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Real time microstructure control

s B R E ot on e e

Opt|cal mlcroscopy

e Complementary tool to
control metallurgical
processes

* Estimate optimum
process parameters for
novel metal and alloys
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Thermo-mechanical processing lab
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Real time sensing at high temperature
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Principle of the technique

Broadband ultrasound FEM simulation
pulse (2 to 30 MHz)

Generation and
detection laser pulses
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R
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measured per second Time(us)
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Analysis software
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Cutput Name

1-MATERIAL AND SAMPLE DIMENSIONS

Thickness, mm 0 Width, mm

BCC Iron
Density, g/mm3
CLE, *1e6/C
Velocity, mm/us

5.255 7 4.800 / 4.430

Young Mod., GPa | : 156.8 / 104.0 / 45.1

2-METHODOLOGY
Different waveforms {Single Echo §
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Gain Rermoval: Ampl. ratio at f min
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4- DISPLAY
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5-RESULTS
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Measured ultrasonic parameters

* Properties of ultrasound compressional waves
* Time of arrival of echoes -> Velocity V
* Amplitude of echoes -> Attenuation a(f)

Filtered signal

0.2 N ¢e
Delay .
g 0.1 ' Attenuation
o 2(e + €)
g 0.1 J' \/ \/ - V= T

. Compressive Shear
Generation signal signal

02 0 I 2 3 4 5 6 20
Time (us) O((f) — _log
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Velocity of ultrasonic wave

EBSD to Velouty map (mm/ps)

Propagation (11)
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Phase
Secon

Rotated Elastic Tensor
Coa = | € af (0df)
T (1) = Cz’jklﬁjﬁl
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Attenuation and scattering by grain

Wave scattering depends on grain
boundary disorientation and

= incidence angle and grain
\Mll Scattering in bi-crystal volume/size

Propagation (n)

In polycrystalline metals, scattering depends
on ultrasonic wavelength

Rayleigh Region ao(D,X) =C,D°X~ 4,23 D
Stochastic Region «(D,A) = C,.D)2, 22D
Diffusion Region a(D,A\) =Cy/D, AL D
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How to estimate the grain size ?

— n
1) Reference sample D, a(f) =a+bf
2) ONE ECHO METHOD

Frequency dependant grain size parameter

Isolate only grain scattering b= C(T)|DI1(t) — DI 1(to)|f™

Measurement precision < 10 %
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Application to austenite in steel

1) Reference fine grain

sample at room a(f) =a+ bfs

temperature

2) Calibration developed

at Timken (S.E. Kruger et al.,

Iron Steel Technol, (2005),
2(10),25

sqrt(b)

0 50 100 150 200 250
GS(um)

300
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Application to hot rolling processes

v'Grain size measurement 7
after hot-deformation in Mo- |
TRIP steel

v'Strain =0.2 and 0.4

A 1000°C
%J 2 min
" 10°C/s
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©
= o 1s-1
8 | >°C/s L\/\/\/ 900°C, 4 min
e
= e=0204 -UMet

Time (s) REf
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Nickel based super alloys

A
* Control the grain growth + f T050°C N

dissolution of second phase particles
prior to forging

Temperature (°C)
IOOC/S

e Starting structure has 20 um
polygonal grain

0, 30, 75, 130, 175, 480, 900s
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Stage of heterogeneous grain growth

* Local Nb microsegregations affect the stability of
the second phase leading to heterogeneous grain
grow (Fraction of large and small grains)

o

EANE TN T R0 I )\ P I P

. l‘\ﬁ\ e \

f—

700 um
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Metallographic analysis

* Evaluation of the mean grain size EQAD = /4.4 /1
* Maximum 1% largest grain diameter

1 T 50 =
A
= a0
-8 ? A
Time (s)  EQAD(pm)  Dpax(pm)  Duax E 075 | __________________ D ______________________________ |
W : i ;
, , = | |
0 15 56 3.7 E :
30 18 120 6.7 S 05 + R ................................ .............................. i
75 19 139 7.3 2  0s ©
175 33 139 42 g 305 0
480 3{3 155 4-3 g 025 I ‘ ................................ 1;? 2 :
0 4 172 41 © 480s o
900s ©
0 I
4 6

Reduced grain size (D/EQAD)
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Correlation at 1050°C

* Evolution of the scattering parameter b with the

relative change in mean grain size.

e Direct measurement of the coefficient C*

]

0.8

D} (t;) — D (to)]

/11000 (6. D) = €',/

0.6

[11000b |

\
=

Linear regression coefficient

C* =0.022 02 |

Ref(0s) —O—
Ref(30s) —0—

Ref(175s) ——
Ref(480s) —<—
Ref(90(}s) —0—

Ref(75s) —2&— |

10

20 30 40

V| DZ-DO2 |

50
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Grain grow tests

* Insight into the grain growth behavior.

* Different grain growth stages
50

e 1) Zener P

* 2) Rapid grain growth

Grain size, (Wm)
Lo
=

-2
=

 3) Parabolic D? - D?

init

Kt

1
2 (3-m) _ ol

LUMet (900s)
Metallography

LUMet (1rsg —— —
LUMet (480s) -

@

0 200

400 600
Time, (s)

800

1000
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Criteria for abnormal grain growth

* Normalization procedure
* Time at the onset of abnormal grain growth

Dinie (pm) K (um?.s™1) Po (pm™1)
24 1.6 0.0574
50 T T T 1 : . " PO D

LUMet g L . at
Parabolic
40 b 2T T é 0.8 -
g g
o {:‘jn 0.6
N
‘= 30 f
= 1S
s g 0.4
(D 'S D
20 §
-------------------------------------------- ~ 02 | O
"""""""" LUMet
10 : . . 0 - Metallography O
0 8 16 24 32 0 8 16 24 39
vV Time, (sm) \ Time, (51/2)
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Cobalt super alloys

|CCM-1200°C-100s

EQAD with twins (um)

0.1

Cumulative area fraction

80

60

40

20

L605 O
CCM o

% B

0 30 60 90

EQAD without twins (lLm)

13 um o
19 ym
24 pm;«
28 um o
|32 um o
35 um a
43 ym A
60 um o

4 um x
7um o

(b)

120

Reduced grain size (D/EQAD)

10
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Empirical correlation
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Grain growth measurements

Grain growth model

Effective mobility

D™ — = ®(T)t

lnlt

Ay
®(T) = Alexp(——

kT
80 - . 80 - .
1200°C A L605 1200°C A CCM
1150°C O o 1150°C O
1100°C O 1200 1100°C ©
60 | Model — Pl £ 60 | Model —
e i LT E | B
5 Nefit i
2 a0} k*giéi* e
= I g =
'3 s s
g )
© A M 1150°C
20 F 0 T
T . 1100°C 1100°C
0 O O (a) . . . . :
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (s) Time (s)
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Closer look at the attenuation spectrum

* These empirical approaches require adjusting
the effective bandwidth

* Because they do not account for multiple
regimes of scattering a(f) =a+bf3

dF 250 MHz FErr(b) 5
Min 4.2 MHz Max 150 MHz

8 23
Frequency, MHz

D =130 um
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Computer generated grain structure

* Finite element simulation of wave propagation on
polycrystalline materials

e Centroidal voronoi tessellation: all cells have 6
faces but the final structure is not ordered

1 ..'J‘l" '.‘ } ‘ T
\'.". % | e .
ll..‘.. " I .
-‘:‘..' . P
A wale > S O =~
1000 |- DX o e
o P ole | . .
\.'. r
1 e I \ L/ !
2000 00 B0 0 o0 %0 00
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Material properties

* Single crystal stiffness tensor

* FCCiron at 1423 K (zarestky et al., 1987 , Phys.Rev. B 35(9), pp.4500)

* Single crystal elastic constant:
C;; = 154 GPa 6
C,, =122 GPa

- Longitudinal

Velocity [FCC iron 1423K]

‘cube ‘
gauss
copper
brass

Cyy =77 Gpa

Zener Anisotropy factor
Chu/C = 4.8

* Crystallographic orientation :

Y sample axis [010]

0 1 2 3 4 5 6
X sample axis [001]
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FEM simulation of ultrasound propagation

* Displacement field for austenlte (D = 300um)

U, Magnitude

+7.041e-08
+6.454e-08
+5.867e-08
+5.280e-08
+4.694e-08
+4.107e-08
+3.520e-08
+2.934e-08
+2.347e-08
+1.760e-08
*+ +1.173e-08
+5.867e-09
+0.000e+00

—_
L

SN AT I -

6000 |- p?‘i ?’ .l.‘g. ’%? .‘.' ’Q $eo. 1 d.c‘} 0'75

. 000 j": .ﬁ*‘% '{ 0. j' ‘. “f % i 4 "'g 0

S5 Ay AR :"-""’f- J‘-‘g“ 1. 2 07

3000 m“;'s ’,.3. 3&: ? :%. :' o e 7'.‘,.#\ 4.8 Eq .

LA AT O e L . < 1S
(R 3 AP 0h 5.7 AR S A 0 0.5 1 L5 2 2.5
; 5 Time, Us
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Results: Attenuation spectrum

mm mmMm m
T T T T T T
Lh Lh Lh Lh n Lo

Attenuation (dB/mm)
[\

Attenuation (dB/mm)
(g

Attenuation (dB/mm)
[Ne]

EP:S.I —O0—
1F 1+ 1k Ep:5,1 o
e =505 ——
p
EP:S.O —
ep:5.3 s
£, =509 —o—
0 0 0 1 Il n L
0 0 25 0 5 10 15 20 25
Frequency (MHz) Frequency (MHz)
4 e Ts26(0) —o— 4
£ =5.26(t) —o—
£, =537(b) ——
& =537() —v—
3+ 3r € = (b) —o— 3

Attenuation (dB/mm)
(N ]
Attenuation (dB/mm)
[N}
Attenuation (dB/mm)
[N

0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15
Frequency (MHz) Frequency (MHz) Frequency (MHz)
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Validation using austenite calibration

* By selecting appropriate frequency range, the
austenite calibration provide satisfying agreement
with FEM generated attenuation spectrum

Attenuation (dB/mm)

4

DTimken =22 m

DF‘EM =30 m

Attenuation (dB/mm)

atb*fd ——

5 10 15 20 25
Frequency (MHz)

D Timken = 101 um

il

atb*fd ——

0 5 10

15 20

Frequency (MHz)

25
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Validation with scattering theory

Aluminum |

10° |

c
o 't
)
e
-
C 2
Q 10°
g g
o 3

=74}
- 2
&: 107 |
£
E; 104 F
2

-5
10 s
107! 10°
Norma

10!

log (xq1)
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ized frequency

(10 fce-Fe
e-10um
fe-30 pm,
fe-30 pmy,,,
fe-70 um
fe-100 um
fe-200 um
fe-300 um
fe-400 um
al-70 wm
al-100 um
al-200 wm
al-300 um
nb-30 um
nb-70 um
nb-100 pm
nb-200 um
nb-300 pwm
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New approach for grain size measurements

e Evaluation of grain size accounting for multiple

regimes of scattering

* Using FEM simulated attenuation and/or scattering

theory to predict grain size.

) Normalized attenuation
Altenuation spectrum

100

Residuals

Res gy = L5BE+00 ——
Res gy = 0.50E01 ———

I

///ﬁ.

4.5 r r r T T T T 10
Accepted —+—
4T Rejected 1
as :F:H- 10 F
A SR U | AT
= 1 w02} 2 L
= P 1 3 3
£ 2 F + 1 ) =
S s} = 1073 =
= == [*55]
5 = 0l
'% 1t + Garcin pem —— g
TO05 b+ 10+ Stanke-Analytic =
Deunpe = 8 um ——
0 F++ an
05t 103 D,G:m:in = 83 pm —— 001
5 — ; _
0 5 10 15 20 25 30 35 40 10- 10" 10! 10> 0
Frequency (MHz) log (x g )

50 100 150 200

Grain size ( pm)
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Quantitative tool to validate LUMet results

Example: Attenuation
spectrum measured in
austenite at high
temperature.

Least square approach
on FEM data provide
guantitative estimate
of the mean grain size.

10°
10! F ]
-2
107 ¢ Model — ]
fem-30 um —o—
fem-70 um —o—
103 E fem-100 um ——=— |
fem-200 um —— ]
fem-300 um —o—
fem-400 um ——o—
104+ LUMet-X80 D=12pum —= .
LUMet-X80 D =24 um
LUMet-1008 D =75 um —=—
o LUMet-1008 D= 150 pm
107! 10 10" 10

log (xq)
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Conclusions

e Ultrasonic attenuation can be sensitive to the self
similarity of grain size distribution.

* FEM are integrated to simulate the wave
propagation in anisotropic aggregate.

e Although in 2D (plain strain), it gives quantitative
results.

* Empirical methodology (single scattering regime)
have limitations in coarse grained structure.
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Reference (isotropic) material

* Random ODF (Volume Fraction of orientation V)
* Weighted average on elastic tensor (T)

(.T)'h"{)igt —

# Reuss (isoStress) # Hill (Average) # Voight (isoStrain) #
= Stiffness tensor (Unit : GPa) # # #
# | 173.6 112.0 112.4 2.1 1.1 -1.0] # | 188.3 104.6 105.1 2.3 1.2 -1.2] # | 202.9 97.2 97.9 2.6 1.4 1.3| #
# | 112.0 173.9 112.2 1.e -2.1 -1.0|] # | 104.6 188.5 104.9 -1.1 ~-2.4 -1.1| # | 97.2 203.2 97.5 -1.2 -2.6 ~-1.2| #
# | 112.4 112.2 173.4 -1.1 1.0 2.0 # | 105.1 104.9 188.0 -1.3 1.1 2.3| # | 97.9 97.5 202.6 ~-1.4 1.3 2.5| #
# | 2.1 -1.0 -1.1 30.8 1.9 -1.9| # | 2.3 -1.1 -1.3 41.7 2.2 -2.3| # | 2.6 -1.2 -1.4 52.5 2.5 2.6| #
# 1.1 -2.1 1. 1.9 31.6 1.9 #| 1.2 -2.4 1.1 2.2 41.9 2.2| #| 1.4 -2.6 1.3 2.5 52.9 2.6| #
# | -1.¢ -1.0 2.6 -1.9 1.9 30.6| # | -1.2 -1.1 2.3 -2.3 2.2 41.4| #| -1.3 -1.2 2.5 -2.6 2.6 52.2| #
# Wave Velocity (mm/us) # = #
# P-Wave | S1-Wave | S52-Wave # P-Wave | S1-Wave | 52-Wave  # P-Wave | S1-Wave | S2-Wave %
AL LT L] CLTTITETLELEL R IIRE GeRTELTIEL RELERITIILS |-eeeemmeeeens SRLRTIIEIIL PRI R EITIIEILE #
e X (RD) =mmm s mmmmmm s mm o m e e e e e e e #
# 4.7787 | 2.0735 |  1.9493 # 4.9762 | 2.4032 | 2.2770 # 5.1662 | 2.6928 | 2.5631 #
=== b 1 R et L e e A e T #
. 4.7820 | 2.0705 | 1.9441 # 4.9800 | 2.4003 | 2.2717 = 5.1703 | 2.6900 | 2.5577 #
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Selection of appropriate averaging

* VVelocity in the small grain size sample should be
close to satisfy the isotropic condition

Amplitnde X—CORR

oo 06 13 ) 26 005 -003 000 003 005
Tix f7L: Time, us

*D=30um=>V =5.1035 % 0.005
*D=100um=>V =5.134 £ 0.048
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