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ABSTRACT 

Laser surface hardening (LSH) is one of the most extensively used surface hardening process which is useful to 

harden almost the whole range of metallic materials in today's applications. Laser beam is impinged on the specific 

local region for hardening the required portion of the material. High power density of laser radiation is used for 

heating the surface of tool steels up to the austenitic temperature and due to self- quenching there is steep 

temperature gradient, which gives very high cooling rates. It causes the phase conversion from austenite to 

martensite without the need for external quenching. Amongst various lasers sources, CO2, Nd:YAG and diode lasers 

are the widely used and now a day’s fibre lasers are most common for hardening in industries. This review paper 

summarizes basic basics of laser hardening, figuring its benefits compared with conventional hardening technique. 

The works published by various researchers on Laser surface hardening of H13 tool steels is presented and current 

scenario in this field is discussed. 
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----------------------------------------------------------------------------------------------------------------------------- 

1. INTRODUCTION 

The Hardening of tool steel is required for the long life and component sustainability and to maintain equal 

dimensions with repeatability as well. There are various types of processes for hardening but mainly divided in to 

two types’ mechanical methods and chemical methods. Chemical methods are generally expensive hence for mass 

production we prefer mechanical process. Laser Heat treatment process is one of the new upcoming process where 

self-quenching method is followed. Unlike other hardening techniques, laser hardening is based on a precise, 

localized heat source that generates enormously high intensities ideal for fast cooling and excellent hardening 

quality, but the use of laser energy is quite difficult to calculate and maintain. Laser surface hardening involves the 

laser assisted heating of the surface of steel or cast iron to austenitizing temperature followed by self-quenching to 

induce martensitic transformation on the surface. 

AISI H13 steel is a chromium-molybdenum-vanadium-alloyed carbon steel that has good high-temperature strength, 

high toughness, good hardenability, and resistance to abrasion, thermal shock, and thermal fatigue. Owing to these 

properties, it is widely used for various dies and plastic molds. [1] 

Laser energy is very precise but to highly powerful hence to obtain preferred results it is required to control the laser 

power density and other parameters. And controlling the laser power density is much difficult. The following review 

contains the overall process of LSH for AISI H13 tool steel and its effect on structure property correlation, improved 

mechanical properties, wear and corrosion behavior. This review also informs part about the hardness prediction and 

deformations occurred in the work piece. 
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2.  Literature review 

Laser surface hardening 

 

 

Fig 1: Principle of Laser Surface Hardening 

 

This is a process whereby a defocused beam scans across a hardenable material to rapidly heat the material above 

the phase change temperature but without melting. The underlying bulk material acts as an efficient heat sink, 

causing rapid cooling. The hardness, strength, wear, fatigue and lubrication properties of the surface can be 

improved, while desirable bulk properties such as toughness and ductility remain unaffected. 

a) Laser surface hardening of AISI H13 tool steel  

Laser surface hardening of tool steel brings a lot of variation in microstructure of lase heated zones. Dendritic 

microstructure can be observed in re-solidified zone surrounded by lamellar structure. 

 
Fig 2: Temperature distribution of the surface layer obtained for the laser surface hardening of H13 steel in its 

quenched and as-received conditions under different laser energy densities. [2] 

 

Researchers applied the modified Ashby–Eastering heat-transfer equation to the laser surface transformation 

hardening of H13 steel by taking into account several effects that can be very significant in causing surface melting 

and a higher critical phase transformation temperature of the laser hardening cycles[1]. For laser surface hardening 

of the H13 steel under different laser energy densities in the melt, they noted that the critical phase transition 

temperature of the hardened area of H13 steel decreased upon increasing the laser energy densities and that the 

critical phase transition temperature of H13 in the as-received condition was higher than the corresponding 

temperature in the quenched condition under the same energy density. The larger the grain size or the more 
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heterogeneous the structure, the higher the temperature and the longer the duration required to transform the H13 

steel into austenite. [1] 

 

b)  Lase surface hardening of H13 Steel in melt case. 

 

 Vickers hardness of melted zone converges in a range of 480-500Hv. As the laser energy density increases, 

depth of melted zone increases on AISI H13. 

 When high density laser beam is irradiated on metal surface, in homogeneous austenite state, after the lapse 

of sufficient time for carbide melting, the structure becomes strengthened as martensite is formed. The Vickers 

hardness of melted zone is two times higher than that of base metal. 

 Melted zone, HAZ (heat affected zone) and base metal were observed after scanning, and Vickers hardness 

was measured in each region and then analysed. Fig.2 shows the hardness profile of the cross-sectional plane after 

laser surface hardening with 200 W laser power at different scan rates. 

 
Fig.3 Depth of melted zone at different scan rates: (a) 73.2mm/s; (b) 146.4 mm/s; (c) 219.6 mm/s; (d) 292.8 mm/s; 

(e) 366 mm/s[2] 

Laser energy density, calculated using laser power density and scan speed, is the important parameter which 

influences the size, shape, surface roughness, microstructure and subsequently, the properties of the laser surface 

engineered zone.  

𝑙𝑎𝑠𝑒𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦  
𝑗

𝑚𝑚
 = 𝑙𝑎𝑠𝑒𝑟 𝑝𝑜𝑤𝑒𝑟 (𝑊)/(𝑠𝑐𝑎𝑛𝑛𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑  

𝑚𝑚

𝑠
 × 𝑚 𝑚𝑚 ) 

………..Equation 1 [1] 
 

 Process parameters 

 

1. Laser Power 

                  A high power level enables high traverse rates to be used, with correspondingly high coverage rates. 

However, the practical window of traverse rate is then reduced because the risk of both overheating, leading to 

surface melting, or insufficient peak temperature with no hardness increase. The robustness of the process is thus 

reduced. Materials of high hardenability may be processed with a lower power density and higher interaction time, 

in order to achieve a homogeneous case with significant depth. Conversely, materials with low hardenability are 

processed with higher power density and lower interaction times in order to generate the rapid cooling rates required 

for martensite formation, at the expense of a shallower case.  

2. Beam Velocity 

                      Beam velocity rests with the move of the laser head which is controlled by the robot. It is a very 

important parameter used to determine the interaction time and cooling rate during laser processing. Also, there is a 

variation of the width of the hardened region with the velocity of a laser beam. From an economical aspect, an 

improved beam velocity is the main method to enhance manufacture efficiency.  

 

3. Focal Spot Shape 

                       A round beam is often used for hardening with both CO2 and Nd-YAG laser beams. This shape, a 

satisfactory solution for many applications, is created by defocusing the beam. The depth profile of the hardened 

region can be approximated as the mirror image of the beam intensity distribution, with reduced amplitude and some 

rounding of the edges resulting from lateral heat flow.[3] 
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Fig 4:  Chart of laser power density and beam interaction time for various laser applications. 

 

The effect of laser surface hardening on the wear properties of AISI H13 tool steel 

 

AISI H13 steel is a chromium, molybdenum and vanadium containing hot working tool steel with high hardenability 

and excellent toughness which is routinely used for making dies, extrusion mandrels, plastic molds, cores, die holder 

blocks and hot work punches. However, for bulk of the hot forming application like forging and die casting, both 

wear/erosion properties of AISI H13 tool steel at room as well as elevated temperature needs to be improved. During 

hot forming applications, dies get exposed to severe static or cyclic load at elevated temperature often leading to 

erosion, thermal fatigue and abrasive or adhesive wear of the die surface in prime locations, which may drastically 

reduce the useful service life of the tools. In addition, corrosion is also apossible mode of degradation due to 

combined action of temperature and aggressive lubricants. In the past, several attempts have been made to improve 

wear resistance of hot working tool steels by coatings like electro/electro-less deposition, physical vapor deposition, 

chemical vapor deposition, plasma assisted chemical vapor deposition [4-6]. However, the disadvantages associated 

with coating techniques include weak interfacial bonding, limited coating thickness and failure or spallation of 

coating under repeated thermal cycling. It is possible to selectively improve wear resistance of the tool steel surface 

by laser surface engineering, where, a high power laser beam irradiates the surface to generate adequate temperature 

(up to austenitizing temperature or above) at the desired spot followed by extraction of heat through the bulk of the 

sample (self-quenching) leaving a phase transformed zone on the surface or sub-surface region [6]. Due to such 

rapid heating to austenitizing temperature followed by instantaneous cooling, the surface undergoes hardening to 

improve wear resistance and fatigue strength due to austenite to martensite transformation and associated 

development of residual compressive stress at the surface. The manifold advantages of laser surface engineering 

over conventional surface engineering techniques include a very fast and flexible processing ability, a high 

heating/cooling rate with minimum or no distortion, and a narrow heat affected zone. In the past, several attempts 

have been made to improve wear and corrosion resistance properties of different grades of steel by laser surface 

hardening and melting approaches. Wallace et al. [7] showed that rapid cooling during heat treatment of AISI H13 

tool steel from austenitizing temperature leads to enrichment of the surface with alloying elements in solid solution 

and fine distribution of alloy carbides resulting in development of a very hard surface extending die service 

life.Colaco et al. [8] studied laser surface melting of martensitic tool steel to be used in plasticmoulds and reported 

that the carbides formed in martensitic matrix improved the abrasive wear resistance properties as compared to that 

possible in conventional heat treated samples. 

Laser processing with an applied laser energy density of 75 J/mm2 with surface temperature achieved just below 

liquidustemperature causes hardening of the surface and produces supersaturated martensite, partially melted 

primary carbides, and uniformly dispersed fine carbide precipitates dispersed betweenmartensite laths, besides 

retaining some coarse prior austenite grains. [9] 
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Fig 5: Cross-sectional micro hardness profile from the top surface towards the interior (substrate) of laser surface 

engineered AISI H13 steel with incident laser energy density of 100 J/mm2 (curve a), (c) 75 J/mm2 (curve b), and 

(d) 62.5 J/mm2 (curve c),  respectively.[9] 
The wear behavior of the laser processed surface was compared to that of the heat-treated AISI H13 tool steel using 

a conventional ball-on-disk wear testing machine by the researchers. In this method, an alumina ball (with a 

diameter of 8 mm) is held stationary and the disc fixed with the sample of size 10 mm x 10 mm x 10 mm rotates 

with a set rpm on its fixed axis. Loaded ball contacts the sample surface at 3 mm off the axis of rotation to generate 

a circular wear track of 6 mm diameter on the sample surface. The entire test was conducted at room temperature 

(25 °C) with applied load varying from 20 N to 100 N with a fixed sliding velocity of 0.06 m/s. The total length of 

track was held constant at 150 m. 

 
Fig 6: Track generated by wear test on work specimen [9] 

 

Wear volume, Vw, was calculated using equation (2)proposed by Kleffke [10]: 

𝑉𝑤 =
𝑑3

8𝑟
 
𝜋𝑑

8
+

2𝐴

3
             ……………2 

Where, R is the radius of the WC ball, d is the average transverse width of wear scar, and A isthe stroke length. The 

specific wear rate (W in mm3/N m) was determined by the followingequation: 

𝑤 = 𝑣𝑤/ 𝑏 × 𝑑               …………….3 
 Where, Vwis the wear volume (mm3), D is the total fretting wear distance (36 m), and P is theapplied load 

(in N) during fretting. 
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Fig. 7(a,b) show the surface profile of the worn track developed by ball-on-disk wear testing unit againstalumina 

ball for different loads and velocities. From Fig. 7a it is evident that both the depth and width of wear track increases 

with an increase in applied load. However, application of a very high load causes a significant widening of the wear 

track which might be due to excessive plastic deformation and fracture of the edges of the track [9]. 

 
Fig 8:Volume loss during ball-on-disk wear against alumina ball of as received (bar chart set 1) and laser surface 

engineered AISI H13 tool steel lased with an applied laser energy density of 100 J/mm2 (bar chart set 2), 75 J/mm2 

(bar chart set 3) and 62.5 J/mm2 (bar chart set 4) with an applied load of 20 N, 50 N and 100 N, respectively. [9] 

 

Fig. 8 suggests that laser surface engineering leads to significant reduction in wear volume as compared to that 

encountered in the as received one. In addition, the volume loss due to wear increases with increase in applied load. 

A close comparison of wear loss volume of different laser surface engineered samples shows that laser processing 

with an applied laser energy density of 75 J/mm2 offers the maximum improvement in wear resistance in terms of 

minimum volume loss due to wear, which corresponds to the sample with a maximum improvement in hardness 

[12]. Fig 8 compares the specific wear rate of as received and laser surface engineered samples lased with different 

parameters. From Fig. 8 it appears that, specific wear rate reduces significantly in laser surface engineered samples 

for all conditions of lasing as compared to that in as-received samples. A detailed comparison shows that for as 

received samples, the specific wear rate reduces with increase in the applied load. Decrease in specific wear rate 

with increase in applied load is possibly attributed to local rise in temperature due to application of high load and 

hence, formation of oxide, which protects the surface from subsequent wear .However, the specific wear rate is not 

significantly influenced by applied load in laser surface engineered samples. Fig. 8 also reveals that laser parameters 

do not significantly influence the specific wear rate in laser surface engineered samples. 

 

Effect of laser surface hardening on the coefficient of friction 

A detailed evaluation of co-efficient of friction (COF) was undertaken by the researchers to study the effect of laser 

parameters on this important tribological parameter. Fig. 6 shows the variation of coefficient of friction against 
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alumina ball with sliding distance during ball-on-disk wear testing at applied loads of 20 N, 50 N and 100 N for as 

received (curve 1) and laser surface engineered AISI H13 tool steel with an applied laser energy density of 100 

J/mm2 (curve 2), 75 J/mm2 (curve 3) and 62.5 J/mm2 (curve 4).  

 
Fig[9]:Variation of coefficient of friction (COF) against alumina ball with sliding distance with 20 N load for as 

received (curve 1) and laser surface engineered AISI H13 tool steel with an applied laser energy density of 100 J/mm2 

(curve 2), 75 J/mm2 (curve 3) and 62.5 J/mm2 (curve 4), respectively[9] 

 

Fig. 9 suggests that the coefficient of friction initially increases to very high value (0.85) and gradually drops to a 

level of 0.75 after 20 m of sliding distance followed by which it increases gradually and remains steady between 

0.85and 0.90 thereafter. The initial increase in coefficient of friction is attributed to point inter locking of the mating 

surfaces and hence, increased hindrance towards the movement of two surfaces [12]. The drop in coefficient of 

friction is possible due to dislodgment of the materials from the joint, its fragmentation and filling up of the spaces 

between the mating surfaces. The constant coefficient of friction under steady state is possible due to change in the 

mode of wear from two body to three body condition. For the laser surface engineered samples with an applied laser 

energy density of 100 J/mm2, the maximum value of coefficient of friction is 0.55 following which it decreases and 

matches with steady value of 0.5. With decrease in laser power/energy, the maximum value of the coefficient of 

friction increases to 0.6 and 0.7 for the applied laser energy density of 75 J/mm2 and 62.5 J/mm2),respectively. 

Decreased maximum co-efficient of friction for the laser surface engineered sample is attributed to increase in 

surface hardness and microstructural homogeneity. 

 

Effect of laser surface hardening on the corrosion behavior of AISI H13 tool steel 

 

The electrochemical corrosion behavior (pitting) of the laser tailored surfacewas evaluated and compared to that of 

the as received (hardened and tempered) AISI H13tool steel substrate by potentiodynamic polarization test in a 3.56 

wt. % (pH = 5) solution using a Potentiostat/Galvanostat connected to a standard three electrode cell comprising 

thesample as the working electrode, a saturated calomel reference electrode and a platinum counter electrode, 

carried out from -2000 to +1500 mV at a scan rate of 5 mV/s. Tafel plot was constructed from Corrosion behavior of 

as received and laser surface engineered samples was studied in 3.56wt. % NaCl solution by potentiodynamic 

polarization test. Table 2 shows the main corrosionparameters derived from the said test, which suggest that there is 

a marginal shift of corrosionpotential (Ecorr) values towards nobler direction for laser surface engineered samples (-

910 to-920 mV SCE) as compared to that of as received AISI H13 tool steel (-960 mV SCE). 

 

Samples Ecorr 

(mV) 

Icorr 

(μA) 

Corrosion 

rate 

X10-2 

(mm/year) 

Epp 

(mV) 

H13 

Substrate 

-956 10.5 18.22 -340 

100 J/mm2 -911 5.305 9.62 -455 
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75 J/mm2 -921 2.486 4.508 -490 

62.5 J/mm2 -921 2.414 4.378 -486 

 

 

Thismarginal shift in Ecorr value due to laser surface engineering may be attributed tomicrostructural 

homogenization and refinement by laser irradiation (melting or hardening).The comparison of corrosion rates shows 

that corrosion rate is significantly reduced in lasersurface engineered samples as compared to as received samples. A 

detailed comparison of thecorrosion rates shows that the maximum improvement in corrosion rate is achieved for 

thesamples laser surface engineered with an applied laser energy density of 62.5 J/mm2, due tothe presence of 

martensite all throughout with very low volume fraction of retained austeniteor carbide [13]. As martensite is an 

extended solid solution, possible retention of entireamount of chromium in solid solution aided the maximum 

protection against corrosion .On the other hand, when the laser surface engineering is conducted with an applied 

laserenergy density of 100 J/mm2, though the corrosion resistance was improved, the level was notas significant as 

in the former case where laser surface engineering was carried out at with alaser energy density of 62.5 J/mm2. The 

lower corrosion resistance in this latter case may beattributed to multi-phase microstructure comprising retained 

austenite, martensite/ferrite anda large volume fraction of carbides along the prior austenite grain boundaries (Fig. 

1b).Presence of such multiple phases with widely different chemical reactivity is likely to causegalvanic attack at the 

interface between the different phases and increase the overallcorrosion rate. In addition, the grain boundary or 

inter-dendritic carbides precipitated duringsolidification might reduce the overall chromium content in the matrix 

and thereby,deteriorate the corrosion resistance. 

 

Evolution in mechanical properties of AISI H13 tool steel on laser surface hardening 

Fig. 10 showstheaveragemicro-hardnessofthetopsurfaceof the lasersurfacetreatedAISIH13toolsteelasafunctionoflaser 

energy density.Inthisregarditmaybementionedthataverage hardness of the substrate usedinthisstudyvaried 

between475and500VHN. 

 
Fig [10]: Variation of average surface micro hardness of the laser surface treated AISI H13 tool steel as a function 

of incident laser energy density. [13] 

From Fig. 10 it maybenotedthat averagesurfacehardnessincreaseswithincreaseinincident energy 

densityfrom35J/mm2 to 75J/mm2, followingwhichit drops withfurtherincreaseinlaserenergydensity.Themicro- 

hardness wasalsofoundtovaryalongthecross-section,especially, for 

lasersurfacetreatedAISIH13steelwithanappliedlaserenergy density of100J/mm2, alargevariationinmicro hardnesswas 

notedwithdepth.Fullymeltedzone showedan averagemicro hardnessof770VHN.Ontheotherhand, the hardenedzone 

withlargenumbersof carbides showed average hardnessof720VHNandthezonewithrelativelyless numbers of fine 

carbides showedan average hardnessof670VHN.Theleasthardnesswasrecordedintheover-tempered zone 

showinganaveragehardnessof440VHN. 

Fig.11 showsthemicro-tensilebehaviorintermsofvariationof engineeringstresswith strain foras-

received(plot1)andlaser surface-treatedsamples(fromplot2toplot4).From Fig.11 it may be 

notedthatthereisasignificantincreasein0.2%yield stress for 

allthelasertreatedsamples.However,ultimatetensilestress(UTS) anddeformationbehaviorvariedwithlaserparameters. 

Theas-receivedsubstrateusedinthestudyshowedthe yieldstrengthof1230MPaandpercentageelongationof6.5%.The 
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higherpercentageelongationoftheas-receivedsampleisdueto 

theheattreatmenthistoryofthesame(conventionalhardeningand 

tempering).Thisvaluecompareswellwiththestandardstrength 

levelofconventionallyhardenedandtemperedAISIH13toolsteel, as reportedintheliterature [5, 6]. 

 
 

Fig[11]:Engineeringstress–straindiagramobtained from micro-tensiletestingof conventionallyheattreatedAISIH13 

tool steel(plot1)andlasersurfacetreatedAISI H13toolsteelwithanappliedlaserenergydensityof100J/mm2 

(plot2),75J/mm2 (plot3)and62.5J/mm2 (plot4).[13] 

 

General comparison between various hardening processes: 

 
Fig.13.Thermokinetic phase transformations during the hardening process 

 

 

Effect of different energy densities on the hardening process and specimen 
 

 Fig 12 indicatesthat the depth of the melted and hardenedlayers of the laser-treated, quenched H13 steel increased 

substantially upon increasing the laser energy densities. Presents a temperature distribution field obtained using the 

modified Ashby–Eastering heat-transfer equation (Eq. (1)) for laser hardening of H13 steel in the quenched 

condition under different laser energy densities. Melting occurs within the slant region; outside the melted layer, the 

diagram displays temperature contours along which the peak temperaturejust reaches the critical phase transition 

temperature of H13 steel as the area becomes hardened. In addition, this figure displays contours of the martensite 

volume fraction, which increase as the melt boundary is approached. (a–c) demonstrate that the critical phase 

transition temperature will decrease from 1213 to 1172 to 1122 8C under laser energy densities of 8.5, 12.7, and 

15.9 J/mm
2
, respectively. This finding implies that when the laser energy densities increase, the temperatures will be 
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higher and the duration will be longer for the transformation of H13 steel into austenite. For various alloy tool steels, 

the temperatures of the surface layer during heat treatment should be higher than the austenized temperature, and the 

duration should be kept long, such that, as we mentioned for H13 steel, the temperatures of the surface layer during 

heat treatment should be higher than the equilibrium eutectoid temperature of H13’s austenized temperature at 1010 

8C. Following this logic, the temperature of the surface layer should be high enough for quenching to take place so 

that it will enable the complete transformation of austensite into martensite.Presentsa temperature distribution for the 

lasersurface hardening of H13 steel under different laser energy densities. This figure demonstrates that the critical 

phase transition temperature of H13 decreased upon increasing the laser energy densities; the critical phase 

transition temperature of H13 in the as-received condition is higher than the temperature in the quenched condition 

under the same energy density. This situation exists because the H13 steel in the as-received condition presents a 

spheroidal structure that consists of particles of M23C6 and M7C3 carbides (M=Cr, Fe), dispersed in a matrix and, 

therefore, the temperatures should be high enough, and the duration long enough, for the particles these carbides to 

dissolve into martensite when the transformation hardening occurs.Because the H13 steel is an air hardening steel, 

the most important factor in the laser transformation hardening of H13 steel depends on whether the peak 

temperature exceeds the critical phase transition temperature; the longer duration that allows the metallic carbide 

particles to dissolve into the matrix and the cooling rate after heating have less effect when causing the 

transformation hardening. When the increased laser energy densities caused higher temperature or longer durations 

for laser heating of H13 steel, the critical phase transition temperature of H13 is closer to its equilibrium eutectoid 

temperature of austenized temperature at 1010 8C. 

When high density laser beam is irradiated on metal surface, ferrite structure reaches homogeneous austenite 

temperature in a very short time. In the homogeneous austenite state, after the lapse of sufficient time for carbide 

melting, if it is cooled rapidly, the structure becomes strengthened as martensite is formed [9]. Melted zone structure 

was observed like ferrite but hardness value was measured as high as Hv 500. In addition, dense martensite grain 

was also observed in transitional zone. Base metal had the structure not affected by laser beam and hardness value 

was measured to be around Hv 240. When scan rate was 73.2 mm/s and 366 mm/s, depths of melted zone were 200 

and 60 mm, respectively. According to Eqn.(1), the maximum heat input was 34.15 J/mm
2
 and the minimum heat 

input was 6.83 J/mm
2
 and difference of heat input was 27.32 J/mm

2
. Fig.4 shows the change of depth of melted zone 

with energy density. From the result of Vickers hardness measurement from surface to base metal, the Vickers 

hardness was decreased in melted zone, heat affected zone and base metal order. Fig.5 shows the change of Vickers 

hardness of specimen with scan rate. 

Fig: 14 

Fig 14: the depth of melted layer and 

hardened layer of laser treated AISI H13 

tool steel under its quenched condition 

different energy densities. [14] 
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Fig.15:  shows the change of depth of melted zone at different focal points, in order to estimate the relation between 

laser focal point and depth of melted zone. The laser focal points used in the experiments were from +10 mm to í10 

mm. The laser power and scan rate used in the experiments were 200 W and 146.5 mm/s, respectively, with beam 

diameter of 80 mm. [14] 
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