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Abstract

Laser heat treatments (LHT) has received growing attention in the last years because of highly localized precision and manufacturing efficiency
related to laser processing of moulds steel. Due of its strong resistance and ability to maintain hardness and strength at high temperatures, AISI
P20 steel is one of the most widely used tool steel in the plastics injection mould industry.

This work presents an experimental investigation on LHT using P20 mod. steel produced with different surface finishes. After mechanical surface
finishing, the diode laser beam with 15 mm width was applied to the P20 specimens at 1060 °C using a feed rate of 8.8 mm's™'in an air and argon
ambient. The influence of different LHT atmosphere conditions and specimen initial surface finishing on characteristics such as final roughness,
microhardness and microstructure were comprehensively analyzed. The use of a controlled atmosphere during processing showed an increment
in depth and hardness values of samples. Through 3D profilometer, it was possible to determine the samples roughness. Results showed that
lower average roughness leads to higher hardness values close to the surface, while higher average roughness lead to a deeper heat-treated zone.
Macroscopical analysis revealed the depth and width afftected by LHT. The microhardness results showed an increment from 300 HV to around
750 HV on laser heat-treated zone using a controlled environment. Optical microscopy analysed the microstructural changes into martensite
between LHT and non LHT zones for all samples.
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1. Introduction

The constant evolution of the plastic injection industry
market demands that high productivity and quality of molds is
achieved [1]. Due to the continuous rise in plastic products mass
production, these tools are exposed to thermo-mechanical loads
that negatively influences the surface of molds steel [2].
Therefore, the necessity to develop mold steel with superior
durability has arisen. Several methods have been applied to
enhance the lifetime of a mold tool and to improve the final
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properties. The surface quality is a characteristic that also needs
to be considered.

Laser-based surface treatments is an effective method to
increase the final properties of a mold metallic part [3]. The
most common lasers used in industry are high power diode laser
[4-7], CO,[8] and laser Nd: YAG (Neodymium doped yttrium
aluminum garnet) [9]. Among these, the high power diode laser
is particular suitable for surface properties treatments of mold
steels due have smaller wavelength that allows for a higher
absorption rate in steels. [7,10]. Using diode lasers have
possibility to achieve highest depths using less energy once
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wavelength range of the laser beam is well absorbed by the
metal. A higher work efficiency is also possible to obtain using
high power diode lasers compared to another surface
modification processes as gas nitriding, plasma nitriding,
chemical vapor deposition [7,11,12]. Laser based surface
treatments are mostly performed in air conditions with absence
of a controlled environment. However, using air without any
controlled environment can be less effective for steels, as in low
carbon content oxidation phenomenon can negatively affect the
hardening process [13]. Laser heat treatments (LHT) under a
controlled atmosphere can be a solution to improve surface
hardness. The incorporation of an inert gas environment during
experiments can improve both the mechanical and tribological
properties of steels [14,15].

AISI P20 mod. steel is a commercial mold steel commonly
used in injection mold industry, due to its good mechanical
properties, machinability, and easy polishing. Previous research
on the study of the LHT effect on hardness of tool steels was
carried out and the results have shown a 108% increase in
hardness steel after inducing by LHT [3].

In this study, laser heat treatments using a high power laser
were applied on AISI P20 with a special attention for the
influence of different surface finishes to obtain high durability
of steel for injection mold application. LHT under air and
controlled conditions were also evaluated.

2. Experimental Procedure

2.1. Materials

For the experimental studies, a set of five samples of AISI
P20 modified was selected to study the influence of different
surface finishes. Table 1 summarizes the chemical composition
of the material used in this study.

Table 1. Chemical composition of the P20 mold steel (wt.%) [16].
Steel Mn Cr C Si Mo P
P20 mod. 153 19 0.4 0.24 0.22 0.01

2.2. Samples preparation

Parallelepipedal samples of P20 tool steel with dimensions
of 85 (W) x 50 (D) x 22 (H) mm were prepared to obtain five
different surface finishes (Fig. 1).

A rough milled sample (RM) was obtained using a 5-axis
universal CNC machine equipped with a 32mm diameter
milling head (MQX-5032-M16) with cutting inserts
(EPMT100312ZER). Two other samples were equally
machined and then brushed using a 6-axis robot equipped with
a 75mm diameter x 6mm ceramic brush (3M Scotch Brite BB-
XS-120). The brushed sample 1 (Bl) undergo one brush
passage and the brushed sample 2 (B2) featured three brush
passages in perpendicular directions. A finishing milling
sample (FM) was obtained using the 5-axis universal CNC
machine equipped with a 2mm diameter ball nose CBN tool
(XB0O20420-4-11G), getting an even finishing, characterized

Fig. 1. Samples obtained after surface finishes: a) Rough milling (RM); b)
Brushed 1 (B1); ¢) Brushed 2 (B2); d) Finish milling (FM) and e) Polish (P).

by regular height and shape crests. The polished sample (P) was
achieved with a KK114F (VSM) sandpaper with a particle size
of P320 and then a CP918A (VSM) with a particle size P800.

2.3. Experimental setup for laser heat treatments

Laser heat treatments (LHT) were conducted with a LDF
4500-60 diode laser from LASERLine, incorporated in an ABB
IRB 6700 robot. The rectangular spot size was fixed in 15 mm
by 7.2mm and a continuous laser beam up to 4.5 kW with a
combined wavelength from 960 nm and 1020 nm diode
emitters was applied.

The rectangular laser beam moved in a single linear path
with a transverse scanning motion was applied in the central
part of the samples, along ~ 55 mm. The temperature used in
experiments was set to 1060 °C with a scanning laser beam
speed of 8.8 mm's™!, based on results from previous studies [3].
A pyrometer was fixed on the laser head and measured the
surface temperature of the sample controlling the laser power
in real-time. Power usage averaged 45% of available power
after temperature is stable. Fig. 2 presents the laser power usage
and measured temperature for one sample LHT. Power curves
were independent from the sample initial surface finishing or
the use of protective atmosphere.

A chamber with dimensions of 120 (H) x 80 (W) x 55 (D)
mm® was developed to conduct the LHT tests under inert
conditions environment. Continuous pure argon (Ar) gas
atmosphere with a 10 L/min flow was maintained during the
LHT process. The results for both experiments were compared.
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Fig. 2. Laser power usage and measured temperature during the LHT.
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The parameters and treatment strategies to operate the laser,
were found to be optimal in earlier studies using the laser [3].

2.4. 3D optical profilometry and roughness

A 3D optical profilometry equipment from Sensofar S-neox
was applied to characterize the surface treated and untreated
zones. The SensoSCAN software was used for analysis and
visualization of the microtopography surface.

With this equipment, the different roughness parameters
were verified, and the 3D topographies of the samples were
recorded. The roughness parameters were calculated according
to the ISO 25178 standard for multiscale 3D parametric
assessment of surface topographies

2.5. Microhardness analysis

The microhardness tests were carried out to characterize the
hardness of the samples cross-section and to measure the LHT
depth. The samples were cut in the HAZ direction into small
parallelepipeds of similar dimensions (~10x22x50 mm).

A Vickers microhardness tester from Buehler, model Wilson
VH1102 with an indentation load of 2kgf and a holding time of
10s was used. For each sample, several indentations were
performed as a function of the depth and distance to the centre
of the laser thermal treatment.

2.6. Microstructure and macrostructure analysis

A ZEISS optical microscope model JENAPHOT2000 and a
Leica model EZ4HD magnifying glass were used to analyse the
microstructure of the treated and untreated zones. A 2% and
5% Nital etching solutions were used to reveal the
microstructure by optical microscopy [17]. A magnifying glass
was also used to observe the macroscopical separation on the
treated zone.

3. Results and Discussion
3.1. 3D optical profilometry and roughness characterization

Profilometry analyses were performed on untreated and
treated zones before and after argon gas use. For each sample,
the roughness parameters were obtained. Fig. 3 represents the
roughness results obtained for different samples. S, is one of
the most analyzed roughness parameters and corresponds to the
arithmetic mean of the heights of the sample surface. S, is the
maximum height of the roughness profile.

Observing the results from Fig. 3 it was possible to observe
that S, parameter revealed an increase from untreated to treated
zones in all samples treated without a protective atmosphere.
The same behavior was also observed for S, parameter, all
samples presented a slightly increase in roughness.

Comparing the results obtained from experiments with and
without argon gas, it was possible to conclude that in general
the increase in roughness was not observed in all samples
except P after laser treatments in a protective atmosphere.
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Fig. 3. Roughness parameters results of samples.

3.2. Microhardness results

The microhardness values after LHT were measured at
different points of the sample and are demonstrated in Fig. 4.
Indentations in depth (0.40 mm, 0.70 mm, 0.85 mm, 1.00 mm,
and 1.15 mm) and as a function of the distance to the LHT
centre (Omm, 3mm, 6mm and 9mm) were performed.

The microhardness profiles clearly showed the influence of
the LHT on the cross-sectional areas of the samples. LHT under
argon inert atmosphere produced a higher increment in
hardness compared to LHT in air conditions.

The microhardness of the metal base P20 mod. steel was
approximately 300 HV. In air conditions, it was observed an
increment in hardness profiles from 300 HV to around 750 HV,
within the quenching zone, that evidences a microstructural
transformation after LHT. At 9 mm distance from laser centre
no LHT effect is observed on testing piece hardness profiles.
At 6 mm distance, the hardness decreased in the treated areas
as function of depth. At 3 mm distance, an increase in depth
was observed in experiments using argon, comparing to the
experiments in air conditions. Maximum hardness values,
calculated by the average of the 3 highest measured points,
after LHT can be observed in Table 2.

The LHT reached between 0.7 and 0.85mm (+ 0.05) depth
without gas, and between 0.9 and 1.10mm (£ 0.05) depth using
an inert atmosphere, with all values presented in Table 3.

In all experiments, RM, FM, and P samples presented
higher hardness values in the centre zone of sample, followed
by a decrease until reaching the base metal hardness on the
periphery of the treated area. A higher depth was also observed
in these samples. The decreasing observed on the periphery
area occurred due to the laser's energy distribution profile that
flattens out at the edges of the spot. The results clearly
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confirmed an increase of 120% (without gas) and 150% (with
gas) for sample P on the hardness comparing to the metal base
hardness before heat treatment. B1 and B2 samples showed the
lowest hardness values, demonstrating that LHT was not
effective using a brushed surface finish.

In general, the results clearly showed that maximum
hardness and depth were more effective for experiments using
argon gas. A possible explanation is related to argon use. Since
that argon is an inert gas can prevent the surface from contact
with air. The use of argon will avoid the occurrence of surface
oxidation that is usually responsible for the weakness of the
steel surface due to the presence cracks and voids [18].
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Fig. 4. Microhardness profiles of P20 steel samples: a), b) RM; ¢), d) B1; e), f)
B2; g), h) FM; i) j) P; k) hardness scale. a), ¢), e), g), 1) experiments without
argon gas; b), d), ), g), j) experiments with argon gas.

Table 2. Maximum hardness from samples after LHT.

Sample  Average Hardness = Hardness (HV)  Hardness (HV)
(HV) before LHT LHT LHT with argon gas

RM 680+ 14 706 = 14

Bl 640+ 19 705+ 39

B2 306 +£28 685+ 12 701 £37

FM 716 £ 25 653 £12

P 763 +26 719+3

3.3. Optical and macroscopical analysis

The microstructure was investigated by optical microscopy
analysis to analyse the variations in hardness. The
microstructure is dependent on the steel supply status and on
the heat and cool cycles that occur during the LHT process.
After chemical etching, no clear microstructural differences
were observed between samples treated in air and argon
conditions. The results for FM sample are showed to
demonstrate the phase transformation within LHT zone.

Through the sizes indentation (Fig. 5a) it was possible to
confirm the hardness values obtained within the LHT zone and
non LHT zone. As microhardness profiles previously revealed,
the indentations obtained on the LHT zone were smaller than
those obtained in the non-treated zone. Fig. 5b presents the
cross-sectional microstructures of the treated zone.

The typical martensite morphology transformation was
detected within the LHT. This morphology is characterized by
a metastable phase that results from rapid cooling and generates
an increment in surface hardness [19].

Using a magnifying glass, it was possible to observe
macroscopically the depth and width reached by LHT after
chemical etching (Fig.6).

Table 3 presents the results obtained concerning the depth
reached in the centre of the samples by the LHT. The values
were obtained using ImagelJ software [20].

The depth of the heat-treated zones was affected according
to the surface finish of the samples. As previously mentioned,
the experiments using argon gas it was observed the highest
increment in depth. The maximum depth increased from 0.893
+ 0.005 mm on LHT to 1.181 + 0.005 mm using argon during
LHT. During LHT, FM sample presented the highest depth
value. When argon gas was used, the highest deep was achieved
for P and RM samples.

As observed in Table 3, the width results obtained were
smaller than the laser spot, indicating that the entire area of the
laser is not useful. This is due to the peripheral flattening of the
laser’s energy distribution.

a

Fig. 5. Optical microscopy images (a) indentations performed on LHT and non
LHT zones; (b) martensitic microstructure present in LHT zone.
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Fig. 6. Macroscopic images (a) after LHT (b) after LHT with argon.

Table 3. Depth and width reached by LHT and LHT with gas in samples.

Sample Depth x Width (mm) Depth x Width (mm)
LHT LHT with argon gas

RM 0.885 x 12.745 1.178 x 13.803

B1 0.871 x 12.654 1.050 x 13.629

B2 0.864 x 12.651 1.091 x 13.773

FM 0.893 x 12.727 1.156 x 13.642

P 0.852 x 12.607 1.181 x 13.480

*(£ 0.005) for all samples.

This behaviour is similar to a previous study and
demonstrates that increasing roughness, improves the laser
absorption, which will increase the effectiveness of the LHT
without a protective atmosphere [21]. As observed in Fig. 7,
the same behaviour is not as clear when LHT with argon gas.

The laser absorption is affected by surface reflectivity,
which suggests that higher roughness leads to a lower
reflectivity, and consequently an increase in absorption.

4. Conclusions

This work allowed to obtain deeper knowledge about
different surface finishes of P20 mod. steel using LHT with and
without a controlled atmosphere.

From the results obtained by 3D profilometry, it was
possible to observe that LHT increases the roughness of
different samples. However, the machining cresses were
reduced when the laser passes. This reduction is mostly evident
in the samples centre. Using protective gas, the results showed
a decrease in samples roughness. It was concluded that the use
of protective gas can lead to a decrease in samples roughness
for initial surface finishes greater than Sa 0,5um.

The effect of LHT in hardness demonstrates that the
polished sample has the highest hardness value, reaching 720
HV. The surface hardness increased from around 300 to 700
HV, between the treated and untreated zones. For experiments
using argon a higher hardness and deeper were achieved during
LHT. Macroscopic analyses also corroborated this result. The
depth increased from 0.85 to 1.18 (+ 0.05) and revealed the
effect of LHT using a protective gas. Through optical
microscopy, it was observed a microstructural change into
martensite between LHT and non LHT zones for all samples.

Based on this study results, it was possible to conclude that,
regarding hardness, decreasing roughness increases the LHT
efficiency. The opposite is observed regarding the reachable
depth. It was also possible to conclude that the use of a
controlled atmosphere during experiments led to higher
effectiveness on LHT. This is due to the presence of argon gas
that can prevent the surface from contact with air, and
consequently the occurrence of surface oxidation. As
previously mentioned, the surface oxidation is responsible for

14 780

2 | 760
) 740
: s
= 08 (geemnannnes [ TTTTrrI D cenenrnnnnnnnanannesesnnnniiens a 720 5
g S 700 %

0.6 —_— g
E n m 680 E
<
504 660
= B1

02 o 640

P B2 RM FM
0 620

0 02 04 06 08 1 12 14 1,6 18 2 22 24
Average surface roughness - Sa (um)
® Depth LHT

BMax HV LHT

Depth LHT with argon gas
Max HV LHT with argon gas

Fig. 7. Relation between surface roughness and LHT depth and hardness.

cracks and voids that will influence the surface hardness of
steels.

For plastic injection moulds applications, it is suggested the
use of a polish surface finish for the optimal pre-processing
conditions. Injection moulds with this surface state and heat-
treated by using a high-power diode laser under controlled
atmospheric conditions can improve the life of AISI P20 mod.
tool steel.
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