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ABSTRACT 

In this study, DIN No.1.4462 standard sheet 
was chosen as duplex stainless steel sample. 
For the purpose of carbon bearing to subsur-
face, graphite powder was coated on the sheet 
sample surface by spraying. A CO2 laser 
source integrated manipulator robot was used 
for surface modification treatment.The laser 
beam was linearly travelled on the coated steel 
surface at different travelling speeds, followed 
by quenching in air. In conclusion, the Ni 
equivalent arose with increase in the carbon 
content on surface. Much lower laser travelling 
speeds resulted in the resolidificated surface. 
The cross sectional microstructure was 
scanned with the biaxial EDX mapping and  
surface hardness measurements after laser 
applications. The high laser heat input hardly 
distorted dual phases just beneath the dual 
phase microstructure and limited alloyed with 
carbon. Surface melting and quenching render 
crystallographic martensite and few carbide 
transformations from austenite phases. For 
these reasons, the sheet surface can harden 
despite overheating, sheet distortion, unrea-
sonable carbon and oxygen-rich impurities on 
the laser modified section.This hardening  
methodology can delay the wear and defor-
mation of local mold surfaces, and new surfac-
tants, e.g. spray, paste and cream, can be 
devoloped for fast carbon enrichment of stain-
less steels sheets.  

1 INTRODUCTION  

Laser beam is a direct surface heater and a 
tool for surface engineering [1]. In fact, the 
applied energy can be focused on precisely on 
the surface only where it is needed[2]. Laser 
surface hardening are applied on Fe-C and Fe-
Cr-C alloys and in Fe-Cr-Mn-C alloys [3], the 
applications resulted in sometimes positive or 
negative effects like dissolved pearlite colonies 
resulting from incomplete austenisation and 
limited austenisation depth distance from sur-
face. Steels and cast irons are preferred for 
laser hardening. In this process, a thin layer of 
ferrous surface is rapidly heated well into aus-
tenitizing  temperature by laser heating and 
subsequently quenching in air [4].  Previous 
research studies were recently reviewed by 
Majumdar and Manna [5]. Hypo-eutectic steels 
with low carbon [6] e.g, SAE 1010 [7], SAE 

1018 [8]  SAE 5135 [9], AISI 4140 [10], and 
H13 [11] and tempered 4340 [12] steel work-
pieces were hardened with low or high power 
laser beam [13], from a few watts and 20 kW, 
as well as the stainless steels [14].  

The austenitic stainless steels are not appro-
priate for martensite transformation because of 
stable full austenitic phase during rapid 
quenching, and powder metal (PM) 304 either 
[15]. Therefore, commonly AISI 304, AISI 316 
and 316L cannot be systematically hardened 
expect for submicron or micro-scaled harden-
ing depths [8,16]. The basic reason is austen-
ite stability and insufficient free carbon atoms 
need for martensite transformation. After re-
melting and resolidification, unbalanced Cr and 
Ni wt% is also problematic in terms of mi-
crosegregation, knife edge and stress-
corrosion cracking risk at grain boundaries. 
However, laser alloying of AISI 304 was made 
with microstructure dispersion of the added 
materials, i.e, WC, TiN and TiB2, subsequently 
cooled at a very fast rate due to self-quenching 
to possible iron-carbide (cementite) and mar-
tensite transformation [17]. The laser surface 
hardening can be applied to localized areas on 
large metal surfaces i.e. sheet metals. 

Duplex stainless steels (DSS) cannot be ade-
quately hardened by post heat treatments be-
cause they contain insufficient free carbon 
content, stable austenite and ferrite phases. 
The dual phase 1.4462 sheet is a good exam-
ple for applying a new laser surface modifica-
tion and subsequently hardening in air. There 
are few data for duplex stainless steels, not in 
a sheet form. Effects of laser surface alloying 
with SiC powder on microstructural changes 
and properties of vacuum sintered austenitic 
X2CrNiMo17-12-2, ferritic X6Cr13 and duplex 
X2CrNiMo22-8-2 stainless steel were investi-
gated [15]. Pitting and intergranular corrosion 
resistance of duplex stainless steels were im-
proved by means of dispersion of WC particles 
embedded in the cast duplex stainless steel 
matrix [18]. Kwok et al. [19] reported an im-
provement in the intergranular corrosion re-
sistance of two aged DSS plates, UNS S31803 
and S32950, after surface melting with a 1kW 
Nd: YAG laser. Capello et al. [20] realized 
elimination of undesired delta ferrite in weld 
zone of 22Cr-5Ni-3Mo (UNS S32205) DSS 
with CO2 laser. However, future of submicron 
applications on the stainless steel applications 
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looks like limited. Carbon enrichment is more 
applicable for sheet metal surfaces than dis-
persion alloying and submicron methods. We 
need to find deeper hardening strategy for 
stainless steels.  

1.1 MATERIAL AND METHOD   

The 3 mm thick DIN No.1.4462 standard sheet 
was chosen as duplex stainless steel sample. 
For the purpose of carbon bearing to subsur-
face, graphite powder was previously coated 
on the sheet sample surface by spraying. A 3 
kW CO2 laser source integrated manipulator 
robot was used for surface modification. The 
laser beam was linearly travelled on the graph-
ite coated steel surface at different travelling 
speeds at 600 W beam energy, following by 
quenching in air for crystallographic martensite 
transformation.  DSS etchant was 30 ml 
HCl+15 ml HNO3+5 ml HF for metallographic 
examination.  

 

Tab.1 Chemical composition of DIN Material 
No: 1.4462 Duplex stainless steel 

2 CARBON ENRICHMENT ON SHEET 

In this study, two different carbon bearing 
agents, the milled graphite powder and CH4 
gas, were used. The carbon enrichment appli-
cations were explained at below 

The initial free C, Cr and Ni equivalents of 
1.4462 sheet were calculated on Schaeffler-
DeLong diagram and the surface chemical 
composition was modified with two different 
carbon enrichment applications in order that 
the surface microstructure can be shifted to-
ward martensite phase fields on the diagram.  

2.1 GRAPHITE POWDER SPRAYING 

The graphite powder was sprayed on the sheet 
workpiece, as shown in Fig.1. The sheet sur-
face was coated with graphite layers two times 
before the laser beam sending on the sheet 
surface. 

This can be possible with using carbon bearing 
agents, graphite powder or carbon bearing 
solid or gases near future.    

This study describes how to use laser beam 
scanning strategy with robotic integration after 
carbon enrichments on DSS sheet 

  

 

Fig. 1 The 1.4462 sheet surface coated half by 
half. (Uncoated / coated sites) 

2.2 GAS CARBURISING (CEMENTA-
TION) 

Gas cementation was applied in a furnace with 
CH4 atmosphere at 950o. For the 1 mm carbon 
diffusion depth from the sheet surface cemen-
tation duration was calculated as 21 hours 
according to Fick’s second law.    

2.3 CHROMIUM NICKEL AND CARBON 
EQUIVALENTS 

The carbon, chromium and nickel equivalents 
were calculated by Equations 1,2 and 3 re-
spectively. Using the equations, it is need to 
determine the equivalents of the C, Cr and Ni 
elements in wt. The chromium equivalent is 
given in (1):  

Creqv=	��% +��% + 1.5��% + 0.5��% 

Creş = 22.22 + 3.12 +  

+ 1.5x0.41 + 0  → Creqv= 22.955      (1)                           

Nieqv = ��% + 30%� + 0,5��% 

Nieqv =  5.71 + 30x0.016 +  

+ 0.5x1.34 → Nieqv =  6.86                (2) 

	���� = 	�% +	��%6 +	
+	��%�	��%� + ��%�	 !%"� 	                 (3) 

Substitution in (3)  

	���� = 0,016 +	",#$% + &&.&&�#."&� +
',&"��,(""� 	→ ��ş= 5.702 
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Fig. 2 Position of the DIN Material No: 1.4462 
on Schaeffler-DeLong Diagram 

 

Ni equivalent arose with increase in the carbon 
content on surface. On the diagram in Fig.2, 
the % coefficient of carbon element is 30 and 
therefore, It is noticed that vertical position of 
the 1.4462 sheet material can shift to back-
ward and upward after carbon enrichment with 
the laser intergration. 

2.4 LASER HARDENING 

Surface hardening  was performed by a 3 kW 
laser beam integrated robot manipulator, 
ALOtec Dresden, GmbH, in an industrial com-
pany, RUKOSEN, Istanbul. The laser beam 
travelling speeds were defined slow, medium 
and fast. The laser scan distance is almost 200 
mm and the scanned width is 1.5 cm for each 
every scan. 

  

 

Fig. 3 Laser hardened surface at three different 
travelling speeds (Sections AA’ and BB’ refer 
to as the extracted sample positions from the 
uncoated and the graphite coated surface 
regions after laser application, respectively) 

 

 

Fig. 4 Laser hardened sheet surface after gas 
cementation 

3 RESULTS 
 

3.1 ESTIMATED SURFACE TEMPERA-
TURE 

Analytic equation describing the steady state 
and three dimentional heat flow in a moving 
semi infinite workpiece model subjected to a 
stationary square (or rectangular) heat source 
was first derived by Jaeger 1943 [1,4]. We 
used a welding heat source model in [21], con-
sidering as if laser beam was welding elec-
trode. The  assumptions made were equivalent 
to (1) no surface heat loss due to convection or 
radiation (2) constant thermal properties and 
(3) constant surface absorptivity. 

 

Fig. 5 Moving heat source trejectory on sheet 
for laser beam (adaptated from [21]) 

Temperature distrubition of  beam region can 
be estimated In laser hardening treatment. The 
generated surface temperature about heat 
source was calculated by following assump-
tions, material parameters and measurements 
on the treated sheet. 
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Hence a laser beam is assumed as welding 
electrode with a spherical tip. The coordinate 
axes for the beam are defined as x and y on 
sheet surface and z in depth. 

Beam radius : r =1 mm = 10-3meter 
Sheet density : *	= 7.955 miligram per cubic 
meter 

Thermal Conductivity: k = 15,5 Watts per me-
ter.Kelvin 
Spesific  heat capacity:Cp=510 
Joule/kgram.Kelvin 
 

Hence thermal diffusivity coefficient : α	 
,	 = 	 -*	. . = 0,058	square	meters	per	second 

Power (P) = 0,2 kWatt and b: Convertion fac-
tor:0.24 (steel welding application[1].) q = 0,24	. V	. I = 0,24	x	200= 48	calories	per	second 

For beam travelling speed (ν);  	v = 1	millimeter	per	second; the laser treated 
zone width (x) was measured as the almost 15 
milimeters x" = "�GG& = 7,5	mm  T = q2. π. k. r eKLMN�OP&Q  

→	R" = 48	 .STU 4,18 V.ST2. W. 15,5 XYZ . 10K#Y[
K"'\]M(,��"P"'\]^&.','�_^`a

= 2060,03	Z = 1,787,03'� 
 

 
Fig. 6 Estimated temperature distribution about 
laser beam source 

Fig.6 shows estimated temperature distribution 
about x direction during the laser application.   
If the beam travelling speeds increases up ten 
times (10xV), melting zone is the narrowest.      
Theorical calculated temperature is about 
1750oC which is enough for melting steel. 
However, using thermal camera average 
measured surface temperature was almost 
1250oC. The significant difference between 
calculated and experimental temperature data 
can be reduced by changing, the convertion 

factor, laser power (P) and efficiency in  indus-
trial applications. 

 Biaxial chemical mapping 3.1.1

In order performing EDX mapping, JEOL 
7001F Field Emission (FE) Scanning Electron 
Microscope (SEM) was used with an EDX at-
tachment with the 80 mm2 X-MAX detector. An 
etched microstructure image of 1.4462 sheet 
sample is seen in Fig .7, the lower phase is 
austenite and upper phase is ferrite [22]. An 
un-uniform carbon-rich layer lies on dual phas-
es of the surface. In Fig. 8, the detected ele-
ment maps were given in queue. The map 
images identify biaxial distribution of the differ-
ent elements of the carbon enriched sheet 
microstructure. It is noticed that the carbon and 
oxygen maps are subordinate to each other. 
The laser beam hardly affects on ferrite and 
austenite phases.  A fully melted zone on the 
sheet is not observed. Although strong carbide 
evidence was not found expect for deposited 
carbon-rich surface layer. After the laser appli-
cations,,the  surface hardness increased up 
35-45 HRC according to the hardness meas-
urements. This increase in the hardness can 
be related with remarkable martensitic trans-
formation and together dislocations (not 
viewed here), or residual stress in the dual 
phase microstructure, not carbides. It is con-
sidered that sprayed carbon layer could be 
flammable and evaporated when the laser 
beam was sent on the surface. Graphite impu-
rities and voids on the carbon-rich layer were 
observed related with dissolved graphite and 
CO combination of intensive Carbon and Oxy-
gen atom [4]. These findings are negative indi-
cators for laser beam, depicting insufficient left 
on dual phase microstructure. 

Fig. 7 Subsurface microstructure of the        
carbon-rich sheet sample 
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 Fig. 8 Elements maps of powder sprayed 
sheet surface (transverse sample section) 

 Chemical composition after laser 3.1.2
treatment 

Chemical composition of the laser treated sur-
face is listed in Table 2. In particular, the con-
tent of C, Cr,Ni, Mo and Mn remarkably in-
creased and so  C, Cr and Ni equivalents are 
calculated from Table 2 for determining posi-
tion of carbon enrichment treatment on the 
Schaeffler-Delong diagram. 

Tab. 2 Chemical elements after carbon en-
richment. 
 
 
 
 

4 DISCUSSION  

Carbon diffusion from the surface take times. 
For a one millimeter diffusion depth, heating 
duration is almost 21 hours. Overheating re-
sulted in thermal distortion of DSS sheet metal. 
The sheet metal hardness increased up 35-45 
HRC. Local and high laser heat input led to 
less thermal distortion of sheet. Prior to laser 
heating, thickness of sprayed graphite layer 
was bigger than the approximately 10 microns 
carbon-rich layer on the DSS confirmed by 
EDX mapping. This marks to a mass loss rela-
tive to initial graphite coating layer. The reason 
of thickness reduction can be resulting from 
carbon burning in the sprayed graphite coating 
since carbon coating is flammable. The C and 
O maps have similar layer geometry. It is no-
ticed that these maps can be evidence for 
carbon flame because flame is occurred if 
oxygen present. In case of a part of carbon 
layer burning by laser beam, interstitial carbon 
atoms penetrates distance from surface by 
way of plasma mechanisms, ionisation and 
implantation (not now strong evidence). It is 
also observed that the carbon-rich layer in-
volves porosity and vertical cracks based on 
the visual images in this study. EDX analyses 
confirmed carbon enrichment on DSS surface, 
Unexpectedly, no carbides were found. Fur-
thermore, The 32 wt%.carbon content meas-
urement was inconsistent for virgin DSS and 
laser treated DSS sheets because carbon 
dissolubility in f.c.c and b.c.c iron phase is 
limited [22]. It doesn’t exceed 2.07 % in aus-
tenite phase in Fe-C alloys.         

5 CONCLUSIONS 

This paper presents carbon enrichment trials 
for the DSS sheet. Surface temperature predic-
tion and the subsurface microstructure are 
discussed after laser surface hardening. In 
particular, two different carbon enrichment 
strategies are considered: 

Carbon-rich layer was produced on DSS sheet.    
High power laser beam cannot be alloyed with 
free carbon.  

Carbon enrichment treatments can be system-
atically defined on Schaeffler-Delong diagram 
for stainless steels.  

Temperature distribution near the beam can be 
estimated by weld source model in this study. 
This basic model can be benefit for avoiding 
the overheating temperature in austenitisation. 
The workpiece and the scanning strategy 
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make it possible to control the hardening of the 
sheet metal.  
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