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Abstract: A study of surface hardening of Ductile Iron (DI) with and without austempering heat
treatment was developed. The chemical composition of the material contains alloying elements such
as Cu and Ni, that allow to obtain a Ductile Iron Grade 120-90-02, based on ASTM A536, which was
heat treated to be transformed to Austempered Ductile Iron (ADI). Specimens of 10 × 10 × 5 mm3

were obtained for application of surface hardening by Nd:YAG UR laser of 150 W maximum power.
The parameters used were advance speed of 0.2 and 0.3 mm/s and power at 105, 120, 135 and
144 W; the departure microstructures were fully pearlitic in the samples without heat treatment,
and ausferrite for austempered samples. Microstructural characterization of hardened samples was
performed were analyzed and martensite and undissolved carbides were identified in the pearlitic
samples, while in ausferrite samples it was found finer martensite without carbides. The depth
of hardened surface to different conditions and their respective microhardness were measured.
The results indicate that the surface hardening via laser is a suitable method for improving wear
resistance by means of hardness increment in critical areas without compromising the core ductility
of DI components, but the surface ductility is enhanced when the DI is austempered before the laser
hardening, by the reduction of surface microcracks.

Keywords: laser hardening; ausferrite; austempered ductile iron; nodular iron; heat treatment

1. Introduction
1.1. Characteristics of the Ductile Iron and the Austempered Ductile Iron

Ductile Iron (DI) is commonly used in many engineering applications, like sheet
forming dies and rolling mills, as reported in literature [1,2]. Their high manufacturability
and machinability represent an excellent combination of economic application perfor-
mances [1,3,4]. By subjecting the DI to heat treatment, it transforms to Austempered
Ductile Iron (ADI), which is essentially a spheroidal graphitic iron with ausferrite mi-
crostructure comprising mainly low carbon ferrite (α) and high carbon retained austenite
(γ). Because of an excellent combination of strength, ductility, toughness and fatigue resis-
tance [5], ADI is now being increasingly used in key automobile components like crank
shafts, steering parts, camshafts and gears [6–8], sometimes substituting steel parts [9].

1.2. Laser Surface Hardened Melting

Despite the good properties of DI and ADI, under some operating conditions such
as erosive and corrosive environments its performance is limited by their relative low
hardness [10–12]. This problem can be overcome by improving the surface properties of
DI. High-power laser treatment (Nd: YAG, CO2) is found as a significant technique to
enhance the mechanical properties of ductile iron according to [13,14], including multi-
pass and surface alloying using different powders [15,16], as reported by some authors
who proposed some general guidelines for this process. Nevertheless, the presence of
microcracks in the hardened case and other surface defects, as reported by [17], constrain
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its applicability. Zheng et al. in 2013 proposed a novel technique in order to avoid crack
formation in multiple overlapping laser tracks that represent a potential problem that must
be reduced as possible [18].

To improve the wear resistance of the ductile iron, laser surface modification, without
remelting, has been used in industrial applications, as it prevents failure by propagation
of surface cracks [19,20]. In those cases when the iron has a ferrite-pearlite or even only
a ferrite matrix, however, it is necessary to use laser hardening by melting the surface
layer. This procedure creates a thin, microstructurally modified surface layer with a higher
hardness. This layer consists of two parts: a melted zone and a heat hardened zone. The
depth and width of the modified layer depend directly on the energy distribution and
laser-beam diameter on the workpiece surface, the laser beam speed with respect to the
workpiece, and the physical properties of the working material. The temperature and
hence the properties of the surface can be controlled by the power density and the scan
speed (in case of line hardening) or the interaction time (in case of single-shot hardening)
of the beam [21].

Laser surface hardened melting (LSM) offers several advantages over other surface-
modification techniques. This process is a non-equilibrium method of surface modification
reaching cooling rates around 103–108 K/s, which are considerably high. The resultant
microstructures, some of them metastable phases, are mainly composed of unique proper-
ties that are only obtained with this process and not with conventional ones [22,23]. Laser
hardening is usually constrained to low heat inputs in order to avoid surface microcracks
in ductile irons, resulting in shallow hardened layers [24].

1.3. Microstructure and Typical Hardness

During laser hardening process, the surface of the irradiated material is heated in
order to transform the microstructure of the heat affected zone into austenite. The sur-
rounding material acts as an efficient heat sink, quickly cooling the material likely below
the martensite start temperature [19].

The present microstructure after treatment LSM depends on the parameters used in the
process as well as the initial microstructure of the workpiece. In this way, Benyonius [10]
reported that if the microstructure in the DI is ferritic, after LSM treatment, eventually it
will be formed a microstructure of dendrites made of austenite, surrounded by continuous
networks of Fe3C and some martensite needles within the austenite islands. Alabeedi [23]
presented an LSM treatment in a ferritic DI and showed that the laser melting led to
complete dissolution of the graphite nodules which on solidifying created an interdendritic
network of ledeburite eutectic with a very fine structure, good homogeneity and high
hardness (650 HV). In another paper presented by Fernández [2], it was studied the effects
of laser surface treatment on the microstructure, crackability and stresses generated on
laser hardened layers produced in several ductile cast iron materials; in the study, two
principal types of spheroidal graphite were selected. Considerable cracking by thermal
stresses was produced on both irons, pearlitic and acicular bainitic, the energy densities
achieved was above 40 J/mm2. It was observed that lower energy densities refrain cracking
but only in the pearlitic ones, this was achieved by the excessive austenite retention that
controlled the generation of transformational stresses. Grum [25] reported that in case of
having an initial pearlitic matrix in the ductile iron, after a laser surface hardening, the
resultant and predominant structure produced in the surface is martensite.

Regarding ADI that presents ausferrite microstructure initially, Roy [26] observed
that the structure of the laser surface melted area was mainly austenitic, while a higher
microhardness of more than 1000 HV happened with a martensitic microstructure. Fur-
thermore, LSM produced more compressive residual stresses and enhanced significantly
the wear resistance of the austempered ductile iron [19]. Putatunda [27], who applied
laser hardening techniques, carried out an investigation on ADI. They used manganese
phosphate coatings and colloidal graphite to achieve more uniform hardness. The hardness
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values reached were around 700 HV and the microstructure of a thin hardened martensitic
layer improved the mechanical properties of the material.

Amirsadeghi [28] studied the microhardness and wear resistance of different mi-
crostructures formed by tungsten inert gas (TIG) surface melting and chromium surface
alloying (using ferrochromium) of ADI. Surface melting resulted in the formation of a
ledeburitic structure in the melted zone, and this structure has hardness up to 896 HV, as
compared to 360 HV in that of ADI. The results also indicated that surface melting reduced
the wear rate of the ADI by approximately 37%. Finally, in a work presented by Grum [25],
it was studied the laser surface-melt hardening in gray and nodular irons, and found
that the melting produced by low-power laser beam can obtain an adequately modified
hardened layer, which results in an increment of the surface wear resistance. Material
properties play a dominant role in determining the interaction between the laser beams and
engineering materials. Many material properties change with temperature. The mechanical
properties of many engineering materials may be favorably modified by application of a
suitable heat treatment, which can be full or superficial [29]. One of the most important
superficial treatments of metals has been the laser transformation hardening of steel [29,30],
but this treatment can also be applied successfully to ductile irons.

In the present study, an attempt has been made to enhance surface hardness and wear
resistance of DI with and without austempering heat treatment. The aim of this work is to
show that the austempered heat treatment before laser hardening of ductile iron is effective
in reducing the amount of surface microcracks in a wide range of heat inputs.

2. Materials and Methods
2.1. Ductile Iron

The nodular iron utilized for these experiments corresponds to 120-90-02 grade, under
the ASTM A536 [31] standard and it has a chemical composition that is typical for this
type of irons. Cu and Ni were added to increase the amount of pearlite in the as-cast
microstructure. The chemical composition is shown in Table 1.

Table 1. Chemical composition (wt. %) of the Ductile Iron (DI).

C Si Mn Cu Mo Ni Mg Cr P Fe

3.52 2.11 0.32 0.39 0.21 0.33 0.05 0.15 0.025 Bal.

The carbon equivalent for this ductile iron was of Ce = 3.82, which is defined as
hypereutectic iron. Besides this, eutectic saturation was calculated as Sc = 1.05 considering
Si, Mn and P, according to the equation presented in [32].

2.2. Austempered Ductile Iron

The DI samples were fully austenitized at 900 ◦C for 120 min and austempered in
an isothermal salt bath at 340 ◦C to 360 ◦C for 60 min followed by cooling in air at room
temperature. The salt bath was 60% KNO3 and 40% NaNO2 a schematic diagram of the
austempering heat treatment process is shown in Figure 1.



Coatings 2021, 11, 368 4 of 15
Coatings 2021, 11, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 1. Schematic heat treatment process. 

  

Figure 1. Schematic heat treatment process.

2.3. Experiment Design and Laser Parameters

In this study, DI samples with and without austempering heat treatment were surface
hardened by UR LaserTechnologie Nd:YAG laser of 150 W maximum power. Diameter of
laser spot was about a half of the bead width, which can be observed as the length of the
transversal fusion zone near the surface. It is difficult to assign a defined value because
there is a power density reduction from the center to de periphery, following a Gaussian
function. However, the effective spot size, in this case can be considered as that which
produces the fusion the metal in the axial direction; it is approximately the full length of the
fusion zone at the half depth, shown in the micrographs in results section. The specimen
dimensions were 10 × 10 × 5 mm. The selected parameters for the surface treatment were
the following:

• Two advance speeds: 0.2 and 0.3 mm/s
• Four powers: P1 = 144 W, P2 = 135 W, P3 = 120 W, P4 = 105 W

Four samples were used for the experiment: two DI and two ADI samples. For each
sample, four laser-melted beads were produced, one for each power level, according to the
Figure 2 schemes.
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Figure 2. Design of experiments for the laser surface hardening.

2.4. Laser Surface Melting-Hardening of DI and ADI

Cross sections of the samples were cut for metallographic examination. The mi-
crostructural characterization was consisted in grinding (using 120, 240, 320, 600, 800 SiC
paper) and polishing with a one µm diamond paste, using Nital at 1% as reactive etchant
for 5 s. The samples were inspected in the different seams weld zones with an optical
microscope (OM) Nikon Eclipse MA200 and electron microscope Tescan Mira 3; besides
this, hardness examinations in each zone were performed using 300 g for Vickers inden-
tation. Microhardness evaluation, using a Wilson hardness Tukon 2500 equipment, was
performed in order to compare the parameters effect in the weld beads and to find a proper
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combination with the higher hardness without cracks. Wear resistance is favored with these
characteristics [33]. Figure 3 shows each zone area where RZ and HZ correspond to the
re-melted zone and hardened zone (affected by the heat), respectively. All the indentations
for microhardness profile are shown as well: 3 indentations for each position (H1, H2, H3,
H4) in order to obtain the average and more reliable results.
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3. Results and Discussion
3.1. Base Material

The original microstructures for DI samples before the surface hardening are shown
in Figure 4. Microstructure consist mainly of pearlite and graphite nodules, around 30 µm
diameter, with a composition of 84% and 12%, respectively, and the difference may indicate
segregation zones predominantly Ni and Cr (Figure 4a). The microstructure was measured
by image analysis with Image Pro Software and NIS Element coupled to the OM; for the
ADI samples (Figure 4b), it was present ausferrite, graphite nodules and austenite islands,
and the segregated zones disappeared with the austempering. The compositions of these
phases were 83%, 11% and 6%, respectively, measured by image analysis.

1 
 

 
  

Figure 4. Optical micrograph, (a) DI (Perlite + Nodules + Segregations), (b) Austempered Ductile Iron (ADI; Ausferrite +
Nodules + Austenite).

On average hardness in the DI was 295 HB and heat treatment increased the ADI to
314 HB.
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3.2. Dimensions and Morphology of the Melted Zone

As the iron castings are a mixture of phases of iron and graphite, when the metal is
re-melted by the laser it dissolves all the free graphite in the liquid and in the subsequent
and fast cooling it results in an oversaturated carbon alloy, mainly formed by martensite,
some retained austenite and iron carbides. The proportion of these phases depends upon
the maximum temperature reached, the holding time at this temperature and the cooling
rate. The first variable depends on the laser power, and the last two variables depend on
the advanced speed of the laser beam and the thermal metal properties.

The DI can be hardened by a laser beam because of the great amount of carbon
contained in the microstructure which can be dissolved and form martensite after the fast
fusion of the metal, taking advantage of the high-density power of the laser beam [34].
This can be realized using even a low power equipment, of only 150 W, like that used in
this study. In Figure 5 shows the morphology of the left half beads produced with the
laser at its highest power, 144 W and their dimensions. DI beads are wider and deeper
than their corresponding ADI seams with slower speed. They also have more and larger
surface cracks. DI cracks are observed as larger as the hardened layer, as in S1P1 where its
value corresponds to 371 µm, crossing thoroughly the melted zone. Cracks in the hardened
iron are in the diagonal and vertical direction. As reported for surface alloyed carbon
steels [35,36], the presence of cracks is due to hot cracking. Since susceptibility for hot
cracking is determined by the alloy plasticity and solidification temperature range (∆T);
in the surface area, a composition near the eutectic point (3.4–4.5 C wt.%) is expected, so
∆T is small, resulting in some plasticity and fine dendritic structure at laser temperatures.
Therefore, once the metal is partially solid, crack appearance depends on the thermal
contraction of the remaining molten metal. 

2 

 

  Figure 5. Seams dimensions of DI: Sample 1 (S1) and ADI: Sample 3 (S3), with 0.2 mm/s speed.
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If the advance speed of the laser source is changed from 0.2 mm/s to 0.3 mm/s,
DI beads are wider than their corresponding ADI beads, in all cases, but not necessarily
deeper; this can be observed in Figure 6, where the depth of ADI increases except for the
highest power. Moreover, due to their greater depths of melted zone, 0.2 mm/s speed
presented greater nodule dissolution.
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Figure 6. Beads dimensions of DI: Sample 2 (S2) and ADI: Sample 4 (S4), with 0.3 mm/s speed.

The results shown in Tables 2 and 3 indicate that the power input density was between
325 J/mm2 and 579 J/mm2 for speed of 0.2 mm/s; furthermore, the power density was
between 248 J/mm2 and 385 J/mm2 for 0.3 mm/s. This outcome is far from the power
density of 40 J/mm2, reported by [2]. Nevertheless, there is no evidence of crack appearance
at the lowest power used in the experiments of this work, so the later reference value is
likely conservative.

Table 2. Bead measures in different samples (0.2 mm/s speed).

S1_P1 S1_P2 S1_P3 S1_P4 S3_P1 S3_P2 S3_P3 S3_P4

Width (µm) 1609 1824 1458 1243 1404 1258 1306 1202
Depth melting (µm) 371 385 258 254 246 185 198 123

Thickness HAZ (µm) 77 >10 63 46 69 104 112 81
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Table 3. Bead measures in different zones (0.3 mm/s speed).

S2_P1 S2_P2 S2_P3 S2_P4 S4_P1 S4_P2 S4_P3 S4_P4

Width (µm) 1245 1229 1347 1074 1083 1106 1147 929
Depth melting (µm) 223 200 235 108 198 219 219 148

Thickness HAZ (µm) 42 55 52 42 46 96 92 52

3.3. Microstructure
3.3.1. Base Metal

Figure 7a shows the pearlitic initial microstructure of the DI samples; the pearlite is
constituted of Fe3C lamellae with ferrite, and the hardness value is around 320 HV. In
Figure 7b, the ausferritic microstructure that is characteristic of ADI is presented; this
structure has a hardness of approximately 410 HV and consists of high carbon austenite
plates with ferrite. Ausferrite microstructure refinement is dependent of the austempering
temperature. In this case, the ausferrite is not as fine as could be under lower austempering
temperatures [37].

 

3 

 
  

Figure 7. Microstructure, (a) DI: Pearlite, (b) ADI: Ausferrite.

3.3.2. High Power Remelted Zone

On the fusion zone (H1) from DI samples, sample 1 (S1) presented in Figure 8a has a
large amount of refined acicular Fe3C (AFC), high carbon martensite (HCM) at the bottom
and some retained austenite (γr); for that reason, the reached hardness in this area was
>1000 HV. On the other hand, sample 2 (S2) obtained a lower hardness (731 HV). As can be
seen, the hardness reduction from S1 to S2 is due to the increase of speed, Fe3C is present
in lower quantities and is coarser (ACC), the presence of HCM increased as well as γr, and
the carbides decreased and some of them were separated from martensite to be grouped
and form a platelike constituent (Figure 8b).



Coatings 2021, 11, 368 9 of 15

 

4 

 
  

Figure 8. Microstructure of the melting zone (H1) to 150 W (P1), (a) Sample 1, (b) Sample 2, (c)
Sample 3 and (d) Sample 4.

Regarding the ADI, the reached temperatures on the fusion zone were lower than
those for the DI; for that reason, the dissolved carbon amount was minor. Figure 8c shows
the H1 zone microstructure which corresponds to sample 3 (S3); it is constituted of HCM
islands surrounded by Fe3C fine plates (PFC) and small amounts of γr, with almost 968 HV.
This microstructure was formed due to the lower laser speed and the higher temperature
reached; the γ from the sample was not rich in carbon, which prevented its stabilization at
room temperature and, from the rapid cooling, the microstructure transformed mostly to
HCM [34,38] and the surrounded liquid to Fe3C.

At higher advance speed, the maximum temperature in the sample is lower and the
arising γ dissolves more carbon that stabilizes it at room temperature. Figure 8d exhibits
sample 4 (S4), on the H1 zone, and presents large quantities of γr in form of islands
surrounded by coarser and greater Fe3C plates (PCC). Some zones, wherein γ could not
dissolve too much carbon, transformed into HCM with rapid cooling. The higher amount
of γr in this sample is the cause of the hardness decay (864 HV) compared to S3.

Using the diagram in Figure 9, the microstructures from different samples were de-
ducted. In this diagram [39] the carbon concentration curves as a function of the cooling
and heating rates are presented, as an example. The amount and type of resultant mi-
crostructures depend on the maximum temperature reached, as well as the heating and
cooling rates, which in turn depend on the power and advance speed of the laser beam.
This can be visualized using the Fe-C-Si phase diagram, the heating and cooling cycles
superimposed for a high speed-high power, and a low speed-low power beams, both acting
upon a surface of nodular iron with a fully pearlitic matrix (i.e., 0.8% C). In the first case,
fusion zone, a high temperature is reached very fast, but there is no time to dissolve a
great amount of carbon from the graphite spheroids; after the fast heating, a fast cooling is
followed and the result is an austenite with low carbon content which is transformed to
a mixture of martensite and some γr, surrounded by Fe3C, which arose from the molten
metal, as the final microstructure. In the second case (low speed-low power), the reached
temperature is lower, but there is more time to dissolve carbon and, according to the Fe-C-Si
diagram, carbon has more solubility in austenite at lower temperatures above the eutectic;
after heating, the cooling is faster but, because the greater content of carbon, less austenite
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transforms to martensite, since Ms (martensite start transformation temperature) is lower,
and the austenite is more stable at ambient temperature in this condition. The total amount
of molten metal can be greater, at lower speed (and lower T), but the liquid volume fraction
is lower because, at lower temperature, more austenite can coexist with the liquid; the
carbon dissolution has the effect to lower the liquidus temperature in the Fe-C-Si system.
Consequently, the volume fraction of cementite formed at the end is greater when higher
advance speed is used, even when the temperature had been lower. It is important to know
this, because the number and extension of surface microcracks depend on the amount of
martensite and cementite in the microstructure.
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3.3.3. Low Power Remelted Zone

Due to the low temperature reached on the H1 zone (P4) in S1 sample the microstruc-
ture formed (Figure 10a) consisted mostly in γr with HCM islands surrounded by PFC; the
amount of carbides decreased compared to the P1 power, and for that reason the hardness
decay >1000 HV (P1) to 633 HV (P4). In Figure 10b are shown the microstructures obtained
in the H1 zone from S2 sample; unlike the previous one, more presence of PFC is evident
since the required liquidus temperature in this zone was greater than S1 at the same power,
due to the lower carbon dissolution.
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Figure 10. Melting zone (H1) microstructure 70 W (P4), (a) Sample 1, (b) Sample 2, (c) Sample 3, (d)
Sample 4.

Instead, for ADI at P4 power with 0.2 mm/s the maximum temperature barely melted
the metal; it exceeded the liquidus line but did not get to dissolve a considerable amount
of nodules; when cooling begins, the material transforms to austenite with high carbon
content and a small quantity of liquid, at certain intermediate temperature this small
quantity of liquid transforms to ledeburite and high carbon austenite. A slight amount of
Fe3C that encloses the γr grains arises from ledeburite. The sample at higher speed S4_P4
did not reach the liquidus line when it started to cool; the liquid that forms, as well as the
austenite, has lower carbon content than the maximum achievable, which corresponds to
the eutectic, just at the maximum solubility of austenite; at high cooling rate the liquid
rapidly reaches an inferior temperature than the eutectic, starting the cementite formation.
Most of the prior austenite, with insufficient carbon to prevail as a metastable phase at low
temperature, transforms to martensite.

3.3.4. HAZ

As observed in Figure 11, the heat affected zone is very similar for both materials and
both speeds; it consists mainly of martensite and retained austenite as mentioned in [16].
The structure is finer for the DI samples because it reached lower temperature and the
carbon homogenization is faster in the pearlitic condition than in the ausferritic.
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Figure 11. Microstructure of the HAZ (H2) to 70 W (P4), (a) Sample 1, (b) Sample 2, (c) Sample 3, (d)
Sample 4.

3.4. Cracks and Microhardness
3.4.1. High Hardness

Table 4 shows microhardness results obtained at different positions of all samples. The
beads of DI that presented higher hardness values were those with the lower speed and
higher power (P1), this is due to most of the microstructure being Fe3C in S1_P1; the Fe3C
was in acicular form and martensite in small amounts. For that reason, high hardness was
obtained >1000 HV, so that it caused embrittlement at cooling producing a great number of
cracks (Figure 5). On the other hand, S2_P1 presented a coarser Fe3C with larger martensite
volume fraction than S1_P1; therefore, the hardness resulted lower (731 HV) and the cracks
presence was reduced, hence the sample was less fragile, as pointed out in [2].

Table 4. Microhardness at different positions (HV).

H1 (HV) H2 (HV) H3 (HV) H4 (HV)

S1_P1 1022 846 335 1055
S1_P2 1145 748 268 1017
S1_P3 872 529 327 673
S1_P4 633 606 363 565
S2_P1 731 397 317 750
S2_P2 695 410 318 563
S2_P3 738 610 314 780
S2_P4 662 571 305 765
S3_P1 968 560 415 908
S3_P2 557 573 424 623
S3_P3 609 561 358 648
S3_P4 542 674 401 565
S4_P1 867 569 308 713
S4_P2 724 647 413 643
S4_P3 898 606 353 939
S4_P4 721 576 394 667



Coatings 2021, 11, 368 13 of 15

At the same P1 in the ADI samples, S3 achieved hardness values of 968 HV that are
close to S1_P1, the crack appearance was abruptly reduced due to the microstructure but
graphite flotation was evident on the surface. In S4_P1, the hardness value was 867 HV
since γr transformation, compared to S3_P1, the cracks were smaller and graphite flotation
was removed.

3.4.2. Low Hardness

At lower power and speeds, the hardness decreased significantly from 1022 HV (S1_P1)
to 633 HV (S1_P4), and crack presence was eliminated due to the resulted microstructure.
At higher speed hardness, decay was not evident for beads P1 to P4, since it passes from
731 HV to 622 HV. In the ADI at lower power a similar behavior was maintained as in DI
samples, since hardness decrease was more noticeable at lower speeds (968 HV a 542 HV);
this behavior was also reported in [19].

4. Conclusions

The parameters which demonstrate improved performance regarding hardness, di-
mensions and crack formations were:

• Material = ADI
• Power = P4 (105 W)
• Speed = 0.3 mm/s

Surface hardening by laser treatment is reliable, but cracks are generated during the
solidification if not properly applied.

ADI re-melted beads are more narrow than their corresponding DI beads.
The highest hardness was 1145 HV obtained from the DI condition, without austem-

pering heat treatment.
The DI samples presented more and larger cracks in all experimental conditions

because the contraction of cementite during cooling.
ADI is less prone to crack formation than DI, because it contains less cementite and

more martensite, and because ausferrite is more heat-conductive than pearlite.
Concisely, this work has demonstrated with no doubt that the ADI is a better option

for laser hardening than DI, because the former can dissipate the heat input faster and
more evenly, due to the thermal characteristics of both materials, identical in chemical
composition, but not in phase composition. ADI has a metal conductive matrix with carbon
saturated austenite and graphite nodules, while DI has a mixture of metal and ceramic
(pearlite) matrix and graphite nodules which is less heat-conductive. Microcracks are
related to the excessive accumulation of heat, which produces higher thermal gradients
and formation of greater amounts of carbides.
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1. Nêmeček, S. Surface of cast iron after laser hardening. Adv. Mater. Res. 2013, 685, 92–96. [CrossRef]

http://doi.org/10.4028/www.scientific.net/AMR.685.92


Coatings 2021, 11, 368 14 of 15

2. Fernández, A.; Pellizzari, M.; Arias, J. Feasibility of laser surface treatment of pearlitic and bainitic ductile irons for hot rolls. J.
Mater. Process. Technol. 2012, 212, 989–1002. [CrossRef]

3. Pagano, N.; Angelini, V.; Ceschini, L.; Campana, G. Laser remelting for enhancing tribological performances of a ductile iron.
Proc. CIRP 2016, 41, 987–991. [CrossRef]

4. Riposan, I.; Chisamera, A.; Stan, S. Control of surface graphite degeneration in ductile iron for windmill applications. Am. Found.
Soc. 2013, 7, 9–20. [CrossRef]

5. Polishetty, A.; Singamneni, S.; Littlefair, G. A comparative assessment of austempered ductile iron as a substitute in weight
reduction applications. In Proceedings of the International Manufacturing Science and Engineering Conference, Evanston, IL,
USA, 7–10 October 2008; pp. 49–57.

6. Rathod, M.; Deore, H. Laser surface hardening of ductile irons. In Proceedings of the International Conference on Automotive
Materials & Manufacturing, Pune, India, 28–30 April 2014; pp. 1–5. [CrossRef]

7. Lefevre, J.; Hayrynen, K. Austempered materials for powertrain applications. J. Mater. Eng. Perform. 2013, 22, 1914–1922.
[CrossRef]

8. Meena, A.; Mansori, M. Study of dry and minimum quantity lubrication drilling of novel austempered ductile iron (ADI) for
automotive applications. Wear 2011, 27, 2412–2416. [CrossRef]

9. Harding, R. The production, properties and automotive applications of austempered ductile iron. Kov. Mater. 2007, 45, 1–16.
10. Benyonius, K.; Fakron, O.; Abboud, J.; Olabi, A.; Hashmi, M. Surface melting of nodular cast iron by Nd-YAG laser and TIG. J.

Mater. Process. Technol. 2005, 170, 127–132. [CrossRef]
11. Lu, G.-X.; Zhang, H. Sliding wear characteristics of austempered ductile iron with and without laser hardening. Wear 1990, 138,

1–12.
12. Fischer, S.; Muschna, S.; Bührig-Polaczek, A.; Bünck, M. In-situ surface hardening of cast iron by surface layer metallurgy. Mater.

Sci. Eng. A 2014, 615, 61–69. [CrossRef]
13. Li, Y.; Liu, J. Experimental Study of Laser Surface Treatment of Low-carbon Ductile Iron. Appl. Mech. Mater. 2012, 155–156,

965–968. [CrossRef]
14. López, V.; Bello, J.M.; Ruíz, J.; Fernández, B.J. Surface laser treatment of ductile irons. J. Mater. Sci. 1994, 29, 4216–4224. [CrossRef]
15. Wang, H.; Bergmann, H. Rapid Graphitization of a Pulsed Laser Remelted Ductile Cast Iron during Multipass Overlap Melting.

Metall. Mater. Trans. A 1995, 26, 793–800. [CrossRef]
16. Heydarzadeh, M.; Ebrahimi, M.; Ghasemi, H.; Shahripour, A. Microstructural study of surface melted and chromium surface

alloyed ductile iron. Appl. Surf. Sci. 2012, 258, 7348–7353.
17. Sun, G.; Zhou, R.; Li, P.; Feng, A.; Zhang, Y. Laser surface alloying of C-B-W-Cr powders on nodular cast iron rolls. Surf. Coat.

Technol. 2011, 205, 2747–2754. [CrossRef]
18. Li, Z.-Y.; Zhao, H.-Y.; Gu, Y.; Zhong, M.-L.; Zhang, B.; Zhang, H.-J.; Liu, W.-J.; Ren, Z.-Y.; Yang, M.-J.; Li, H.-Q. Fatigue crack

propagation in laser alloyed ductile cast iron surface. J. Laser Appl. 2013, 25. [CrossRef]
19. Soriano, C.; Lamnbarri, J.; García, V.; Leunda, C.S.Y.L. Effect of laser surface hardening on the microstructure, hardness and

residual stresses of austempered ductile iron grades. Appl. Surf. Sci. 2011, 257, 7101–7106. [CrossRef]
20. Li, D.-Y.; Xu, Z.-Y.; Ma, X.-L.; Shi, D.-Q. Review of current research and application of ductile cast iron quality monitoring

technologies in Chinese foundry industry. China Foundry 2015, 12, 239–250.
21. Deore, H.; Rathod, M.; Hiwarkar, V. Influence of laser surface hardening on microstructure and mechanical properties of

austempered ductile iron. In Proceedings of the International Conference on Ideas, Impact and Innovation in Mechanical
Engineering (ICIIIME 2017), Pune, India, 1–2 June 2017; Volume 5, pp. 1126–1132.

22. da Costa, A.R.; Craievich, A.; Vilar, R. Phase transitions in Nb rich coating produced by laser alloying: A synchrotron radiation
diffraction study. Mater. Sci. Eng. 2001, 336, 215–218. [CrossRef]

23. Alabeedi, K.; Abboud, J.; Benyounis, K. Microstructure and erosion resistance enhancement of nodular cast iron by laser melting.
Wear 2009, 266, 925–933. [CrossRef]

24. Chen, Y.; Gan, C.; Wang, L.; Yua, G.; Kaplan, A. Laser surface modified ductile iron by pulsed Nd:YAG laser beam with
two-dimensional array distribution. Appl. Surf. Sci. 2005, 245, 316–321. [CrossRef]

25. Grum, J.; Sturm, R. Laser surface melt hardening of gray and nodular irons. Appl. Surf. Sci. 1997, 109–110, 128–132. [CrossRef]
26. Roy, A.; Manna, I. Laser surface engineering to improve wear resistance of austempered ductile iron. Mater. Sci. Eng. A 2001, 297,

85–93. [CrossRef]
27. Putatunda, S.; Bartosiewicz, L.; Hull, R.; Lander, M. Laser Hardening of Austempered Ductile Cast Iron (ADI). Mater. Manuf.

Process. 1997, 12, 137–151. [CrossRef]
28. Amirsadeghi, A.; Heydarzadeh, M.; Kashani, S. Effects of TIG Surface Melting and Chromium Surface Alloying on Microstructure

Hardness and Wear Resistance of ADI. J. Iron Steel Res. Int. 2008, 15, 86–94. [CrossRef]
29. Saretta, A.; Goldenstein, H.; Guesser, W.; de Campos, M. Quenching and partitioning heat treatment in ductile cast irons. Mater.

Res. 2014, 17, 115–1123.
30. Visscher, H.; de Rooij, M.; Vroegop, P.; Schipper, D. The influence of laser line hardening of carbon steel AISI 1045 on the lubricated

wear against steel AISI 52100. Wear 1995, 181–183, 638–647. [CrossRef]
31. ASTM A536-84(2019). Standard Specification for Ductile Iron Castings; ASTM International: West Conshohocken, PA, USA, 2019.

http://doi.org/10.1016/j.jmatprotec.2011.11.013
http://doi.org/10.1016/j.procir.2015.12.131
http://doi.org/10.1007/BF03355540
http://doi.org/10.4271/2014-28-0021
http://doi.org/10.1007/s11665-013-0557-4
http://doi.org/10.1016/j.wear.2010.12.022
http://doi.org/10.1016/j.jmatprotec.2005.04.108
http://doi.org/10.1016/j.msea.2014.07.062
http://doi.org/10.4028/www.scientific.net/AMM.155-156.965
http://doi.org/10.1007/BF00414201
http://doi.org/10.1007/BF02649077
http://doi.org/10.1016/j.surfcoat.2010.10.032
http://doi.org/10.2351/1.4773250
http://doi.org/10.1016/j.apsusc.2011.03.059
http://doi.org/10.1016/S0921-5093(01)01958-X
http://doi.org/10.1016/j.wear.2008.12.015
http://doi.org/10.1016/j.apsusc.2004.10.030
http://doi.org/10.1016/S0169-4332(96)00648-4
http://doi.org/10.1016/S0921-5093(00)01253-3
http://doi.org/10.1080/10426919708935127
http://doi.org/10.1016/S1006-706X(08)60150-8
http://doi.org/10.1016/0043-1648(95)90180-9


Coatings 2021, 11, 368 15 of 15

32. Gumienny, G.; Kurowska, B. Analysis of the graphite shape in cast iron obtaining by inmold process. Arch. Foundry Eng. 2015, 15,
15–20.

33. Medynski, D.; Janus, A.; Samociuk, B.; Checmanowski, J. Effect of Microstructures on Working Properties of Nickel-Manganese-
Copper Cast Iron. Metals 2018, 8, 341. [CrossRef]

34. Mahmoud, A.; Mohamed, M. Laser surface hardening of ductile cast iron. Mach. Technol. Mater. 2013, 12, 8–11.
35. Li, S.; Hu, Q.-W.; Zeng, X.-Y.; Ji, S.-Q. Effect of carbon content on the microstructure and the cracking susceptibility of Fe-based

laser-clad layer. Appl. Surf. Sci. 2005, 240, 63–70. [CrossRef]
36. Wulin, S.; Beidi, Z.; Changsheng, X.; Wei, H.; Krun, C. Cracking susceptibility of a laser-clad layer as related to the melting

properties of the cladding alloy. Surf. Coat. Technol. 1999, 115, 270–272. [CrossRef]
37. Pérez, M.; Cisneros, M.; López, H. Wear resistance of Cu–Ni–Mo austempered ductile iron. Wear 2006, 260, 879–885. [CrossRef]
38. Grum, J.; Sturm, R. Microstructure analysis of nodular iron 400-l 2 after laser surface melt hardening. Mater. Charact. 1996, 37,

81–88. [CrossRef]
39. Janicki, D.; Górka, J.; Kwasny, W.; Pakieła, W.; Matus, K. Influence of solidification conditions on the microstructure of laser-

surface-melted ductile cast iron. Materials 2020, 13, 1174. [CrossRef]

http://doi.org/10.3390/met8050341
http://doi.org/10.1016/j.apsusc.2004.06.098
http://doi.org/10.1016/S0257-8972(99)00249-2
http://doi.org/10.1016/j.wear.2005.04.001
http://doi.org/10.1016/S1044-5803(96)00063-0
http://doi.org/10.3390/ma13051174

	Introduction 
	Characteristics of the Ductile Iron and the Austempered Ductile Iron 
	Laser Surface Hardened Melting 
	Microstructure and Typical Hardness 

	Materials and Methods 
	Ductile Iron 
	Austempered Ductile Iron 
	Experiment Design and Laser Parameters 
	Laser Surface Melting-Hardening of DI and ADI 

	Results and Discussion 
	Base Material 
	Dimensions and Morphology of the Melted Zone 
	Microstructure 
	Base Metal 
	High Power Remelted Zone 
	Low Power Remelted Zone 
	HAZ 

	Cracks and Microhardness 
	High Hardness 
	Low Hardness 


	Conclusions 
	References

