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Nonlinear Mechanics and Dynamics (NOMAD)
2 Research Institute

oHosted by Sandia National Laboratories
and University of New Mexico

oCollaborative opportunity to work on
research in topic areas across nonlinear
mechanics and dynamics

o7 week program held in Albuquerque,
New Mexico; open to graduate and
highly qualified undergraduate level
students
. Mentorship opportunities for faculty

Interested students please contact
NOMAD organizers at:

0 nomad@sandia.gov
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For more information, please visit: http://www.sandia.gov/careers/students_postdocs/internships/institutes/nomad.html



I Research and Applications of Mechanics of
Structures (RAMS) Institute

oSped your summer in Albuquerque
working at Sandia National Laboratories!

,Collaborate with staff members to
perform research and solve mission
critical problems.

oRAMS program exposes students to the
laboratory (and Albuquerque/New
Mexico) through tours, guest speakers,
weekend trips, and other activities.

r Dates are flexible, but typically from
late May — late July or early August

Interested students please contact RAMS
organizer at:
0 ov

•

Exceptional service in she national interest
Sandia
National
Laboratories

Research and Applications of

Mechanics of Structures
(RAMS) Institute

rgatin n a I Security Mission

Sandia National taboratories dehvers essential
sdence and technology to resolve the nation's most

challenging security issues. A strong science,
technology, and engineering foundation enables

Sandia's mission through a capable research staff
working at the forefront of innovation,
collaborative research with universities and
companies, and mission directed research projects.
We recruit the best and the brightest, equip them

with world-class researsh tools and facilities, and
provide opp ortun ities to collaborate with technieal

experts from many different scientific disciplines.

institute Description
Sponsored by Sandia's Engineering Sciences Center,
the Research and Applications of Mechanics of

Structure-s (RAMS) institute provides students an
opportunity to work with outstanding technical. staff

In providing engineering solutions to national security
mission deliverables, institute participants will
research, develop, and apply computational
capabilities to define m ech an ical environments and
simulate response of complex structural systernS

subjected to extreme loading conditions.

Students work in a collaborative environment and
participate in frequent technical and team building
activities throughout their internship, including career

discussions, tours, and invited speakers.

interns Needed
Highly qualified graduate and undergraduate

engineering students with an interest in structural

mechanics research and a p-plications, including
environments definitions, structural mechanics

simulation, fnatena I mechanics, and shock physics are
needed to suppcirt on-going programs during the

summer of 2018. Undergraduate students
tra risitioning from the JUn ior to Senior year and

graduate students having completed at least one year

of studies toward an MS or Ph.D. degree are
preferred. Successful candidates wlll be assigned a

staff mentor and work as part of a team of interns
from across the United States, Students will be

challenged to conduct independent and group wcirk
arid to actively engage in mission activities_

Applying
Minimum GpA9 Of 3-0 nri a 4.1) scale are required at

Sandia for student internships. Preference will tie

given to students that meet a more rigorous standard

of 3.5 undergraduate and 3.7 graduate GPA.
Applicants must be eligible to pursue a Department of

Energy security clearance. More information and

application is available at the Sandia recruiting web .
site: htto://www.s andi a .gov/careers

Search for specific internship postings Sh558561
(graduate), 4658569 (undergraduate).

Please direct any questions to Cassie Miller at
cnnillePsand ia . Roy.

y,ni.lwpon.l-+ppnrcrn a E rr.n.rrt cr, on Istwaary nwmed and opraul by Mama, rec.ollgy &al Ertglnem. 5dirriono Err Sar.a. LLC .
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4 Motivation

Finite element analysis of complex, full system structures is increasingly relied upon to
inform engineering decision-making.

We're especially interested in abnormal
environments where predicting failure
is important, and the numerous
fasteners in these system models can
be:

oDifferent sizes

oSubjected to diverse loadings

oLoaded at various rates

Difficulties:

Modeling fidelity requirements of
system level models.

oTesting each individual component in these complex systems and structures is often
infeasible.

Goal: Gain a fundamental understanding of threaded fasteners

through exploration of testing procedures, modeling processes,

and the underlying physics/material science principles.



5 I Integrated Effort
Trying to develop our knowledge in three main areas:

Modeling capabilities:

O Strain Rate Effects

O Analysis Best Practices
Lid

O Size Effects

o Multiaxial Loading1

Testing of Threaded Fasteners:

O Strain Rate Effects

o Testing Best Practices

O Size Effects2

o Multiaxial Loading

Fixture
Base

N omentum
Trap

Bushing

Tensile
Mass

End Cap

Momentum Bar

Gun Barrel
oupler

ushi
Lid

astner-

Tensile Mass

Fixture Bas

Strain Ude:: Strain Ga.re

►
() 0

Air Cylinder Poppet Vake

Fundamental Physics, Mat Sci, and High Fidelity Modeling:

Schwarz Method3 (Multiscale)

• Grain Size/Structure

o 3D Helical Fastener Model

Incident Bar
El+13

-- _

fraiNni.sion Bar

1Camarena, E, Quintana, A., Yim, V. et. al., "Multiaxial Loading of Threaded Fasteners", 2019 AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, AIAA SciTech
Forum, AIAA2019-2271, San Diego, CA, 2019.
2Veytskin, Y. B., Bosiljevac, T.R., "Testing the Influence of Size Effects on Load-Displacement Behavior and Failure in Threaded Fasteners" 2019 SEM Annual Conference, Society for Experimental
Mechanics, Reno, NV, 2019. Submitted for Publication.
3Mota, A., Tezaur, I., Alleman, C., "The Schwarz alternating method in solid mechanics," Comput. Methods Appl. Mech. Engrg. Vol. 319, 2017, pp. 19-51.



61 Outline

Best Practices for Testing and Modeling1 (15 Minutes)
"hvaluating the Peoruyance of Fasteners Subjected to Multiple Loadings and Loadings
Rates and Identing Sensitivities of the Modeling Process"

Recognizing and Modeling Dynamic Effects2 (5 Minutes)
`A Case Study for the Low Fidelio Modeling of Threaded Fasteners Subjected to Tensile
Loadings at Low and Hi h Strain Rates"

Investigation of Size Effects in Fasteners3 (15 Minutes)

- 'Modeling Hmpirical Ske Relationships on Load-Displacement Behavior and
Failure in Threaded Fasteners"

4Mersch, J. P., Smith, J. A., Johnson, E. P., Bosiljevac, T., "Evaluating the Performance of Fasteners Subjected to Multiple Loadings and Loading Rates and Identifying Sensitivities of the Modeling Process," 2018
AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, AIAA SciTech Forum, AIAA2018-1896, Kissimmee, FL, 2018.
5Mersch, J. P., Smith, J. A., Johnson, E. P., "A CASE STUDY FOR THE LOW FIDELITY MODELING OF THREADED FASTENERS SUBJECT TO TENSILE LOADINGS AT LOW AND HIGH STRAIN RATES," ASME Pressure Vessels and
Piping Conference, PVP2017-65518, ASME, Waikoloa, HI, 2017.
6Grimmer, P.W., Mersch, J.P., Smith, J.A., Veytskin, Y.B., Susan, D.F., "Modeling Empirical Size Relationships on Load-Displacement Behavior and Failure in Threaded Fasteners", 2019 AIAA/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference, AIAA SciTech Forum, AIAA2019-2271, San Diego, CA, 2019.



71 Original Test Series

Performed quasistatic and
dynamic testing for pure
tensile and shear loadings on
NAS1352-06-6P threaded
fasteners in hardened steel
bushings.

Calibrate reduced order
modeling approaches to
quasistatic test data.

Assess these common
approaches.

Quasistatic Tension Test Setup

Dynamic Tension Test Setup

Quasistatic Shear Test Setup

-
••••••..... . • i ;.;._

iti,.. (11k )1e 4)
* .1ir. .

Dynamic Shear Test Setup

How well do our calibrated models Imr

extrapolate to other loads and loading rates?



8 I Quasistatic Tension Tests

Test fixtures made of tool steel. Fastener
A574

Four DVRTs located in bottom bushing

take local displacement measurements of

bushing separation.
DVRT

Locations

Tests performed on both preloaded (20 in-

lb) and hand-tightened fasteners.

NAS1352-06-6P
Head Diameter,

A in
Head Height, H,

Shank Length,
L in
Major

Diameter, D,
in

Tensile Stress
Area in2

Bushings

/St4340

Bushing

Holders
St4340

NAS1352-06-6P Fastener

Quasistatic Tension Test Setup DVRT Locationsin Bushing

SML6-3 SML6-7 SML6-12 SML6-13 SML6-22 SML6-31 SML6-33 Model

0.222 0.223 0.222 0.224 0.224 0.221 0.224 0.226

0.138

0.375

0.1367 0.1365 0.1372 0.1372 0.1371 0.1372 0.1369

0.3688 0.364 0.3673 0.3639 0.3618 0.3686

0.134 0.133 0.134 0.134 0.135 0.134 0.135 N/A

0.0084 0.0083 0.0084 0.0084 0.0086 0.0084 0.0086 0.0084



1
9 High Strain Rate (Dynamic) Tests

To create a dynamic loading scenario
test fixtures were bolted to the
carriage of a bungee accelerated
drop table.

Fastener

When the drop table carriage Shear Mass

impacts the reaction mass the
fastener experiences a tensile loading
caused by the acceleration of the
tensile mass.

Multiple accelerometers placed on
test fixture for validation metrics.

All tests were performed with the
fasteners preloaded to 22 in-lb.

Bushing

Fixture
Base

Dynamic Shear Test Fixture

Drop Table

Dynamic Tension Test Fixture i

Drop Table Experimental Setup

1



10 I Dynamic Tests

Main objective: determine failure load of
fastener while varying shape of pulse
acceleration.

Five pulse levels were chosen that spanned
the entire range of the drop table capability.

oStrain rates ranged from —100-1,000 8/s

With only four screws to test at each velocity
level it was critical to bracket the failure point
by achieving both a catastrophic failure and a
non-failure within the four tests.

"Pulses" approximately take the form of a
haversine function.

ir Tct
Ksin` (-

3600

3000

2400

1800

1200

600

0

1000

Bracketing Failure in Test Results

0 0.5 1 1.5 2

Pulse Duration (ms)

Example Pulse Acceleration

TEST

Time (ms)



111 Analysis Models

One-quarter (quasistatic) and one-half
(dynamic) of the test setups were
modeled utilizing symmetry.

Fastener
A574

Displacements analytically measured at
DVRT locations on quasistatic analysis DVRT
model. Locations

Pulse acceleration applied to bottom of
fixture base in dynamic analysis model.

Tensile 200*
Mass

„ 1500

Fixture
Base

Dynamic Tension Test Fixture

Bushings
St4340

Analysis
DVRT

Bushing
Holders
St4340

•

Analysis
Stroke

Quasistatic Tension Test Setup and Analysis Model

Example Pulse Acceleration

lirKsin2 (7t)

3

Tensile Mass

Dynamic Tension Analysis Model



121 Reduced-Order Modeling Approaches

Study two low-fidelity modeling approaches: Plug and Spot Weld

Plug

(oHex elements

oElastic-plastic constitutive model

oPiecewise-linear hardening

c EQPS death criterion

eqps
2.110e-01

- 0.15825

0.1055

- 0.05275

0.000e+00

Spot Weld
oHex elements

oNon-linear elastic constitutive model

oP-61 defined relationship

oFails at end of P-61 curve

DISPLACEMENT



13 I Test Results — Quasistatic Tension

Fastener
Displacement measurements from stroke and A574

DVRTs were very different.

Compliance significantly contributes to data

acquisition.

Where does this compliance come from?

1800

1500

_1200
.0
..=...,
a)
c.)
8u_

900

600

300

0

Load-Displacement Test Data

0 0.01 0.02 0.03

Displacement (in)

0.04

8
a.

1800

1500

600

300

0
0

DVRT
Locations

Bushings
St4340

Bushing
Holders
St4340

Quasistatic Tension Test Setup

Smoothed, Shifted Test Data

0.01 0.02

Displacement in)

0.03

To which set of data should we calibrate?



141 Calibration

Performed calibrations for both the DVRT and

stroke data using plug model.

Used quasistatic tension load-displacement data to

calibrate.

Fitted DVRT and Stroke test data with

representative analysis measurement.

1800

1500

— 1200
.0

a) 900

u_ 600 •
•

DVRT Calibration Results Stroke Calibration Results
1800  

FIT

•

•
•

DVRT

300

0
0 0.01 0.02

Displacement (in)

1500

— 1200

a) 90020
600

300

FIT

STROKE

0  
0 0.01 0.02

Displacement (in)

Analysis
DVRT

A

Analysis
Stroke

Quasistatic Tension Analysis Model

0.03

200000

; 1 8 0 0 0 0

2 160000

(+15.
140000

>zcr 120000

100000
0

MLEP Hardening Curves

STROICE

0.02 0.04 0.06 0.08
Equivalent Strain

0.1



151 Analysis Results — Dynamic Tension

Fastener

Lid

Fixture
Base

Dynarnic Tension Test Fixture

Common Qols

Bushing Failure Load Test-Analvsis Comparison Analvsis Time-to-Failure3600   2.4
Tensile
Mass

- Failure Load
- Time to Failure
- Displacement at Failure

Note: Same Pulse App(ied

0 02
z
LL 0.018
46, 0.016
0.014o.

8 0.012 0

3000
—• 2400
o • 1800
ci.): 1200
• 600
o_ 0 0 0.5 1 1.5 2 2.5Pulse Duration (ms) 3

cE) 0.6

0

❑
O
•

0

a

EDVRT
•STROKE

0 0.5 1 1.5 2 2.5 3 3.5Pulse Duration (ms)
Analysis Displacement-at-Failure0.022   1800

150000 0 0 • 0 0
I1R°/, nifforonr
Ll 1:1 ❑ C

01)\

OSTROK1

0.5 1 1.5 2 2.5 3 3.!Pulse Duration (ms)

_1200
04) 900
• 600

300
0
0

DVRT STROKE

, 
0.01

Additional
— Energy
Absorption!! '

0.02 0.03
Displacement (in)



1, I Analysis Results — Dynamic Shear

Fastener

Shear Mass'

Bushing
Common Qols

Fixture
Base

- Failure Load
- Time to Failure

Note: Same Pulse Applied

Dynamic Shear Test Fixture

Failure Load Test-Analysis Comparison
3600

3000

0

1200

os
I. 600

Fa
il
ur
e 
T
i
m
e
 (
m
s
)
 

0
0 0.5 1 1.5 2 2.5 3 3.5

Pulse Duration (ms)

TEST

DVRT
%

..... 
STROKE 

........

20+% Difference

2

1.6

1.2

0.8

0.4

0

Analysis Time-to-Failure

30% Difference
•

O •
•

0 0

O 0

O ODVRT

IIISTROKL

0 0.5 1 1.5 2 2.5 3
Pulse Duration (ms)

3 5



1800

1500

—1200
.0

900

8
u- 600

300

0
0

1,1 Reflecting on the Results —What Happened?

DVRT and stroke are very different in testing, but

equivalent in analysis.

Young's Modulus was reduced by a factor of 5 to

match stroke test data.
Analysis
DVRT

More common than one may  
ii

oProperties from literature 
Tests are obtanng JO/NT

behavior, not fastener
oOne source of displacement ctata

Quasistatic Tension Analysis Model

Analysis
Stroke

Smoothed, Shifted Test Data
TEST DVRT TEST STROKE

0.01 0.02

Displacement (in)

0.0

—1200

61' 900

8
LL 600

300

0  
0

Analysis Displacements — DVRT & Stroke Stroke Calibration Results
1800   1800

ANALYSIS  
1500 DVRT 1500

ANALYSIS
STROKE — 1200

.0

4:1) 900

0.01 0.02

Displacement (in)

0.03

o
600

300

FIT

STROKE

EA574- - 30 Msi

ERT=5.2 Msi

0.01 0.02
Displacement (in)

0.03

Calibration techniques can be a large contributor to uncertainty and error



181 Outline

Best Practices for Testing and Modeling1 (15 Minutes)
• "hvaluating the Peoruyance of Fasteners Subjected to Multiple Loadings and Loadings
Rates and Identing Sensitivities of the Modeling Process"

Recognizing and Modeling Dynamic Effects2 (5 Minutes)
O 'A Case Study for the Low Fidelio Modeling of Threaded Fasteners Subjected to Tensile
Loadings at Low and Hi h Strain Rates"

Investigation of Size Effects in Fasteners3 (15 Minutes)

- 'Modeling Hmpirical Ske Relationships on Load-Displacement Behavior and
Failure in Threaded Fasteners"

4Mersch, J. P., Smith, J. A., Johnson, E. P., Bosiljevac, T., "Evaluating the Performance of Fasteners Subjected to Multiple Loadings and Loading Rates and Identifying Sensitivities of the Modeling Process," 2018
AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, AIAA SciTech Forum, AIAA2018-1896, Kissimmee, FL, 2018.
5Mersch, J. P., Smith, J. A., Johnson, E. P., "A CASE STUDY FOR THE LOW FIDELITY MODELING OF THREADED FASTENERS SUBJECT TO TENSILE LOADINGS AT LOW AND HIGH STRAIN RATES," ASME Pressure Vessels and
Piping Conference, PVP2017-65518, ASME, Waikoloa, HI, 2017.
6Grimmer, P.W., Mersch, J.P., Smith, J.A., Veytskin, Y.B., Susan, D.F., "Modeling Empirical Size Relationships on Load-Displacement Behavior and Failure in Threaded Fasteners", 2019 AIAA/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference, AIAA SciTech Forum, AIAA2019-2271, San Diego, CA, 2019.



19 I Dynamic Tension Simulation

0.2

0.18

0.16

0.14

0.12

0.1

0.08

0.06

— 0.04

— 0.02

— 0.0e+00



20 I Analysis Results — Dynamic Tension

Dynamic failure curves were reproduced with

each modeling method.

Failure defined as complete cross-section
separation.

Sensitivity study performed to further assess

modeling approaches.

3600

3000

2400

1800

1200

600

0

0

Test and Analysis Failure Curves

B

TEST

SW
.41"kineurPLUG ....

PRELOADED PU.7(

0.5 1 1.5 2 2.5 3

Pulse Duration (ms)

3 f

3600

3000

2400

INN)

1200

600

0

1 1
Mesh Sensitivity of Plug

0 0.5 1 1.5 2 2.5 3

Pulse Duration (ms)

3.5

Meshes in Sensitivity Study

3600

3000

2400

1800

1200

600

Mesh Sensitivity of Spot Weld

0.5 1 1.5 2 2.5

Pulse Duration (ms)

Modeling methods produced similar results, but underpredicted failure



21 I A Closer Look...

FBD shows load on fastener is

equal to tensile mass
acceleration.

Test accelerations 20% higher

than ultimate load in quasistatic

tests.

Test and Analysis Accelerations — Case B
3200

1600

800

0.297 ms, 3439 Gs

albs] =a[g]

Load on Fastener

Test and Analysis Failure Curves

Pulse Duration (ms)

2000

1600

▪ 1200

• soo

400

2000

1600

5 1200

E•1
Quasistatic Load-Displacement Results

-m.141'18417DVRT 

tmax 1620111.

0 can 0.02

Displacement (in)

(103

Test and Analysis Accelerations — Case A

Case A

CARRIAGE
 r ao

2.0 ms, 2088 Cv

MASS

0 0.5 1 1.5

Pulse Duration (ns)

Strain rate effects likely causing

models to underpredict failure load

, 2.5



22 I Mesh Sensitivity

Mesh sensitivity was assessed in dynamic
tension and shear models

Tension analysis was insensitive to mesh

Shear analysis was very sensitive to mesh,
and all results were nonconservative

1 
1 

1 
1 

1 
1 

Meshes in Sensitivity Study (4, 8, 16, 24)
P
e
a
k
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(
G
s
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Mesh Sensitivity — Dynamic Tension
3600

3000

2400

1800

1200

600

0.5 1 1.5 2 2.5

Pulse Duration (ms)

3 3.5

Mesh Sensitivity — Dynamic Shear
4200  

0 — 3600
0
c
o 3000
Ts'
11
a), 2400
u
4

2 1800
a_

12 ‘
-10
20%
4 
%

24‘

1200
0

- _ _ - - 
-------------

•- - --------- ....

'T.T.T.T.-- - - ..* •• '---*'"%31%rmr ..

. TEST 1
I I -J

0.5 1 1.5 2 2.5 3 3.5

Pulse Duration (ms)

Relative difference in mesh sensitivity will make it[
difficult to capture both behaviors accurately 



23 I Conclusions

Measurement techniques play a significant role in data
acquisition and analysis must account for all relevant
bodies and compliance.

Mesh sensitivity of shear applications makes obtaining
robust, accurate reduced-order fastener models
increasingly difficult.

Strain rate effects can also contribute to error and
uncertainty.

1800

1500

_1200

(.9 900

8
• 600

Failure Load Test-Analysis Comparison Mesh Sensitivity — Dynamic Shear
3600   4200

3000

0
2400

o

icr, 1800
(7)

u • 1200

(15
11'. 600

0
0 0.5 1 1.5 2 2.5 3

Pulse Duration Os)

TEST

TART

------
---------

20+% Difference

3. 5

r.n 
— 3600

O • 3000

23 2400

cal 1800

1200
0 0.5 1 1.5 2 2.5 3 3.5

Pulse Duration (ms)

300

3200

2400

1600

800

DVRT STROKE

Additional
Energy
Absorption!!!

0.030.02

Displacement (in)

Test and Analysis Accelerations

0

Case B 0.297 rns, 3439 Gs

. .1 

0.1 0.30.2

Time (ms)

I a

0.4



24 I Outline

Best Practices for Testing and Modeling1 (15 Minutes)
"hvaluating the Peornyance of Fasteners Subjected to Multiple Loadings and Loadings
Rates and Identing Sensitivities of the Modeling Process"

Recognizing and Modeling Dynamic Effects2 (5 Minutes)
`A Case Study for the Low Fidelity Modeling of Threaded Fasteners Subjected to Tensile
Loadings at Low and Hi h Strain Rates"

Investigation of Size Effects in Fasteners3 (15 Minutes)

0 'Modeling Hmpirical Ske Relationships on Load-Displacement Behavior and
Failure in Threaded Fasteners"

4Mersch, J. P., Smith, J. A., Johnson, E. P., Bosiljevac, T., "Evaluating the Performance of Fasteners Subjected to Multiple Loadings and Loading Rates and Identifying Sensitivities of the Modeling Process," 2018
AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, AIAA SciTech Forum, AIAA2018-1896, Kissimmee, FL, 2018.
5Mersch, J. P., Smith, J. A., Johnson, E. P., "A CASE STUDY FOR THE LOW FIDELITY MODELING OF THREADED FASTENERS SUBJECT TO TENSILE LOADINGS AT LOW AND HIGH STRAIN RATES," ASME Pressure Vessels and
Piping Conference, PVP2017-65518, ASME, Waikoloa, HI, 2017.
6Grimmer, P.W., Mersch, J.P., Smith, J.A., Veytskin, Y.B., Susan, D.F., "Modeling Empirical Size Relationships on Load-Displacement Behavior and Failure in Threaded Fasteners", 2019 AIAA/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference, AIAA SciTech Forum, AIAA2019-2271, San Diego, CA, 2019.



25 Our Study: Response of Various Sized Fasteners
A series of quasistatic tension tests were performed on #00,
#02, #04 #06 and #4 (1/4") A286 stainless steel fasteners4.

Incorporated multiple measurement
instruments to validate data.

o Stroke

oLVDT

oDifferential Variable Reluctance
Tranducers (DVRTs)

Dimensions of fasteners:

o#00: L=0.120 in, d=0.060 in

o#02: L=0.172 in, d=0.086 in

o#04: L=0.224 in, d=0.112 in

o#06: L=0.276 in, d=0.138 in

o#4: L=0.150 in*, d=0.250 in

L fik

-

Fasteners: #00-#4

DVRTs in Top Bushing

Fastener
A286

Loca ion

Test Setup

Bushings
St4340

T

Holders
St4340

4AIA/NAS - Aerospace Industries Association of America Inc., 2016, "English -- SCREW, CAP, SOCKET HEAD, UNDRILLED AND DRILLED, PLAIN AND SELF-LOCKING, ALLOY STEEL, CORROSION-
RESISTANT STEEL AND HEAT-RESISTANT STEEL, UNRC-3A AND UNRC-2A - Rev 13", AIA/NAS NAS1351 /1352.



26 Test Results

Load-displacement results reveal predictable failure load
trends, but inconsistent failure displacements

Engineering stress-strain plots
suggest similar inconsistencies

oSmaller fasteners have lower
yield and ultimate, larger
strain-to-failure.

What is causing these differences? 

oLot-to-lot variability?

o Structural size effects (geometric
dependence)?

oMicrostructural differences?

Can we predict these trends?

Fasteners: #00-#4

2000

1500

-0 1000
ro
o

En
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 (
ps

i)
 

500

0
0.00

rm SOO
SO2
SO4 _
S06

200000

150000

100000

50000

0
0.00

0.01 0.02

Displacement (in)

Spec Minimum

0.03

SOO
SO2
SO4
S06
S4

0.05 0.10

Engineering Strain ( n/in)

Build a high-fidelity fastener model to identify root cause

of this behavior and investigate predictive capabilities.

0.15



27 1 High-Fidelity Modeling

Constructed two high-fidelity models

oAxisymmetric Threaded

oHelical Threaded
#02

• #06

Helical model includes all hexahedra
elements, but was nontrivial to mesh

#02 #06

<->

.,Y 0.069"

Axisymmetric

Constitutive Model
Hardening Function

0.138"

Helical

6
Y r 

[1 exp —rEp ]

Extrapolate material parameters to see if model

can predict differences observed in testing



28 I Calibration

Independently calibrated #02 and #06 helical
models to test data.

Model parameters are qualitatively consistent with
engineering stress-strain.

o#02: lower yield, larger Ep,crit

o#06: higher yield, smaller Ep,crit

Calibrated an equivalent plastic strain (eqps) death
criterion to capture displacement-to-failure.

Constitutive Model
Hardeninq Function

.11•1.
ay = y + — [1 — exp(—rEp)]

r

Model Y h r
#02 160 ksi 1,000 ksi 30 0.43
#06 185 ksi 1,000 ksi 120 0.17

En
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g 
St
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ss

 (
ps
i)
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0.00 0.05 0.10

Engineering Strain (in/in)
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29I Material Parameter Extrapolation

Applied calibrated #06 material properties
to the #02 model.

oLoad: 706 lb to 663 lb (6% difference)

oFailure Displacement: 0.013 in to 0.024
in (54% difference)

What happened???

Model did not elicit different response

--)Extrapolated #06 properties provide
nearly the same response as simply scaling
the #06 load-displacement curve.

oHigh fidelity model cannot produce the
different responses observed in the test
data.
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--c3 1200

o 800

400

0  
0.00
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S06-Test
502-Pred
S06-Cal
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73 400
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200

0.01 0.02

Displacement (in)

0.03

502-Test
S02-506_Scaled
502-506_Extrap

0.00 0.01 0.02

Displacement (in)

Geometry of different sized fasteners does not

seem to be causing the difference in P-6 response

0.03



30  Microstructural Analysis
Performed microstructural analysis of
fasteners with Electron Backscatter
Diffraction (EBSD) mapping

oIPF X

#02 Fastener:

oEquiaxed Grains

oDefined Grain Boundaries

Balanced Color Distribution

Evidence of Annealing

#06 Fastener:

oElongated Grains

oColumnar Pattern

oAffinity for Red, Blue

oEvidence of Cold Working

Microstructures of the
fasteners are different!

EBSD Map of #02 fastener

EBSD Map of #06 Fastener

■



31 1 Microstructure and Stress-Strain Response

The microstructure of the fasteners is consistent
with their stress-strain responses:

Cold Workingf = Yield

Cold Workingt = Ultimatet

Cold workingt = Ductility4,

200000

in 150000

tA
100000

.0 50000
502-Test
506-Test

0.05 0.10 0.15

Engineering Strain (in/in)

What will the microstructures of

the #00 and #04 look like?



32 Microstructural Analysis

-i--.; 200000
0_
in
0 150000
E'
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F 100000

iI7).)
. 50000
cp
c
L.Li

0
0.00 0.05 0.10 0.15

Engineering Strain (in/in)

#00 Fastener:

oEquiaxed Grains

oBalanced Color Distribution

oEvidence of Annealing

#04 Fastener:

Elongated Grains

Affinity for Red, Blue

Evidence of Cold Working

500
502
SO4
S06
54

EBSD Map of #00 fastener

EBSD Map of #04 Fastener

Microstructures of all fasteners consistent

with corresponding stress-strain response



331 Conclusions/Lessons Learned Li

It is difficult to predict performance of fasteners
without test data or material information!

Peak loads have up to 14% difference.

Ductilities differ by a factor of 2.

High-fidelity models could not accurately predict
differences in load-displacement behavior.

Microstructure and stress-strain response seem to
correlate.
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We can significantly improve our predictive

capabilities with material information
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34 I Future Work

Increased emphasis on materials science and the
information it can provide to modeling and simulation.

Higher order calibration routines: can we improve our
predictive capabilities when more information is
available?

oNAFEMS World Congress

oRate-dependent model Thank You!

Normal environments response:

Preload effects

Dynamic environments (NOMAD 2019)

a
0
0 150000
2
iri
cz 100000
,
cu
cu
.S 50000
0)
c
w

0
0.00 0.05 0.10 0.15

Engineering Strain (in/in)

Fasteners: #00-#4

S02-Test
S06-Test

1

E•1

Sandia National Laboratories is a multimission laboratory managed and operated
by National Technology and Engineering Solutions of Sandia, LLC, a wholly owned
subsidiary of Honeywell International, Inc., for the U.S. Department of Energy's
National Nuclear Security Administration under contract DE-NA0003525.
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