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Abstract:  The effects of high-energy laser beam irradiation on surface hardening and microstructural modification in a ductile 
cast iron (DCI) alloy are investigated in this study. The ductile cast iron alloy samples were irradiated by using an Nd-YAG 
Pulsed Laser, and then their microstructures ,hardness and wear test were examined. Upon irradiation, the unirradiated 
microstructure containing graphite and the tempered ferrite& bainite matrices was changed to martensite, ledeburite, and 
retained austenite, together with the complete or partial dissolution of graphites. This microstructural modification improved 
greatly the surface hardness due to transformation of martensite. In order to investigate of the mechanical properties of these 
complex microstructures, a wear test of as casting and laser surface hardened was carried out. The wear test results indicated 
that the laser irradiated surface was heated up to about 1100C° to 1200C° and then self quenched to room temperature, which 
was enough to obtain surface hardening through martensitic transformation. Phases analysis of the laser irradiated surface layer 
was also carried out using the metallurgical methods to understand the laser surface hardening technique of the DCI alloy. 
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1. Introduction 
Cast irons are commonly used in many engineering 

applications because they are cheap and have good fluidity, 
cast ability and mechanical properties. However under 
demanding service conditions, such as in erosive and 
corrosive environments, their performance and reliability 
can be limited. High-power Nd: YAG laser is found as a 
significant technique to enhance the mechanical properties 
of cast irons [1].  

Material properties play a dominant role in determining 
the interaction between the laser beam and engineering 
materials. Many material properties change with 
temperature[2]. The properties of many engineering 
materials may be favorably modified by application of a 
suitable heat treatment. One of the most important 
treatments is the laser transformation hardening of steel[3]. 
The principle of laser material processing depends on the 
mechanism of processing i.e. heating, melting and 
vaporization which occur in the solid, liquid and vapor 
states [4]. Laser induced surface hardening can be achieved 
either with or without surface melting. In transformation 
hardening the surface is heated to a temperature below its 
melting point. On rapid cooling the laser treated layer 
usually develops graphite containing martensitic matrix   
[5-7]. Surface melting using concentrated energy fluxes 
such as laser, electron beam and plasma arc generally 
produces microstructure consisting of ferrite, cementite, 
martensite and retained austenite [8-14]. Laser 
transformation hardening has used a technique to obtain 
hard and resistant surface layers[15]. The thing to be 
mentioned is laser surface hardening improves wear 
strength and other mechanical properties by generating 
compressive stresses in the hardened zone. This is 
generally the result of volume expansion by the martensite 
formation from austenite phase.  

This paper is focused on the surface properties of  a bainitic 
ductile iron and its changes by laser surface treatment, i.e. 
transformation hardening that led to the increment for the 

wear resistance for the production and repair of structural 
parts.  

2. Experimental Procedures 

In this study samples of a bainitic ductile iron in 
two conditions were subjected to wear studies. Two 
conditions included: as-cast and surface treated by laser. 
ND:YAG laser pulses were applied to a bainitic ductile iron 
specimen surface , laser beam energy and distance between 
the lens and treated surface were varied for optimum 
surface conditions. After microscopic inspection of heat 
affected zone by laser, selected laser beam energy was 
(11.2) J, overlapping laser pulses was 50%, the distance 
between the lens and the specimen was (25) cm, laser pulse 
duration (10) ms, and beam expander at (10).                   

The wear test specimens were (15mm) in length and 
(10mm) in diameter. Chemical composition of a bainitic 
ductile iron alloy is shown in Table 1. Pin on disc sliding 
machine was used for this study. The wear rate was 
measured by weight loss method using a Mettler AE200 
microbalance of (10^-4 gm) sensitivity. The wear rate was 
calculated according to the following relationship: 

Wear rate = ΔW/SD (gm/cm),                                          (1)  
Where: ΔW:  Weight loss (gm)  

SD: Sliding distance (cm)  

ΔW=W1-W2,                                                     (2)  

Where: W1: Initial weight of the test specimen     

                   (gm)  

W2: Final weight of specimen after the test (gm)  

The applied normal loads were used (10, 20, 30& 
40) N and linear sliding speed (3.0) m/sec. The hardness of 
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the counter disc was (446) Kgf/mm². The duration of each 
test was 30 minutes and the test was carried out at room 
temperature and normal atmospheric conditions. Surface 
roughness estimated of samples before and after laser 
surface hardening by A Parthen – Perthometer type: 56 P_ 
ISO, whenever was (Ra= 0.25) while of counter disc was 
(Ra= 0.35μm) respectively.  

Table 1: The Chemical Composition of Ductile Iron Alloy. 

 

3. Results and Discussion 

3.1. Effect Of Load On The Wear Rate  
The effect of the loads on the wear rate is shown in Figure 
1. The specimens were in a two conditions; as –cast and 
laser surface hardened condition. The wear rate increases 
with increasing applied normal load. The curve of as cast 
condition of the specimen shows three distinct regions; 
mild, transition and metallic (severe) wear. The mild wear 
is explained in terms of oxide layer formation which 
reduces the true contact area of the mating surfaces, thus 
leading to a low wear rate at the load range of (10-20)N 
[16]. The transition wear occurs within the load range of 
(20-30)N where a change from elastic to plastic 
deformation takes place and causes the fracture of the 
brittle oxide layer, leading the virgin metals to come into 
contact which increase the wear rate. The metallic wear 
starts after 30N load. The increase of wear rate in this 
region is less than of the wear rate in transition stage due to 
work hardening. These results in general are in agreement 
with the published data[17, 18].While the curve of laser 
surface hardened specimen condition shows only mild wear 
and low wear rates at all loads used in this research work 
because of the best wear resistance was obtained in 
specimens hardened by laser, wherever this observation is 
explained in terms of the microstructure obtained in each 
case which gives varying hardness and different amounts of 
retained austenite (from 14.47% to 8.35%) and stress 
induced phase transformations that occur during the tests 
[1, 19] which reduces the amount of retained austenite to 
1.79% after test. The microstructure studies showed that the 
contributions to the wear resistance come from the acicular 
matrix of martensite, work hardened structure, stress 
induced transformed phases and very fine acicular structure 
after laser surface treatment. The laser surface hardening 
treatment produces hardness value varying 380Hv up to 
606Hv. The figures 2& 3 show the micrograph of two 
states of specimen: as-cast and laser hardened specimen in 

which a bainitic microstructure and graphite nodules with 
some retained austenite (14.49%& 8.35 respectively) are 
clear and contribute to the high wear resistance of a 
acicular martensitic ductile iron.  

 

 

 

 

 

 

 
 
 
Fig. 1  Shows the Effect of Load on The Wear Rate. 
 

 

 

 

 

 

 

Fig. 2 Shows the Micrograph of a Specimen As-Cast. 
Magnification Power:  (1383X). 
 

 

 

 

 

 

 

Fig. 3 Shows the Micrograph of Laser Surface Hardened 
Specimen. Magnification Power: (588X). 

                Element                           Composition (%)  
C  3.20  

Mg  0.0327  
Si  2.77  
S  0.01  
Cr  0.05  
Mn  0.3  
Ni  3.8  
P  0.02  

Mo  0.28  
Al  0.002  
Cu  0.08  

 

(Bainite)   

(Spherioal 
Graphite)   

(Retained 
Austenite)   
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3.2. Effect of Sliding Time on the Wear Rate  

      The effect of sliding time on the wear rate is shown 
in Figure 4. It is clear that the accumulative wear rate 
decreases with increasing sliding time, this decreasing is 
being more pronounced after 20 minutes for as-cast 
specimen, while for laser hardened specimen the decreasing 
is being more pronounced at the beginning of the test, then 
a steady state is reached after 20 minutes. This behavior is 
explained in terms of the even distribution of the wear 
debris and smearing of the graphite which result in even 
surfaces [20]. Also laser surface hardened showed a better 
wear resistance than the as-cast specimen at all sliding 
times used in this study. 

 

 

 

 

 

 

 
Fig. 4 Shows the Effect of Sliding Time on the Wear-Rate. 
 

4. Conclusions 
Wear rate increases with the increasing normal loads at 

constant sliding speed and sliding time of both cases of the 
bainitic ductile iron (as- cast and laser hardened), while the 
wear rate decreases with a sliding time at constant normal 
load and sliding speed. The matrix of as-cast specimen 
showed three stages of wear: mild, transition and severe, 
while the laser hardened specimen showed two stages of 
wear: mild and transition only.  

The best results of wear resistance were obtained after 
laser surface hardening treatment at all conditions of the 
wear test (normal loads and sliding times), these results are 
explained in terms the fine microstructure obtained after 
laser surface hardening treatment which gives vary 
hardness from 381Hv up to 606Hv, work hardened 
structure and stress induced phase transformation of 
retained austenite phase to martensite. 
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