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Abstract: Heat treatments are frequently used to modify the microstructure and mechanical prop-
erties of materials according to the requirements of their applications. Laser surface treatment (LST) 
has become a relevant technique due to the high control of the parameters and localization involved 
in surface modification. It allows for the rapid transformation of the microstructure near the surface, 
resulting in minimal distortion of the workpiece bulk. LST encompasses, in turn, laser surface melt-
ing and laser surface hardening techniques. Many of the works devoted to studying the effects of 
LST in cast iron are diverse and spread in several scientific communities. This work aims to review 
the main experimental aspects involved in the LST treatment of four cast-iron groups: gray (lamel-
lar) cast iron, pearlitic ductile (nodular) iron, austempered ductile iron, and ferritic ductile iron. The 
effects of key experimental parameters, such as laser power, scanning velocity, and interaction time, 
on the microstructure, composition, hardness, and wear are presented, discussed, and overviewed. 
Finally, we highlight the main scientific and technological challenges regarding LST applied to cast 
irons. 
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1. Introduction 
Over the last few decades, cast irons have been widely used in a variety of applica-

tions, such as for shafts, axles, engines, and gears in automobile parts or general industrial 
machinery [1–4], due to their high machinability, good mechanical properties, and low 
cost compared to other alloys.  

Because of the increased production volume, an exhaustive characterization of the 
mechanical properties and fatigue behavior of cast irons has been extensively reported in 
the past literature. In addition, several tribological studies have been performed to ad-
dress the wear mechanisms under diverse sliding conditions, as well as to establish a com-
parison of their wear rates against other industrial materials. 

In general, intense loads in sliding tests reveal higher wear rates in cast irons than in 
steels. Thus, in extreme wear applications, e.g., mining, marine, aeronautic, or military 
industries, it is frequently required to improve their hardness and wear resistance in crit-
ical points of the material to meet requirements related to corrosion or fracture/fatigue 
failures. For this purpose, many conventional treatments have been developed and im-
plemented to enhance the performance of cast irons in specific applications. Nonetheless, 
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these techniques usually involve a full transformation of the workpiece, altering many of 
its beneficial bulk properties.  

In this context, laser surface treatment (LST) has emerged as a novel opportunity to 
improve the useful life of cast irons. This technique is characterized by a precise, clean, 
and fast thermal process, where the heat input from a laser beam raises the temperature 
at the surface of the specimen, and then it is rapidly conducted into the rest of the material. 
The objective of LST is to achieve temperatures above the point of critical transformation 
(austenization or melting temperature), following a self-quenching process from the un-
affected case bulk. Depending on the cooling and solidification rates to which they are 
exposed during the treatment, new phases can arise, directly influencing the new mechan-
ical properties of the material. 

Past articles and reviews have addressed, in general terms, the benefits and chal-
lenges of LST of a variety of cast irons. However, a thorough comparison and analysis of 
the importance of the initial microstructure and laser properties is yet to be performed. 
Therefore, this article presents a review of the literature according to LST of industrial iron 
castings, in order to understand the similarities and differences associated with these pa-
rameters and to serve as a guide to a reliable implementation and optimization of this 
technique. 

First, a brief description of typical cast irons is provided, highlighting the different 
morphologies and conventional heat treatments that are commonly conducted in each 
one. Secondly, a more detailed theoretical basis of LST is presented, along with a summary 
of standard laser configurations used in metallic surface treatments, i.e., laser type, power, 
and scanning velocity. Moreover, the influence of other advanced parameters in the effi-
ciency of LST is remarked. Afterward, an exploration of the results obtained in LST of 
gray cast irons (GIs) is offered to establish the influence of graphite morphology on the 
microstructural transformations that the treatment induces, as well as the resulting prop-
erties of the samples. Then the most relevant works for ductile irons (DIs) with predomi-
nantly pearlitic matrices are exposed, emphasizing the results as a function of laser con-
figurations and characterization tests. Subsequently, investigations on laser-modified aus-
tempered ductile iron (ADI) castings are reviewed, mainly highlighting the differences in 
the scope of the treatment in terms of hardness, wear resistance, and depth of the affected 
area. Articles dealing with ferritic nodular cast iron treatments are then presented, ad-
dressing the main challenges of transforming the microstructure without melting the orig-
inal matrix. To complete the review, a discussion of LST across all types of cast irons is 
given, highlighting the differences in achieved microstructure, hardness, and wear-re-
lated properties as a function of base material and laser operating parameters. At the same 
time, the main advantages and limitations of the treatments are presented, noting the im-
provement in overall performance compared to as-cast specimens. Finally, future techno-
logical, economic, and investigation areas related to the LST of cast irons are suggested. 

2. Cast Irons 
Cast irons comprise a large family of solid ferrous alloys. The main difference with 

steels is the higher carbon (C) and silicon (Si) content, with the richer carbon phase being 
critical in the microstructural transformations of the matrix. Additionally, significant 
amounts of manganese (Mn), phosphorus (P), and sulfur (S), as well as minor contents of 
molybdenum (Mo), chromium (Cr), and nickel (Ni), can be found in these castings. The 
most common classification for cast irons is based on microstructural features. The first 
feature is graphite morphology, where cast irons can be classified mainly as lamellar 
(gray) or nodular (spheroidal or ductile). On the other hand, the matrix phase can be used 
to identify cast irons as ferritic, pearlitic, martensitic, austenitic, or bainitic [5]. 

GIs are a broad class of casting alloys characterized by a lamellar (flake) graphite 
disposal, usually in a ferrous matrix. They are traditionally used in industrial applications, 
due to their good castability, flexible mechanical properties, and low cost compared to 
steel [6,7]. A variety of fatigue and crack growth models have been performed [8–10] to 
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predict the fatigue life of GIs in standard applications, while other tribological studies [11–
16] have identified the main wear mechanisms under dry and lubricated conditions, em-
phasizing the high variability in wear rates in different tribo-systems. Graphite plays a 
major lubricating role that helps reduce the wear coefficient. However, a cracking ten-
dency is observed under high loads, and adhesion is the main wear mechanism in lubri-
cated environments. 

On the other hand, DI is a ferrous material containing graphite in a small and 
rounded shape, due to the nodulizing effect of magnesium, and it is present in higher 
concentrations. In comparison, DI exhibits higher strength and ductility, which is the main 
reason for its growth in industrial applications [5]. The effects of cooling rate and matrix 
type (i.e., pearlitic/ferritic) on the mechanical properties of DIs have been explored both 
experimentally and numerically [17–22], figuring that an increment of the ferritic or pearl-
itic phase can lead to very dissimilar properties. Thus, an appropriate balance of the al-
loying elements and the initial microstructure is needed to achieve the desired perfor-
mance. In this regard, studies on crack growth have been conducted [23,24] that show a 
comparable behavior to that of GIs. However, under similar conditions, DI presents better 
fatigue resistance due to the higher stress intensity factor and the nodular shape of graph-
ite that blunts the crack, while the lamellar shape of GI exhibits an anisotropic behavior 
that leads to stress concentrations at the interface between the matrix and the flake tips. 
Furthermore, wear analyses of DIs have been carried out to understand the underlying 
wear mechanisms and to compare the removal rates with those of industrial steels [4,25–
28]. In mild wear environments, plowing is the predominant wear mechanism, and as the 
load applied increases, sliding wear becomes more severe, due to enhancement of the 
plastic deformation and initiation of cracks in the subsurface. Moreover, the influence of 
both bulk and matrix microhardness in the wear rates of ferrous alloys has been ad-
dressed, revealing that some initial cast irons microstructures could lead to tribological 
performances in the range of soft industrial steels, e.g., 52,100 and 1070. 

Over the last decades, austempered ductile cast iron (ADI) has emerged as a novel 
option for achieving a good combination of mechanical properties. Because of its low cost 
and good machinability, ADIs have gained more interest in automotive and agricultural 
applications [2–3,29]. The characteristic ausferritic matrix is achieved by a pre-heating cy-
cle, whose quality is primarily influenced by the processing window [30], i.e., the time 
interval between the ausferritic transformation and the carbide precipitation (Figure 1). 
Additional modifications of the austempering process have been explored to enhance the 
mechanical properties of ADIs [31,32]. 

 
Figure 1. Phase transformations and variables of a conventional austempering heat treatment (Re-
printed with permission from ref. [30]. 2015 Springer Nature). 

The main limitations of ADI are its lower machinability and ductility when compared 
to as-cast ductile iron, due to higher austenitic content and the absence of pro-eutectoid 
ferrite, responsible for the work hardening of the material [29]. Nonetheless, tribological 
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studies have demonstrated a superior ADI wear resistance in comparison to both GI and 
DI [33]. This difference is attributed to the higher toughness achieved by the bainitic mi-
crostructure of ADI, as it leads to severe plastic deformation in the direction of sliding 
with minimum material loss. Moreover, wear resistance can be further enhanced in ADIs 
based in the pre-austempered iron matrix, as graphite morphology plays a significant role 
in the control of crack propagation and thermal conductivity of the material and, there-
fore, of its thermal fatigue resistance. 

Alternatively, the improvement of mechanical properties to fulfill industrial require-
ments has been achieved by applying conventional heat treatments on as-cast iron sam-
ples that can modify their entire primary microstructure. The most common treatments 
consist of normalizing, annealing, or quench-tempering, where furnaces are operated to 
provide uniform heating through the metallic piece until a critical temperature is reached, 
since, in the absence of chromium, iron carbides can be dissociated into austenite and 
graphite at annealing temperatures [34]. The microstructural transformations are also in-
fluenced by the cooling rate, which varies with the selected treatment. 

The main results of normalizing are the enhancement of different properties, such as 
hardness, impact toughness, and tensile strength, and can be optimized with selected tem-
perature, holding time, and cooling rate [35]. If the goal is to achieve high ductility and 
machinability at the expense of strength, then full annealing is conducted. The matrix 
transformations include the removal of cementite and decomposition of pearlite into 
graphite and ferrite [36]. Quench-tempering is used to mostly improve the wear resistance 
and strength of cast irons. The resulting microstructure of GIs consists of a retained aus-
tenite matrix with carbon-saturated martensite plates that becomes finer with higher al-
loying elements content [37], while a primary martensitic structure with small soft ferrite 
regions adjacent to the graphite nodules can be achieved in DIs [38].  

3. Laser Processing of Cast Irons 
As reviewed in the previous section, conventional heat treating of cast irons has been 

extensively used to enhance their performance to higher standards. However, it has been 
acknowledged that altering the properties of the entire bulk, e.g., to achieve a hardening 
effect, can be detrimental to the machinability advantages of these materials. Therefore, 
LST has appeared as a major opportunity to efficiently improve the overall performance 
of cast irons.  

This technique is characterized by a highly localized, chemically clean, automatable, 
and fast thermal process, where only controlled regions of the material are hardened dur-
ing the treatment. Steen and Mazumder [39] extensively detail the theoretical basis of LST, 
in which a laser beam is defocused or oscillated to irradiate a small area with high power 
density, and the relative motion between the beam and the sample, usually provided by 
a CNC table, allows users to precisely cover complex geometries (Figure 2). The laser heat 
supply raises the temperature at the surface of the specimen, which is transferred into the 
metallic body by thermal conduction. 
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Figure 2. Schematic representation of LST in rectangular samples. 

The objective of LST is to achieve temperatures above the point of critical transfor-
mation, which is the austenitizing temperature (solid-state transformation) in the case of 
laser surface hardening (LSH), or the melting temperature in the case of laser surface melt-
ing (LSM). Then a rapid self-quenching process takes place, because of the large volume 
of adjacent and unaffected material, resulting in a controlled low distortion of the work-
piece. Since the heating rates are very high, the initial transformations take place under 
conditions far from equilibrium, while phase transformations on cooling can be addressed 
with the help of suitable continuous cooling transformation (CCT) diagrams. Depending 
on the cooling and solidification rates to which they are exposed during the treatment, the 
final microstructure directly influences the new mechanical properties of the material.  

Laser surface modification of metallic samples, including cast irons, has been per-
formed for over fifty years. As one of the first available tools, CO2 lasers have been widely 
employed to achieve both LSH and LSM, usually aided by the application of a thin coat-
ing, in order to ensure higher absorption and thermal efficiency. However, modern break-
throughs have allowed the use of more efficient lasers for these purposes, such as Nd:YAG 
and diode lasers, where LST has been carried out with and without coatings with success-
ful results. As shown in Table 1, other LST features include setting an appropriate scan-
ning velocity, the laser power distribution, spot geometry and size, the number of scanned 
tracks (with or without overlapping), and the use of shielding gas to prevent oxidation. 
As some authors define, the linear energy density (or heat input) is a global parameter 
that includes the effect of both laser power and scanning speed by the following expres-
sion: 

퐸 = 푃
푣, (1)

where 퐸 is the heat input, P is the laser power, and v is the scanning velocity. In circular 
spots, this definition can be modified to consider the geometry of the irradiation zone and 
the energy distribution. 
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Table 1. Typical parameters and characterization tests used in LST of cast irons. 

LST Parameter Regular Value/Selection 
Laser type CO2, Nd:YAG, fiber (diode) 
Coating (optional) Graphite, manganese/zinc phosphate 
Shielding gas (optional) Argon, nitrogen, helium  
Laser power Fixed, PID controller, linear ramp 
Power distribution Gaussian, uniform 

Laser scanning velocity 
Fixed, single, or multiple passes with over-
lapping 

Spot geometry Circular, elliptical, rectangular 

Characterization tests 
OM/SEM, macro/micro hardness, GDOES, 
XRD, wear/erosion resistance, residual 
stresses  

Table 2 summarizes the main differences and challenges that LST poses for every 
reviewed as-cast iron. It is apparent that each material presents different limitations to the 
extent of LST; therefore, the laser parameters and conditions must be carefully selected to 
fulfill the technical requirements. In the following sections, a detailed review of the char-
acterization and results of LST in cast irons is performed to delve into the differences and 
advantages of the technique as a function of the initial composition. 

Table 2. Comparison of LST challenges for each iron casting. 

Cast Iron Main Challenges 

GI 
Graphite flakes act as stress raisers in sliding or rolling contact systems; 
Limited improvement in wear resistance. 

ADI 
Susceptible to tempering effect and crack propagation in LSM; 
Extended costs and processing time, due to pre-austempering stage. 

Pearlitic DI 
Matrix carbon enrichment during heat transfer lowers the melting point around graphite nodules and 
produces local melting; 
Reduced processing window for hardening without melting. 

Ferritic DI 
A lesser amount of pearlite further triggers local melting around graphite nodules; 
LSM cannot be avoided for significant hardened case depths (>250 µm); 
Wear resistance is commonly lower than pearlitic DIs under similar operating conditions. 

4. Laser Surface Treatment of Gray Cast Irons 
LST on GIs date back to the beginnings of this technology. CO2 lasers are the most 

used for this purpose, but it is frequently necessary to apply thin coatings to increase ab-
sorptivity. The characterization of this technique is carried out mainly in terms of micro-
structure, hardness, and wear/erosion resistance, and the relevance of each work resides 
in the variation of some inputs of LST or the exploration of new approaches and tests for 
further understanding of the process. 

Regarding the microstructural changes, when the laser parameters are sufficient to 
ensure reaching the solid-state transformation temperature without surpassing the melt-
ing temperature, it is reported that a martensitic structure is obtained from the fast cooling 
of the austenitic matrix. Hwang et al. [40] used a 5 kW CO2 laser with fixed parameters, 
ranging from 1 to 4.5 kW and from 1 to 13 m/min, to modify the properties of as-cast GI 
samples with pearlite matrix and small amounts of cementite and steadite (iron phosphite, 
cementite, and ferrite). The purpose of their work was the improvement of the perfor-
mance of GI piston rings used in marine diesel engines by LSH, and from the experimental 
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results, the authors determined a proper heat input window from 30 to 45 J/mm to achieve 
the desired hardening effect. 

This conclusion is supported by Liu and Previtali [41], as the authors agree that the 
feasibility window for hardening without melting (LSH) is very narrow since the melting 
point of cast irons is lower than in pure iron or steels. In this work, a Gaussian distribution 
diode laser with higher absorptivity was used, and two constant temperature levels were 
set on the surface of the samples (1000 and 1100 °C), varying the laser power using a pro-
portional–derivative–integrative (PID) controller, to avoid the melting of the material dur-
ing heating. 

Furthermore, Wang et al. [42,43] compared the effects of LSH on five types of GIs: 
untreated (GI), quench-tempered (QTGI), austempered (AGI), quench-tempered and la-
ser-hardened (LHQTGI), and laser-hardened austempered (LHAGI) samples. A continu-
ous-wave Nd: YAG laser with Gaussian energy profile and 8 ms pulse duration was used, 
considering a 2 mm spacing between adjacent laser spots. Three similar zones were ob-
served in the laser-treated cases: a central laser-hardened zone, where graphite flakes 
completely dissolve during heating and transform to a ledeburitic matrix; a heat-affected 
zone (HAZ) consisting of martensite, due to self-quenching, without changes in graphite 
morphology; and a typical substrate microstructure of tempered martensite below the 
HAZ. Figure 3 presents the microstructural transformations of LHQTGI as a function of 
the tempering temperature. 

On the other hand, Trafford et al. [44] made the first approach to LSM in GIs with 
different sets of fixed laser power and scanning velocity, established to ensure three dif-
ferent cases on the surface: hardening without fusion, with an incipient degree of fusion, 
and one with complete fusion on the laser path. In the case of LSM, three differentiated 
regions can be seen along the cross-section of the laser path: a fusion zone close to the 
surface, characterized by a fine ledeburite structure, which is caused by the rapid rate 
solidification of graphite sheets completely dissolved during heating; a deeper transition 
region, formed by a matrix composed of retained austenite and thick martensite plates, in 
which there is a partial degree of undissolved graphite sheets surrounded by a layer of 
ledeburite; and a base zone, where the action of the laser is not enough to produce the 
phase transformation. The authors also observed that cracks formed on the surface, with 
increased number and size according to the degree of fusion. 
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Figure 3. Microstructure of LHQTGI with different tempering temperatures: (a) laser hardened zone 
(Zone 1) at 316 °C, (b) Zone 1 at 399 °C, (c) Zone 1 at 482 °C, (d) Zone 1 at 552 °C, (e) interface 
between Zone 1 and Zone 2 (heat-affected zone) at 316 °C, (f) interface between Zone 1 and Zone 2 
at 399 °C, (g) interface between Zone 1 and Zone 2 at 482 °C, (h) interface between Zone 1 and Zone 
2 at 552 °C, (i) interface between Zone 2 and Zone 3 (substrate) at 316 °C, (j) interface between Zone 
2 and Zone 3 at 399 °C, (k) interface between Zone 2 and Zone 3 at 482 °C, (l) interface between Zone 
2 and Zone 3 at 552 °C, (m) Zone 3 at 316 °C, (n) Zone 3 at 399 °C, (o) Zone 3 at 482 °C, (p) Zone 3 at 
552 °C (Reprinted with permission from ref. [43]. 2020 Elsevier). 

De Oliveira [45] also implemented a computer interface to control the temperature at 
the surface of GI samples, to ensure the transformation to austenite without melting, by 
linearly changing the heat input of a 2 kW Nd:YAG laser. However, this could not be fully 
achieved near the center of the laser spot, as three zones were identified by using micro-
scopic observation: a melting zone next to the surface, with an arrange of needle-like mar-
tensite plates; a transformed region, in which graphite flakes remain unaltered and the 
pearlite matrix transforms to austenite during heating, and then to larger martensite plates 
after the cooling process; and the substrate material zone, where no transformation was 
observed. The author also highlighted the difference between the shape of martensite 
plates, due to the high thermal conductivity of the nearby graphite flakes and the amount 
of diffused carbon into austenite. Moreover, a continuous heating transformation (CHT) 
diagram was described to explain these transformations as a function of temperature and 
heating rates. 

In terms of mechanical properties, the hardening effect is mostly measured with 
Vickers microhardness tests. Hwang et al. [40] reported an increment in the hardness from 
about 300 to 800–950 HV0.1 in the heat-affected zone. This satisfied the piston rings re-
quirement of the minimum hardness of 450 HV0.1 in an effective depth of 300 µm. A tem-
pering effect was also identified in overlapping zones, where hardness dropped to 470 
HV0.1, still fulfilling the desired condition. 
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These results are in agreement with the work of Liu and Previtali [41]. A region of 
maximum hardness between 800 and 900 HV0.3 was generated in the non-overlapping 
area, while in the overlapping region, there was a tempering effect which reduced the 
hardness to 300–400 HV0.3 (Figure 4). Since overlapping is used to create a homogeneous 
modified surface in the case of a Gaussian laser, this unwanted effect is unavoidable. In 
this sense, the authors determined that an overlapping degree between 1 and 1.25 mm 
was acceptable to comply with industrial requirements, and this, based on their research, 
equaled a transformed zone with a minimum depth of 0.25 mm and hardness greater than 
700 HV0.3. Wang et al. [42,43] also obtained similar hardness profiles with a Rockwell test 
(HRC), since the 2 mm spacing between adjacent laser tracks ensured avoiding the back-
tempering effect.  

 
Figure 4. Microhardness profile as a function of overlapping size (Reprinted with permission from 
ref. [41]. 2010 Elsevier). 

In the case of LSM, the improvement in hardness is comparable to LSH, but with a 
different magnitude. Trafford et al. [44] measured a maximum hardness of 850 HV0.3 for 
laser surface hardening without melting, and 950 HV0.3 for the LSM treatment. These 
values were reached in regions close to the surface, where the transformation is homoge-
neous, while hardness rapidly decays to the base value when the heat-affected zone 
(HAZ) is exceeded. De Oliveira [45] found a similar trend but with higher dispersion. The 
average hardness increased from 250 to about 600–900 HV, and the high variation was 
attributed to the randomness of the indentation location. Moreover, the higher hardness 
values were related to a higher content of martensite, as proved by X-ray diffraction (XRD) 
tests. 

Concerning the improvement in wear resistance of GIs, Hwang et al. [40] first applied 
a pin-on-disc test under ASTM G99 conditions to evaluate the wear loss in both the pin 
(using LSH and untreated GI samples) and a conventional cast-iron disc. It was deter-
mined that LSH can double the wear life of the piston rings, which was supported with 
SEM observation to address the nature of the wear mechanisms. In untreated piston rings, 
adhesive wear features, such as plastic flow and tearing damage, were noted, while in 
laser-modified samples, only mild wear was observed around the remaining graphite 
flakes that acted as stress raisers.  

Instead, Wang et al. [42,43] conducted ball-on-plate reciprocating sliding wear tests 
with a hard 4 mm–diameter alumina ball (45 HRC and surface roughness of 10 nm). Both 
laser-hardened specimens exhibited significantly lower mass loss, since they bared harder 
surfaces, with LHAGI displaying better performance (Figure 5). The worn surface of laser-
treated cast irons revealed a polishing effect of the ceramic ball, while the severe damage 
in untreated specimens was related to the stress concentration around graphite flakes and 
the low fracture toughness of tempered martensite (zone 3), as in Hwang et al. [40]. The 
main wear mechanism was crack formation (Figure 6), which surged around the edge of 
graphite flakes on the surface or subsurface. Then, these cracks propagated along with the 
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graphite flakes, conceiving either small-scale pits or large-scale spalls. From these obser-
vations, the authors suggested the possibility of using LHQTGI as a replacement for AGI, 
since its overall performance was enhanced, and the cost and energy consumption could 
be substantially reduced. 

 
Figure 5. Mass loss of GI specimens after complete sliding wear test (Reprinted from ref. [42]) 

 
Figure 6. Worn surfaces of LHAGI and LHQTGI samples with different tempering temperatures: 
(a) 232 °C and (b) 316 °C (Reprinted from ref. [42]) 

Trafford et al. [44] also compared the enhancement in wear resistance by LSH and 
LSM, using friction wear tests with a silicon carbide (SiC) platform, at a frequency of 2.5 
Hz and a load of 5 kg, without lubrication. Wear rates, expressed as the amount of lost 
volume as a function of the total sliding distance and applied load, revealed that both 
LSH- and LSM-treated samples had higher resistance compared to the as-cast state, with 
less wear damage in the ledeburitic structure obtained by LSM. 

As a summarizing work, Paczkowska [46] performed LST treatments by using vari-
ous sets of laser powers and scanning velocities to determine the ranges of the surface 
energy density and interaction time that allowed the researcher to achieve different appli-
cations of the laser, such as tempering, hardening from the solid-state (LSH), fusion 
(LSM), or alloying. From the microscopic observation, as well as the measurements of 
temperature and hardness on the surface of the samples, the author defined the desired 
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ranges based on a continuous wave CO2 laser, as reported in Figure 7, highlighting how 
limited the processing windows are and the importance of finding the optimal laser pa-
rameters for each case. 

 
Figure 7. Energy density ranges for different heat treatments with CO2 lasers on GI (Reprinted with 
permission from ref. [46]. 2016 Elsevier). 

5. Laser Surface Treatment of Ductile Irons 
LST on DIs has been also studied over the last decades to a similar extent, sharing the 

same transition between CO2 to solid-state lasers, as well as most of the characterization 
tools with gray irons. However, the results indicate a strong dependence on the initial 
metallic matrix (e.g., pearlite or ferrite), which is responsible for the magnitude of diffu-
sion times and cooling rates that play a major role in achieving LSH or LSM for a fixed 
laser input. Moreover, as Steen and Mazumder [39] proposed, many authors have verified 
the difficulties of achieving LSH on DIs due to the lowering of the melting point around 
the graphite nodules as carbon diffuses away from the graphite during the process. 

5.1. Pearlitic Ductile Irons 
One of the first works in the context of pearlitic DIs was carried out by Mathur and 

Molian [47]. The authors applied an LST treatment with a Gaussian CO2 laser on both gray 
and ductile iron samples. The latter, named ASTM class 80-55-06, had a matrix with ap-
proximately 50% of pearlite. Three power levels (0.4, 0.8, and 1.2 kW) were defined, cou-
pled with scanning velocities ranging from 4.2 to 169.3 mm/s. In addition, a manganese 
phosphate coating was used to increase the absorptivity of the material. The ductile iron 
changed its microstructure, initially pearlitic with graphite nodules surrounded by ferritic 
shells to one made up of two well-defined areas. The closest zone to the surface was iden-
tified as the fusion zone, where graphite nodules completely dissolved and solidified to 
give rise to a martensitic-like structure, while the HAZ was evidenced by graphite nodules 
surrounded by martensite rings. Furthermore, in the cross-sections to the laser passing 
direction, the shape of the transformed zone was parabolic, similar to the original laser 
distribution. In addition, the researchers qualitatively determined, from several attempts 
to fit the experimental data, the relationship between the variables of the experiment (laser 
power, diameter, and scanning velocity) and the size or depth of the transformed zone. It 
was concluded that the reached depth was directly proportional to the power of the laser 
and inversely proportional to the diameter of the laser and the scanning speed.  
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Moreover, Molian and Mathur [48] explored the differences of applying the same 
treatment but changing the laser circular shape to a square and elliptical type and making 
single or multiple passes through the working section. The authors were able to determine 
a linear correlation between the depth of the transformed area and the square-shaped laser 
parameters considered in the term P/√v. On the other hand, one-dimensional (1D) and 
three-dimensional (3D) heat-conduction models were used to simulate the temperature 
on the surface of the cast iron at constant power and different scanning velocities, with 
sufficiently high dispersions to conclude that the thermal response of the sample to the 
treatment could not be described by any simplified model. 

The influence of the heat input and the solidification rates was further addressed by 
Chen et al. [49], where a 1 mm–diameter circular CO2 laser was used at different powers 
and velocities to transform the structure of a pearlitic DI. For solidification rates greater 
than 5 × 104 K/s, the resulting microstructure consisted of primary austenite dendrites in-
serted in a continuous interdendritic cementite network, while martensitic microstruc-
tures with lamellar ferrite–cementite arrays were obtained for low rates. 

These transformations are consistent with the work of Gadag et al. [50], where both 
a CO2 laser at different levels of constant power (1 to 2.5 kW) and a 400 W Nd:YAG laser 
were used, coupled with different sets of scanning velocities. In this case, three zones were 
identified after LSM, aided by XRD patterns: a stationary region with a homogeneous mi-
crostructure consisting mainly of ledeburite, eutectic austenite, and cementite; a slowly 
decreasing section below the melting zone, with martensitic and fine pearlitic microstruc-
ture; and a rapid transition to the as-cast state. Moreover, a numerical simulation of the 
temperature during the treatment and the cooling rate at different locations was per-
formed based on a 3D model of the heat equation that is written as follows: 

휌퐶
휕푇
휕푡

= ∇(푘∇푇) − 푈휌퐶
휕푇
휕푥

, (2)

where T represents the temperature, t is the time, 휌 is the density of the material, Cp is 
the specific heat for ductile iron, k is its thermal conductivity, and U is the constant laser 
scanning velocity. The finite-difference solution for the temperature at different depths 
was determined as a function of time. With this dataset, a successful comparison with the 
experimental HAZ depth was achieved, both for its magnitude and parabolic shape, thus 
validating the considered model. 

Fernández-Vicente et al. [51] focused on the formation of cracks during the applica-
tion of LSH and LSM treatments on pearlitic and bainitic DI castings used in the produc-
tion of hot industrial rolls. A surface energy density of 60 J/mm2 was experimentally found 
to be the transition between LSH and LSM treatments, using scanning velocities from 2 to 
14 mm/s and powers between 2.5 and 4.4 kW. Visible cracks were observed on the sam-
ples, as illustrated in Figure 8. Only for the lowest energy density LSH, the transformation 
occurred without the generation of microscopically observable cracks. The homogeneous 
structure of the fusion layer determined by Gadag et al. [50] was also present in this work, 
as evidenced by a matrix composed of primary martensite (M) dendrites, together with 
interdendritic cementite (C), residual blocks of retained austenite (A), plate-shaped car-
bides (D), and ledeburite (LD). 
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Figure 8. Microstructure of LSM ductile iron, formed by a parabolic remelted layer (RL), a heat-
affected zone (HAZ), and the base material (BM), with visible cracks indicated by arrows (top); 
magnification of RL microstructure (bottom) (Reprinted with permission from ref. [51]. 2012 Else-
vier).  

A first approach on the hardening effect of LSH/LSM in pearlitic DIs was made in 
References [47,49], where Vickers tests were performed to measure an average hardness 
of 800–1000 HV in the fusion zone, compared to an original hardness between 220 and 290 
HV, similar to the results found later in Molian and Baldwin [52]. However, the authors 
emphasized the difficulty of obtaining generalizable values in the HAZ, due to the influ-
ence of graphite nodules and their heterogeneous location in the microstructure. Moreo-
ver, in Reference [48], the effect of overlapping reported in References [40,41] for gray 
irons is verified for LSM. 

A correlation between surface and microhardness as a function of LST parameters 
was also carried out by Gadag et al. [50], where it was evidenced that, the longer the in-
teraction time (i.e., lower scanning velocities), the greater the HAZ depth. Moreover, the 
surface hardness increased with laser power (heat input). On the other hand, Nd:YAG 
produced greater surface hardness than CO2 lasers under the same conditions, which was 
attributed to greater absorptivity and efficiency. 

Recent investigations performed by Ghaini et al. [53] allowed us to develop a model 
that is able to address the absolute thermal efficiency of LSH on GGG-60 cast irons in 
terms of a hardening efficiency index (HEI) and a hardening ratio. A 600 W fiber laser 
with shielding argon gas was used at two different sets of power and four beam travel 
speeds to ensure a reasonable hardened area without melting. After microscopical obser-
vation and Vickers tests, the hardening efficiency index was defined as follows: 

퐻퐸퐼 =
Δ퐻푎푟푑푛푒푠푠 (푎푣푒푟푎푔푒) × 퐻푎푟푑푒푛푒푑 푎푟푒푎

퐻푒푎푡 퐼푛푝푢푡
, (3)

where the maximum achievable hardness was around 1020 HV0.3, the hardened area (or 
volume per unit length) was obtained from the microhardness profiles and the overall 
transformed region in cross-section micrographs, and the heat input was measured as the 
ratio between beam power and laser travel speed. A linear relationship between HEI and 
the term 푃 /푣 was found, and it was compared to those of tool steels at similar operating 
parameters. Finally, the hardening ratio was established as follows: 
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Hardening ratio =
퐴 × 휌 × ∫ 퐶 푑푇 + Δ퐻

푃/푣
, (4)

where A is the area of the hardened case in cross-section, 휌 is the density, 푇  is the am-
bient temperature, Ac3 is the full austenite formation temperature, Cp is the specific heat, 
dT is the temperature differential, and Δ퐻  is the austenization enthalpy. The results were 
correlated with the obtained values for HEIs, and it was determined that LST with 500 W 
laser power and 2 mm/s travel speed achieved the maximum thermal efficiency of 15.3%. 

The wear mechanisms and resistance of laser-treated pearlitic DIs were initially eval-
uated by Chen et al. [54], based on their previous treatments [49]. From surface erosion, 
abrasion, and scratch tests, it was revealed that the rate of material loss from the laser-
treated bodies was reduced by a factor of up to four times, depending on the surface hard-
ness. Subsequently, transmission electron microscopy (TEM) and scanning electron mi-
croscopy (SEM) allowed them to conclude that, for continuous high applied loads, severe 
plastic deformation on the surface of the treated samples generated a state of internal 
stresses that was responsible for the growth of microcracks that propagated, favoring the 
wear rate of the material. 

Gadag and Srinivasan [55] also provided evidence of the improvement in the behav-
ior of DIs treated with LSM against cavitation erosion. The authors used three classes: a 
pearlitic type (600/3 class), a ferritic one (400/12 class), and a 600/3 DI treated with LSM. 
The researchers compared the corrosion resistance in different environments, and the rate 
of material loss was measured from observation by optical microscopy (OM) and SEM. 
For the erosion tests, the three samples were exposed to artificial seawater. A linear rela-
tionship between corrosion wear and exposure time was identified, while LSM reduced 
the erosion rate between 6 and 8 times compared to the as-cast specimens. This improve-
ment was attributed to the transformation of the material into a finer grain structure (con-
sisting of ledeburite in the melting region and martensite in the hardened area) with a 
uniform distribution of plastic deformations and a reduction in the free path for move-
ment of dislocations. 

Molian and Baldwin [52] suggested that the improvement in erosion resistance by 
LST could be attributed to the emergence of beneficial compressive residual stresses dur-
ing the transformation to fine martensite and retained austenite microstructures. Fernán-
dez-Vicente et al. [51] further studied the nature and magnitude of both thermal and trans-
formational stresses due to LSM. First, thermal stresses were estimated from the temper-
ature variations during the cycle. In particular, the only contribution to the strain was the 
difference between the peak temperature of the heating cycle and the temperature after 
the irradiation ceased. These temperatures were also approximated by simplified solu-
tions for the heat equation, and then the value of the thermal strain was measured as fol-
lows: 

휀 = (1 + 휈)훼Δ푇, (5)

where 휀 is the thermal strain, 휈 is the Poisson’s ratio, 훼 is the thermal expansion coeffi-
cient, and Δ푇 is the temperature variation. Then, following the linear elastic theory, the 
thermal stresses were estimated as follows: 

휎 =
퐸

2(1 + 휈)
휀, (6)

where E is the elastic modulus, and 휎 is the thermal stress. On the other hand, the authors 
indicated that, for higher retained austenite contents (over 40%), the observed cracking in 
LSM treated samples was due to an increment in the tensile stresses from the lower spe-
cific volume of retained austenite compared to martensite or bainite (Figure 9). Finally, 
the retention of nucleated cracks in LSH specimens was associated with the relatively high 
fracture toughness of the Fe3C carbides present in the microstructure, and this contributes 
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to the absorption of the thermal and transformational stresses generated during the treat-
ment.  

 
Figure 9. Laser processing window for LSH/LSM treatments as a function of retained austenite con-
tent, scanning velocity, and surface temperature (Reprinted with permission from ref. [51]. 2012 
Elsevier). 

5.2. Austempered Ductile Irons 
Since austempering produces a unique initial matrix, LST can lead to different mi-

crostructural transformations and mechanical properties. Lu and Zhang [56] first carried 
out LSH with a CO2 laser on bainitic ADI samples. The material followed a standard aus-
tempering process, with an austenitizing temperature of 890 °C, a cooling interval at 360 
°C for 2 h, and a final quenching to ambient conditions. The initial austenitic bainite matrix 
also exhibited ferrite and austenite enriched in carbon, with a smaller portion of retained 
austenite and martensite. After laser hardening, the matrix changed to an acicular struc-
ture of martensite and retained austenite, with graphite spots close to the surface, as seen 
in other ductile iron samples.  

An extensive numerical model of LST in ADIs was carried out by Roy and Manna 
[57], with the goal to predict the temperature in the vicinity of graphite nodules. The esti-
mation is based on the heat equation for the case of a continuous wave CO2 laser with 
Gaussian distribution profile. This equation is expressed as follows: 

∇2푇 −
1
훼

휕푇
휕푡

+
푞푟

휆
= 0, (7)

where T represents the temperature, α is the thermal diffusivity, qr is the magnitude of the 
heat delivered by the laser per unit volume and time, λ is the thermal conductivity, and t 
is the time. Assuming that heat losses are negligible and that the thermal properties of the 
material do not depend on the temperature, the equation was solved analytically, and the 
temperature profile was used to determine the magnitude of carbon diffusion away from 
the graphite nodules, according to Fick’s law, written as follows: 

퐶(푦, 푡) =
퐶푓 − 퐶푒

2
1 − erf

푦

2√퐷푡
+ 퐶푒, (8)

which determines the carbon concentration toward the edges of the nodule. In this ex-
pression, Cf is defined as the carbon% in the austenitic phase at the matrix–nodule inter-
face, Ce represents the carbon concentration in the matrix, y is the measured horizontal 
distance from the center of the nodule (assuming a perfect circular shape), D is the diffu-
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sion coefficient (which depends on temperature), and t is the time. This carbon concentra-
tion was then utilized to define, from the iron–carbon–silicon (Fe–C–Si) phase diagram, 
what the temperature is when fusion occurs. Then, by selecting the proper laser parame-
ters, this model would allow us to achieve the material hardening without melting. The 
authors conclude that, for laser powers below 800 W and a fixed scanning velocity of 60 
mm/s, the fusion width is negligible compared to the distribution of nodules in the matrix, 
and, therefore, the microstructure is predominantly martensitic. 

Subsequently, Roy and Manna [58] compared the results of LSH and LSM on ADI 
samples, using sets of parameters to ensure melting and hardening without melting. A 
variable laser power between 0.8 and 1.5 kW and a speed between 20 and 1000 mm/s were 
selected for the case of LSM, and a power between 0.5 and 1 kW and a speed of 60 mm/s 
were chosen for LSH analysis. The depth of the transformed zone maintained a linear 
relationship with the power and an inverse correlation with the scanning velocity, regard-
less of the chosen parameters. Microscopic observation and X-ray diffraction analysis 
(XRD) made it possible to determine that LSM produced a higher proportion of retained 
austenite in the metallic matrix, while, in LSH, martensite was the predominant phase. 

Zammit et al. [59] also compared the results of implementing LSH and LSM on ADI, 
considering a discrete spot laser in order to avoid the reported hardness reduction in over-
lapping zones. A 9 kW CO2 laser with Gaussian energy deposition profile was used to 
generate stationary pulses, decreasing the total energy input and, thus, producing lower 
distortion and processing costs. First, it was determined that melting caused severe dis-
tortion on the surface, given by an increment in surface roughness from 0.15 to 1.34 µm 
(in arithmetic value). Moreover, the molten region was depleted of graphite nodules, 
forming soft phases, such as austenite and residual ferrite, along with low carbon marten-
site. On the other hand, LSH only increased the average surface roughness from 0.15 to 
0.43 µm, while the microstructure was mainly composed of martensite with unaltered 
graphite nodules. Some nodules were surrounded by a bullseye ledeburitic structure, im-
plying that the carbon diffusion lowered the melting point locally around them, as in Roy 
and Manna [57]. Soriano et al. [60] were then able to verify the microstructural features of 
LSH in ADI by using an Nd:YAG laser coupled with a PID controller to keep the temper-
ature in the center of the laser constant at 975 °C, so that the melting point was not ex-
ceeded during the treatment, as in Liu and Previtali [41]. A hardened zone composed of 
coarse martensite in the near-surface, as well as a finer acicular structure below it, was 
distinguished, associated with the rapid solidification without melting of the material 
(Figure 10a). Moreover, as evidenced in Figure 10b, the mixture of retained austenite and 
upper and lower bainite structures below the coarse martensitic array verified the occur-
rence of a softer thermal cycle in this region. 

  
(a) (b) 

Figure 10. Micrographs of (a) top and (b) medium zones of the laser hardened ADI sample (Re-
printed with permission from ref. [60]. 2011 Elsevier). 
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Regarding the hardening effect of the LSH, the profile as a function of depth, meas-
ured by Lu and Zhang [56], with a Knoop test with 0.2 kg load, followed the trend of the 
results shown in Gadag et al. [50], with a homogeneous hardness of approximately 600 
KHN in the transformed zone (~250 µm) and a subsequent rapid decay to the base value 
of the ADI specimen (300 KHN). Putatunda et al. [61] provided more evidence of the ef-
fects of LSH on the mechanical properties of ADIs. Hardness, yield stress, and ultimate 
tensile strength tests were conducted after initial austempering conditions similar to those 
of Lu and Zhang [56]. Changes in these mechanical properties were analyzed for four 
cases: (a) untreated ADI; samples treated with the same laser parameters, (b) initially 
without any type of coating; and then with two types of coating, namely (c) graphite and 
(d) manganese. LSH significantly increased most of the properties (except the ultimate 
tensile strength), obtaining the best performance under the use of coatings, since a greater 
energy absorption was responsible for a cooling rate that ensured the formation of a more 
resistant martensitic structure.  

In Soriano et al. [60], the improvement of hardness was further backed up by the 
analysis of residual stresses (Figure 11) from XRD patterns, using the sin2(ψ) method. The 
diffraction peak position of the (211) α-Fe phase was measured at nine different inclina-
tions, ranging from −45° to 45°. The hardness of the heat-affected zone was quantified in 
the range of 700–800 HV, which decreased as the fraction of retained austenite increased 
in favor of the martensitic phase. Moreover, in the hardened region, compressive residual 
stresses were measured and explained by the volumetric increase associated with the 
transformation from austenite to harder martensite. As the depth increased, the degree of 
martensitic transformation decreased until the point where the matrix corresponds to the 
base material (0.9–1.5 mm), and, thus, the stresses become tensile. This result was also 
addressed by Zammit et al. [59] in their study, where it was found that compressive 
stresses take place near the surface, due to the 4% volumetric increase of austenite to mar-
tensite transformation. At approximately 160 µm, the stresses became tensile, due to the 
presence of retained austenite in the ausferritic bulk, therefore obtaining an estimation of 
the HAZ depth of the laser treatment. 

 
Figure 11. Evolution of residual stresses in the center of the laser track as a function of depth and 
ADI sample ((Reprinted with permission from ref. [60]. 2011 Elsevier).  

The tribological performance of laser-modified ADIs was first assessed in Lu and 
Zhang [56], where the characteristics of sliding wear were analyzed from a 500-min test 
against a steel disc without lubrication, at a relative speed of 1.2 m/s and a variable load 
between 2 and 14 kgf. The results showed a linear relationship between the mass loss due 
to friction and the time of the test, as in Gadag and Srinivasan [55], but it was also deter-
mined that the wear rate, in both cases, consisted of two stages: a mild one (for loads less 
than 10 kgf) and a severe one (for loads greater than 10 kgf). These stages were related to 
microstructural changes during the wear test, where the austenite phase decreased as the 
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applied load increased. The mild phase of wear is characterized by an oxidative mecha-
nism near the surface, while the severe phase is dominated by lamination and delamina-
tion processes, the effect of which was observed by SEM in the formation of microcracks 
in the surface. 

Roy and Manna [58] established a relationship between the hardness profiles and the 
wear resistance of ADIs. The hardness distribution in LSM was parabolic, while, for LSH, 
it was approximately constant within the transformed zone. Thus, the presence of a more 
homogeneous hardened zone in LSH provided the best tribological behavior, as observed 
in Figure 12. For a 5 kg load, three stages in the evolution of wear were identified. Initially, 
a high wear rate was associated with maximum contact area. Then a stationary stage was 
established, due to the adherence of surface asperities originated in the first phase, to fi-
nally give way to an accelerated wear stage due, to the formation of furrows and debris 
separation. The optimal performance obtained by LSH is supported by a lower extent of 
micro-fractures that is attributed to the lower probability of causing microcracks during 
friction contact. This result is in agreement with the deformation restrictions at the aus-
tenite–martensite interface that are caused by changes in the residual stresses during the 
transformation from austenite to martensite, as detailed in References [59,60]. 

 
Figure 12. Evolution of displaced material as a function of sliding wear distance for as-received and 
laser-treated ADI samples (left); SEM micrographs of worn surfaces (right) for (a) LSM treated ADI, 
(b) magnified view of wear debris of (a), and (c) LSH-treated ADI (Reprinted with permission from 
ref. [58]. 2001 Elsevier). 

The tribological characterization of LSH was completed in Zammit et al. [62]. Based 
on the results of Reference [59], the authors carried out discrete spot LSH treatments by 
using the same CO2 laser at 600 W and 300 ms of pulse duration and considering three 
different arrays: laser spots separated by one spot diameter, adjacent spots, and 50% over-
lapped spots. Scuffing (pin-on-disc) and rolling contact fatigue (RCF) tests were per-
formed to address the wear resistance and mechanisms. In the first test, as-austempered 
and laser-treated ADI pins were considered, with a hardened and oil-lubricated AISI D2 
steel counterpart disc rotating at 1450 rpm under 10 MPa constant pressure. LSH treat-
ment with adjacent spot tracks exhibited the highest sliding cycles to failure, followed by 
separated spots, showing that the back-tempering effect on hardness, due to overlapping, 
reduced the ADI wear resistance by an order of 10–100 times. Moreover, adjacent spot 
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LSH treatment induced a higher martensite volume fraction, which is harder than the in-
itial microstructure and is able to delay crack initiation and propagation. On the other 
hand, RCF tests were performed only on as-austempered and adjacent spot laser-treated 
ADIs. The LSH increased the number of cycles until fatigue failure over 106 times. This 
increment was also attributed to a harder microstructure and compressive residual 
stresses near the surface. It was concluded from SEM and pit observations that the main 
wear mechanism is governed by plastic deformation and propagation of cracks around 
graphite nodules, and the overall wear resistance is comparable to that of carburized 
steels. As a conclusion, the authors suggest that laser-treated ADIs could be suitable re-
placements for a variety of engineering components. 

5.3. Ferritic Ductile Irons 
Among all the ductile iron structures, LST in ferritic DIs has gained importance in 

the last decades because it lacks a significant pearlite amount (whose carbon content is 
higher due to the presence of cementite plates). This means that it is very difficult to find 
conventional ways of transforming the matrix to a martensitic type, and, on the other 
hand, it is difficult to achieve hardening without melting, since carbon diffusion from 
graphite nodules locally lowers the melting point, favoring the occurrence of melting near 
the surface [39]. 

The first modeling of the phase transformations during LST of ferritic DIs can be 
found in Grum and Sturm’s study [63], where LSM was carried out with a low-power CO2 
laser. To ensure the fusion of the surfaces, an overlapping of 30% was considered. Three 
new regions arise after LSM: the melted zone, the hardened zone, and an intermediate 
transition zone. In the region where the liquidus temperature is exceeded, the predomi-
nantly ferritic matrix melts, and the graphite nodules diffuse toward the melted surface. 
This causes a strong dissolution of carbon in the liquid matrix, whose rapid solidification 
transforms it into austenite and ledeburite dendrites. The intermediate zone is character-
ized by a highly localized fusion process around the graphite nodules that, depending on 
the magnitude of the carbon diffusion toward their edges, can generate a ledeburite 
and/or martensite ring. The transformation scheme is shown in Figure 13. The differences 
between the transition zone and the hardened zone are that, although the matrix trans-
forms into austenite during the heating cycle and is enriched in carbon due to diffusion 
away from the graphite nodules, this is not enough to locally reduce the melting point, 
and, therefore, the matrix becomes of martensitic type with residual austenite. In addition, 
due to the heterogeneous distribution of the nodules, there are areas with low carbon con-
tent where austenite reverts to ferrite during cooling. 
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Figure 13. Schematic representation of phase changes around graphite nodules during LSM: (a) In-
itial DI microstructure, (b) transformation to nonhomogeneous austenite during heating, (c) carbon 
enrichment in austenitic matrix after diffusion, (d) local melting around graphite nodules, (e) for-
mation of martensitic shells around graphite nodules after cooling, (f) formation of ledeburitic shells 
above graphite nodules that suffered local melting (Reprinted with permission from ref. [63]. 1996 
Elsevier).  

In Grum and Sturm [64], the analysis of LSM in ferritic DIs is completed, experimen-
tally and numerically comparing the thickness of the martensite and ledeburite layers that 
surround the graphite nodules in transition and hardening zones. As described in Roy 
and Manna [57], from simplified models of temperature during the heating and cooling 
cycle, in conjunction with diffusion equations based on Fick’s law, the authors deter-
mined, at different depths, if the temperature around the nodule is enough to produce 
fusion (and the formation of ledeburite when cooling), in addition to calculating the mag-
nitude of the radial diffusion of the carbon atoms. As shown in Figure 14, the simulation 
precisely adjusted to what was experimentally determined, which validates the use of the 
aforementioned models. The average standard deviation obtained is less than 10% and 
can be explained by model simplifications, mainly in terms of diffusion, as average values 
that do not vary with temperature were used. 

This microstructural analysis was completed in Grum and Sturm [65], where the au-
thors applied LSM to a similar DI sample to verify their previous models, as well as XRD 
and residual stress tests. The metallic surface was characterized by a high content of mar-
tensite (41%) and a portion of residual austenite (23%), and at higher depths, a reduction 
of the martensitic phase was observed in favor of the austenitic phase (24% and 42%, re-
spectively, at 240 µm from the surface). From these results and the residual stresses meas-
ured at different points on the surface, it was determined that the residual austenite and 
martensite contents were the most influential on the nature of the internal stresses (Figure 
15). The stresses on the surface always have a tensile character, since the transformations 
to austenitic phases involve a volume reduction of such magnitude that they cancel the 
effect of the transformation to martensite, thus implying a volumetric increase and, con-
sequently, stresses of a compressive type. 

 
Figure 14. Comparison of the experimental and predicted thickness of martensite and ledeburite 
shells around graphite nodules (Reprinted with permission from ref. [64]. 2002 Elsevier). 
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Figure 15. Evolution of residual stresses at the ductile iron surface as a function of volumetric % of 
phase constituents (reprinted from Reference (Reprinted with permission from ref. [65]. 2005 In-
derscience Enterprises Ltd.). 

Benyounis et al. [66] presented a new approach on the surface melting of DIs by con-
ducting a comparison between the microstructural changes caused by two technologies: 
Nd:YAG laser and TIG. In the case of LSM, the laser was used at low power (0.1 kW) and 
speed of 1 mm/s with 50% overlapping, while in the case of TIG, the voltage was main-
tained at 50 V and the current was varied between 80 to 120 A to ensure fusion. The mi-
crostructure obtained by LSM consists of a fine dendritic structure of retained austenite, 
with residual percentages of martensite and cementite (Fe3C). Although in TIG melting a 
dendritic structure was also observed in an austenite and cementite matrix, the main dif-
ference was the higher amount of retained austenite in LSM, which was attributed to a 
superior cooling rate. 

The dendritic microstructure is also present in Alabeedi et al. [67], where LSM was 
carried out on an 83% ferrite, 11% pearlite, and 6% graphite ductile iron. A Gaussian dis-
tribution CO2 laser was used at 3 kW power, with a scanning velocity of 10 mm/s. To 
achieve melting, a 50% overlapping was considered, and argon shielding gas was applied 
to also prevent oxidation and contamination of the specimen. The obtained microstructure 
was identified by SEM as austenite dendrites immersed in a cementite network, attributed 
to the high cooling rate during solidification. An additional transition region was ob-
served below the melted zone; it was formed by a mixture of dendrites and thick marten-
site plates and added to some undissolved nodules surrounded by ledeburite layers. 

Recent studies have further supported these results; for instance, Pagano et al. [68] 
carried out a complete analysis of the effects of the LSM technique on a ferritic DI, using 
an Nd:YAG laser operating at 1 kW of power, with circular spot and Gaussian distribu-
tion. A parabolic transformed cross-section was obtained, coinciding with the laser distri-
bution. In the area where fusion occurred, the microstructure became a network of aus-
tenite and ledeburite dendrites, with a small portion of martensite. Then a transition re-
gion with localized fusion was observed around the graphite nodules that did not melt. 
Finally, a hardened area was appreciated, where the graphite spheres are surrounded by 
a layer of martensite and immersed in a matrix of ferrite and residual austenite. These 
results corroborate the work of Grum and Sturm [63,64]. 

Another approach for LSH/LSM was conducted by Catalán et al. [69], where a fiber 
delivery diode laser with uniform energy distribution and rectangular shape was used. 
Two linear power ramps, along with two scanning velocities, were defined to achieve four 
different sets of linear energy densities in order to establish a relationship between the 
experimental results and the joint effect of all laser parameters, as well as to determine the 
transition between hardening from solid-state and melting. It was concluded that, for 
high-velocity settings (1000 mm/min), microstructural changes were not significant, 
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whereas, for low-velocity cases (570 mm/min), severe changes could be observed. The 
melted zone depth increased directly proportional with the average linear energy (Figure 
16), correlating with changes in the linear energy absorbed by the material and the thermal 
diffusion properties of the surface-modified samples. The chemical composition, as deter-
mined by GDOES, was strongly affected by the laser, with a significant increase for C and 
decrease for Si compared to the as-cast sample, due to the transformation of graphite nod-
ules to carbides during the heating process. Regarding input parameters, at low energies, 
a Fe3C phase was detected by XRD, whereas γ-Fe2O3 was raised at high energy densities, 
suggesting that surface oxidation occurred during the heating cycle. 

 
Figure 16. (a) Melted zone (MZ) and hardened zone (HZ) of laser surface-modified microstructure 
of DI; (b) melted depth as a function of the average linear energy of the laser (Reprinted with per-
mission from ref. [69]. 2021 Springer Nature BV). 

On the subject of hardness improvement, many of the reviewed works have quanti-
tatively addressed the efficiency of LSM in DIs. For instance, Grum and Sturm [63] ob-
served a uniform hardness distribution throughout the transformed layer (800–900 
HV0.1), and when the limit of the hardened zone (≈550 µm) was exceeded, it fell rapidly 
to the base value (around 250 HV0.1), and this is in agreement with the posterior meas-
urements of Pagano et al. [68]. Benyounis et al. obtained a harder microstructure when 
using TIG melting over LSM (750 and 500–600 HV, respectively), since the supplied en-
ergy and the interaction time ensured less retained austenite content, implying that the 
tempering effect of melting was reduced.  

In the melted zone, Catalán et al. [69] found a stable microhardness of 1000–1100 
HV0.3, which was five times higher than the nominal value. This was attributed to the 
carbide/oxide formation in the transformed matrix, as observed in Figure 17, since the 
mentioned XRD analysis supported the existence of these harder phases. The main differ-
ence with other works is the uniformity in both hardness measurements and microstruc-
ture for the melted and hardened zones, since the laser energy distribution was uniform 
and rectangular shaped. Thus, overlapping of laser tracks was not needed and the tem-
pering effect was avoided. 

The wear response of laser melted DIs is broadly detailed in Pagano et al.’s [68] study, 
where a rotating steel cylinder for sliding wear tests was chosen to roll against the samples 
before and after being treated with LSM. The evolution of the coefficient of friction and 
material loss was recorded as a function of the total sliding distance. In this test, two stages 
were observed: initially, the coefficient of friction (COF) increases linearly with the sliding 
distance (run-in stage), and then it decreases to a stationary value (steady-state), due to 
the lubricating effect of graphite release. In this phase, since there is a partial dissolution 
of graphite in the hardened area, an increase in the adhesive component of the COF is 
generated by reducing the lubricating effect. Furthermore, the presence of hard phases, 
such as cementite and martensite, causes an increase in the abrasive component of the 
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COF, which accounts for doubling the friction coefficient of the untreated DI. From Ar-
chard’s equation for sliding wear, we obtain the following: 

푉 = 퐾
퐹 ⋅ 푆

퐻
, (9)

the authors verified that, for the same sliding distance (S), applied load (FN), and wear 
factor (K), the greater hardness (H) of the LSM sample generated a lower volumetric loss 
V. This was supported by the fact that the original samples showed rapid plastic defor-
mation during the test, while the presence of oxides on the surface of the specimens mod-
ified by LSM gave evidence of a moderate triboxidative wear regime. 

 
Figure 17. (a) Evolution of microhardness as a function of depth and linear energy. (b) Surface hard-
ness and composition of as-cast and laser modified DIs (Reprinted with permission from ref. [69]. 
2021 Springer Nature B.V.). 

Subsequently, Ceschini et al. [70] compared the tribological experiments carried out 
by Pagano et al. [61] for four different specimens: untreated GI (GJL300), as-cast DI 
(GJS400), low-energy melted DI (GJS400-LHV at 500 W), and DI treated with LSM at high 
energy (GJS400-HHV at 1000 W), using the same equipment and tests as the work in com-
parison. Due to different energy densities, the two LSM-treated DIs exhibited different 
surface hardness, with the GJS400-HHV being the hardest (1100 HV1, compared to 850 
HV1 for the GJS400-LHV). The sample with the best performance was the GJS400-LHV, 
followed by the GJS400-HHV, as observed in Figure 18. In both cases, a slight triboxidative 
wear regime was observed, such that the differences reside in the presence of microcracks 
in the HHV cast iron, associated with its greater hardness and lower toughness. Further-
more, the results showed that graphite morphology in cast irons is a major factor in wear 
resistance, with the lamellar graphite shape (GJL300) being the one that acts as the greatest 
stress concentrator, favoring nucleation and crack growth during the sliding test. 
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Figure 18. Worn surfaces of different cast irons for a 20 N applied load (Reprinted with permission 
from ref. [70]. 2016 Elsevier). 

The erosion resistance enhancement due to LSM has been also assessed by Alabeedi 
et al. [67] in their study, where silica particles were bombarded at an average speed of 50 
m/s at different incident angles. The amount of mass loss as a function of exposure time 
increased linearly, as in Gadag and Srinivasan [55], with a cumulative loss at the end of 
each trial (45 min) between 35 and 100 times less in the case of the treated samples. Fur-
thermore, SEM examination evidenced that the wear mechanism in the untreated speci-
mens begins with the deformation of the softer graphite nodules, which then favor the 
nucleation of cracks by acting as stress concentrators. Thus, the cracks form larger craters 
as they spread, so that the surface fractures and becomes dimpled. In contrast, wear in 
laser-modified samples is attributed to the initiation of fatigue cracks, which develop only 
into small craters. However, the hard structure formed in the process does not allow these 
cracks to propagate through the matrix and cause more damage, mainly due to the pres-
ence of retained austenite. 

Finally, Boccardo et al. [71] developed a unidirectional coupled thermo-metallurgical 
model in order to predict the phase transformations of laser-treated DIs. In particular, the 
thermal model computed the temperature evolution during the process, while the metal-
lurgical model predicted the phase evolution as a function of the temperature. The possi-
ble transformations during heating include the reverse eutectoid transformation (RET), 
homogenization of the austenite carbon content (HA), and melting transformation (MT), 
whereas the cooling process can comprise the eutectoid transformation (ET), solidification 
(ST), and martensitic transformations (MDT and MWT). To test the performance of this 
model, the authors considered the same DI as in Catalán et al. [69], with the four sets of 
linear power ramps and scanning velocities detailed in their work. Figure 19 shows the 
relationship between experimental and simulation results for 180 J/mm energy density. 
According to the presented metallurgical model, the observed thickness of the melted 
zone (Figure 19a) agrees with the computed temperature (Figure 19c), because it is greater 
than the temperature at which melting transformation ends (TLe). For a depth of 100 µm, 
the material partially melted, because the temperature remains between the limits where 
melting transformation starts (TLs) and ends. Finally, for depths bigger than 300 µm, there 
is no phase transformation, since the temperature does not reach the point where RET 
starts. On the other hand, Figure 19b illustrates the evolution of the volumetric fraction of 
ledeburite, one of the main constituents of ductile iron during these transformations. The 
comparison between the computed ledeburite fraction and the thickness of melted, tran-
sition (hardened), and base material zones (Figure 19a) shows that the thermo-metallur-
gical model is able to identify these regions as a function of the ledeburite fraction in the 
transformed matrix. A linear correlation between measured and simulated marten-
site/ledeburite thickness layers was obtained, thus verifying that, for low thicknesses, the 
thermo-metallurgical model reasonably captures the trend of experimental results, and it 
slightly overestimates the thickness at higher magnitudes. Moreover, the thickness of the 
ledeburite–martensite layer depends on the laser parameters, and it is increased with the 
increment of laser power and the decrement of scanning velocity. 
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Figure 19. (a) Optical microscopy image of resulting microstructure of modified DI. (b) Computed 
ledeburite volume fraction at fixed laser parameters. (c) Computed temperature distribution at a 
fixed instant and parameters as a function of depth (Reprinted with permission from ref. [71]. 2021 
Springer Nature B.V.). 

5.4. Overall Facts of Surface Laser Treatment of Cast Irons 
Considering the literature review, some similarities can be found in LST of cast irons, 

regardless of their initial microstructure. As presented in Figure 20, laser modification of 
iron castings generally leads to a martensitic or ledeburitic microstructure, depending on 
the amount of supplied energy and the subsequent phase transformations. 

 
Figure 20. Summarizing diagram of microstructural transformations and overall response of laser-
treated cast irons. 

Moreover, mechanical/tribological characterization shows an improvement on hard-
ness and wear resistance after LST, as explained by the formation of harder phases during 
rapid solidification. Microhardness curves tend to exhibit a stable, harder region, with a 
quasi-exponential decay to the as-cast value in zones with low degree transformation. In 
the case of tribological tests, mass loss is significantly reduced by both LSM and LSH; 
however, the wear rate is highly variable, and it depends on the conditions of the friction 
system. Finally, since LST encompasses volumetric transformations, the analysis of resid-
ual stresses is important, and it usually reveals a change from compressive stresses near 
the surface to tensile stresses further into the as-cast region. 

6. Concluding Remarks 
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This review highlights the evolution of the characterization of the surface thermal 
treatment by laser in different iron castings, divided by the main constituents and struc-
ture of their matrix. Based on what is presented in this article, LST holds numerous ad-
vantages over conventional heat treatments, as it is a precise and highly localized process 
for which a harder and more wear-resistant microstructure is obtained without generating 
a significant distortion of the workpiece. The following main conclusions can be stated: 
 The use of diode and Nd:YAG lasers without coatings allows for higher absorption 

coefficients of the radiated energy than when using conventional CO2 lasers. 
 Lasers with circular geometry and Gaussian energy distribution generate a parabolic 

heat-affected zone in the transverse section, where properties are not uniform within 
a constant layer depth. 

 Single-pass LST with rectangular-shaped and uniform energy distribution lasers, as 
well as adjacent discrete laser spots, can be used to avoid a tempering effect of over-
lapping. 

 Following laser modification, DIs and ADIs present lower wear damage under com-
parable conditions than GIs, since graphite flakes act as stress raisers, favoring crack 
nucleation and growth during friction, as in dry sliding tests. 

 Regardless of the initial microstructure of the cast iron, the linear energy is the key 
parameter, since it considers the joint effect of experimental parameters, such as laser 
power, absorption layer thickness, and scanning velocity. It is suggested to apply 
surface hardening without melting on DIs and ADIs to achieve higher wear re-
sistance, because of the nature of the residual stresses created during phase transfor-
mations (compressive in LSH and tensile in LSM). 

 Further research challenges include the analysis of the effect of alloying elements, 
such as Mo, Cr, or Ni, on the thermal process and mechanical properties induced by 
LST. Moreover, extra features, such as grain growth and surface roughness, must be 
added into LST simulations in order to ensure a reliable validation and determination 
of the scope and precision of the model. 

 Future technological challenges involve the analysis of costs and implementation of 
LST at the industrial level, especially in high-technology and -impact environments, 
to evaluate the performance of this treatment in real conditions. In this regard, the 
information presented in this review article is a guide to encourage future investiga-
tion prospects in cast irons and ferrous alloys in general. 
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