happens il all of an undetected cruek is not removed? In this test,
specimens were prepared by drilling an undersize hole and fatigue cycling the specimen to
start an actual fatigue crack from a jeweler’s saw cut within the hole. The holes were then

yeamed to precoldwork size, which left approximately u 0.030-inch-fong crack at time of

coldworking.  After coldworking und postreaming, this craek length was reduced to
-approximuately 0.020 inch prior to fatigue testing. '

Results (line 12, figure 1643 from two of the specimens Tell at the tow end of
the filiwd-hole coldwork scatter band, with the Gilure origing along the vdge of the




specimen; the original precracks at the hole cvidenced no detectable growth. The third
specimen had a low-performance equivalent to the low end of the scatter band for a
reamed-only filled hole. Failure analyses showed that the original crack was longer than it
was thought to be and, in fact, had a belly in the center that made this hidden portion much
longer. The relative initial lengths were 0.120 and 0.240 inch, respectively.

(16) Low Load Transfer (Aluminum)

The skin/stringer simulation 1 5-hole fatigue specimen (fig. 8) was included in
the program to assess the effect of fow load transfer upon the fatigue performance of
coldworked holes and to assess what effects, if any, a production sequence would have on
performance. To assess this, one group of specimens was subjected to the total process of
hole drilling, coldworking, postreaming, and fustener installution, one hole at a time, to
prevent any buildup of differential expansion stresses between the two different width
members of the specimen. Another group wis assembled with a “*production™ process: that
is, all holes were drilled and then every {ifth hole was coldworked, postreamed, and the
fastener installed before the remainder of the holes were completed.

In all of these specimens, the holes were postreamed for a close net {it of the
Hi-Lok fastener. A further group of specimens was not postreamed and the fasteners
installed with a close net (it to the minor diameter of the hourglassed hole. This required
adjusting the starting hole and mandrel diameters to utilize standard fasteners, This group of
specimens was aimed at assessing the real need for postreaming to achieve a good net fit for
the fastener throughout its length under tow-load-transfer situations. '

One other group of 18-hole specimens that represented only the stringer
portion of the dual specimen was run. This specimen is shown in figure 9. The intent of this
test was to correlate results bused on a different design of specimen and differont test speeds
with previous zero-load-transfer coupon (lig. 1) test resuits, :

These specimens were not all tested at-the same net stress because of
operator error between net neea and gross area test methods. However, the actuat net
stresses that resulted were equivalent to u 40 ki stress lovel usud in S-N testing, and
adequate performance comparisons can be madv.

Figure 16§ dum is plotted for this 40 ksi net stress and shows that for this
iest stress that neither the specimen design, the testing trequency, the load transter, the
assembly sequence nor the tuck ol a posteeam had any effect upon altering the performance
to be anticipated with u zerodomd-transter singlethickness specimen, The origing of tailure
in the stringer-only 15-hole specimens were all it the edge corers of the specimen away

Sfrom the hole. The existence of some interfiace fretting plus the toad transter in the

skin/stringor specimoens caused the primary origing of tailure o be in the skin at the
skin/stringer intertuce und hole junction. Many of the origing were also at g 45° location to
the foud axis, which is typical of o loadstranstee-type Biilure, Novertheless, at this test stress
and assoctated lle, the toad teanstier and ucum;. were apparently not signiticant enough to -
cause any loss in pcrlurm.uuc -




The fact that differential expansion stresses caused by using a production
sequence technique does not cause any change in performance is important to know because
a one-hole-at-a-time technique would be totally impractical. The fact that eliminating the
postream for this low-load-transfer application did not cause any loss of performance offers
some potential for cost savings; further verification at different stress levels appears
advisable before such an approach would be used extensively. The actual practicality of not
using a postream is also questionable since it would require precise presizing of the starting
hole and precise knowledge of springback. The current system allows some flexibility in
this regard.

When the net area stress is reduced to 30 ksi (fig. 166), the fatigue
performance for the 15-hole load transfer specimen (fig. 8) improves from approximately
150,000 cycles to approximately 265,000 cycles: however, this result is now well below the
600.000 to 800,000 cycles achieved with the zero-load-transfer specimens. Thus, the
combination of the load transfer and, possibly, the fretting at the interface is apparently
now causing some loss of potential performance at the longer-life stress level. If fretting is
causing some of this loss, it can be prevented with the shim technique discussed in the
high-load-transfer section, The use or injection of micarta shims may, however, be rather
difficult to accomplish in rework situations where parts are not disassembled.

The 15-hole specimens did disclose something else worth noting, The trend
in specimen design is to simplify the specimens to reduce size und the number of fasteners in
them. However, when a specimen has a large number of holes in it, it has been theorized
that the test results should more accurately represent the statistical lower side of the
scatter bund. The results from these | 5-hole specimen tests tend to support this theory since
the results were extremely consistent and very tightly grouped.

¢17) High Load Transter (Aluminum)

Load transter across & joint creates a special problem of stress concentration

at the joint interfuce. Wherens, in o zevo-load-transier situation the failure origin can often

- be driven away from the hole, this hus net proven to be possible with a high-load-trunster
situation, An additional problem may reach a level of signiticance in high-load-transter
joints - fretting at the interfice. Under some conditions, the fatter situation may become
paramount, with the tretting mode of fallure masking or superseding all other conditions
induced to improve performance. taterfive fretting problems are of special importance with
sleeve coldworking since the surfuce upsetiing that is produced at each hole an create o
condition ol localized bearing and high contact pressures. For this reason. the test program
included the use of micuris shims at the interfiee of the joint for most ol the test
specimuens, Some specimens were also run -without shims wnd some without shims and the
surfiice upset removed to assess the comparative effects. The specimen design was ¢
double-shear type per figure 10, N-.lcm: rsystems uuludcd for comparison with zero-load-
lruustcr Mul(s and one zmothe Fweres ,

) | Nut-m pmtruduw head Hi-Lok in coldwarked imlc .

o  Netlit, flush hiead Hi-Lok in coldworked hole '
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e  Clearance-fit, protruding head Hi-Lok in coldworked hole
e Interference-fit, protruding head Hi-Lok in coldworked hole
¢ Protruding head Taperlok

e  Flush head Taperlok

The primary shim used with the aluminum specimens was a smooth sheet of

micarta 0.010 inch thick. One test used a sand-blasted sheet of micarta 0.050 inch thick,
similar to the material often used in grips of fatigue test machines. The design of the
specimen was in error relative to evaluation of flush head fasteners since the side plates were
equal in thickness to the center plates. Thus, the stress in the side plates was half that of the
center; a countersink in a side plate could not achieve major importance under this
condition. Subsequent tests in steel and titanium had the side plates reduced in thickness to
rectify this situation.

The test results for the high-load-transfer portion of the program are shown
on lines 4 through 13 of figure 167, Lines | through 3 represent data from zero-load-
transfer coupons, per figure 2 for comparison.

For net-fit fastencrs in reamed-only holes, the load-transfor situation caused
very little loss in performance relative to the zero load transfer. For net-fit fasteners in
coldworked holes, the load-transfer situation caused a reduction in the performance band
from a range of 600,000 to 950,000 cycles to one of 370,000 to 580,000 cycles. The use of
a 0.002-inch clearance-fit fastener reduced this runge turther to one of 280,000 to 355,000
cycles, Use of an interference fit of 0.002 inch did not have the detrimental effect shown
with zero load transfer and actually produced an improvement in performance to a range
cquivalent to that to be expected with zero loud transter at optimum performance. '

Taperloks proved to be equivalent to net-fit Hi-Loks in coldworked holes

under the high-loud-transfer conditions but not equivalent to the interterence-fit Hi-Loks in
coldworked holes. ' : , ,

The 0.010-inch micarta shim proved to be very durable in these tests and did
not break down sufficiently to allow any metallic contact. 1t should be noted that the
sutface upset for 3/8-inch-diameter aluminum holes is on the order of 0.003 to 0.004 inch.
Theretore, the 0.010-inch shim would prove to be adequate to prevent metallic contact.
Increased upset with large dinmeter holes or ditterent muterials (steel and titanium) may
requite adjustment of the shim thickness, Tests with o rough 0.050-inch micarty shim were
too limited, and results were such that conclusions could not be drawn, The removal of the
micarta shims to allow metal-to-metal contact at the interface proved to be detrimental for
the 2024-T851, although no more so than using clearance-fit fasteners, Fadure analyses of

these conditions did show signiticant trotting at the intertaee and secondiry cracks initinting

immoediately beyond the fretted zone. Removal of the surface upset and testing without an
interface micarta shim produced u detinite improvement in fatigue performance over that
obtained with the upset not removed and no shims in place: however, the scatter in results
was beyond acceptability.
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, ; Y The interface fretting that occurred on specimens without micarta shims was
’ % “ solely on the first hole toward the load and solely on the half of the periphery of that hole
: toward the load. This certainly indicates that an in-line load transfer joint using hard
3 fasteners is highly questionable in its effectiveness beyond the first fastener; it also indicates
¢ that the cost of this type specimen could be reduced by using only four fasteners instead of
the eight in the design tested.
. Y
The results of this test sequence show that (1) the micarta shim is a definite
E A advantage with sleeve coldworked holes in aluminum structure and (2) an interference fit is
also a definite advantage with slecve coldworked holes under high-load-transfer conditions.
S
Z A |
Pl 2. TITANIUM

2.  Phase I1: Task 1 ~Base Metal Performance (Titanium)
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Results from base metal fatigue tests for the anncaled Ti-6Al4V titanium,
conducted with figure 2 type specimens (no holes), are plotted as an S-N scatter curve in
figure 173. In comparing these results to the 2024-T851 results, the Ti-6AL-4V produces
1,000,000 cycles at approximately 88 ksi whercas the 2024-T851 does so at approximately
27 ksi when there are no stress concentrating factors such as fastener hoies involved.

No particular significance is being attached to the base metal values per se in this
report. They are intended to serve solely as “real-world™ references or baseline values to
assess the r¢tative performance of other conditions.

Figure 170 gives comparutive base metal values (at 115§ ksl maximum net area
stress) for the annealed: STA and STOA heat treat conditions of both the Ti-6A14V and
Ti-6Al4V-28n titunium alloys. For the Ti-6A1-4V, neither the STA or STOA heat treat
conditions provides-an improved fatigue performance over the annecaled condition with the

~STA condition exhibiting wide scatter and a generally lower log mean performance, The
~amwaled Ti-6A6V-2Sn alloy also exhibits a lower performance than the gnnesled
Ti-6AI4V, The Ti-6Al-6V-28n STA heat treut condition is equivalent to the amncaled
Ti-6Al-6V-28n although the STOA condition is better, but only equivalent to the annealed
Ti-6A14V. Thus, with no stress concentrations from fustener holes, the annculed Tt-OAMV N
mumum appeurs to be the bust seloction of all Tor fatigue pcﬂommnu. -

b.  Phase Il: Task 2-Basic Open-Hole Data (Titanium)

7 Figure 169 containg S-N - scatter. bund curves for eeamed open holes and
coldworked open holos in anncaled Ti-0AI4V titanium. These data were gencrated with
figure 2 type coupons. The open holes are 3/8-inch dinmeter; the coldworked holes are
coldworked to u 0.019-inch intorference value (selected in phase B and then postreamed to
nominal size (dimensions specified in the data sheets in volume 1), 1t should be noted that
ull - coldworked holes i titanium in phase U1 were coldworked with this  optimum
intorference value; the spwiﬂc value for imcmmm will not wmmlly be defined for each
cuse in the text. : , :
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Open hole fatigue performance for the annealed, STA and STOA conditions in
the Ti-6Al-4V and Ti-6Al-28n alloys with open reamed hoies and open coldworked/
postreamed holes is shown in lines 1 and 2 of figures 171 and 172. These values were
generated at a 70 ksi maximum net area test stress (R =0.1). There are some slight
differences between the alloys and heat treat conditions; but basically, the performance of
all reamed holes for all conditions fall into one group with a mean performance of
approximately 30,000 cycles, and the coldworked holes all fall into another group with a
mean performance of approximately 60,000 cycles. .

Refercnce to figure 182 will show that fatigue failure origins for all of the open
holes were at the holes and were not localized. In fact, almost all test conditions with
titanium specimens resulted in relatively similar failure origin patterns. In general, this lack
of finite, localized failure origins would tend to indicate that adequate prestressing (via
coldworking) is not being applied. Test work in phase 1, however, indicated that higher
prestressing tended to produce excessive scatter. As will be seen in later discussion of other
tests, results with titanium did not always foilow the theoretical pattern that should be
expected. This may be a combined result of texturing, material directionality, and a
susceptibility to the Buuschinger eftect. The latter is a tendency for a material to lose yield
strength in one direction when plastic deformation occurs from a stress in the opposite
direction.

¢. Phase II: Task 3~Basic Filled-Hole Data (Timnium)

Baseline $-N scatter curves for filled holes are plotted in figures 173-and 174, As

~can be seen (by referring to open hole 8-N data in- figure 169), introduction of a net-fit

fastener in the hole boosts the fatigue performance of the Ti-6AI-4V at 70 ksi maximum net
stress from 30,000 cycles to 80.000 cycles for reamed-only holes and from 60 000 oyclcs to
500,000 cycles for coldworked holus.

Figure 174 gives S-N scatter curve data tor protruding head .md flush. head

Tuperlok fasteners in Ti-6AR4V. A scatter curve is shown only for the 100° flush head ™ :
Taperloks since the data for the protruding head vorsion of this fastener was too excessively

scattered to plot it. The upper limit for the flush head Taperlok 8N scatter curve is basically’

- equivalent te the upper limit of the $-N scatter curve for the net fit, protruding head -
HisLoks in voldworked holes: however, the Taperlok curve I8 wider from more scatter. This -~
tesult, again, is an anomaly for the titanium since Mush head Tuperloks in aluminum provide ...
little better performance than net-fit fasteners in reamed holes (bevause of the lack-of -

prestressing in the countersink) and the same loss does not oceur in the titanium, The holes:

prepared for those Taperlok - installations were prepared with care under laboratory "

conditions. Protrusion valuvs und tolerances were cquivuwm to tlmw apn ui“wd in’ ﬁw
alumiamm wuion. , v

Alloy and heat treat condition comparisons for basic tilled holes are \hown in
linos 3 and 4 of figures 171 and 172, As with open holes, neither the TE6ARGV-3$n alloy or

“any heat trout condition for vither alloy produced better results than those achicved with
_the annealed Ti-0AL4V alloy. With both alloys the .uuu..alcd conditions pmduwd tlw but

!‘auguc performance with coldworked holes.
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d. Phase II: Task 4—Application and Process Performance Parameters (Titanium)

With exception of the multimaterial 15-hole skin/stringer coupons of Ti-6Al-4V
titanium and 2024-T851, all other Ti-6Al-4V titanium coupons in this section were tested at
a maximum net area test stress of 70 ksi (R = 0.,1).

(1) Hole Finish and Program Correlation (Titanium)

Open hole values shown in figure 175 were obtained at 65 ksi maximum net
arca stress for comparisons of results with those obtained in the *‘Precision Hole
Generation™ program conducted at McDonnell Aircraft Company (AFML-TR-73-135).
Basically, the honed-only open holes were intended as the primary comparison tool,
McDonnell test specimens were basically the same configuration as those in this program
within the test section of the specimen. The only differences were loading methods (grip
design), test frequency, and test equipment. They loaded their specimens with a single large
pin in cach end, whercas, we used a bolted friction grip. They tested their specimens in
Sonntag SF-10 machines at 1800 cpm test frequency: we tested the majority of ours in
Amsler Vibraphore machines at 4000, 5000. and 6000 cpm.

The honed hole specimens in our program produced roughly 60,000 cycles
at this test stress and the McDonnell specimens roughly 80,000 cycles. This is not a
significant difference and can be basically considered equivaient performance -especially in
light of some of the material property differences encountered with titanium in this
program. Comparisons of reamed-only open holes at §5 ksi bear this assumption out: their
results ranged from 65,000 cycles to 80.000 cycles und ours ranged from 55,000 cycles to
105.000 cycles. Thus, across-the-board comparisons of results appear to be valid with no
significant impact {from testing method or frequency.

The honed-only open holes showed slightly better fatigue performance thun
the reumed-only open holes although the finish was basically equivalent ut 30 RHR,
Properly drilled holes had a finish near 55 RHR, and abusively dritled holes a finish between
65-75 RHR. Reference to lines 2 through 5 of figure 176 shows that a coldworked hole that
wus properly drilled has o fatigue performance busically within the scatter band of results
for reamed and coldworked holes: however, the abusively drilled holes do show a slight loss
in performance. The finish, though. is not significantly different for the abusively drilled
Hole and talls well within the 125 RHR tinish limit ofwn used for drillc.d holes, ‘Hm.e
possible conclusions arise:

o  Finish control for pmoldworkud holes in tllanlum is not u mcumu;.lul method of
coutrol, : _

o  Quulity of précoldworkcd holes in titanium is not signmcnndy importunt,
o This situation should be assessed with filled holes sinee the range between open

reamed holes and open coldworked holes is not overly large, and small ditferences
could prove to be more significant in filled holes,
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Since precise control of drilling operations and tool sharpness is difficult, it
would appear wise to require prercaming of holes for coldworking in titanium until more
data is available on this subject.

(2) Sleeve-Split Location (Titanium)

Lines 2 and 3 of figure 176 compare orientation of the split location in the
coldworking sleeve. Line 2 location is in line with the specimen load axis (the area of
minimum stress) and line 3 location is at 9C° to the other (the area of maximum stress). The
mean performance of the adverse location is actually slightly better, but is within the scatter
range and must be considered basically equivalent. Also, failure origins were on both sides of
the holes. Thus, as with the aluminum, the titanium material is not sensitive to the location
of the sleeve split under zero-load-transfer situations. The previously discussed surface upset
discontinuity from the sleeve split might prove to be a problem with load-transfer
applications.

(3) Process Predamage (Titanium)
This subject has been covered in the subsection on hole finish.
(4) Process Postdamage (Titanium)

In this test, holes that had been sleeve coldworked and postreamed were

~deeply scored with a sharp tool at a position 90° to the lead axis and in line with the hole
- axis. Only one of the two holes in cach figure 2 specimen was so scored. Holes were tested

in the open condition, Results are shown on line 7 of figure 176. All failure origins were at

. the score, but the fatigue performance of all specimens were equivalent to unscored holes.

Aguin, the coldworking process has demonstrated its luck of sensitivity to the type of
damage that can often oceur in reaming, broaching, or bolt inscmon=-an tmportant factor to:
manufuoluriug. quality control, :md engmeeriug

(8) Postreaming Allowables (litau_\ium) '

In this series of tests, the open-hole fatigue performance with no postream

and postreams of 1/64. 1/32, und 1/16 inch on the diameter were compared to results

obtuined with a standard postream. The standard postream is currently on the order of

~ 0.006 to 0.010 inch on the dinmeter, The results are shown on linos 6 and 8 through 10 of
. figure 176 and should be compared to the standard shown on line 2 of the same figure. As
- shown, no postreaming produces results towards the high end of the scatter band and a

1/64-inch postream towurd the low end of the scatter band. The increased postreams of

 1/32 and 1/16 inch showed a very slight loss in results, but within what appears to be

acceptable limits. Thus, these results would indicate thut v number of successive oversizing -
operations could be exercised for repuir or rework ‘without recoldworking the hole. The

' - results also indicate that no postreaming shoum be :memnry ror holes llm: reumm open
such us clearance and dmm holus.




(6) Square-Wire Slecve (Titanium)

The square-wire sleeve concept was tested and discussed in some depth in the
section on aluminum, When an attempt was made to use it to coldwork holes in Ti-6Al-4V
fatigue specimens, the square cross section of the wires in the sleeves were plastically
deformed from a square section to a trapezoidal one. Damage to the sleeve was excessive,
and the approach must be rated as being totally unacceptable at this time for titanium.
Further testing with different size wire cross sections to determine if' this difficulty could be
averted was not attempted.

(7) Material Thickness (Titanium)

In this test, specimens were fabricated from 0.060-inch-thick Ti-6Al-4V
titunium and sleeve coldworked and postreamed. Open-hole fatigue test results for these
specimens are shown on line 4 of figure 177 and compared to base metal, reamed-only and
coldworked test results in lines 1, 2, and 3 of the same figure. At 70 ksi maximum net arca
test stress, the reamed holes in the 0.250-inch material gave approximately 30,000 cycles,
the coldworked holes in the 0.250-inch material approximately 70,000 cycles, and the
coldworked holes in the 0.060-inch material approximately 55,000 cycles. The loss in
perforn.ance fron, sheet thickness is not of the magnitude with the titanium that was
encountered with the 0.060-inch material in aluminum. The reason for this srobably livs
with the higher elastic modulus of the titanium, which inhibits dishing around the hole and
a resultant loss of prestressing. The real magnitude of the loss (if it would occur at all)

should be ussessed with filled holes for the aforementioned reasons. The increased stiffness

of the titanium coupled with support that might be obtained with dense honeyeomb core
(for fastened arcas) might make coldworking of fustener holes in titanium sandwich a valid
application: whereas, in aluminum this did not appear to be possible. As with aluminum,
luyering of thin titanium with other material in a joint would probably avond any Joss of
‘ bu\c ficial presteessing in the tlun material,

(8) Edge Mar;.in and Holc Spm,mg (Titmmuu)

The results of these tests are shown in figure 178, In these tests the edge

margin wus vacled from 1-1/2 to 21/2D und the hole spacing from 3 to §-1/4D with the
- spectnl edge margin specimen per Tigure 9, All holes were tested in the open condition. A

- thorough analysis of the results indicates that there is no signiticant difference or trend

displayed, including the 1-172D edge murgin specimens (with exception to exhibiting the
most seatter). Thus, a-normal 2D c.dg,c margin slmuld allow some rework c..npability wilhuui
. creating problems.

(9)- Fustener f-‘it=2¢m Loud ’!‘musfcr (Titanium)

The effect of Tugtener 1t in sicuc voldworked holes is shown in lhm 23

and 4 of tigure 179, Line 2 represents the standard et it used as the baseline, Line 3isa

0.002-inch clearance it (on the dinmeter) and Hive 4 is 2-0.002-4nch interferenve Hit. Whervas
in aluminum, a 0.002-inch clearance it produced uuly a slight loss in baseline net-fit
wﬂ‘ormmwc. the loss in llw 'h-6AMV titunium is signitivat. lo addition, where the

oY
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0.002-inch interference fit in the aluminum produced a significant loss, it produces a reverse
effect in the titanium -a significant gain. This is further evidence that the titanium is not
coldworked or prestressed to the so-called optimum level Gif' this is possible).

Nevertheless, if the values for coldworking defined to-date herein are used,
bolt installations should be slanted towards u net to interference fit. 1t should be noted also
that the gains in performance that appear possible are generally better than what might be
achieved with a tapered fastencer installation.

(10) Countersink and Countersink Sequence (Titanium)

In aluminum structure, coldworking to a high interference with the sleeve
process prior to countersinking was adequate to protect the countersink. In fact, since the
failures were driven away from the hole to the specimen edge. removal of the countersink
material lowered the tensile stresses at the specimen edge and produced a small inprovement
in performance. When the hole was coldworked after countersinking in aluminum structure,
the countersink was not protected and the fatigue performance was only slightly better than
a reamed-only. filled hole,

In these Ti-6AL4V titanium tosts. the same is not true (ines 6 and 7 of
figure 179), Countersinking before coldwaorking now produces the best performance (equal
to a protruding head installation), Countersinking after coldworking with a 100 countersink
produces a 1oss to a mean of 300.000 cycles at 70 ksi from 900,000 cycles for the reverse
sequence versus 85,000 cycles for reamed-only hules. o other words. the result was not
only reversed, but the loss was not as significant, Furthermore, countersinking after
coldworking with o 70 countersink ulso cuused some loss of performance, but not of the
magnitude of the 100 countersink. Reference to figure 182 shows that all fatlures

“originated in the shunk zone regardless of sequence, indicating that the hole is most critical

and suiticlent prestressing tor total protection is not oceurving. Thus, pesteountersinking and

- its assocluted redumon of prustre;sing in the shan\ dren, us w;ll woutd mduw perfomwnw
. ot‘ this zone. :

NER) Counwmnk Angk ( Nunium)

Since the sequence result is the reverse of whel was antivipated in. the

- titandum, the 70° angle countersink would also have to be gencrated prior to coldworking to
fully dssess its ;sotmual value. As the results now stand. it is t_mt us gaod usoa 100' '

wumcn.mk generuted prior (o wmworhug (hine 8. fg. 179),.
(l 3) Adjacent Hale Not (‘o!dworks:d Titunium)
- When the adjucent hole to s colilworked hole is not coldworked n titaninm, ,i 3

the prestress 2ones uround Uie coldworked hole do not create any detrimental eifects on the
noncoldworked hole (loss of anticipated rewmied hole performance). This can be seen in

line § of Higure 1719, Consequently., no special- precantione with spplication to only spevilic
C2ones it titaniwm structure relative Lo side ul'luls on sw.uhy holes seed to be cxemwd with
4D or more lwle spacing.




(13) Prior Fatigue (Titanium)

When some titanium specimens were fatigue cycled first to 80,000 cycles
(close to failure) and then coldworked, tull life to values within the normal scatter band for
nonfatigued holes was achieved. Thus, coldworking of existing holes in a structure that has
endured service (without prercaming) can provide a “like new’ performance. This approach
was evaluated only for holes that were not previously coldworked. It is not known if the
same would work for previously coidworked holes. Tcst results are shown in line 11 of
figure 179.

(14) Prior Fatigue Crack (Titanium)

In this test group. actual fatigue cracks were generated in a fastener hole and
then the hole was coldworked. Line 12 of ligure 179 shows the fatigue cycles achieved in
Ti-6A14V titanium specimens with three different crack lengths prior to coldworking. It
appuears that the process is basically capable of mitigating the cracks existence if it is 0.020
inch or Jess long. Cracks 0.030 inch long resulted in a fatigue performance equal to
reaned-only holes (vo cracks),

(45) Low Load Transfer (Titanium) .

The 15-hole low-load-transter, skin/siringer type coupons in the titanium
evaluation included both specimens with titanium/titanium stacks and titaninm/aluiminum
stacks, Since with the design of this specimen (per figure 8). both components encounter
cqual strain-at the center of the specimens, the aluminuin will theoretically reach a futigue
critical strain first (assuming no eftfect of loud transier). Consequently, the loads tor the

- titanium/aluminum specimen were selected to provide o 40 ksi muximum net area cyclic

stress for the aluminum with o resultant stress in the titaninm of 64 ksi. All specimens had
net-fit, protruding head Hi-Loks installed: specimens tested In this subsection were:

. 15-hole single coupon per figure 9 with heles coldworked and postreamed

¢ 15hwle titunium/titanivm coupon per figure 8 with holes coldworkzd und
- pastreamed with production technique (see aluminum section for explunation)

o 1S-hole ttanium/ttanium coupon per hgurc with holes coldworked and not
' postreamed using production techivigue

o 5-hole titaniumiatuminum coupon per ligire § with the atuminum in the sringer
component and holes coldworked and gostreained with the production technigue

' Results are shown in figure 180 slong with results from rerodond-transive,
two-hole coupons for coniparison (both aliminam and titanium), The twashole zero-load-
transier coupons indicate it the titmiam at 70 ksi should have appreciably better fatigue

- lite than the aluminun at 40 ka. With the respective stresses in the duslmaterial mupm\ 64

and 40 ksi. the petlfoninaiwe of- uw titaninn sliould be even betler.
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Results from the singie-strap 15-hole zero-load-transfer coupon on line 3 of

% figure 180 show, however, that the titanium in this case has a fatigue performance
‘ significantly lower than the zero-load-transfer 2-hole coupon for the same 70 ksi stress. In
:. the aluminum tests (wherein failure origins can be driven away from the fastener hole when

coldworked and filled), the performance of the 15-hole coupon was equivalent to the 2-hole
coupon. This raises the question of effect of testing speed upon relative performance since
the 15-hole coupon was cycied at 600 cpm in the Riechle-Los equipment and the 2-hole
coupon at 4000 cpm in the Vibraphores equipment. Testing speed differences that ranged
from 1200 cpm to 4000 cpm between McDonnell and Boeing (previously discussed in this
section) did not seem to have an impact on results. Furthermore, a titanium check coupon
we ran in the Riehle-Los equipment with reamed-only, filled holes to verify loads produced
112,000 cycles, basically equivalent to Vibraphore results shown in line 1 of figure 181, The
only remaining difference in the coupons is hole diameter. The 2-hole coupons had
3/8-inch-diameter holes and the 15-hole coupon 1/4-inch-diameter holes. Overall widths of
the test sections were inherently different dimensionally, but were equivalent based on both
having 2D edge margins. Thus, the only possible conclusion js that the smaller diameter hole

~ (with equivalent edge margins) is more critical.

o

¢

wia

Further observation of the results shows that the imposition of even a low
load transfer has a further impact upon the titanium performance with a coldworked and
postreamed hole (see line 4 of fig. 180). The best performance with the low-load-transfer
condition was obtained with coldwurked holes that were not postreamed as shown in line §

of figure 180.
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* Because 1/4-inch-diameter hole coupons in titanium have a generally lower
performance and because the titanium is even sensitive to low load transfer (whereas the
aluminum is not), the failures in the dual-material titanium/aluminum coupons all initiated
first in the titanium component. Results are shown on line 6 of figure 180. ) :

(16) High Load Transfer (Titanium)

If low load transfer caused some loss of futiguc performance in titanium, the
high load transfer used in this test series should have an even more serious irapact. As with
the aluniinum, the figure 10 high-load-transfer coupons were run with and without micarta
shims in the interfaces. The shims were intended to diminish the potential zmpm,t of
nterface fretting at the coldwork upset around cacl. fastener hole.

2 e s

Results and test contents can be swn in figure 181. It should be noted that
this figure starts at 103 cycles instead of the 104 cycles used in most of the other figures.
This figure shows that at 70 ksi the reamed-only fatigue performance drops from
approximately 85,000 cycles for zero load (ransier to approximately 15,000 cycles for the
high load transfer (with shims). For the coldworked holes the reduction is from
approximately 350,000/1,500,000 to approximately 20,000 cycles (with shims), respec-
tively. As can be seen, the performance of the coldworked holes is not appreciably better
than reamed-only holes when mtertuce shums are present with high-load-transter titanium
specimens. A clearunce-tit tastener in a coldworked hole tunctions as well as a net-{it
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fastener under these conditions although it caused some 11ss with zero load transfer. As with
aluminum though, an interference-fit fastener in a coldworked hole is beneficial under
high-load-transfer conditions, although ifs benefit in the titanium is not overly significant.

Whereas the interface micarta shim proved to be beneficial with aluminum
high-load-transfer coupons (eliminated fretting), better performance was achieved in the
titanium without it (35,000 cycles). This indicates that the notch sensitivily relative to load
transfer is sufficient in the titanium so that it supersedes any potential problems from
fretting: in this case, the smooth micarta shim probably enhanced movement of the
components and increased the effective load transfer. Removing the surface upset and
testing without a shim did not appear to provide any significant imnprovement over not
removing the upset.

The comparative performance of the best coldworked hole situation under
high load transfer and reamed-only holes under zero load transfer (70 ksi) is 35,000 cycles
and 85,000 cycles, respectively. Protruding head Taperloks showed the best performance in
the high-load-transfer titanium tests. Its mean performance was basically 70,000 cycles at
70 Ksi,

Both the flush head Hi-Loks in coldworked holes and the flush Taperloks
had poor performance in these tests. The failure origins, in these cases, were in the
countersunk side plates that were reduced in thickness to produce stresses in them
theoretically equivalent to those in the main coupon section. Basically, this didn’t appear to
be good design per se, since the countersunk left only 0.045-0.060 inch of straight hole.

- Regardless, the failure origins (fig. 182) were not in this straight portion for either the

coldworked or Taperlok installation; the failure origing were actually spread along the
countersink. This is not consistent with the zero-load-transfer fuilure origin locations (all in
shank), but indicates that the reduced zone of resistance, in this case, probably resulted in

- higher effective prestressing of the small remaining straight portion. The load transfer still

made the overal: situation more critical and the countersinks failed at cycles well below
what the straight portions did under zero-load transter,

3. STEEL
a.  Phase II: Task 1 -Base Metal Performance (Steel)

All phasc | fatigue tests with coldworked open holes in 300M (270-300 ksi) steel
were run at 110 ksi maximumenet stress. The base metal tosts with figure 2 coupons run in
this phase showed that the base metal endurance limit stress was above 110 ksi. An S-N
scatter curve for the 300M base metal fatigue tosts is shown in figure 183 with an indication
that the endurance limit stress is in the 120 ksi range.

b.  Phase II: Task 2—Basic Open-Hole Data (Steel)
Figure 184 shows the S-N scatter curve results for open reamed holes in the 300M

steel in comparison to the base metal results. Wheroas at a stress of 25 ksi the 2024-T851
produced approximately 1,000,000 cycles for the base metal and 60,000 cycles for the
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notched metal (reamed holes), the 300M steel at 125 ksi goes from 1,000,000 cyctes to
20,000 cycles for the same respective conditions. Figure 185 gives S-N scatter curve values
for open holes that have been coldworked and postreamed in compatison to base metal
values, These holes were coldworked with a carbide push-type mandrel that had a
0.045-inch/inch taper angle. The coldworking interference value was 0.0245 inches on the
diameter for the 3/8-inch-nominal-diameter holes. The fatigue performance of these holes is
statistically equivalen¢ to the open reamcd holes with no obvious improvement in fatigue
performance. This result gave some cause for concern that possibly the previously selected
0.045-inch/inch mandrel taper (selected on the basis of force tests) was causing more axial
rather than radial yielding with no benefit to fatigue performance. This concern was
investigated further in task 3 and is reported on therein, ’

¢.  Phase II: Task 3—Basic Filled-Hole Data (Steel)

Figure 186 gives S-N scatter results for holes that were reamed and filled with
net-fit Hi-Lok fasteners and holes that were coldworked and filled with net-fit Hi-Lok
fasteners in comparison to base metal §-N values. The reamed and filled holes show no basic
improvement in fatigue performance over the previous open-hole tests. The coldworked and
filled holes show a definite improvement in performance over the reamed and filled holes.
These holes were coldworked with 4 0.030-inch/inch taper angle mandrel. The performance
improvement, relative to base metal valucs, is still not of the magnitude that was achieved
with the 2024-T851 aluminum,.

Figure 187 is a composite plot of open and filled holes. Lines § through 10 give
comparative values for reamed holes and coldworked holes in 300M steel filled with net-fit
Hi-Loks. The coldworked holes were produced at different interferences and with different
mandrel taper angles to assess both the suspected critical interference plateau and the
mandrel taper aingle under suspicion as a result of task 2 test resuits. The previous indication
that there was a definite jump in fatigue performance between 0.020- and 0.025-inch
interference (for 3/8-inch-diameter holes) was verified with 0.023 inch appearing to be the
minimum value for the better performance. No significant difference in fatigue performance
resulted for 0.023-inch versus 0.025-inch interference: however, coldwork processing of the
specimens showed another probiem: the solid film lubricant was breaking down .apidly at
0.025-inch interfercnce levels. The 0.023-inch interference level and the 0.030-inch/inch
mandrel taper were more tolerable with regard to forces and lubrication durability, At this
time, it appears that the 0.030-inch/inch mandrel taper may be a better selection for
high-strength steel, The previous indications of a practical limit on interference in
high-strength steel have also been generally veritied.

d. Phase I1; Task 4-Application and Process Performance Parameters (Steel)
(1) Hole Finish and Program Correlation (Steel)
Honed open holes in line 1 of figure 187 have a finish of 20 RHR, bui did
not produce as good a fatigue performance as reamed open holes ~-80,000 cycles versus

100,000 cycles at 105 ksi. Both the boned holes and the reamed holes had finishes of 20
RHR. Coldworking these reamed holes resulted in no basic improvement in open-hole
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fatigue performance. At 110 ksi this was roughly 60,000 cycles. Good drilled holes had a
hole finish of 40 RHR and abusively drilled holes, in the 300M steel, had a hole finish of 60
RHR. Again, all of these finish values fall well within the finish values normally accepted as
evidence that good practices have been followed. However, reference to figure 188 (lines 3
and 4) will show that both the good and bad drilled holes had significantly better fatigue
performance than reamed holes (even though the drilled hole finish was not as good as the
reamed) when the holes were subsequently coldworked. Thus, not only finish must be
discarded as evidence of “poor™ processing, but also the concept of untempered martensite
and overtempering, if the holes arec subsequently coldworked. It is evident from previous
research that conventional drilling and, certainly, abusive drilling operations will produce
some degree of untempered inartensite and overtempering in high-strength steel. It now
appears that this previously “‘undesirable” result may be beneficial if the affected zone is
appropriately prestressed via coldworking since the material involved may not be as notch
sensitive through the overtempering involved. This is an important observation since it offers
the possibility of removing stringent controls from hole generation processes in high-
strength steel in licu of subjecting them to a postprocessing operation of coldworking.

The honed hole results shown in figure 187 were run at 105 ksi to allow
comparison with the McDonnell tests on their Sonntag equipment at different test
frequencies (see finish subsection in titanium). The McDonnell ¢ost results (between 40,000
and 60,000 cycles) are equivalent to our test results, which indicates that the results of both
programs should be directly comparable for the 300M steel as well as for the Ti-6AI4V
titanium, :

(2) Starting-Hole Tolerance (Steol)

Reference to the difference in  fatigue performance results for
3/8-inch-diameter holes shown in figure 187 for 0.023-inch versus 0.020-inch coldworking
interference indicates that cither the upper interference should be increased or the hole
tolerance held close to control the minimum interference. Since the high-strength steel
imposes its own upper limits with regard to mandrel breakage, the only practical alternative
is contrelling the hole tolerance range closely (to 0.001 inch). This anticipated tolerance is

~actually displayed in the projected interference-versus-diameter requirements shown in

tigure 70 for 300M steel. This conclusion appears to be adverse to the conclusions espoused
in the previous subsection: i.e., a predrilled hole may be better than a prereamed hole for
300M steel. In actuality, it may not prove to be excessively difficult to drill close-tolerance
holes in high-strength steel, although some development may be required.

(3) Process Predamage (Steel)
The previous subsection has covered this subject. \
(4) Procoss Postdamage (Steel)
- Line § of figire 188 shows fatigue test results for open holes that were

coldworked and deeply postscored with a sharp tool in line with the hole axis at a point 90°
to the load axis (the most critical location). The scoring or “damage” caused no loss in

_fatigue performance relative to similurly coldworked and postreamed holes—in tfact, the
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mean performance was improved. It is rather interesting to note that for each material
tested (the aluminum, the titanium, and the steel), the fatigue performance of the scored
specimens was statistically better than unscored specimens in all cases even though only one
hole of two was scored in each specimen, The resuits certainly indicate, without doubt, that
the sleeve coldworking process (with high interference) is relatively immune to normally
unacceptable visible hole “damage.”

{5) Postreaming Allowables (Steel)

As has been seen with titanium, open-hole tests are severe tests that may
prove to be overly severe with the more notch-sensitive materials. Reference to lines 6
through 9 of figure 188 show the effect of the standard 0.0G6- to 0.009-inch postream
versus no postream versus 1/64-, 1/32-, and [/16-inch postream (on the diameter) after
coldworking 300M (270-300 ksi) steel. With open-hole testing, none of these situations
produces less fatigue performance than the standard postream., However, no postream
results in a significant improvement in open hole fatigue performance; a 1/32-inch postream
is also better, but not quite as good as no postream. The fact that no postream and
1/32-inch postream were significantly better than 1/64- and 1/16-inch postream is not
necessarily abnormal. That is, the removal of the initial highly compressive “worked skin™ is
bound to reduce fatigue performance of an open hole in notch-sensitive material with regard
to crack initiation. Removal of more material may effect a better balance of compressive

~-and tensile prestresses with regard to cruck propagation rates. This is purely conjecture, yet

it is supported by some test results to be discussed . later. The point at which this best
balance occurs has not been defined for all diameters and may require further testing.

(6) Material Thickness (Steel)

Figure 189 contains fatigue result comparisons for the standard 0.250-
inch-thick fatigue specimens primarily used in this program versus the “thin” 0.060-inch
specimen tested in this series. Again, this is an open-hole test. Whereas the 0.060-inch-thick
aluminum had insufficient rigidity to :maintain the prestress from coldworking (material
dished around the hole) and no fatigue improvement was achicved, it cannot be finitely
concluded that the 300M material has sufficient rigidity even though the open-hole fatigue
performance in the 0.060-inch-thick 300M was basicully cquivalent to the thicker material;
i.e., coldworking of open holes produced no basic improvement over reamed-only
open holes. -

(7)  Edge Margin and Hole Spacing (Steel)

Edge margin and hole spacing have not proven to be critical in the previous
aluminum and titanium tests. Reference to tigure 190 would indicate that this is also the

case for the 300M steel. [n no case is the open-hole fatigue performance worse than that for
the standard 2D edge margin, 4D hole spacing. The fact that a t-1/2D cdge margin, 5-1/4D

“hole spacing and 2-1/2D edge margin, 4D hole spacing appear to provide the Lest

performance is not logically explainable, Regardless, the indication is that a 1-1/2D edge
margin is not critical with 300M steel, at least with open holes, '
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(8) Pull Process and Sleeve Orientation (Steel)

As previously mentioned, the only coldworking capability that existed for
270-300 ksi steel at the outset of this program was a push process that utilized a carbide
mandrel and a dry lubricant baked into the holes. In the course of this program a steel

mandrel pull process capability (with a sleeve) was developed. This subsection contains
results of tests to assess the relative performance of the pull mandrel/sleeve process for the,

high-strength steel. To assure that a valid evaluation was achieved, these tests were all

conducted with filled holes (net-fit Hi-Lok fasteners). The maximum practical coldworking

interference was used for each process: 0.023 inch for the carbide/no-sleeve, push process
and 0.019 inch for the HSS mandrel/sleeve pull process. As stated previously, the retained
expansion for the pull mandrel/sleeve process was roughly 50% of that for the carbide push
mandrel process on the basis of sleeve thinout and elastic mandrel deformation. The fatigue
performance was roughly equivalent to the retained expansion achicved (see fig, 191),
Reamed-only filled holes were basically 75,000 cycles; carbnde push mandrel coldworked
and filled holes were 300,000 cycles: steel pull mandre! and o split sleeve goldworked and
filled holes were 95,000 to 300,000 cycles; and steel pull mandrel and 9¢° split slecve
coldworked and filled holes were 150.000 cycles. Thus, the steel mandrei/sleeve process did
show some capability of providing « fatigue improvement; albeit, only 50% of that possible
with the carbide mandrel process, regardless of sleeve split orientation. Admmittedly, this
result must be qualified, at this time, to zero-load-transfer applications. Later discussion will
show that surface upset, per se, with carbide mandrels, had no influence upon high-lead-
transfer results: however, the effect of the split orientation upon high-load-transfer interface
fretting and fatigue perforiance is not known at this time.

(9) Countersink and Countersink Sequence (Steel)

Sieeve coldworking a precountersunk hole and filling it with o net-fit
fastener proved to be of little benefit over reaming alone in aluminum, although
countersinking after sleeve coldworking proved to be slightly more beneficial to fatigue
performance than sleeve coldworking and filling a noncountersunk hole. Titanium

-responded in a reverse fashion which further indicates that insufficient interference was used

to achieve the “optimum” interference in the titanium. The lower values used in the
titanium (because higher values caused excessive scatter) resulted in prestressing levels that
were reduced to insufficiently proteciive levels in the straight hole portion of the hole by
posteountersinking, The question is: would the same be true for the 300M stecl?

Reference to figure 192 shows that this does not occur with the steel. In
fact, countersinking and filling a hole in steel after coldworking and postreuming it
produced an outstunding improvement in fatigue perfermance over noncountersunk-hole
performance. Again, this improvement seems to be w function of initially generating a large
compressive zone through high interference coldworking and then reducing the levels of
compressive prestress and supportive tensile prestress to a better balance without reducing
the size of the compressive zone (via metal removal).

Countersinking a hole in 300M (270-3GD ksi) steel prior to coldworking
proved to be detrimental. In this case, the fatigue performance was signiticantly less than
that achieved with reamed-only, noncountersunk holes. This type of result has been
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encountered by Boeing in previous, independent test work. The reduction below
reamed-only performance with precountersunk holes was traced to generation of an
undesirable tensile stress bulge at the hole/countersink juncture after coldworking.

Consequently, with zero to low load transfer in steel, countersunk holes
appear to be definitely preferable in terms of fatigue performance, whether or not flush
installations are desired. It is possible that the same results could be achieved via appropriate
postreaming, but definition of limits have not been evaluated for filled holes in this
program.

(10) Countersink Angle (Steel)

In this test, the 70° countersink angle was evaluated for the steel as it was for
the titanium and aluminum. The results (shown in line 5 of figure 192) indicate that 70°
postcountersinking is also beneficial to fatigue performance of high-strength steel; however,
the 100° postcountersink was definitely superior. Regardless of the reason, a 100°
countersink has proven to be a better selection of angle for all alloys tested in this program
and should remain as the primary standard for countersink angle.

(11) Fastener Fit (Steel)

The use of a clearance fit or an interference fit did not have any significant
effect upon zero-load-transfer performance of straight, coldworked holes in the 300M steel.
The interference fit, however, was only a theoretical fit since the steel stregnth and hardness
was beyond the ability of a conventional steel bolt to effect such a fit. The result was
basically a net fit of a severely scored and broached bolt (see fig. 193). This type installation
produced only a slight decrease in the minimum fatigue performance, but did result in a
wider scatter in results,

Therefore, a net to 0.002-inch clearance fit appears to be an appropriate
call-out for coldworked holes in 300M (270-300 ksi) steel.

(12) One Hole Not Coldworked (Steel)

As discussed in similar, previous subsections, the application of a fatigue
improvement process or fastener system will normally be scloctive with regard to critically
stressed zones, Thus, there may be a transitional zone in fastened joints or structure wherein
adjacent holes may not be “treated”. In the previously discussed aluminum and titanium
sections, such a situation (a noncoldworked hole adjacent to a coldworked one) has caused
no loss in anticipated performance of the reamed and filled hole. In fact, in both the
titanium and aluminum, the performance of the adjacent reamed-only hole was improved,
The initial investigation of this consideration was based on a phoiostress observation in
270-300 ksi steel. This observation (of a possible problem) has now been borne out, That is,
the results on line 8 of figure 192 show that such a situation very definitely decreases the
rcamed-only hole fatigue performance below normally expected levels,
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This result was obtained with the standard 4D hole spacing. No evaluation of

different hole spacing was included in the program. Wider hole spacing would probably

diminish or eliminate this problem. If standard 4D hole spacing is being used, the indication
is that the process must be applied in the structure to a point where the diminished,
reamed-only result will not be a problem.

(13) Prefatigued Structure (Steel)

Available test results with prefatigued structure of 300M steel, shown in
line 9 of figure 192, indicate that 300M material that was cyclic loaded close to origin of
fatigue failure can be coldworked (without metal removal to start) and achieve a fatigue
performance equivalent to that expected of basically virgin material. This result is important
and coupled with the following result could save appreciable time and funds in rework of
existing structure,

(14) Prior Fatigue Crack (Steel)

Line 10 of figure 192 gives results from holes that were cracked in fatigue
cycling prior to coldworking. With the 0.030-inch-long fatigue cracks used, the result of
coldworking these hole§ was performance-equivalent to virgin metal—a total blunting or
mitigating of the prior crack. Coupled with the prior result, this should be useful knowledge
for field service operations, It must be pointed,out, however, that such results are dependent
upon initial crack tength. This result only shows a tolerance for the specified crack length at
the specific test stress when the hole was coldworked.

(15) High Load Transfer (Steel)

For a proper reference, it should be pointed out that the lowest fatigue cycle
scale in figure 194 starts at 1000 cycles rather than the 10,000 cycles normally used in most
figures in this report. The impact of high load transfer upon fatigue performance of the
300M steel was severe. The test results show that coldworking dees provide some definite
benefit in fatigue performance over reamed-only holes; however, the overall level of
performance relative to zero-load-transfer is low. The degree of fustener fit in the
coldworked holes (at the 110 ksi test stress) did not seem to have any effect under these
high-load-transfer conditions. Considering previous results with the titanium and aluminum,
the lack of fastener-fit effect in high load transfer is surprising. The results also indicate that
the antifretting micarta shim is of no benefit vither in enhaacing fatigue performance. The
slight loss in performance for the flush head fastener i. probably a result of the
countersink-to-hole ratio in the 0.125-inch-thick side plate.

! For this stress level, these results are apparently valid. However, the results
are all tightly grouped in a manner indicative of high-stress levels wherein the effoect of
process variations are diminished as S-N curves tend to converge, The impact of the
high-load transfer apparently has put these tests into that position. Thus, lower tost stresses
probably would define some definite differences for the conditions tested horein.
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The fact that the theoretical interference-fit bolt did not have any effect
upon performance might be explained by the photograph of such a bolt (after installation)
in figure 193. This protograph makes 1t obvious that such installations are basically
impractical.

(16) Failure Origins (Stecl)

Figure 195 shows typical failure crigin locations for specified test conditions
with the 300M steel. Similar charts for the aluminum and titanium arc shown in figures 168
and 182, respectively. Other than using these charts to pinpoint specific processing effects,
it is interesting to generally compare all three with regard to general characteristics. That is,
the 2024 aluminum is not generally regarded as a notch-sensitive material (as evidenced by
test results) and its failure origin characteristics are: nonlocalized failure origins without
prestressing and very definite, localized failure origing when protection is provided via
adequate prestressing. The titanium also displayed the nonlocalized failure origins which
would generally indicate that it was not particularly notch sensitive either. In no case,
however, were we able to adequately prestress the titanium to localize failure origins. The
300M steel, on the other hand, displayed finite, localized failure origins in all cases, whether
prestressed or not., Thus, the steet could be considered to be more notch sensitive to start on
this basis alone, :

(17) Stress Corrosion (Steel)

The only stress corrosion tests conducted in this program were in the 300M
steel. The rcasons for this are: peevious tests at Boeing have not shown titanium to be
susceptible to room temperature stross corrosion and stress corrosion tests of the most
stress corrosion susceptible aluminum alloys with coldworked holes and adversely exposed
transvorse end graing did not rosult in stress corrosion problems.

In this test, the figure 11 plate, with 1.6D and 2.0D hole edge margins, was
coldworked and postreamed and then mounted in a fervis-wheel type of setup that
alternately immersed it in a 3-1/2% salt-water solution for 10 minutes and air exposed it for
50 minutes every hour at ambient conditions. After 888 hours of cycling, the test plate was
thoroughly examined by dye penctrate inspection with no evidence whatsoever of any
cracks. Photographs of the plate before exposure and after exposure are shown in figure
196. The before exposure photograph was taken at an angle to accentuate and disclose the
surface upsetting. Some edge bulging is also evident for the 1.6D edge margin holes,

4, ALL ALLOYS-GENERAL
8. Strain Gage Tests (AUl Alloys)

In this serics of tests, specimens of vach major alloy, busically similar to tiguee 12,
were strain gaged at the edge of the specimon adjacent to the holes und between the holes,
These specimens are shown in figure 197, Edge strain was measured prios to coldworking us
the specimen was tensile loaded to specifie loads, The specimens were then unloaded and
coldworked while still mounted in the tensile test equipment (1o avoid setup vaviations),
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The edge strain from coldworking alone was recorded and then the composite edge strain as
the specimens were again tensile loaded to the same loads. This was repeated after
postreaming. The calculated edge stresses for actual and theoretical values are plotted for
arcas adjacent to the holes for cach alloy in figures 198, 200, and 201. The same is plotted
for the edge arca between the holes of the 2024-T851 specimen in figure 199,

As cau be seen, relatively significant tensile stresses are generated at the specimen

~edge of a 2D edge margin specimen by the high-interference coldworking process. These

stresses are charted along with relative material yield strengths and coldworking interference

~levels for comparison in tigure 202. With regard to the aforementioned probability that the

titanium was not adequately prestressed, this chart shows that the tensile prestress at the
specimen edge is 30% of yield strength for the aluminum, 23% for the titanium, and 35% for
the steel. The charts also show that no decrease in cyclic straining would occur in this tensile
prestressed arca when the specimen is cyclic, tensile loaded. This is apparently true when the
tensile prestress is “propped’ by the material itself, It would not necessarily be true for a
hole that is externally propped by a fastener such as the Taperlok. Thus, tensile edge stress
is important with regard to final results once the tailure origin has been driven away from
the hole and "may help to explain the benelits of postcountersinking tor the aluminum and

. steel

b, Photostress Coupons (All Alloys)

Aluminum, titanium, and steel coupons were produced with holes that had

different spacing and edge margins, These specimens were then coated with photostress
= plastic-and the plastic bored out to prevent direct contact with coldwork sleeves, One hole

was precountersunk and most-were then coldworked., Two were left uncoldworked, and one

S coldworked hole was postecountersunk. Photographs of the entrance and exit sides, with

overlaid  polarizing- material to display fringe patterns, of the aluminum and titunium
specimens are shown in figures 203 through 306.

Co Viguilly, the coupons readily depict the degree of prestressing and the magnitude
of the compressive zone, 1t ulso shows that a low-level, small compressive zone is created at
the speeimen edges between the holes. The entive center of each specimen is also at 4 low

“fevel of vompression, The impact of precountersinking and ol successive postreaming
operations van also be dramatically seen. The compressive zone surrounding the hole does

not seem to reach the specimen edge until the edge margin is decreased to 1-1/2D. This

“reinforees the supposition that the compressive zone is 1D in width from the hole edge. The

compressive zones also join when the hoke spacing reaches 3D, The precountersunk holes do

display some surface evidence of a compressive zone: however, there is a discontinuity in

this zone at the split location. Theretore, cven though the split in the sleeve dovs not
normally present any effeet upon fatigne performance of noncountersunk holes or
posteountersunk holes, it dods appear. to be the primary culprit with regard to loss of
pertormance in precountersunk holes, This suggests that a nonsplit sleeve may have some
advantages for precountersunk holes and repair work, This theorem certainly must be

“verified by testing prior to applying it.
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c¢. Comparative Performance and Cost Analysis (All Alloys)

This subsection contains the results of task 5 in phase I1-cost and performance
analyses. The performance analysis considers the comparative performance of the
coldworking system to the tapered fastener system and relative to its application. The cost
evaluation was extended to also include straight shank, interference-fit fastener systems.

Figures 207, 208, and 209 are mean value 8-N curves for the aluminum, titanium,
and steel that include certain extrapolated ci-vos based on single-stress test results. They
include zero-load-transfer and high-load-transfer sesults, coldworking and tapered fasteners,
and different process variations. They graphically and rapidly depict differences. They also
show that the range between least performance and best performance is least for the
aluminum and most for the steel. Whereas high load transfer had little impact upon the
aluminum (when properly handled). it had a serious impact upon the titanium and steel.

Figure 210 is a tabulation of trends in comparative performance and failure
origins for the aluminum, titanium, and steel when subjected to various hole processing and
fastener treatments. Figure 211 tabulates the comparative performance of the coldworking
process to reamed-only holes and tapered fastener installations for aluminum and titanium
at zero-load-trunsfer and high-load-transfer conditions. These tabulations plus previous
details analysis show that the sleeve coldworking systein is equivalent to the protruding head
tapered tastener system in zero- to high-load-transfer applications in aluminum: is superior
for all flush head installations in both alloys: is superior to the protruding head tapered
fastener system in zero-load-trunsfer situations in titanium (cycles and scatter); and is not
quite as good as the tapered fastener system in high-load-transfer situations in titanium (for
the coldworking interference used).

Figure 212 is a tabulation of allowable average stresses within 2D of a fastener to
enable cach material to produce 100,000 cycles in constant amplitude fatigue loading. The -
stress is defined in this manner since it is bused on net ares stresses. As can be seen, it
indicates that one can toierate applied stresses neer the hole in aluminum (when the hole is
properly prestressed) that are higher than those that the base metal can tolerate. Obviously,
gross arca foads must be kept within the copabilities of the base metal; nevertheless, the
author believes this system is meaningful it just requires some analysis or test work to
define stresses in local areas. The gross area stress system is not precise etther. but it does
have a conservative clement built into it. Analysis of this chart on the basis of relative
fatigue performance to metal density for various systems and applications ailows one to
make weight-effoctive material selections for fatigue-critionl appiications. '

Figure 213 is a tabulation of a thorough cost analysis of total installed costs for
various fatigue-ruted fastener systems. The cost clements, detail operation times and the
overall anglysis are contamued in the appendix. The time elements represent g composite of
many different production observations. The ftastener cost elements also represent a
composite of costs us influenced by various conditions such as the user influence and buy
size. Admittedly, the costs of these fusteners can vary signiticantly, but these averaged costs
are considered appropriately relative to one another, The analysis was based solely on a
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3/8-inch diameter by 5/8-inch grip installation as a typical requirement. Different diameters
and grips will affect specific. costs, but-should not significantly affect the relative cost
positions. T :

The analysis shows that the most cost effective titanium fastener installation in
aluminum and titanium structure is a straight shank interference-fit bolt (of appropriate
design). If steel fasteners can be tolerated, then the sleeve coldwork system becomes most
cost cffective. With steel or titanium fasteners, the sleeve coldwork system is significantly
lower in cost for all structures than the tapered fastener system. In addition, the straight
shank, interference-fit bolt is practically-limited to diameters no larger than 3/8 inch.
Therefore, above this diameter the sleeve coldwork system becomes the most cost effective
overall system,
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Figure 11, ~Stress Corrasion Specimen
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Figure 14.--Tinius Olsen Force and Lubricant Test Setup
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Figure 72,=Photo uf Fatigue Fracture Faces  3(8-In.-Diameter Hole and 3/4-In.-Diameter
Haole, Ti-6A1-4V Specimens




" o swomsonc s LABORATORY TEST RECORD wore  ono 702
( REF.
AS5IGNED 10 REQ 8Y DAlE
SPEC BAICHNOT NO
MATERIAL PART NG
'}; SOURCE WORN ORLER *AQ0EL
[ e] RR.NO QLIE REC T Ot
Sample H% L A N fe -1
12 0.0038 014 63 42 014 3/4 in. hoie
1INY 0.0055 0.16 62 a8 018 3/8 in. hole
MATERIAL CODE NC SAMBLE SI2€ OAIE REQUESTED
‘ ¢ Figure 73.-Spectographic Analysis of Ti-6A1-4V Specimens
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Figure 74.Metwllurgical Sections--3[8=-In.-Diameter Hole Specimen (S00X)
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NDT INFORMATION REPORT

ORGANIZATION: 6:7310 PHONE: _ _ 237-7165

OBJECTIVE:  Search for cracks g:ound_ holes as marked on two parts provided.

_ REFERENCE:  Request to M. L. Phelps, 21973

SUMMARY:

Subject paris weve inspectad by use of eddy current using both the ED-520 and the NDT-6
instruments and by using thrae ditferent penstrant inspection methods, which included use
of fluorescent and Hi-Rez penstrant in both standard application and special application

- mathods (“wink" method). ' _

No cracks were detected by any of the Inspection methods.

Engineer: —

- Leat Enginger: o

Supérvisor:

CC:  Ron Neuteld

Figure 82, ~NDT Inforination Report
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Figure 111.--Ridge From Helical Sleeve
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Figure 117.--CP 659 Pull Gun
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Tapered end to facilitate sleeve placement

0.045 in./in, taper

-~ Propossd Mandre! Design

Figure 119, -Mandrel Design

Threaded tang
Radiused end
0.015 in./in. taper Collet tang
B 1 _ 7 'SF
Current Mandrel Design
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) Force Force
Puller and squeezer units K capability capability Oil volume
s:i': )e with with requirement
Drawing L : 7000 psi 10000 psi in.9)
{dimensions in inches) Designation (Ib) {Ib) - fin.7
4 ST1350A032 | 31/8 | 7,000 10,000 4
Sl
Photo— ST 1350A-055 | 5-1/2 7,000 10,000 6
figs.124and125
CP 659 9&14 5,600 7.800 7% &12
Photo- CP 660 12 11,000 16,700 20
figs.117and! 18‘
- L13%8 | grys0a8 | w8 | 18,000 2870 | w7
Phioto—
fig. 127 .
’ ,,?
sT130aC | 68 | 26000 | 3sa0- | ‘2.
STI30ARA1| 1 | 4720 | 6700 1
ST1308 | 6 { 35000 60,000 %
Photo~
hg I:!I

Nou All pullers use ait la teturn stroke and hvdraulics for r:o.w suoke
Figure | 2, Caldworking Puller and .Squw'cr Units
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R s G S L P

E B - Hole diameter {in.)
Pulfer unit /4 2 374 1 14 | 172
ST 1350A.032 2z | 2ua | 2 | e e |1
ST 1350A.055 4-7/8 | 45/8 | 438 | 4vs | 4ve. | 378
ST 1350A-8 534 | 52 514 54/8 0| 5 | 434
{ s713s0ac 34| sw2 | swe |'su8 | 5 |43
ST1350A-RA-1 | . 3/8 18 - ” N N
CP 559 1338 | 1398 | 12778 | v23a | 1268 | 1238
cP 360 1wys | 1nam | s | 103 | 1068 | 1038

Note: Retects only stroke éapabilhy. not force capdbility

C o Figure 123 Maximum Thickness Capability
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Figure 124.-ST 13504 and 1350A-C—Coldwork Pull Guns With Mandrels,
Nosepieces, and Sleeves
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Figure 125.--ST 13504 Coldwork Pull Gun in Production Use for Sleeve Coldworking
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Figure 126. ST 13504 Pull Gun Being Used to Pull Broach for Postsizing
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ST 1350A-B Coldwork Pull Gun
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Figure 128,-ST 13504-C Coldwork Pull Gun
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Figure 130.--8T 1350A-C Coldwork Pull Gun in Production Use for Sleeve Coldwarking -
Vertical Position '
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N
|
, L For use Stroke Capacity '
Drawing Designation with (in.) (ib)
ST 1350A-B1-031
offset adapter ST 13560A-B1-031 3-1/8 7,000
ST 1350A-B-055
thoto— offset adapter ST 1350A-B1055 5.1/2 7,000
fig. 133
——— B
A m ST 1350A-C-A
_[3—/“_“ offset adapter ST1B0AC | 638 | 25000
Photo— i
1-1/2 fig. 136
]
A _
i @ o ST 1350A-ARA2
| angle head with
18 / "11 8 self-aligning ST 1360A-ARA2 7 22,600
: . nosepiece
U l
— | j— Photo~
tig. 136
- ST 1350A-055
t - 7 or
' ) ST 1350A-RAA | ST 1350A-RAA 5-1/2 7,000
' \ ' angle head puller .
6.80 572 angle puller assombly
1
Photo-
=l (=069 fig. 138
2168’ ) ST1350A-RA-A | ST 1350A-RA1 1 | as00 .
‘ f - offset sdapt -
1 Photo— st Klapter
fig. 138

“Figure 132, ~Puller Unit Accessories
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Figure 140, CP 805 Pneudraulic Power Unit and CP 639 Pull Gun




Figure 141, Enerpac Aie-lvdraulic Poseer Pach PAO2T With Remeate Control
Maditication, and ST 13304 Pull Gun
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laptation and ST 1350A Pull Gun
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Figure 144,







Figure 140, ST 13304 Pull Gun With Enerpac Hand Pump
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‘ Fig. 2 specimen

0.250 in. thick
R=0.1

40

30

2 -+ ////;’/L)i, NF

Maximum net stress {ksi)

O
N
N
R

20

[~
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i 10? T - I - 108 | !
. 4 , ~ Cycles to failure :

Figure 149, - Base Metal S:N Scatter Curve: 204-T85 1 Aluminm
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Figure 150.-5-N Scatter Curves - Zoro Loud Transfer Open Holes 2024-T8S1 Ahuminum
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Fig. 2 specimens
%\ 0.250 in. thick
40 } 3/8-in-diameter holes
R=0.1
Kt = 2 43 (open hole)
%
g 4%
3 ® B\%% v
= v 7, g |~ Coldworked
g % A& >  with Hi-Loks
= g
[
E %
E
3
=
25
Reanved
with Mi-l,0ks
20
et T | 108 - 10’

Cyeles wo failure -
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- Figure 151 HisLok $:N Scatter Curves -Zero Load Transfer Filled Holes 2024-T8S51 Alunibnon
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Fig. 2 specimen

| 0.250 in. thick

| 40 3/8-in.-diameter holes
bl % R=0.1

1 K, = 2.43 (open hole)

30

: e NI / /7%%
{projected) 1

) Sl 7

| 47 2Y 7

20 % 2997 / ///J g ’

Maximum net stress (ksi)

N

NF

ARkl
AR

104 w06 108 107
Cycles to faliure

Figure 152.--Tuper-Lok S-N Scatter Curves--Zero Load Transfer Filled Holes--2024-T851 Aluminum




.
5w

TR Y
[
Lo

e r

(no holes)

g LW Fig. 2 specimens
-3 : i /-—Coldworked open holes 0.250 in. thick
‘ . \ 3/8-in.-diameter holes
REERTEEN
\ \ — Protruding-head Taperlok and
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Figure 100, Ridges from Splits in Endeto-Fnd Stacked Sleeves in Coldworked Hole
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Fig. 2-coupon
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Maximum net swress (ksi)
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Maximum net stress (ksi)
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Figure 1806, - Filled Holes and Base Metal SN Scatter Curves - 300M Steel
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Figure 190, S00M Steel Stress Corvasivn Cotipont Before and Afier Testing
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Frgure 197 Edge Strain Coufranty
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Material Hole Coldworking Stress increase Yield strength
diameter (in.) interference (in.) {psi) {psi)
2024-T8561 3/8 0.019 17,000 58,000
Ti-6A1-4V 3/8 0.019 31,500 136,000
{annealed)
300M (270-300 ksi) 3/8 0.023 89.000 250,000
Figure 202. - Tensile Stress Increase From Coldworking at Point Adjacent to
Hole on Edge of 2D Edge Margin Specimen
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axmnum ne
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ZlI.T 'd hl d]T— rl k ]
o ~protruding-head Taperlo
3/8-in.-diameter holes \\‘ Y- ZLT—coldworked, net-fit 100%head Hi-Loks
45 HLT-—coldworked mterference fit Hi-Lok and shim
\\ /L— ZLT coldworked net-fit protruding-head Hi-Lok
W \ ZLT--coldworked clearance-fit protruding-head Hi- Lold
\ \ Vot ! |
\ HL T protruding-head Taperlok and shim
40 |
X \ \ Base metal
\\\\\ \ HLT—coldworked, net-fit Hi-Lok and shim
% A
HLT--coidworked, clearance-fiz Hi-Lok
and shim
HLT--coldworked, nst-fit Hi-Lok, no shim
\ ZLT --coldworked, open
%0 \ X\ \‘\\ |
N \
HLT ~reamed, net-fit \ \
Hi-Lok and shin s \ N
25 N
\ /7 N
\ / \ N
LIRS reamad, noy-fit <
ZLT-reamed, open hole protruding-head Hi-Lok L
| | ZLT - coldworked, intw terence-fit protruding-head Hi-Lok
104 : 106 ‘ ‘06 '07
Cycles to failure ‘
Figure 207, - Exvrapolated $-N Curves—2024-1851
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A AT AT

i
; 2024-T851 Ti-6Al-4V 300M {270-300 ksi)
? Condition LT LLT HLT Z2LT LLT HLT LT LLT HLT
Base metal 42 - - 110 - - 140 - -
Reamed open 22 - - 52 - - 106 ~ -
100
, C/W open 33 - - 8 | - welt| -
Reamed only
with netfit 1 | e | el g6 | No o lae® | 105 i 23
protruding-head Hi-Lok
C/W and postreamed
with net.fi 8 | @ (Y1 e |e |[%6 |o | o8
protruding-head Hi-Lok 42 48 84
C/W-no postream,
f No . No No No No No No
with netfit 42 64
protruding-head Hi-Lok dats data data data data data | data
C/W and postreamed .
with clearance-fit s | Mo {a | p | N [aa | 120 No | st
protruding-head Hi-1.ok :
C/W and postreamed
with interferance-fit - | N et | e | Mo el | e o, | st
protruding-hesd Hi-Lok
' Pre-csk, C/W. andd postreamed N N N N N N
: with nat-fit 3 0 o 87 o 0 85 0 0
: 100 -head HiLok date | data dats | dats data | date
¢ C/W, postreamed and post-cak
§ with nat it o | | e | ja® [ e | N | e
, 100 -head, Hi-Lok -
' Protruding-hesd No ) § a1 No {b} No No No
Topariok ML [T | e BT | date | e | ae
100 -head 5 | No | Mo g2 | No am | N No | No
Tapariok data | data data date . data | data
;. N : ‘
5 No postream
ith micaria shim -
- Figure 212 nAllowable Average Operating Stress (KS1) wnmn 2D Zone of l‘asmwr To Prodm.e '
: ' 100 000 Cyclu (No .S’ajﬂty !'acmr) '
é N =",
l -
4
i
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System

installed Cost (Dollars)

Steei Tapetlok

wd Ti )
steel mat o ' —
St
Al
Steel Tapuilok —
and Ti
Ti seal bt ]
s
Al .
T Tapettok _
angd Ti
steel mnt ]
st
Ti Taperiok Al
Vi seal nut i —
Tiranium Hi Lok|
and T
Al collin
{caldworked hole) —
Ti Mi- Lok
and
Al seal nut
{eoldworked hole)
Steel lockbolis
and
10% steal Mi-Loks
with seal nuts
leoldworked hole)
- Tibolt
- and ' 3/8-In. digmoter holes
Al nut in T - /8 in. grip o
iterference :
hole St | Not applicable '
T boh Al
and 1.
Alseatog | T
in interference ‘
hole St | Not applicable
. 1 _ )
0 1 2 3 4

Figure 21 3.~ Installed Cost for Different Fatigne-Rated Fastener Systems

in Aluminum, Titantum, qnd Steel

297




ka««»

R ST BT X730 5 10m cave ¢ an s = aacs s e e e

Tl
=i

BRI

s

SN e TR

i
i
i !

CATRE

i
b
(&8
o
"
.
N
3
2
i
i
#5.7
37
e
s
&
3
&7
8.
o
£

e e L

DEPARTMENT OF THE AIR FORCE

B T R R L S

AFML/MXA
WPAFB, OH 45433

AFML/MX (Librarian)
WPAFB, OH 45433

AFML/LTM
WPAFB, OH 45433

AFFDL/FBS

Attn: Applicd Mechanics Branch

WPAFB, OH 45433

AFLC/MAUT
Attn; Lt. Col. 8, G, Martin

“WPAFB, OH 45433

AFLC/MME
Atin: Mr. A, B. Richter
WPAFB, OH 45433

ASD/SDXE
Attn:  Mr. Ray Ingram

- WPAFB, OH 45433

ASD/ENFS

‘Attn: Mr. Dick Stewart

WPAFB, OH 45433
ASD/YAEF

| - Attny: Mr, Harold W, Howard

~5A SPO Bldg, 52
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