"Caser-FALCONEYE" fholographic gage-camera

sees o &
DEFORMATION & STRESS i

and everything else that Res § eneath...



yLaser-FALCONEYE /V-H~

holographic gage-camera
application possibilities:

3D VECTOR measurement of
DEFORMATION and STRESS
DISTRIBUTION

to control:

deformation & distortion...
load-carrying capacity & load transfer...
structural integrity & shape stability...

HOLOMETROX T

[l I T T T NI N A

g Holographic Metrology Lid. J_ L: 1 IN D A
www.dr-gyimesi.hu 5




Foricompletesbrochureofil=EEigaugecamera,
please, contact:
PRODUCT MANAGER
Andras SZIGETHY, CEQ.

TECHNOORG-LINDALtd> TECHN(I)RG
+36130)374.5799. I. I N D A

www.technoorg.hu www.technoorg.hu

Dr. Ferenc GYIMESI, CEO
PhD, €.Sc. in Physics (HAS) /r. assoc. professor (BUTE)/:

HOLOMETROX Ltd.

436308472322 HOLOMETROX
Holographic Metrology Litd.

www.dr-gyimesi.hu

holometrox@dr-gyimesi.hu;
www.dr-gyimesi.hu



Basic function and basic requirements

3D surface measurement of

DEFORMATION (SHAPE CHANGE)

/ and what can be calculated from it:

DEFORMATION QUANTITIES (RELATIVE DEFORMATION)
STRESS DISTRIBUTION /

with submicron/nanometer sensitivity

Applies holographic ,,photography” with laser light
- using the records of the states before and after deformation
while the object can even be removed from the measurement
between the records
- using diffusely reflecting (painted, if necessary) surfaces
with unchanged surface microstructures



2. Hardware realizations
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separate
Laser-FALCONEYE / Def-XL
for measuring deformation of
large objects

7,

Laser-FALCONEYE/H
with horizontal (sidewise)
object clamping

- = . miniaturized
Laser-FALCONEYE/V1 and V2 Laser-FALCONEYE / Str-XS

(upper and lower object clamping) for stress measurement®



3. Technical parameters
sensmvy |

Basic value 0,05 pm
Extendable to: 0,005 um

Basic value 0,25 pm — 25 pm
Extendable to: 0,25 um — 500 um

Basic value 35 mm x 50 mm
Extendable to: 350 mm x 500 mm

SPATIAL RESOLUTION OF MEASURING POINTS | |

Basic value 0,5 mm
Extendable to: 0,005 mm
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l. and II.
GENERAL TRENDS of application

Il. Applied DEFORMATION - for diagnostic purposes

The goal: not the measurement of actual deformation,
but measuring other physical quantities,
which can be made measurable indirectly
by deliberately causing deformation in the object:
e.g. material deficiency, weak joints, material inhomogeneity,
+ stress (residual and entire, also) ...

Z
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Il. Applled DEFORMATION — for dlagnostlc purposes

- . - . - . . - .
II/A. STRUCTURAL INTEGRITY (I-1I-111.)

(measuring the deformation from a proper diagnostic load:

hydraulic, pneumatic, mechanical, heat based..)

1. Material deficiency defects (wall thickness defects)

, 2. Material bonding defects (qualification of joints)
3. Material structure homogeneity defects... /planned/

:' JI II/B. and 11/C. Properties accessible from
: STRESS (DISTRIBUTION) and its CHANGE

- (measuring the deformation from stress-releasing at blind hole drilling)
- I LOAD-CARRYING CAPACITY, STRUCTURAL INTEGRITY (I —li-lil.), SHAPE STABILITY
/+ STRESS CORROSION...(planned)/ ;
.J_‘ v.‘ : .J_‘ v.‘ : .J_‘ v.‘ : .J_‘ v.‘ : .J_‘ v.‘ : .J_‘
4 - | 4 - | 4 - | 4 - | 4 - | 4



3 Spec:flcally for quallflcatlon of weldmgs...

Pnessuae vessa EXAMPI.ES |

.:_1 I1I/A. STRUCTURAL INTEGRITY (I-1I-11l.) /determined by deformation/
(measuring the deformation from a proper diagnostic load)

1. Material deficiency defects (wall thickness defects)

2. Material bonding defects,
by DEFORMATION !

3. Material structure homogeneity defects... /planned/




Il. Applied DEFORMATION - for diagnostic purposes
II/A. STRUCTURAL INTEGRITY (I-1I-111.)

2. Material bonding defects (qualification of joints) ’4’;%;
. o ?JS’ 000
a. Welded aluminum gas cilinder Qp
o Longitudinal non
j ” deforming welding seam  ;
k }’i / k }'i \ k )"i

25 [um]

j

>,
l 26 [um]
' U ’,
T

[ R I R
[wed + uyfs wed + wyj

10 mm

30 bar inner test pressure

Deformation distribution of aluminum gas cylinder at 30 bar test pressure
- with the deformation of welding seam



Il. Applied DEFORMATION - for diagnostic purposes

II/A. STRUCTURAL INTEGRITY (I-I-1Il.) o
o

2. Material bonding defects (qualification of joints)

20 bar inner test pressure

e i
a. Welded pipe (I - 11.) %{;'

omm  [uk)wk
Welding seam deforms
ﬂfemtlyt‘han its

/ environmentSNy,
= 1.5 [ym]

(other jgfer
| defect)

Strain distribution of a welded pipe at 20 bar test pressure
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- with the “tightening” deformation of the seam



II/A. STRUCTURAL INTEGRITY (I-lI-111.)

a. Welded pipe (1-11.)

"INELASTIC"
SEAM

s S
10 om [l + uyfs uyd + 1y

20 bar inner test pressure

iy ]
"ELASTIC" ((({ B 3.25[km]
SEAM = U
}ll 0 % 0,25

10 mm [wd + uyfs ued +wyj

20 bar inner test pressure

2. Material bonding defects (qualification of joints)

— _(innwll defect)

Welding seam deforms
differently than its
environment

2.2 [pm]

v
0617

(inner wall defect)

Welding seam deforms

equally as its environment
Strain distribution of a welded pipe at 20 bar test pressure

: . . 12
— comparison with the “elastic reference”



_ Specifically for qualification of weldings...

BASIC WELDING TYPE EXAMPLES

I1/B. and Il/C. Properties accessible from

STRESS (DISTRIBUTION)
and its CHANGE

(measuring the deformation from stress-releasing at blind hole drilling)

5 advantages of the Laser-FALCONEYE holographic gage-camera
in stress measurement /compared to classical strain gage methods/
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5 main advantages of the Laser-FALCONEYE holographic gage-camera
- compared to the strain gage rosette

|. HIGHER ACCURACY AND RELIABILITY

because of the more complete displacement information (in 3D form and available on a
surface at any distance from the edge of the hole), any theory of the stress measurement via
stress-releasing can be fitted in more places and in more ways, too, to the multitude of the
holographically measured values — furthermore, the presence of inhomogeneous stress
distribution is immediately visually detectable from the distortion of the interferometric
fringe pattern!

II. FASTER REPRODUCIBILITY - THEREFORE IT IS SUITIBLE FOR
DETAILED SCANNING OF STRESS DISTRIBUTION!

because it is applicable faster and more simply in nearby points, even in the nodes
of a dense measuring grid — which only requires ,,sewing machine-/ike” drilling
sequences (which does not require precise drill-hole positioning)

I11. FEWER REQUIREMENTS OF SURFACE QUALITY
because it does not come in contact with the surface of the object — aside from the
drilling

IV. FEWER REQUIREMENTS OF THE SIZE, SHAPE AND ACCESSIBILITY
OF THE SURFACE AROUND THE MEASURING POINT

because it only examines the area near the drill-hole — to about two times the hole
radius

V. NO NEED FOR DIMINISHING MATERIALS (except for drill bits) 14




Il. Applied DEFORMATION - for diagnostic purposes

II /B. Properties accessible from STRESS (DISTRIBUTION)
1. Actually formed stress
1.1. Without load (residual stress): SHAPE STABILITY and LOAD-CARRYING CAPACITY
1.1.3. DURING MANUFACTURING: b. Welding (I =11 =1l = IV.)

j
K )"i |uxl + wy g un + uyj

g

Residual stress varies
greatly in direction and
magnitude

{nhomogeneous stress distribution| §
APPROXIMATE EVALUATION...|

Stress distribution of the welding seam and its surrounding area

in steel — for qualification of the welding technology 1°



Il. Applied DEFORMATION - for diagnostic purposes

II /B. Properties accessible from STRESS (DISTRIBUTION)

1. Actually formed stress
1.1. Without load (residual stress): SHAPE STABILITY and LOAD-CARRYING CAPACITY

1.1.3. DURING MANUFACTURING: b. Welding (I’ = Il = lll = IV.)

Residual stress
varies greatly
in magnitude

A

_— > 0

16 mm

300 mm

W5 15 30 45 60 75 % 105 20 135 %0

b | T X
- T T T i T L

5 mm

ol la
<

Stress distribution graph of the welding seam and its surrounding area
in stainless steel — for qualification of the welding technology *©



Il. Applied DEFORMATION - for diagnostic purposes

|| /B. Properties accessible from STRESS (DISTRIBUTION)

1. Actually formed stress
1.1. Without load (residual stress): SHAPE STABILITY and LOAD-CARRYING CAPACITY

1.1.3. DURING MANUFACTURING: b. Welding (I"” = 11 = lll = 1V.)

~400-200 0 200 400 600 $00 1000, 1\yp,) .
¢ Residual stress
| \1 g, varies greatly

=200 0 200 400 600 8OO =300 -200 -1_oon|.3 ll?l] 2?0 31.10 ol in magnitude’

2
[ L pIMPa] MPa]
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I I —o—ﬂx

I ! 1 +0’ ——Ty

:... ! ! +a). b

K[ above
Above 2w e 2

the yield point the yield point,
too!!

6

T ———
4| Above
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i

h [mm]” h [mm]"

7

h [mm] h [mm]

7.5 mm

. Smm__

h [mm]l

37,5 mm

In-depth stress distribution graphs of the welding seam and its surrounding area

in stainless steel — for qualification of the welding technology 7



Il. Applied DEFORMATION - for diagnostic purposes

II /B. Properties accessible from STRESS (DISTRIBUTION)
1. Actually formed stress
1.1. Without load (residual stress): SHAPE STABILITY and LOAD-CARRYING CAPACITY
, mm{‘ﬁ 1.1.3. DURING MANUFACTURING: b. Welding (I =1l = 1l = IV.)

Residual stress measured
at an "inaccessible” region

5 mm (oo o) v,

Stress of corner weld (in one measuring point)
- for qualification of the welding technology

18



Il. Applied DEFORMATION - for diagnostic purposes

II/ B. Properties accessible from STRESS (DISTR SEMI-NONDESTRUCTIVE

1. Actually formed stress .
y 111
1.1. Without load (residual stress): SHAPE STABILITY with MINI-HOLE!!!

1.1.3. DURING MANUFACTURING: b. Spot welding (I =1l = llla = IV.)
Plane displacement 0.5 mm

field around the hole

402 MPa

0,25 mm

¥363 MPa
Arin = 0.11 um

Al =0.14 um

Mérokor @: 2 mm

352 MPa

Al = 0.10 pm
Al = 0.14 um

Arpin =0.13 um
Al = 0.25 um

0.35 [um]
035 [um] W iz wAE 309 I;/Iopa
; _ ' ¥ P - i

H v &) a e 0 %0-05 — 4167 MPa
0 T0.05 Al = 0.10 pm 5 " Ar i = -0.07 pm
Al = 0.14 prg Ar,,, = 0.13 um

o o4 [wml] 347 MPa

5 :(_02{3 i B e
Alin =0.12 um b

0 'f°'°5 — %740 MPa
" Argi, =-0.02 pm

Stress distribution of the spot welding seam and its surrounding ‘area Al > 0-L4 ym
- for qualification of the welding technology

— Al oy = 0.43 pm



Il. Applied DEFORMATION - for diagnostic purposes

II/ B. Properties accessible from STRESS (DISTR SEMI-NONDESTRUCTIVE

1. Actually formed stress .
y 111
1.1. Without load (residual stress): SHAPE STABILITY with MINI-HOLE!!!

1.1.3. DURING MANUFACTURING: b. Laser welding (I =11 = 1lIb —IV.)

60 MPa
_ 7.2°
230 MPa

40 MPa

0.2 [pm] E
L g2 Al in = -0.03 um (4o

65 MPa _0 D

0.02 52002 Al = 0.55 um A
T = Arpi, =0.05um & o

! Al = 0.14 um h - 100 MPa E

L g . =)

5 MPa - > ©

s ¥ 360 MPa =

p 7,3° ];n Al’min =-0.02 lJ.m D

125 MPa Al = 0.84 um e

Ar; =0.04 um E’

Alpax = 0.28 pm

Wl

#

L
\\‘

5

35 MPa

85 MPa
-1,7°
b X01 480 MPa

- Al =-0.15 pm
Al = 117 um

L

I

near and between the welding seam, respectively

3
3

0.4 [pm]
_ 5.5°
i 115 MPa
T % Ar,,=000um

1pm

N -
EE

Al = 0.27 um

1mm

Stress distribution of the laser welding of welded steel and aluminum plate
- for qualification of the welding technology
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Il. Applied DEFORMATION - for diagnostic purposes

o I1/B. Properties accessible from STRESS (DISTRIBL Residual stress varies greatly in

1. Actually formed stress direction and magnitude
1.1. Without load (residual stress): SHAPE STABILITY and LOAD-CARRYING CAPACITY
meﬁ 1.1.3. DURING MANUFACTURING: b. Welding (I =11 =1l = IV.)

[k + uyf]s uel +wyJ

Stress distribution of the deposited layer of deposition welding and the substrate
- for qualification of the welding technology (ll.) 21



Il. Applied DEFORMATION - for diagnostic purposes

II /B. Properties accessible from STRESS (DISTRIBUTION)
1. Actually formed stress
1.1. Without load (residual stress): SHAPE STABILITY and LOAD-CARRYING CAPACITY
1.1.3. DURING MANUFACTURING: b. Welding (1 -1} = llI-1V".)

;1 -200 MPa
*
k i ] . i

with drill-hole depth

- Al
Stress distribution of the deposited layer of deposition welding and the substrate ”n
- for qualification of the welding technology (la.)



Il. Applied DEFORMATION - for diagnostic purposes

II /B. Properties accessible from STRESS (DISTRIBUTION)
1. Actually formed stress
1.1. Without load (residual stress): SHAPE STABILITY and LOAD-CARRYING CAPACITY
1.1.3. DURINGjMANUFACTURING: b. Welding (1 =1l = 1l = IV".)

k}’ i, 2mm LYy, _ 72 RS
7 N\ \

Residual stress DOUBLES
with drill-hole depth...

Stress distribution of the deposited layer ofmtnieposition welding and the substrate
e s . 23
- for qualification of the welding technology (Ib.)



' Spec:flcally for quallflcatlon of weldmgs

PRESSURE VESSEI. EXAMPLES

I1/B. and Il/C. Properties accessible from

STRESS (DISTRIBUTION)
and its CHANGE

(measuring the deformation from stress-releasing at blind hole drilling)

24



Il. Applied DEFORMATION - for diagnostic purp

I1/B. Properties accessible from STRESS (DISTRIBUTION %4 )
&,

2. Applied stress — for diagnostic purposes
2.1 STRUCTURAL INTEGRITY (I-lI-111.)
a. Welding seam of a pipe

3mm
1,5 mm

) IN THE
< il WELDING SEAM [k + uyfs upd + w7

20 bar inner test pressure

unexpected compressive
stress...

comparison with
reference...

S\

= Larger tensile stress in

tube wall
(just as expected)

In the j el
tube wall k) >

20 bar inner test pressure

¢
g}\g i%

1mm

Stress of welding seam (and pipe wall) at 20 bar test pressure
— for qualification of structural integrity 25



Il. Applied DEFORMATION - for diagnostic purp
I1/C. Properties accessible from STRESS (DISTRIBUTION

2. Applied stresses for diagnostic purposes
2.1 STRUCTURAL INTEGRITY (I-1I-111.)
a. Welding seam of a pipe

3mm
1,5 mm

[l + wyfs uyd + uy

0 bar inner pressure

) i N '
\
—
i 7/ 7
'3 4 )
<
1

-115 MPa

Stress change of the seam:

WELDING
SEAM j
—> k )"i

. 20 bar inner test pressure

0 ba&r inner pressure

>

rr—

f 4.% 0.9(1m] r"'ﬂ““\‘

HO A=
N> o= 0.1 ‘\\ Z ”'

o

i Stress change of the
inthe PIPE WALL:
pipe wall + 60 MPa

j
k¥ i

20 bar inner test pressure

Stress change of the welding seam (and the pipe wall)
- for qualification of structural integrity 26



ADDENDUM

A COMPLEX STRESS EXAMPLE:
WELDEDIIOLEOVVESECINOIN

Measurement of -1 (=55 DS UIEL0))\ |
ON THE SUR

AND IN DEPTH, TOO...




STRESS DISTRIBUTION



. Applied DEFORMATION — for diagnostic purpose ‘

o I1/B. Properties accessible from STRESS (DISTRIBUTION)
1.1.3. DURING MANUFACTURING: b. Welding (1= 1I'/1 =11 - 1V.)

yf yf

W3 -295 MPa
-4.3 um

IN THE MIDDLE
IN THE CENTER

in depth
measurement
X to follow

-355 MPa
' -5.0 um :
] - 502 _p X
430 MPa
4.9 um

The surface distribution of residual stress - along a cross-line on the surface
at the non-welded side ,



o I1/B. Properties accessible from STRESS (DISTRIBUTION)
1.1.3. DURING MANUFACTURING: b. Welding (1= 1I'/1 =11 - 1V.)

Ya Ya

-330 MPa " -275MPa "4

210 MPa

IN THE MIDLE 5 128 m
AT THE CORNER '

in depth

Y measurement

. !y -250 MPa to follow
! -380 MPa 156 m
-2.26 um ,
, . Dy
---- N ¢ 205 MPa
240 MPa o : 1.39 um
P ! '

1.74 um

The surface distribution of residual stress - along a cross-line on the surface
around the corner 30




Il. Applied DEFORMATION - for diagnostic purposes

o I1/B. Properties accessible from STRESS (DISTRIBUTION)
1.1.3. DURING MANUFACTURING: b. Welding (1= 1I'/1 =11 - 1V.)

A

-465 MPa
-6.0 um

1
1
__:]§'1°_>X
390 MPa - LN 2mm§ﬁ

5.4 um

1
-130 MPa
-1.8 um

2077 _ >

155 MPa
2.0 um

IN THE MIDLE
IN THE WELDING SEAM

4 Ya in depth

-40 MPa

- - . 265 MPa 1.7 measurement
" -4.0 pm o
LD G . R to follow
475 MPa

a5 MPT X

5.4 um S.lum

The surface distribution of residual stress - along a cross-line on the surface
at the welded side 3!



IN DEPTH (I.)

by incremental hole drilling:
up to a limited depth...



Il. Applied DEFORMATION - for diagnostic purposes, ‘

o I1/B. Properties accessible from STRESS (DISTRIBUTION)
1.1.3. DURING MANUFACTURING: b. Welding (1= 1I'/1 =11 - 1V.)

h=0 mm , 4mm
(1 mm)
1
-210 MPa
bty 4mm -139 y
R
@mm) 275 MPa
l';-;m 1.61 um
1
-450 MPa
by 4mm -1.38 um 4 1
l :1'96_ _>X T
T @mm) 135 MPa 54
1;',“ 0.89 um
E 1
S -455 MPa 61
Lo R 4mm -0.77 um
¢ IR YO
(4 mm)
70 MPa
- 0.53 um v h [mm]
A

"h [mm]

The in depth distribution of residual stress - in the wall at the non-welded side:
from above
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Il. Applied DEFORMATION - for diagnostic purposes ‘

o I1/B. Properties accessible from STRESS (DISTRIBUTION) %’b .
1.1.3. DURING MANUFACTURING: b. Welding (1= 1I'/1 =11 - 1V.) 0’&,%

Ky
Ya (”7‘0
2 -30 MPa e

4 mm

h=4 mm
b
(3mm)

#4--»x  -600 -400 -200 0 200 400 600 ;\jpg]

10 MPa 9
1:m 0.2,um ]
14 ——0,
120 MPa 1 ==,
h=5 mm 4mm L 2 Y
l - 99:_>X T
(4 mm) %E B 5 MPa
1pm 0.3 um 3 1
I 260MPa
h=6 mm 4 mm 1.56 um
l - 990__>X
T (5 mm) %ﬁ 5 MPa
1pm -0.3 um
£
S s 260 MPa
Lo 4 mm 2.17 um
h=7 mm
| :Q-l".}x
: ©mm ﬁ -430 MPa
-3.04um
Yh [mm]
The in depth distribution of residual stress - in the wall at the non-welded side:
from below
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Il. Applied DEFORMATION - for diagnostic purposes ‘

o I1/B. Properties accessible from STRESS (DISTRIBUTION) %o,
1.1.3. DURING MANUFACTURING: b. Welding (1= 1I'/1 =11 - 1V.) 0’6

_6.00 _4.00 -2.00,\ I0 2(?0 4(?0 6(?0 o [MPa]

«— 5mm —»

ey

The in depth distribution of residual stress - in the wall at the non-welded side
from above and from below together: COMPLETE DEPTH DISTRIBUTION
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Il. Applied DEFORMATION - for diagnostic purposes ‘

o I1/B. Properties accessible from STRESS (DISTRIBUTION) %
1.1.3. DURING MANUFACTURING: b. Welding (1= 1I'/1 =11 - 1V.) 6/'@&0
g,
Ya ‘0,

350 MPa

4mm 0.1 pm

01 mm) s M 790 590 390 1AOO 1(?0 390 500 700 [MPa]

0.2 um 4

nm

A |
305 MPa X
0.1 um 01 + —I—O'y

- _0_0:_>X
625 MPa T
- 03,um
i 02 1

1
120 MPa 1
0.0
h=0,2 mm 4mm um i L
ik (@) 0s |
©3mm 680 MPa
- 0.4 um 1
1 pm
8
pm
1
8
pm

-
1

h=0,1 mm 4mm

L i
(0,2 mm)

h=0,3 mm R
Lt
(0,4 mm)

5 MPa 04 1
m 0.0 um
-- 0.02 > X T
470 MPa 05 +
i 0.3 um '
v h[mm]
A 5 MPa
4mm 0.0 um
0.1mm STEPS h=0.} mm%ﬁ - 9% py
at depth (0.5 mm) 460 MPa
INCREMENTS! - 03 um

The in depth distribution of residual stress - in the wall at the non-welded side:
at very fine depth steps *°




%

-105 MPa

Il. Applied DEFORMATION - for diagnostic purposes

o I1/B. Properties accessible from STRESS (DISTRIBUTION)
1.1.3. DURING MANUFACTURING: b. Welding (1= 1I'/1 =11 - 1V.)

h:Olmm 4mm i o7y
A H°PX 600 400 200 0 200 400 600 rypg]
- 1.26 um "
. —OB.)c(r_x
-295 MPa =0 y
- 4mm -1.20 um O-y
=1l mm __ 1.9 "X
(anwm) %ﬁ o 125 MPa
0.76 um
] -450 MPa 1
-1.08 um 4
h:Zlmm ;e ﬂl-s."--px I ]
— (3mm) 10 MPa
T 0.40 um 5 T
. |
-32 1
E :
4 mm 1
h=3 mm - LA 84T py
i (4im) %ﬁ -150 MPa [
- 0.01 um v h [mm]
Y'h [mm]
The in depth distribution of residual stress — at extreme places:
37

in the welding seam




o I1/B. Properties accessible from STRESS (DISTRIBUTION)
1.1.3. DURING MANUFACTURING: b. Welding (1= 1I'/1 =11 - 1V.)

3mm

h=0 mm
(1 mm)

h=1 mm 3 mm

h=2 mm 3 mm

|

(3mm)
Significant

direction changes, s well

L -580 MP
os2um v h[mm]

‘5.0"__>X

35 MPa
0.35 um

3mm

h=3 mm
! il i _
(4 mm)

The in depth distribution of residual stress — at extreme places:

38
at the corner




IN DEPTH (II.)

by (incremental) hole drilling:
with upper layer removal
to a much less depth limitation...

(under current development,
limitations not quite definite yet...)



Il. Applied DEFORMATION - for diagnostic purposes ‘

o I1/B. Properties accessible from STRESS (DISTRIBUTION) ‘1"5'6,
S

1.1.3. DURING MANUFACTURING: b. Welding (1= 1I'/1 =11 - 1V.) Y.
,
j G/bobe/
ps

-495 MPa#
-4.7 um

20 MPa*
1.6 um

1
-125 MPa#
-1.6 um

1
530 MPa*
5.9 um

# indicative values only
but not very far from reality!

The in depth distribution of residual stress - in the wall at the non-welded side:
with experimental upper layer removal... "’
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