Instrumented Indentation Technique

(Tensile strength, Residual stress)

2014. 04. 29.
Jong hyoung Kim

hﬂnﬂ-ﬂmﬁamﬁﬂ

& Micro-Reliability Lab,

1. Instrumented Indentation Technique

2. Strength

3. Residual Stress

| A

& Micro-Reliabilily Lab.




Mechanical Testing Methods

Uniaxial tensile test

-
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Limitation (1) - Destructive

/ Not appllcable in- f|eId
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Limitation (2) — Large Scale

Ve Shecimens for tensile test
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Yo Specimens for fracture test
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Not applicable for small scale testing |
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Conventional Non-destructive Tests

Crack type damage

Non-destructive (In-field)

* Macrography

* Radioactive

* Ultrasonic

* Magnetic particle

« Eddy current

* Acoustic emission
etc.

Quantitative information

of crack size
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Micro-structural degradation

Non-destructive (In-field)

* Replica

« Electrical resistance

« Electric polarization
etc.

Issues

Inaccurate
(need empirical reference)

Need for non-destructive

In-field testing technique




What is I1IT?
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Instrumented Indentation Test (1)

A novel method to characterize mechanical properties

2 Load '
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Loading

Unloading Hardness
Elastic modulus

Tensile properties
Residual stress
Fracture toughness

.
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Depth

Indentation load-depth curve
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Instrumented Indentation Test (2)

Vickers

:3 Conventional Hardness Test

| Hardness
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Depth(um)

:3 Continuous Indentation Test

Brinell
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Instrumented Indentation Test (3)
Advanced Indentation
Instrumented indentation :
Continuous indentation p Indentation load-depth curve
Depth-sensing indentation
Innovative indentation
“ fingerprint of material like DNA
Merits of IIT
3
k] Measurement local properties
-LS Easy sample preparation
£ Simple proce_dure _
§ Non-destructive testing
| Applied to in-service system
& In-situ evaluation
<
«° Indentation depth Hardness
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In-field & Nondestructive Test

G

In-situ & In-field system

Simple & Fast

Convenient
4 )
Non-destructive & Local test
AN y,
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Various Properties
Tensile property Residual stress
600 o™ | . S I (. cescuulill
Instrumented Indentation 5 IR /\ Z VT
400 il nd LA LR, et
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200 . Simple & fast G W v
0 . . - Dwiance from wesing cortar b (mm|
0.00 0.05 0.10 0.15
Hole drilling
Uniaxial tensile test Saw cutting
X-ray diffraction
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Strength
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Evaluation of Strength using IIT

Can you imagine this?

Indentation curve — Tensile curve
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In ISO Documents

(ISO/TR29381, 2008)

Tensile Test

T

Property
Characterized

Bulk (average)

Local (surface)

Testing Nature Destructive

Non-destructive

Sample Preparation Machining

Surface polishing

Laboratory (conventional)

Potential Examples
Large volume

In-field

Small volume
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Algorithm for Strength Evaluation

Spherical

& Step 1 Indentation
Determining contact area o EETTEERTTTER
taking into consideration -? \
plastic pile-up/sink-in s / \ '
. s l s
pile _ e : Stress and Strain :
* f Ry : State in Material :
hc R : E
lecsssssssssssssssssssssenssesssssssnsss -

®Step3& 4
Fitting to constitutive equation and
evaluating tensile properties

* Step 2

Defining stress and strain state
in materials underneath spherical indenter b

Representative

as representative stress and strain - stress-strai
# =] i o b?ego.
w f Y i@
1 F__ 8 / v..e- A
T 5 T = = (0 fan 9 E o=Ke"
2 A :
P—-

[.-G-E(a -0.002)

True strain, &y

[ISO/TR 29381, 2008]

Instrumented indentation test
with a spherical indenter

Forre—dggth curve
of mulﬁp!e unfoadmgs :
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Tensile properties

Oy, 11> Ou, 11> My, E;
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Step 1 _Determination of Contact Area

Plastic pile-up & elastic deflection

R

]

Whe 27 hye\d O I I
4 S — A \/ pile N [
Re;elginece f a* A
N inax h,'
i L~
Pile-up Elastic deflection
hpile - hd
Plastic deformation Plastic pile-up
+
Elastic deflecti *
astic deflection + hp“e
*
hc = hmax o hd + hplle
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Step 2_Representation of Stress & Strain

4 ) 7
W TR 5 2, 1“

Indentation depth increases ‘ Stress and strain increase

Representative Stress Definition Representative Strain Definition

Gzlﬂ €:f(ac/R)
2
Y ma, - Power-law hardening material
: 0.14tan
¥=3 for metallic material . ! . .
(by D. Tabor) - Linear hardening material
: 0.3siny
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Flow Chart for Tensile Curve Derivation Using IIT

) Stress, strain o
Continuous Load, depth data o Flow curve fitting
) ) ) determination )
indentation —» at each unloading [ —> from stress-strain
at each step . .
test step (15™) ) points (K, n determination)
(15 points)

Extrapolation of flow curve

up to yield strain and

Yield strength(YS),

) ) Ultimate tensile strength (UTS)
uniform strain
T 3
40,00 e 2T g
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Depth (um)
Strain
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Yield strength Tensile strength
&-\ 800 T T T T T T T plZOO T T T T T
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o, from tensile tests (N/mm?) o, from tensile tests (N/mm?)
Good agreement with results from tensile test
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__International Standardization Works (ISO

ISOITR 29381:2008(E)
TECHNICAL ISO/ITR Al
REPORT 29381 el
I q Measurement of residual stress by instrumented indentation test
—
First ecition
2006-10-15
“ . A General
an I c Thes arnex describes & method for evahatng fesdusl stress in Te lest prece by an rstumented rdentation
fest Lming Vickers and sphencal indenters to measune fest force and indentation depth.
Thes metod for measunng residual stress non-destrucively erables insenvice components and labosatory
— matirials of ST VLT SAtBH 0 POREACN 55 DR ASSeSET USHuty
This mathod can be appied by the strumentnd indentaiton st using only B Vickers indenter whan the local
true stress-siran curves caused by inhomogenedy of T et specimen are ot changed, and can be apphed
Metallic materials — Measurement by the inginumented indertaion lest using bolh Vickers and spherical inderters when Brose cunves ar
K of mechanical properties by an M chargd
instrumented indentation test — S 1
Indentation tensile properties A2 Symbols and designations for measuring residual stress
See Table A1
Matériaux métatig Mesure dss Sristiques mé jes par
;nﬂ:;s;: :ne pénétration insirumenté — Caractéristiques de traction par Tabte At — for
Symital Designanon unt
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. I, Jé o [Toe s pcing et s et -
¥ T st fevee N
¥y Tirst borce uncer terrile rischual stoves. N
Fe Toost foume under compresaive sesideal siress N
a |eterecn ot uvter apried et eren -
™ A green inchantation depth & deteemng force diference mm
- *‘ A Contact area o
Oy Resatua sress [
- e devianons siess composent apphed aion] te ndentaton test [
* nne e semczcn
[Rata of ressdual shesses aiorg one deectan to thoss alorg the
al | nermal directcn -
w [Riatin of avecage . _
) (K =
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On test

bers

pan),

Nano-Mechaniecs

& Micro-Reliability Lab,

21

Residual Stress
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Merits of [IT

Hole-Drilling
Mechanical o . . .

Methods - Quantitative & mechanical analysis - Destructive

Saw-Cutting

X-Ray
Physical Diffraction . - Only crystalline materials
Method - Non-destructive B )
glhocs Neutron - Sensitive to environment
Diffraction
B o

| |T - Quantitative & mechanical analysis - Any materials possible
- Non-destructive, can be used in field - Microstructure not influenced
i' Nano-Mechanics
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Basic Principle

Load %

Stress
Compressive free Tensile

Tensile stress L
C

Vickers
indenter

Compressive stress h, Depth

Indentation Load-Depth Curves } AL = LS — LO
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Stress Interaction

Indentation Load : LS G—lp Residual Stress : O s
Ls
@ Indenter
Plastic _ _ //
zone
A
Stress
free
cres !
<=
\\\ LO ";A
\\ LS "4' y
\\ - -,
\NN - —” ’/'
ht
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Stress Tensor
z
Non-equibiaxial residual stress i&
y
y
O res _ Ol
Stress Ratio : p=—
X 4 W Gres
X
GI'CS
oo 0 0 Gl 0 0
0] oY, O — 0 po,, O
0 0] 0 0 0 0
EPe o 0 EPe o 0
= 0 a+p) ;p) ok, 0 -+ 0 —(2"3_ D gx 0
0 0 a+p 0 0 _4Ep)
3 3
hydrostatic stress deviatoric stress
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Evaluation of Residual Stress by IIT

ResiduabStress € )

Deviatoric stress along Z direction :

Indentation stress :

1
440) o — o (: LA_LJ
3 Y Ag

(1+p)0x _ 1 AL

3 res_lPAS

where , W = constraint factor (3.0)

) 3 1AL 5
) p=—", Ay =Contact Area
c

res
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Directionality using Knoop Indenter

.3 1AL 1 » 2 »
res
(1+D) ¥ A,
.
y
p= ies (Stress Directionality)
Grcs 2 v 1
Ores Ores
"5‘ "j\'\ G:’(es /'#\ o
g “« = < | »
N [ Stresi'free ~ ;" ¥ -
Knoop Indenter
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~1— h Depth
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Determination of Conversion Factors

Stress-free Uni-axial stress

Comparison of indentation curves

e—

AL ~

X

04 IRy res
conversion factor

in normal direction
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Uni-axial stress

y
res

Stress-free
(e}

Comparison of indentation curves
S

AL ~

y
res

a, O

3

conversion factor
in parallel direction

a 1 (04 ) are conversion factors that are depth variables relating

the residual stress to the indentation load difference

It can be proved that the ratio of conversion factors is constant.

o . .
N~ (.34 (from experiments)

o,
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Direct Summation

Grcsf Gy
K "_‘f‘ "'\,\_\ G:es . . X /‘_t.\
- | - — — =" 4+ P
\.\.‘;_." ,_l_‘r
— X Yy
ALl - G’J_Gres + O(‘//Gres
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Knoop Indentation Modeling

X y
AI‘2 — O(‘// c5res + (XJ_Gres
AL,

X y
O(‘J_ Gres + O(‘// cSres
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oy, +iyes /4 p
CX’J_ cSfes — (X’J_
14 %0 Qg
(X’J_ cSres aJ—
sl -0.34
p il cyfes AI"l
res 1-0.3 AL,
AL

Experimental data
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Experimental Verification

Comparison of indentation vs hole-drilling vs saw-cutting results
(API X65)
—— Indentation
I ———— Sy o] [oRe 11111 R A,
200 ko - e ] — Saw-cutting | __:

Residual stress (MPa)

Residual stress (MPa)

Comparison of indentation vs hole-drilling vs saw-cutting results
(SS400) -
—+—Indentation
50 - i . -=—Hole-drilling | _
: | | -+ Saw-cutting
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