
M
a
r
io

 R
e
n

d
e
r
o

s
 C

a
r
ta

g
e
n

a
I
n

 s
e
r
v
ic

e
 b

e
h

a
v
io

r
 o

f 
c
o

m
p

o
n

e
n

ts
 r

e
p

a
ir

e
d

 b
y
 l

a
s
e
r
 

c
la

d
d

in
g

 -
P

r
o

c
e
s
s
, 

m
ic

r
o

s
tr

u
c
tu

r
e
 a

n
d

 f
a
ti

g
u

e
 b

e
h

a
v
io

r
 

r
e
la

ti
o

n
s
h

ip
s

In service behavior of components repaired 
by laser cladding - Process, microstructure 
and fatigue behavior relationships

Ph.D. THESIS
presented to obtain the degree of

Doctor

Mario Renderos Cartagena

THESIS ADVISOR

Pr. Franck Andrés Girot Mata, University of the Basque Country - UPV/EHU

06/2021, Bilbao 

Departamento de Ingeniería 
Mecánica / Ingeniaritza

Mekanikoa Saila

Imagen



(c)2021 MARIO ALFREDO RENDEROS CARTAGENA



  



  



  

- 



  

 

 

 

 



  

- 

- 

- 

- 



  



  



  



  



  



  







  

LG

V





  

 

cdf



LG



V

n



a



  



  



  



  

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

µ

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

H W

c cA mA  

 

 



  

 

 

cA Dil laserP

v 'm

 

 

 

'm

 

laserP v  

AcH W cA Dil
clad
deposition



 

 

 

%Ove %Off  



  

 

Δ  

 

%Ove  

ab mlPor

ab

 

 

%Off

 

 

 



  

 

 

  

 

 

δ

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 



 

  



  



 

 

 

 

 

 

V

LG  

LG V

 

 

ns  



  

oC

5dropd  1or  20ns  10nr 

 

 

( )200 ,  60laser p meanP W d m   

( )200 ,  120laser p meanP W d m   

( )600 ,  60laser p meanP W d m   

( )600 ,  120laser p meanP W d m   

 

 

z

0z 

x  

z

laser laserr x r   meanT ( )z

meank(T ( ))z  

LiquidusT SolidusT



  

( 0, 0, 0)o o ox y z  

x v

 

LG SG

z

LG SG  

 

 

 

 

V 21x10V   ( / )LG K m  

10 ( 1)log ( )LG 


10 ( 0)log ( )LG 

10 ( 1)log ( )LG 
 

( , )Lf G V   

V

V

 

G

S

intV  

41x10V 



  

  

0.01  0.5  0.99 

 

 

 

oN

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 



  

 

 

testE cladt

cladE
preE testd  

 

 

 

 

 

 



  

 

 1 1, ( )x x  

 

 

 

 

 

 

 

 

 



  

62*10

 

 

 

 

 

crystal
nom

DV

 

 

 



  

 

 

 

grainP

 

 

 

 

〈 〉  

 

mD



  

 

grain 0 180grain   

( )P 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

µ

 

 

 

 

 

γ γ

γ γ

δ γ

 



  

1 mmlaserd   

 

 

 

 

 

 

 

 

 

 

η

 

η

 



  

laserP v %Ove

%Off

 

_Ac ml
data

H _m ml
data

H

 

 

 

 

 

mlPor mlDil
_clad ml

 

 

 

 

 

 



  

 

 

 

 

 

10log ( ) ( )
LGRatio f  

1   



 

 

 

 

 



  

 

cladE

preE testE

 

 

 

 

 

 

 

( )F f t  



  

 

 

 

0 1 0.1

 

 

DV  DV 

 

 

 

 

2R  

2R

 



  

 

 

 

 

 

 

 

 



  

LG

'm

v

V



  



  

- 

- 

- 

- 

- 



  



  

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 



  

- 

- 

- 

- 

- 

- 



  

- 

- 

- 

- 

(a) (b)



  

- 

- 

- 

- 

- 

- 

- 

- 

- 



  

- 

- 

- 



  

 

 

 

 



  

 



  

- 

- 

- 

- 



  

- 

- 

- 



  



  



  

- 

- 

- 

- 

- 

- 

- 



  



  



  



  



  

 

 

 

 

 

 

 



  

ADDITIVE 
MANUFACTURING 
TECHNOLOGIES



  

- 

- 

- 

- 



  



  



  



  



  

- 

- 

- 

- 



  

- 

- 



  

µ

µ



  



  

- 

- 



  

- 

- 

- 

10−8

10−5

- 



  

𝑁∞ = 𝑁𝑂𝑒−(𝐸1−𝐸2)/𝜎𝑇

𝑁∞

𝑁𝑂

𝜎

a) Atomic model b) Excitation

c) Spontaneous emission t~10-8 s c) Stimulated emission t~10-8 s

AN: atomic nucleus, e: electron, E: energy, E1 and E2: energy levels



  

- 



  

- 

- 



  

- 

𝐸 = ℎ𝜈



  

ℎ

1019

10−11~10−12

10−9~10−10



  

𝑇𝑒

𝑇𝑒

𝜕𝑇𝑒

𝜕𝑡
=

𝑇𝐿 − 𝑇𝑒

𝜏𝑒𝑝

𝑇𝐿

𝜏𝑒𝑝 𝜏𝑒𝑝



  

- 

- 

- 



  



  

- 

𝐵𝑃𝑃 =
𝑟0𝑙𝜃

2

𝑟0𝑙

𝜃

- 

0

2 1

l

f
K

D r








  

𝑟𝑙(𝑧)
2 = 𝑟0𝑙

2 + 4𝜃2(𝑧 − 𝑧0)
2

- 



  

𝑅 = {
1 − 𝐴                  , 𝑓𝑜𝑟 𝑜𝑝𝑎𝑞𝑢𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠
1 − 𝐴 − 𝑇, 𝑓𝑜𝑟 𝑡𝑟𝑎𝑛𝑠𝑝𝑎𝑟𝑒𝑛𝑡 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠

𝑅

𝐴

𝑇

𝑅 =
(1 − 𝑛)2 + 𝑘2

(1 + 𝑛)2 + 𝑘2

𝑛

𝑘

µ



  

µ

µ



  

- 

µ

µ

(a) (b)



  



  



  



  



  

- 

- 



  

- 

- 

- 



  

- 

- 



  

- 

( )
.( ) .( )

p

p

c T
c T k T Q

t





   


v

( )
( ) .( )p

t


  


      



v
v v g v

0 v

(b)(a)



  

4 4

0 0

4 4

0 0

( , , , ) ( ) ( ) if 
( . ) |

( ) ( ) if 

c t

c t

I x y z t h T T T T
k T

h T T T T

  

 


     
   

    
n

g

2 .
suf

melt

p z
n R


 

 
    

 

v
g n

. 0v n

( , , , ) .f x y z t Const

0x y zu u u  

meltT T

0( , , ,0)T x y z T

0( , , , )T x y z T 



  

2 2

0 0( , , ) ( , ' ),  nI x y z I r z s r x y    

(a) (b)



  

- 

- 

- 



  

- 



  

(a) (b)



  



  



  

- 



  

- 



  

γ γ

γ γ

δ γ



  

- γ γ

δ

- 



  

- 

𝐺𝐿/𝑉

- 



  

- 

- 

- 

(a) (b)

(c)



  

- 

- 

- 

- 

- 

- 

- 

- 



  

A

1a 2a 3a

cA

mA

spot
laser

A

1b 2b 3b

Dil

mlDil

H

AcH

AmH

_t trL



  

m

lyn

trn

%Off

%Ove

laser
sv

P

Por

mlPor

speP

ns
'z

cladt

v

1Vc

1svVc

svv

W

Acy

Amy

c

clad
deposition



_clad ml





  

- 

- 

- 

- 

- 

- 



  

- 

- 

- 

- 

- 

- 

- 



  

- 

- 

- 

- 

- 

- 



  

- 

- 

- 

- 



  

- 

- 

- 

- 

- 

- 



  

- 

- 

- 

- 



  

laserP v F  

- laserP

- v

- 'm



  

/spe laser spot
laser

P P A spot
laser

A

speP

/spe laser spot
laser

P P A

Dil

/ ( )m c mDil A A A 

H W

c cA mA

180°-αc

αc



  

cA

mA

- cA

- Dil



  

Dil

- Por

mA cA

- laserP

- v

- 'm



  

1 mmlaserd 

Step

v

'm

laserP

- 

ns

- laserd

- 

kHz

- nm

- 

- 

- 



  

- 

ns

- 



  

4 2

1 2 3Acy a x a x a  

1 2 3,  a  and aa

4 2

1 2 3Acy a x a x a  

0Acy  c

X

Y

Detail



  

4 2

1 2 3Amy b x b x b  

1 2 3,  and b b b

cA mA

H W

A H W

Acy Amy Dil

cA AcH

AcH

W



  

AmH W cA mA

1 5

40(2 3 )Ac cH W A
a

W




2 3

6(5 4 )c AcA H W
a

W




3 Aca H

1 5

40(2 3 )Am mH W A
b

W




2 3

6(5 4 )m AmA H W
b

W


 

3 Amb H

c

2

1 2( 2 ) 180
atan

2
c

W W a a




 
   

 

cA

'm

'

p c

clad
deposition

vA

m


 

c



  

v

line
energ

lase

y

rP

v
 



  

'm

Step

clad
deposition

 ρ



  

c



  

laserP 'm v

Dil

cA

cA Dil laserP

v 'm



  

710 810 2W m



  



  

'm

laserP v 'm

clad
deposition



clad
deposition





  

laserP v

laserP

'm

clad
deposition





  



  



  

laserP v

cA

Dil

clad
deposition



'm



  

mA

cA

- 

- 

- 

v
laserP



  

Power
(Plaser), W

Speed (v), 
mm/min

Clad Area
(Ac), mm2

DOE Clad Area as f(Plaser, v)

(a)

DOE Dilution as f(Plaser, v)

Dilution (Dil), 
%

Speed (v), 
mm/min

Power
(Plaser), W

(b)



  

laserP v

Dil

mA

Dil cA

mA

DOE ŋclad deposition as f(Plaser, v)

Speed (v), 
mm/min

Power 
(Plaser), W

Efficiency 
clad 

deposition 
(ŋclad), %

(c)



  

1 1Vc v

AcH W cA mA

( )

laser laser
laser
sv laser

P P
P

sd P






( )
sv

v v
v

sd v






1 1
1

( 1)
sv

Vc Vc
Vc

sd Vc






svv 1svVc

laserP v

AcH

( ), , 1laser sv sv
s

c
v

A P v VcH f

laser
sv

P

svv 1svVc AcH W cA Dil clad
deposition





  



  



  

AcH W cA Dil

clad
deposition



- 

- 

- 



  

Multiple Linear Regression

Defined Confidence Level: 95.00 %.

Correlation matrix

Significant correlations at 95.00 % 

     r = 0.2352 (70 - 2)

P_laser_sv# v_sv# Vc1_sv# P_laser_sv#*v_sv#
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Vc1_sv#

v_sv#*Vc1_s

v#

P_laser_sv#*

v_sv#*Vc1_sv
P_laser_sv#² v_sv#²

P_laser_sv# 1.0000

v_sv# -0.0017 1.0000

Vc1_sv# 0.0014 -0.9822 1.0000

P_laser_sv#*v_sv# -0.0053 -0.0012 0.0009 1.0000

P_laser_sv#*Vc1_sv# 0.0045 0.0009 -0.0006 -0.9821 1.0000

v_sv#*Vc1_sv# 0.0010 0.1135 -0.2982 0.0016 -0.0016 1.0000

P_laser_sv#*v_sv#*Vc1_sv# -0.7339 0.0023 -0.0021 0.0846 -0.2094 -0.0006 1.0000

P_laser_sv#² 0.2326 -0.0063 0.0054 -0.0130 0.0111 0.0037 -0.1661 1.0000

v_sv#² -0.0014 0.0679 0.1172 -0.0020 0.0019 -0.9672 0.0012 -0.0053 1.0000

Range of variation of the Factors

Factors to consider Minimum Average Maximum Standard deviation

P_laser_sv -1.3466 0.0000 1.5913 1.0000

v_sv -1.5194 0.0000 1.5847 1.0000

Vc1_sv -1.2983 0.0000 1.8534 1.0000
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Optimization of Dil# in the domain under

constraints of other responses

Number of constraints: 0

Responses Objectives Calculated Values

H_Ac        0.2736 <= H_Ac<= 0.9183 0.5302

W        1.0102 <= W<= 1.6022 1.0027

Ac        0.1821 <= Ac<= 1.0198 0.4543

Dil Minimize 0.3951

ŋ_clad        0.1002 <= ŋ_clad<= 0.5258 0.2514

Factors Calculated Values

P_laser_sv 0.2385

v_sv -0.2207

Vc1_sv 0.0606

Optimization of Ac# in the domain under
constraints of other responses
Number of constraints: 0

Responses Objectives Calculated Values

H_Ac        0.2736 <= H_Ac<= 0.9183 0.6928

W        1.0102 <= W<= 1.6022 1.5337

Ac Maximize 0.739

Dil        0.2924 <= Dil<= 0.7078 0.6001

ŋ_clad        0.1002 <= ŋ_clad<= 0.5258 0.3071

Factors Calculated Values

P_laser_sv 0.6087

v_sv -0.2531

Vc1_sv 0.0068

Optimization of ŋ_clad# in the domain under
constraints of other responses
Number of constraints: 0

Responses Objectives Calculated Values

H_Ac        0.2736 <= H_Ac<=  0.9183 0.6614

W        1.0102 <= W<= 1.6022 1.1396

Ac        0.1821 <= Ac<= 1.0198 0.5863

Dil        0.2924 <= Dil<= 0.7078 0.447

ŋ_clad Maximize 0.3334

Factors Calculated Values

P_laser_sv 0.6161

v_sv -0.2252

Vc1_sv 0.0429
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P_laser_sv 0.6087 0.6161 0.2385 P_laser (W) 586.3 587.2 541.5 571.7

v_sv -0.2531 -0.2252 -0.2207 v (mm/min) 518.8 523.0 523.7 521.8
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Vc1 1/√(v) 
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Multiple Linear Regression

Defined Confidence Level: 95.00 %.

Correlation matrix

Significant correlations at 95.00 % 

     r = 0.5529 (13 - 2)

Ove# Off# P_laser_sv#*v_sv# P_laser_sv#*Off# v_sv#*Ove# v_sv#*Off# Ove#*Off#

Ove# 1.0000

Off# -0.9122 1.0000

P_laser_sv#*v_sv# -0.0406 0.0588 1.0000

P_laser_sv#*Off# 0.4463 -0.5051 -0.6725 1.0000

v_sv#*Ove# -0.4820 0.4135 -0.7360 0.1385 1.0000

v_sv#*Off# 0.7419 -0.8401 -0.4318 0.7339 -0.0228 1.0000

Ove#*Off# -0.7874 0.9598 0.0424 -0.4692 0.3669 -0.7800 1.0000

Range of variation of the Factors

Factors to consider Minimum Average Maximum Standard deviation

P_laser_sv -0.9907 -0.4592 0.4823 0.5570

v_sv -0.5391 -0.3883 -0.2124 0.1695

Ove 0.2600 0.3646 0.5000 0.1033

Off 0.0000 0.1827 0.3750 0.1313
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Optimization of Dil_ml# in the domain under

constraints of other responses

Number of constraints: 0

Responses Objectives Calculated Values

Dil_ml Minimize 0.0489

Por_ml        0.0000 <= Por_ml<= 0.0071 0.0006

Eff_ml        0.2434 <= Eff_ml<= 0.4500 0.2392

Factors Calculated Values

P_laser_sv 0.4823

v_sv -0.2320

%Ove 0.287

%Off 0.0213

Optimization of Eff_ml# in the domain under

constraints of other responses

Number of constraints: 0

Responses Objectives Calculated Values

Dil_ml        0.0370 <= Dil_ml<= 0.1515 0.1251

Por_ml        0.0000 <= Por_ml<= 0.0071 0.0002

Eff_ml Maximize 0.5495

Factors Calculated Values

P_laser_sv 0.4823

v_sv -0.2320

%Ove 0.2419

%Off 0.3824

Optimization of Por_ml# in the domain under

constraints of other responses

Number of constraints: 0

Responses Objectives Calculated Values

Dil_ml        0.0370 <= Dil_ml<= 0.1515 0.1496

Por_ml Minimize 0.0001

Eff_ml        0.2434 <= Eff_ml<= 0.4500 0.4414

Factors Calculated Values

P_laser_sv 0.4823

v_sv -0.2320

%Ove 0.4026

%Off 0.3817
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Application of Laser Cladding and grain crystallization morphology 
models for different process parameters  
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Percentage 
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ε=0.2% (MPa), σYclad 

σYclad / σYtest  (%)

977.2 1061.4 1014.4 1032.6 1047.9

Two passes in 
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stratW

0.25 0.2 0.2 0.175 0.175

Strategy σUT (MPa) σY (MPa) %E (%) Eclad (GPa) HV 0.3 kgf (-) σUT_norm σY_norm %Enorm Eclad_norm HV 0.3norm Wstrat

CC 1284.5 977.2 10.7 187.5 320.2 0.9538 0.8932 0.713 0.7693 0.8981 0.8516

LZ 1346.3 1061.4 10.5 242.6 332.1 0.9997 0.9702 0.700 0.9953 0.9313 0.9211

LZZ 1315.2 1014.4 9.5 232.1 340.1 0.9766 0.9272 0.633 0.9522 0.9537 0.8898

ZC 1312.9 1032.6 8.4 225.0 326.2 * 0.9749 0.9439 0.560 0.9231 0.9147 0.8661

ZZC 1346.7 1047.9 12.0 243.7 330.1 ** 1 0.9579 0.800 1 0.9259 0.9386

Base mat. 1287.0 1094.0 15.0 205.1 356.6 0.9557 1 1 0.8415 1 0.9612

Max. Value 1346.7 1094.0 15.0 243.7 356.6

* Calculated by the average of CC and LZ

** Calculated by the average of CC and LZZ

Mechanical property

Weights 

Normalized mechanical property
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Origin of virtual strain gauge: SCL6, 
SCL7 and SCL10

Origin of virtual strain gauge: SCL8 
and SCL9.
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CC R=-1 LZZ R=-1 ZZC R=-1

Distribution:    Generalized Extreme Value Distribution:    Extreme Value Distribution:    Extreme Value

Log likelihood:  -22850 Log likelihood:  -15072.1 Log likelihood:  -24471.6

Domain:          -Inf < y < Inf Domain:          -Inf < y < Inf Domain:          -Inf < y < Inf

Mean:            32.635 Mean:            7.01601 Mean:            19.4953

Variance:        298.12 Variance:        21.3359 Variance:        123.3

Mode:        23.1927 Mode(mu):        9.09484 Mode(mu):      24.4927

Parameter  Estimate  Std. Err. Parameter  Estimate  Std. Err. Parameter  Estimate  Std. Err.

k          0.201783  0.0134928 mu         9.09484   0.0522469 mu         24.4927   0.112825 

sigma       9.40192   0.117886 sigma      3.60148   0.0380227 sigma       8.6578   0.082769 

mu          24.8892   0.146085

CC R=0 LZZ R=0 ZZC R=0

Distribution:    Generalized Extreme Value Distribution:    Extreme Value Distribution:    Extreme Value

Log likelihood:  -21309.6 Log likelihood:  -17643.9 Log likelihood:  -26502

Domain:          -Inf < y < Inf Domain:          -Inf < y < Inf Domain:          -Inf < y < Inf

Mean:            28.2553 Mean:            7.1094 Mean:            21.8914

Variance:        160.582 Variance:        20.906 Variance:        96.2028

Mode:        21.3322 Mode(mu):       9.16719 Mode(mu):       26.3057

Parameter  Estimate  Std. Err. Parameter  Estimate  Std. Err. Parameter  Estimate  Std. Err.

k          0.17649   0.0128683 mu         9.16719   0.0477137 mu         26.3057    0.094126

sigma      7.31197   0.0895274 sigma      3.56502   0.0347206 sigma       7.6475   0.0696734

mu         22.5038    0.112573
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Base 

material
1.8615 1.2071 1.8564 -1.2543 2.0111 1.2959 1.2560 -1.0449 1.7352 -0.7889

CC -1.1412 -1.8501 -0.9428 1.7955 -0.6771 0.9383 -1.5269 -1.1368 -0.1379 -1.5792

LZ -0.2146 0.1399 0.0788 -0.3174 -0.1684 0.1395 0.4793 1.1344 -0.2251 0.8951

LZZ -0.4068 0.2176 0.0540 -0.0447 -0.2936 -0.3329 -0.6405 -0.0086 -0.6607 0.4236

ZC -0.1390 0.0646 -0.7560 0.1158 -0.4037 -0.6830 -0.2069 -0.0931 -1.1399 0.1048
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Adequacy to a Normal Law

CHARACTERISTICS OF THE SAMPLE

Error σY (correlation option 1)

Defined Confidence Level: 95.00%.

Number of observations: Average: Standard deviation: D.D.L.:

6 0 0.2264 5

Normality Test: SHAPIRO AND WILK

Calculated Statistics Law Confidence % Risk (alpha)%

0.9583 Normal Distribution 15.6935 84.3065

The distribution is not significantly 

different from a normal distribution.

Adequacy to a Normal Law

CHARACTERISTICS OF THE SAMPLE

Error σY (correlation option 2)

Defined Confidence Level: 95.00%.

Number of observations: Average: Standard deviation: D.D.L.:

6 -0.1331 0.4216 5

Normality Test: SHAPIRO AND WILK

Calculated Statistics Law Confidence % Risk (alpha)%

0.9019 Normal Distribution 58.673 41.327

The distribution is not significantly 

different from a normal distribution.



  

Adequacy to a Normal Law

CHARACTERISTICS OF THE SAMPLE

Error σUT

Defined Confidence Level: 95.00%.

Number of observations: Average: Standard deviation: D.D.L.:

6 0 0.0258 5

Normality Test: SHAPIRO AND WILK

Calculated Statistics Law Confidence % Risk (alpha)%

0.9319 Normal Distribution 35.8933 64.1067

The distribution is not significantly 

different from a normal distribution.

Adequacy to a Normal Law

CHARACTERISTICS OF THE SAMPLE

Error %Elongation

Defined Confidence Level: 95.00%.

Number of observations: Average: Standard deviation: D.D.L.:

6 0 0.1632 5

Normality Test: SHAPIRO AND WILK

Calculated Statistics Law Confidence % Risk (alpha)%

0.9271 Normal Distribution 39.7357 60.2643

The distribution is not significantly 

different from a normal distribution.

Adequacy to a Normal Law

CHARACTERISTICS OF THE SAMPLE

Error Eclad

Defined Confidence Level: 95.00%.

Number of observations: Average: Standard deviation: D.D.L.:

6 0 0.1568 5

Normality Test: SHAPIRO AND WILK

Calculated Statistics Law Confidence % Risk (alpha)%

0.8922 Normal Distribution 64.9114 35.0886

The distribution is not significantly 

different from a normal distribution.
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