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ABSTRACT 

 

Laser deposit welding, by using Nd-YAG, is a mould repairing process, which has the advantages relatively to the 

traditional methods of achieving a less change of the metal composition around the repaired zone and permitting a very 

accurate deposition of a small volume of the filler material in the area chosen at the work-piece surface. This paper 

presents a fatigue study in specimens of two base materials used in mould production (AISI H13 and P20). Filler 

material as well as welding parameters were analysed in order to obtain better fatigue strength. The tests were carried 

out under constant amplitude loading, with two stress ratios R=0 and R=0.4. Welded specimens were prepared with V 

notches and filled with laser welding deposits which promote some distortion and residual stresses. The fatigue results 

are presented in the form of S-N curves obtained in welded and non-welded conditions. Complementary measurements 

of hardness profiles and SEM analysis were carried out to understanding the fatigue behaviour and failure sites. The 

laser deposit material was the weaker region in both steels, probably due to tensile residual stresses and planar defects 

that are potential failure sites. Fatigue crack initiation is therefore reduced and the fatigue life propagation is enhanced. 

A significant mean stress effect in the base material was also observed in both mould steels. 
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1.  INTRODUCTION 

 

Mould producing is one of the more relevant Portuguese 

industries using high CAD/CAM technologies. The 

shape and manufacturing of tools for moulds are usually 

extremely exact and consequently very expensive. 

Therefore, during moulds manufacturing, the correction 

of localized imperfections due to design or execution as 

well as tool marks is very frequent.  

 

In injection and bow moulds for plastic products and in 

die casting processes of aluminium and magnesium 

alloys, these tools are subjected to strong thermo-

mechanical loads which can lead to damage of the 

moulds surface in the form of wear or fatigue cracks.  

 

Laser deposit welding, by using modern ND-YAG 

lasers, is a new repair process, very flexible, that has the 

advantage relatively to the traditional methods (Micro-

plasma and TIG methods) of achieving less change of 

the metal composition around the repaired zone. 

Moreover, it permits a very accurate deposition of a 

small volume of filler material at the area chosen in the 

work-piece surface, without distortion, even in the case 

of a small thickness of 0.2 mm. Taking in account the 

costs involved to produce a new mould, is obvious the 

relevance of the possibility in repairing moulds without 

significant loss of quality. Therefore, if the operation 

life of dies could be successfully extended by a regular 

maintenance of die parts, the final price of moulds 

would be significantly improved.  

 

An important property for repairing mould steels is a 

good weldability in both states prior and after the post-

weld heat treatment. Gehricke [1] reported the 

superiority of the maraging steels relatively to hot-

working tool steels. Grum and Slabe also observed [2, 

3] that the heat treatment of maraging steels, including 

solution annealing and precipitation annealing, is less 

difficult than the heat treatment of hot-working tool 

steels. Despite these advantages of the maraging steels, 

the majority of the moulds produced in Portugal for die 

casting processes of aluminium and magnesium alloys 

use hot-working tool steels (AISI H13 and AISI P20).  

 

The influence of the micro laser repairing welding on 

the fatigue strength of welded parts is a recent subject 

and therefore insufficiently analysed. There are only 

few research studies in materials welded by Nd-YAG 

laser such as, Waspaloy [4], NiTi alloy [5], titanium 

alloy [6] and automotive aluminium alloys [7], but none 

of these analyses the fatigue behaviour.  
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For moulds steels there are also no research studies 

about the laser deposit welding process effects in 

respect to microstructure, hardness and residual stresses 

variations in the laser-deposited layer and in the heat-

affected zone. These variations will have an important 

influence in the thermal-mechanical fatigue strength of 

the moulds parts.  

 

In recent work [8], the authors obtained the fatigue 

strength of H13 and P20 mould steels, for both non-

welding and surface laser welded specimens with U 

notches. Filler material and welding parameters used in 

the preparation of the welded specimens were the ones 

currently used in the mould industry. The obtained data 

indicated that the repaired joints using Nd-YAG laser 

welds present significantly lower fatigue strength than 

base materials, mainly due the high number of defects in 

the welds, which promote crack initiation, and, therefore 

are potential failure sites. The higher residual stresses 

obtained in the laser-deposited material also contributed 

to that trend. Therefore, the optimization of the welding 

process is important to obtain better mechanical 

properties of repaired moulds. 

 

In the present study, an Nd-YAG micro laser process 

will be used in order to simulate the repair of damaged 

tool surfaces. A fatigue analysis of the H13 and P20 

mould steels with surface defects repaired by the laser 

process will be performed with several filler materials, 

welding parameters and welding geometry. The fatigue 

data obtained with the new welding conditions will be 

compared with the previously obtained S-N curves in 

welded and plain specimens [8]. Finally, microhardness 

analyses of the laser-welded regions, as well as SEM 

observation, will also be performed after laser repair.  

 

 

2. EXPERIMENTAL DETAILS 

 

This research was conduced using two base materials, 

namely hot-working tool steels: AISI H13 and AISI 

P20. The P20 steel was investigated in the as received 

condition, i.e., with quenching and tempering treatment, 

while the H13 steel was quenching and tempering only 

after machining. The chemical composition and the 

mechanical properties of these alloys are depicted in 

tables 1 and 2, respectively.  

 

Table 1. Chemical composition of the analysed mould 

steels (weight %). 

Steel C Si Mn Cr Mo Ni V 

H13 0.39 1.0 0.4 5.2 1.3 - 1.0 

P20 0.37 0.3 1.4 2.0 0.2 1.0 - 

 

The H13 steel is mainly used in the production of 

moulds for die casting processes of aluminium and 

magnesium alloys and the P20 steel in the production of 

moulds for injection and bow of plastic products  

 

Table 2. Mechanical properties of the mould steels. 

Steel 
σUTS 

[MPa] 

σYS 

[MPa] 

εr       
[%] 

HV 

H13 1990 1650 9 550 

P20 995 830 12 300 

 

Fatigue tests were performed with rectangular cross-

section specimens with surface welded specimens. 

Welded specimens were prepared with V notches and 

filled with laser welding deposits in order to simulate 

the repair of damaged tool surfaces. Figure 1 illustrates 

the major dimensions of the samples used in the tests. 

The radius of the V notch tip was 0.5 mm. Several laser-

deposited layers were performed in these specimens 

using filler wire. 

 
Figure 1. Geometry of the rectangular cross-section 

specimens used in the tests (dimensions in mm) 

 

Welding was conduced with a Nd-YAG laser system, 

HTS 180 Laser Tool, using a pulsating electric current 

with 6 Hz and 8 ms of impulse time. A filler wire with 

0.4 mm diameter was used. An Ar/He-mixture (5% He) 

with a flow of 0.6 l/min was used as shielding gas. The 

filler material used for the H13 steel specimens was a 

stainless steel while for the P20 steel specimens several 

alloy steels were analysed. The chemical composition of 

the filler wires are presented in table 3. 

 

Table 3. Chemical composition of the filler wire 

materials (weight %). 

Steel Wire C Si Mn Cr Mo Ni V 

H13  0.15 1.5 2 20  7  

A 0.35 0.3 1.2 7 2   

B 0.1 0.6 1.3  0.5   P20 

C 0.25  1.4 1.6 0.3  0.4 

 

Four combinations of welding parameters were analysed 

in order to obtain the lower level of defects. As 

indicated in table 4 the power was ranged between 58% 

and 63% of maximum laser system power (180 W) and 

the laser beam diameter was ranged between 0.5 and 0.6 

mm. The best combination was selected after optical 

microscopy analysis of the level of defects observed in 

cross sections of the welds. 
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Table 4. Welding parameters analysed. 

Type Laser Power  [W] Laser beam Ø [mm] 

(a) 104.4 0.5 

(b) 106.2 0.5 

(c) 111.6 0.6 

(d) 113.4 0.6 

 

All the fatigue tests were performed in load control 

using a computer-controlled servo-hydraulic Instron 

machine with 100 kN capacity. The tests were carried 

out under constant amplitude loading, with two stress 

ratio R=0 and R=0.4. All tests were conducted in air, at 

room temperature and with a load frequency of 25 Hz. 

The specimens were clamped by hydraulic grips.  

 

In order to characterise the welded joint and the Heated 

Affected Zone (HAZ) Vickers hardness profiles were 

obtained using a Struers Type Duramin-1microhardness 

tester, with an indentation load of 2000 gf during 15 s, 

according to the ASTM E 348 standard [9]. The 

hardness profiles were obtained at the repairing joint 

cross-sections, along a longitudinal line at 0.5 mm from 

the specimen surface. The measurements were 

performed at each 0.15 mm, along a distance from the 

laser weld centre until hardness stabilization. 

 

Finally, SEM observations of the final rupture locals 

were performed in laser welded specimens using a 

Philips XL30 scanning electron microscope. 

 

 

3. RESULTS AND DISCUSSION  

 

3.1 Optimization of the welding process  

 

Fatigue strength of welded specimens of P20 mould 

steel are plotted in figure 2 as nominal stress amplitude, 

∆σ/2, against the number of cycles to failure, Nf (S-N 

Wholler curves). Three series of specimens were tested 

with the notches filled with the three materials (A, B 

and C) indicated in table 3. It can be observed that filler 

materials B and C present the higher fatigue strength, 

being material C the more resistant.  

 

The mean values of the hardness measured near the 

middle of the weld deposit were: 744 HV for material 

A, 406 HV for material B and 398 HV for material C. 

Material A, which presents the higher hardness is also 

the one that has the lower resistance. The chemical 

composition with a higher level of Cr content justifies 

the formations of hard microstructures. Materials B and 

C having lower and similar hardness present very close 

S-N curves.  

 

Figure 3 shows SEM images of the fatigue surfaces 

obtained in P20 welded specimens filled with the filler 

materials A, B and C indicated in table 3. Figure 3(a) is 

for the type A filler material showing a rough surface 

where the brittle crack propagation is the main 

mechanism. Some secondary cracks normal to the 

surface can also be observed. 
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Figure 2. S-N curves for the three filler materials of 

table 3. P20 mould steel. 
 

 
 

 

 
 

 
 

Figure 3. Fatigue fracture appearance of the P20 

welded specimens filled with type A, B and C filler 

wires. R=0, ∆σ = 500 MPa. 
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Figures 3(b) and 3(c) are for type B and C filler 

materials, respectively. Smooth fatigue surface with 

several planar defects normal to the surface can be 

observed. In both figures multiple crack initiation sites 

starting from the surface of these defects are visible. 

However, the SEM image (b) obtained for type B filler 

wire present a higher level of defects than image (c) 

obtained type C material, which can explain its slightly 

higher fatigue resistance observed in figure 2. 

 

The hardness profiles obtained at the repaired joint 

cross-sections of specimens welded with welding 

processes (a) to (c), as indicated in table 4, are shown in 

figure 4, along a longitudinal line at 0.5 mm from the 

specimen surface. The measurements were performed at 

each 0.15 mm, along a distance from the laser weld 

centre until hardness stabilization. Four combinations of 

welding parameters were analysed in order to obtain the 

lower level of defects. It can be seen that the increase of 

the laser power lead to an increase of the hardness 

values, specially, in the heat affected zone. The best 

combination was selected after an optical microscopy 

analysis of the level of defects observed in the weld 

cross sections. 
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Figure 4. Hardness profiles in laser welds: (a) P=104,4 

W, d=0,5 mm; (b) P=106,6 W d=0,5 mm; (c) P=111,6 

W d=0,6 mm; (d) P=113,4 W, d=0,6 mm. P=laser 

power,. d= laser beam diameter. 

 

Figure 5 present photos obtained by optical microscopy 

analysis of the level of defects observed in hatched 

cross sections trough the welds. Between the four 

combinations of welding parameters analysed in order 

to obtain the lower level of defects. The one that 

provides the best results was with a laser power of 113.4 

W (about 63% of the maximum power of the laser 

welding machine – 180W) and a laser beam diameter of 

0.6 mm. Figure 5(d) shows that with these parameters 

planar defects are virtually absent.  

  
 

  
 

Figure 5. Welds hatched cross section: (a) P=104,4 W, 

d=0,5 mm; (b) P=106,6 W d=0,5 mm; (c) P=111,6 W 

d=0,6 mm; (d) P=113,4 W, d=0,6 mm. P=laser power,. 

d= laser beam diameter. 

 

3.2 Fatigue results  

 

Fatigue strength of welded and non-welded specimens 

are plotted in Fig. 6 for P20 mould steel as nominal 

stress amplitude, ∆σ/2, against the number of cycles to 

failure, Nf (S-N Wholler curves). 
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Figure 6. S-N curves for welded and non-welded 

specimens. P20 steel. R=0 and R=0.4. Weld angle=0º. 

 

The results were obtained from tests performed at stress 

ratios R=0 and R=0.4. This figure shows an important 

decrease of the fatigue strength obtained at R=0.4 in 

comparison to the stress ratio R=0, i.e., there is a high 

mean stress effect in the fatigue strength of P20 steel 

using non-welded specimens.  

 

Welded specimens, tested at R=0, present a significant 

lower fatigue resistance than the correspondent non-

welded specimens tested for the same stress ratio. The 

(a) (b) 

(d) (c) 
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welded specimen have a plane surface laser welding, 

therefore there is no stress concentration in the weld 

joint. Also, the finishing of both welded and non-welded 

specimens is similar. Therefore, the decrease of the 

fatigue strength observed in the welded specimens must 

be explained in terms of other factors such as filler 

material mechanical properties, residual stresses or 

welding defects. However, the welded specimens, tested 

at R=0.4, present a similar fatigue resistance to the 

correspondent non-welded specimens tested for the 

same stress ratio and also very close to the curve 

obtained with welded specimens for R=0. We must 

conclude that the residual stresses is probably the main 

factor affecting the fatigue behaviour and that the low 

level of planar defects obtained with the new welding 

parameters have only small influence.  

 

Preliminary residual stresses measurement were 

obtained in previous work [8] by X-ray diffraction. The 

residual stresses values observed at critical points (laser-

deposited material) greater than 400 MPa increases 

significantly the value of the mean-stress of the fatigue 

cycle which has a detrimental effect in fatigue lives and 

contributes as a consequence to the lower fatigue 

resistance observed in the welded specimens. A more 

extensive analysis of the residual stresses distribution in 

the laser deposit welding is in course by X-ray 

diffraction and by the hole technique in order to permit 

a better understanding of the trends of the fatigue curves 

shown in figure 6. 

 

Number of cycles to failure, Nf

N
o
m
in
a
l 
st
re
ss
 a
m
p
li
tu
d
e
 [
M
P
a
]

10
4

10
3

10
5

10
7

10
6

100

200

300

700

500

400

ref. [8]

 
Figure 7. Influence of welding parameters in fatigue 

strength. P20 steel. R=0. Weld angles=0º and 45º. 

 

Figure 7 compares the S-N fatigue curves for non-

welded specimens and welded specimens in P20 steel 

and R=0. Two series of tests performed with welded 

specimens are show: one is for the new welding 

parameters optimized as indicated above and using two 

directions for the welds (0º and 45º); the other was 

previously obtained [8] using the currently used 

parameters in the mould industry. It can be clearly 

observed an important increase of the fatigue resistance 

with the welding procedure and that the weld angle has 

no effect on the fatigue lives. 
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Figure 8. S-N curves for welded and non-welded 

specimens. H13 steel. R=0 and R=0.4. Weld angle=45º. 

 

The fatigue results obtained for H13 mould steel at R=0 

and R=0.4 for non-welded specimen and at R=0 for 

welded-specimens with a weld angle of 45º are depicted 

in figure 8. As for the P20 steel the results obtained in 

the H13 hot-working steel show a significant fatigue 

strength decrease of welded specimens when compared 

with non-welded specimens for R=0. Additionally, there 

is also a high mean stress effect in the fatigue strength 

obtained with the non-welded specimens. 

 

Figure 9(a) shows several planar defects that result from 

a lack of fusion between the successive laser-deposit 

layers. It seems that there are multiple crack initiation 

sites starting from the surface of these defects. These 

defects provide new surfaces were the crack can be 

more easily initiated due to the lower constraint of the 

plastic deformation that characterizes the surface grains 

of a material. However, taking in account that the 

defects are planar and almost parallel with to the 

loading direction there is no detrimental effect in the 

fatigue resistance. In spite of the optimization of the 

welding process which leads to an effective increase on 

the fatigue resistant as observed in figure 7, some 

defects remain in the welds, although in a number 

significant less than the obtained with the generally 

welding process currently used in mould industry.  

Figure 9(b) is a SEM image obtained in a P20 welded 

specimen with a weld angle of 45º. In this case a single 

crack initiation site, starting from the specimen surface 

is observed. Only one important planar defect can be 
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seen inside the weld deposit. In spite of its high 

dimension, the provable higher level of the residual 

stress near the surface and the less constrain of the 

surface grains can explain the initiation site observed. 

The direction of the weld is the obvious reason for 

figure (b) presenting a lower level of defects compared 

to figure (a). 

 

 
 

 
 

Figure 9. Fatigue fracture appearance of the P20 mould 

steel welded specimens for the filler material C (table 

3). R=0, ∆σ = 550 MPa. Weld angles: (a) 0º; (b) 45º. 
 

 

4. CONCLUSIONS 

 

The fatigue strength of H13 and P20 mould steels was 

obtained in terms of S-N curves, for surface laser 

welded specimens. The analysis was performed with 

several filler materials, welding parameters and welding 

geometry in order to select the welding parameters that 

conduce to the higher fatigue resistance. In spite of the 

improvement of the level of defects obtained with the 

new welding process, the repaired joints using Nd-YAG 

laser welds present significantly lower fatigue resistance 

for R=0 than base materials, probably as consequence of 

an important level of tensile residual stresses in the weld 

deposit, which increases the effective mean stress. For 

R=0.4 no effect of the weld deposits were observed in 

the P20 steel, being the welded specimens curves for 

R=0 and R=0.4 very similar and almost superimposed 

with the S-N curve obtained for non-welded specimens 

at R=0.4. An analysis of the residual stresses 

distribution in the laser deposit welding is in course by 

X-ray measurement with a Ψ diffractometer and by 

using the hole technique in order to better understanding 

this behaviour. 
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