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1. Basic Equations of micromechanics
2. Complexity of Real problems

3. Comsol Application
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Heterogeneous Media

Heterogeneous Media:
Any media which is not homogeneous.

Composite:
Any media which is mixture of several homogeneous media

IN some proportion.
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Larger to smaller

Nanoscale Microscale
Atoms Molecules Second Phase Particles
Nano Tubes | (diameter) Nano Tubes | (length)
Clusters Nano Particles Ultrafine Particles Dendrite arm spacing
Surface Structures Self-assembly Current MEMS Grains
Dislocations Precipitates Gas pores
DNA | (length) | DNA | (idth) | Quantum Dots eliEE
Surface/Interface Effects Transistors Human Hair
Quantum size Effects
Oil 1 1|o 1(|)o 1o|oo 10(|)oo 1oo|ooo nm
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Problem Definition

Thermal fatigue of tool steel sample Induction
Heating

- S sec
- Tempered martensitic / \

- Surface nitrided

NP Idle time Idle time

1 sec 1 sec

Water Quenchmg nozzle ~—
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Water spray
cooling
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Basic Equations of Continuum Mechanics

Jd0;; :
+f =0 or V-o+f=0
0.,
I (ou, du,
2 \dx, ax,
o; = L;uey or eg; = M0,
s, = u” T
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i

G-U”j‘scf — [)
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Basic Equations of Continuum Mechanics
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| ocalized force solution

L+ fi=0 inV,

f,— 0 as xj+ x5+ x3— >

Lyt nls = p» — 0 as xj+ x3+ x3— =

1(x) = f FYG(X, y) dy
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Eigenstrain is a generic name for any

inelastic strain. Cg = Gy + o
0; = Ljyen = L&y — &)
*Thermal strains
Phase transformation strains /6' ~
*Initial strains i £ =0
Plastic strains X, o
*Misfit strains f.= — LU&;EE}_}

\

Origin of eigenstrain is usually due to some physical
phenomenon other than mechanics of solid
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Inclusions and Inhomogeneities

Inclusion Inhomogeneity
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General Solution

Inclusion
Eigenstrain as body force

Inhomogeneity
Inhomogeneities as Inclusions with
appropriate eigenstrain

Inhomogeneous Inhomogeneities
Inhomogeneity with eigenstrain

Asim Tewari * 13



The Real World Problems

Reality far more complex
1.Complex geometry
2.Multi physics
3.Fully coupled problems
4. Translent analysis
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Problem Definition

Thermal fatigue of tool steel sample Induction
Heating

" 5 sec
- Tempered martensitic O / \

- Surface nitrided

NP Idle time Idle time

1 sec 1 sec

Water Quenchmg nozzle ~—

e ]
/ ~ o » 4N |
- . bq.
Cooling Fan e oI '3 —
] » :

Water spray
cooling
9 sec

Inductlon Co 11
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The Comsol Model

Comsol Model:

1. Induction heating

2. Time-Temperature profile

3. Thermal strains (eigenstrains)

| Heat flow during

induction heating

Workpiece
T
1

Induction coils

4. Gradient in eigenstrain leads
to stresses

Heat flow during

cooling

5. Thermal stress leads to fatigue

¢ 45

mm

60

-002902
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Time-Temperature variation

Contour Principle Strain W Contour Principle Stress W
A 4128x1072 A 2139x10%
x1073 x10°
4128 = 2139
4.001 = 1917
3875 = 1695
3.748 = 1473
3621 = 1251
3.495 k= 1.029
={ 3.368 k= 0.807
3.241 0.585
3114 0.363
2988 0141
2.861 -0.081
2734 = -0.303
o 2607 = -0.525
2481 k= —0.746
2.354 k= —0.968
2.227 = 119
21 - 1412
1974 = 1634
< N 1847 < = —1856
y\.l/" -o.n‘ib/nz 172 Y\J/" -o.nf:o/m w2078

a) v 172x1073 b ) v -2.078x10°

604.0
544.8

4856
426.4
367.2

308.0
2488

189.6
130.4
7.2
12.0

—— At Surface
""" At 2.5 mm from Surface
— = At Center

Temperature (Kelvin)

60

_7'0 80 50 100 10 120 130 140 150 T60 Max. °C Range °C
Time (seconds) 603.8 504 6
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Principle Strair

x10°2

Thermal elgenstrains and stress

800 |
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700 |
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—— At Surface
------ At 2.5 mm from Surface
— = At Center
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—— Near Surface |} |
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Principle Stress

+108 Principle Stress vis Tim¢

— Near Surface

—— At center

— Atsurface

Principle Strain v/s Time plot
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Stress (MPa)

Spatial variation of thermal stress

Ac,, /2 intial
— — —Ac,,/2 after stabalization
- - -+ Mean o intial

—-—-Meanc,, after stabalization

T
125 150 175

T T
10.0 200 2

Radial Distance from the Edge (mm)

!\.J—
2]

Stress (MPa)

Ac_ /2 intial

00 = = =Ac_ /2 after stabalization
---- Meangc_ intial

800 - —-=- Mean c_ after stabalization

700

600 —

- - -

Axial Distance (mm)
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Effect of %NH3 on Nitriding potential

% NH3 10 20 30 40 50 60 70 80 90
Kn 0.12 0.28 0.51 0.86 1.414 2.37 4.26 8.9 28.5
In (Ky) | -2.1203 | -1.273 | -0.6733 | -0.1508 | 0.34642 | 0.86289 | 1.44927 | 2.18605 | 3.3499

o v £(Fe,N,,) Expected First Step Second Step
% R v’ Cycle | Case Depth | Temperature | Time | NH3 Temperature | Time NH3
% | o o) um deg C hrs | % volume deg C hrs | % volume
2 C1 130 520 2 70 560 6 50
S C2 170 520 2 70 560 8 50
a C3 220 520 3 70 560 12 50
I I

Nitriding Potential Ky (bar?-5)
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Residual stress due to Nitriding layer

Iy

10 ‘ i |
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Stress (MPa)

——————

0.1 0.2 0.3 04 0.5
Distance from nitrided edge (mm)

Residual stress plot for sample with 170
um case depth based on XRD results
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EDS Nitrogen line profiles of samgles a) 220mm & b) 140mm
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Fatigue cracking

ZZ direction
crack

. 66direction
crack
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Lehrer diagram, giving the most stable phase of iron nitride as a function of temperature
and nitriding potential

« Thermal fatigue test results representing life of the specimens
_________ : — e e o

S2C2 S1C4 | S2C4

120/ 4 1170/ 10|1707/ 10

Optimal composition of nitrided 'ayer (compound layer) would he combination

220/ 12

220/ 10

b) o c o o .
of Y + € plases, wnich provided sufficient hardness to increase wear
resistance and good strength to imnrave therinal fatigue life



Summary

Thermal fatigue is a complex interaction of
*Thermal stresses

Surface hardening

*Residual stresses

*Nitriding phase

Next Gen Model

1. Incorporate nitriding in the Comsol model
2. Validate submodels individually
3. Provide for hardness variations in the model
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Conclusion

Micromechanics
Rigorous math framework exists
Closed form solutions for simple problems
Eigenstrains provides the multiphysics input

Reality far more complex
Coupled multiphysics
Transient analysis
Complex geometries

The way ahead

Coupling more physics
Nitrogen reaction and diffusion process
Martensite Transformation

Incorporation of eigenstrains due to
Residual stress
Nitride layer
Martensitic transformation
Non-linear behavior
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