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Initial DIC measurements

Example DIC results from initial measurements below

0.6% interference; -20 ksi applied stress

* Results start at 0.014” from the hole edge

DIC strain vs position data is averaged over a 0.02”x0.02” square

IFF round robin: no averaging was performed on the results submitted by all participants

IFF-8 IFF-8
0.001 0.004
0.0005
0 | 0.003
-0.0005
£ 0001 _ 0.002
£ 00015 ¢ Pin 3 0.001 « Pin
S -0.002 . 2 O
& -0.0025 «-20ks! £ * -20ksi
-0.003 * Unload 0 « Unload
-0.0035 0.001
-0.004
-0.0045 0.002
0 1 2 3 4 0 | ) 5 4
Distance from hole (r/a) Distance from hole (t/a)

Working Group on
Engineered Residual 2
Stress Implementation



Process model — example effect of the averaging

Use Renan’s model results for comparisons to
evaluate effect of the averaging

« Sample and fastener; fastener pushed into the hole

« Yasymmetry
* Frictionless contact between bore and fastener

« Chamfer between minor and major diameters of
fastener

Fastener shank surface

e

L, Push fastene,. in

Bore surface

" Working Group on
| Engineered Residual 3
U: Stress Implementation




Process model — averaging

Averaging of the model results was performed
for comparison to DIC results

« Figure shows 15 points (black circles)
along radial direction

« Strain was interpolated with uniform
spacing within a 0.02"x0.02" square
centered at the black point

« Since the model was a symmetry model,
we only have results for the half of the
square shown

« The averaged results were compared to a
simple pointwise interpolation along the
radial line

« All IFF round robin results are pointwise
values (not averaged as DIC)
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Process model — averaging

Results start at x = 0.125 + 0.014 =
0.139” (0.014” from hole edge)

 This is where DIC results start

Fastener installed step, 1.2% IFF

Fastener removed step, 1.2% IFF
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Summary

Except very close to the hole, averaging does not seem to have a large effect

* In areas where it did, the model strains are extremely high (and unrealistic, > 25,000 microstrain)

Following slides compare FE results from round robin (pointwise values) to DIC results
(averaged values)
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Open hole

FE round robin (pointwise)

DIC strains (averaged)



Models vs DIC — Open hole, -10 ksi remote stress
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Models vs DIC — Open hole, 10 ksi remote stress

10 «10°  Short ligament, pin exit, load - 10 «10° Short ligament, pin exit, unload
—Sub1---Sub 4 Suwb7 | | | e Sub2 —Sub5 o DIC29
----- Sub2-—Sub5---Sub8 ---Sub 4 —Sub 6
— —Sub3=—Sub6 © DIC?29 —
T 5 € 9
E E
£ =
Radial strain £ £
—_ _— o
< 0 ©-0—0—0—0—0—0-0-0-0-0-0-0 ooo S0 0--0-0-0-0-0-0-0-0-0-0-0-0-0-0
g 3
o o
-5 : : -5 ' '
1 1.5 2 2.5 1 1.5 2 2.5
x/R x/R
10 «10°  Short ligament, pin exit, load 10 «10° Short ligament, pin exit, unload
—Sub1---Sub 4 Suwb7 | | | e Sub2 —Sub5 o DIC29
----- Sub2-—Sub5---Sub8 ---Sub 4 —Sub 6
N —Sub 3 ——Sub6 © DIC 29 N
IS IS
Hoop strain E E
g \ " g
..5 nnnnnnn 0-0 0 O d(?)‘
g 0r g 0 oo
(@] (@]
T T
-5 -5
1 1.5 2 2.5— 1 1.5 2 2.5

Working Group on x/R x/R
Engineered Residual 1 O
Stress Implementation



Models vs DIC — Open hole, 20 ksi remote stress
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Models vs DIC — Open hole, 30 ksi remote stress
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Neat fit + remote load

FE round robin (pointwise)

DIC strains (averaged)



Models vs DIC — neat fit, -10 ksi remote stress
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Models vs DIC — neat fit, 10 ksi remote stress

Short ligament, pin exit, install
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Hoop strain (in/in)
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Short ligament, pin exit, load
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Models vs DIC — neat fit, 30 ksi remote stress

Short ligament, pin exit, load

Short ligament, pin exit, unload

Short ligament, pin exit, install
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0.3% IFF + remote load

FE round robin (pointwise)

DIC strains (averaged)



Models vs DIC — 0.3% IFF, -10 ksi remote stress

Short Ilgament pin eX|t install

Short Ilgament pin eX|t load

Short ligament, pin exit, unload

0.015 0.015 0.015
----- Sub2---Sub8 4 DIC15 -=--Sub 2 =—=Sub 6 »> DIC 03 ’ e —
’ Sub5 o DIC 06 ’ 0.01¢F
= —Sub6 = DIC 04 = _
= L = L <
£ 0.005 < 0.005 < 0.005
£ £ =
Radial strain & 2 0 » s EFEERT R S gl
© T 7~  ChErEE =2 :Z:—#—s'p'>>>>>>>>>>"”p
5 S .0.005 2
= = S -0.005+
o
'001 B '001 B _001 L
-0.015 : : -0.015 : :
-0.015 : :
1 1.5 2 2.5 1 1.5 2 2.5 1 15 2 25
x/R x/R x/R
Short ligament, pin exit, install Short ligament, pin exit, load Short ligament, pin exit, unload
0.015 . ‘ 0.015 . ‘ 0.015 : ‘
----- Sub2---Sub8 4 DIC15 -=--Sub 2 =—=Sub 6 » DIC 03
| ---Sub4---Sub9 » DICO3 | Sub5---Sub9 |
0.01 Sub5 © DIC 06 0.01 0.01
— —=Sub 6 = DIC 04 — e
c c c
Hoob strain = 0.005 ¢ >A>A>A>A = 0.005 ¢ g = 0.005 ¢ "

p £ ‘“‘“‘:A‘:A:bb’khe-—m-g ;>>>>>>>>> £ ?\>>>>>>>>>>>Dbbbbb
g 0 o rrarey g 0: >>>>>>>>Mg or E
(2] (2] (2]

g g g

o -0.005+ o -0.005+ o -0.005+
T T T

-0.01¢ -0.01¢ 001 Sub2—Sub6 > DIC 03
Sub5---Sub9
-0.015 : : -0.015 : : -0.015 : :
1 1.5 2 2.5- 1 1.5 2 2.5 1 1.5 2 2.5—
x/R x/R
18

{ Working wivup uni X/R
| Engineered Residual
) Stress Implementation




Models vs DIC — 0.3% IFF, 10 kSI remote stress

Radial strain

ERSI
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Models vs DIC — 0.3% IFF, 30 ksi remote stress

Short ligament, pin exit, install Short ligament, pin exit, load Short ligament, pin exit, unload

Stress Implementation
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0.6% IFF + remote load

FE round robin (pointwise)

DIC strains (averaged)



Models vs DIC — 0.6% IFF, -10 ksi remote stress
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Models vs DIC — 0.6% IFF, 10 ksi remote stress

Radial strain
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Models vs DIC — 0.6% IFF, 30 ksi remote stress
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1.2% IFF + remote load

FE round robin (pointwise)

DIC strains (averaged)



Models vs DIC — 1.2% IFF, -10 ksi remote stress
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Models vs DIC — 1.2% IFF, 10 kSI remote stress
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Models vs DIC — 1.2% IFF, 30 kSI remote stress
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A-10 IFF Testing & Analysis Program

Phased approach with increasing complexity

« Phase 1: assessment of as-installed state Parameter T
« Simulate and empirically quantify the strain and stress state near a hole in the Pin matorial 52100 see! pin
presence of an interference fit fastener Coupon thickness 0.25 inch
3 levels of interference Nominal hole size 0.25 inch
- 3D nonlinear FE process modeling; DIC and strain gages for surface strain Spen o
measu rements Interference conditions 0.3% interference
« Phase 2: fastener installed + remote loading 0.6% interference
 Repeat Phase 1 but with the addition of remote loading and unloading (multiple D1|§°(/;Ii|";z::;22)
load levels and interference levels) Strain monitoring Strain gage (it
« Phase 3: analytical methodology to account for interference fit fasteners "30’;2’
during crack growth ok
« Perform multi-point fatigue crack growth analyses including interference fit Static stress levels 0
fastener conditions (Phase 2) 10kl
 Blind predictions prior to fatigue testing to be performed in Phase 4 22 t:

-« Phase 4: fatigue crack growth testing with interference fit fasteners Fatigue crack growth | o amliude loading
atigue crack gro Smax = xxx ksi, R = xxx

» Perform fatigue crack growth testing of neat fit and interference fit conditions testing (Phase 4)
» Use fatigue test data for validation and refinement of analytical methodology
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A-10 IFF Testing & Analysis Program

Verification Tests
« Design conditions WA
» Fasteners — gauge pins with ground transition geometry \

» Data capture
» 3D geometric measurements of fastener and hole e
« Calculate applied interference along bore
» Surface strains (primarily DIC)
» Leverage lessons learned from ERSI Cx 2x2 Residual Stress Validation Effort
» Conditions
» After fastener install
» At each applied load
» After each unload
» After fastener removal
« Transition point for fastener gapping
« 3D geometric measurements after loading and fastener removal
» Calculate retained interference along bore and characterize any plasticity
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A-10 IFF Testing & Analysis Program

Coupon design
* “Dog-bone” with geometric center located 0.25” diameter hole
« Same geometry used in prior ERS studies
« Extracted in the L direction at mid-thickness

Material

- - — | REV | DESGRETION | DHE, BY | D4TE. | APPRIGED
|EDM/water—Jet/\user—cui final surface finish not ullowed‘ [ 1 [CREATE CRawNG | i Feiger | 557 | owo
7 H
« 2024-T351 plate (0.3125" thick
ate (0. ic
68 i
* Material Test . T
aterial | estln o - ]
. |EE _—/,‘e—yee— ——%5——— — 3
o T .I 5 EE BE00 {5ea nrta 7] s e
ensile (5 coupons -
he— 2826 4 BL Ralling Direction
« ASTM ES8 Nots: i
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° FCG R It- I R I § gg:;i:u”mlb_({mi;:; out=plon) . CHM: measure ond record hole diometer ot
- . three Ipcoti
(m u I p e Va u eS) 4, Wachine thickness on each fuoe; flip coupon every 0.017 of thickness removed; finol poss not to ewceed 0.005° 11 e n:urf:z: 1 {0 surface)
5 Hand—zand with emery cloth i roling direction after flycutting 1'2' id—h
6 Lost 0027 remeval on edges must be dene ot G005 passes 1'3' m'{ nrez e fle I surfoce)
° S 6 : - k3 surface 7 {side cppasite 10 surfoce
A TM E 47 ; ;Ieﬂﬂﬂ;um:ﬁ:.:mm?:mm 02500 +0.0005,/-0.0005, do not breok edges 2 Report areroge and max/min
4 Specimen I0: include "axit” Inbel for one side of coupon
. cimen (D Z4363_IFF_AL2024 —1 thru 50
 M(T) geometry w
WATERWL UNLESS OTHERWSE SPECIFED: | TmE
2024-T351 INCH TOLERANCES 24363_IFF
2 PLACES |3 PLACES [ANGLES -
AisH o | 05 |+ Sauthwest Research Institute
RRMS [onncn s s St i, T 7550
+IRLL CEFTHS MRE TO FULL DU :
e R b i
+THRD KELE PROE .
o @ seae NG SCALE [ 1 0OF 1
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A-10 IFF Testing & Analysis Program

Coupon manufacturing
» 50 coupons have been fabricated
* Holes measured via CMM

» Gage pins were custom ordered to match the interference fit required per specimen
* 0.3%, 0.6%, and 1.2% interference
« Gage pins were machined to match the chamfer of a Hi-Lok

« One pin from each interference level was measured using an optical comparator to ensure the appropriate chamfer
angle was achieved during machining. A sample measurement is provided below.

0.0394000in
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A-10 IFF Testing & Analysis Program

Fastener Preparation

* To mimic the Hi-Lok installation, cetyl alcohol lubricant, Perma-Slik 1460W, will be used to coat the pins prior to
installation.

e Per the lubricant’s instructions, the pins will be degreased with trichlorethylene. Then, the pins will be dipped in the lubricant and
dried in a slow moving, heated air oven.

* A coated pin is shown on the left and the degreasing process on the right.
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A-10 IFF Testing & Analysis Program

DIC setup

» Collect digital image correlation (DIC) data globally on the pin entrance side and locally on the pin exit side
* Global Side: 6” x 2.5” FOV
* Local Side: 17 X 1" FOV

S
| 1=DIC area
90°
, ) _ ' Pin exit surface
Bulk strain High resolution ‘/;I.
DIC area DIC area near hole

(pin exit face) \

180°
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A-10 IFF Testing & Analysis Program
Coupon prep for DIC

Global Side: speckled with Local Side: airbrushed
black spray paint/stamp with a fine, black ink mist
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A-10 IFF Testing & Analysis Program

DIC Setup
» Correlated Solutions software and hardware
« 3D setup
* Global side: 5 MP cameras with 25mm lens
* Local side: 8 MP cameras with 17 mm lens
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A-10 IFF Testing & Analysis Program

Pin installation setup

e Servo-mechanic test frame at constant rate of
displacement

« Gage section supported

- Relief hole at 3x diameter the fastener hole

- Record load and displacement during installation
 Preserve speckle pattern with Teflon and silicone layer

< - 5 ! & s
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A-10 IFF Testing & Analysis Program

DIC prior to pin installation
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A-10 IFF Testing & Analysis Program

DIC after to pin installation
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A-10 IFF Testing & Analysis Program

Global results
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A-10 IFF Testing & Analysis Program

Local results
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