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Abstract

Laser surface hardening is rapidly growing in industrial applications due to its high flexibility, accuracy, cleanness

and energy efficiency. However, the experimental process optimization can be a tricky task due to the number of

involved parameters, thus suggesting for alternative approaches such as reliable numerical simulations.

Conventional laser hardening models compute the achieved hardness on the basis of microstructure predictions

due to carbon diffusion during the process heat thermal cycle. Nevertheless, this approach is very time consuming

and not allows to simulate real complex products during laser treatments. To overcome this limitation, a novel

simplified approach for laser surface hardening modelling is presented and discussed. The basic assumption

consists in neglecting the austenite homogenization due to the short time and the insufficient carbon diffusion

during the heating phase of the process. In the present work, this assumption is experimentally verified through

nano-hardness measurements on C45 carbon steel samples both laser and oven treated by means of atomic force

microscopy (AFM) technique.
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Introduction
Laser hardening is a surface process with some peculiar

characteristics such as that it does not require a quench-

ing medium and it can be more selective if compared to

the classical treatments carried out in an oven or by in-

duction hardening. Furthermore, concave features like

gear teeth root and caves are more easily processed

compared to induction technique, and different shapes

do not require the manufacturing of new customized in-

duction wires. With the use of high-efficiency diode laser

(Ion 2002), also the overall efficiency of the process

could be sensibly higher than induction hardening that,

given the lower power density, normally requires applied

power of many teens of kW (Mühl et al. 2020). A de-

tailed and up-to-date review about the process can be

found in (Babu and Marimuthu 2019).

The effective applicability of laser transformation

hardening depends on two basic aspects that determine

the most important challenges in the development of

this manufacturing technology: an accurate determin-

ation and control of the thermal field occurring onto the

workpiece and the optimization of the laser scanning

strategy when the part surface is larger than the beam

spot size and thus multiple tracks have to be carried out

(Tani et al. 2008). Concerning the first aspect, due to the

fast heat cycle occurring when the laser beam irradiates

the target material, the hysteresis in the austenization of

the steel is very high and the actual transformation oc-

curs at temperatures very near to the solidus one. This

consideration leads to conclude that an inaccurate con-

trol of the surface temperature can easily determine the
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partial melting of the target material and consequently

the inevitable impairment of the workpiece quality. Con-

cerning the second aspect, the matter is probably even

more serious: if the surface to be hardened is large and a

single track is not sufficient to cover it, several adjacent

tracks have to be performed determining an inevitable

tempering of the previously hardened material due to its

interaction with the thermal field caused by the later

tracks. On the basis of the abovementioned consider-

ations, setting up an effective laser surface hardening

treatment emerges to be a complex activity often involv-

ing a costly and time expensive trial-and-error approach.

A possible approach to estimate the outcome of the

laser hardening process is through the use of design of

experiment techniques that permit to generate models

correlating operating parameters with hardened thick-

ness and/or hardened width. Examples applied to low-

carbon steels can be found in (Babu et al. 2013; Chen

et al. 2020).

Another approach is based on the numerical simula-

tion of the phenomena involved in the process in order

to allow a deep understanding of the process mecha-

nisms while reducing and minimizing the experimental

activities.

Many researchers stressed on the importance of laser

hardening process simulation and many different model-

ling approaches were proposed in the last couple of de-

cades. Theoretically, the process simulation requires the

prediction of the thermal field in the target part, of the

austenite formation, carbon diffusion and austenite

homogenization and, finally, the microstructure predic-

tion during the cooling. The thermal field can be pre-

dicted by solving the Fourier equation in the target

domain, while, more attention needs the austenite for-

mation prediction. The canonical model for the austeni-

zation of hypo-eutectoid steels in quasi-static conditions

considers two distinct processes: the perlitic colony and

ferritic grains transformations, due to the change from

BCC to FCC of the iron lattice, and the homogenization

of the obtained austenitic grains. These two processes

are both considered in determining the set up for the

proper conduction of the heat treatments in an oven.

One of the first simulation model for the laser hardening

can be found in (Ashby and Easterling 1984; Li et al.

1986), and it is based on a microstructural approach ac-

cording to the heat treatments in an oven. This ap-

proach was then applied by other authors as in (Ohmura

and Inoue 1989) in which it is supposed that the pearlite

to austenite transformation terminates at the AC3

temperature for a pure iron considering a fixed and very

high heating rate.

The availability of new, simple, reliable and efficient

diode laser sources is probably the key factor that

pushed several authors to reinvestigate laser surface

hardening in the last years: the works in (Skvarenina and

Shin 2006; Patwa and Shin 2006) are all based on the

same microstructural approach presented in (Ashby and

Easterling 1984; Li et al. 1986) and on the hypotheses

formulated in (Jacot and Rappaz 1997; Jacot and Rappaz

1998). Another model based on a commercial Finite

Element Method software was presented in (Miokovic

et al. 2006; Miokovic et al. 2007).

In all the cited works, a heat conduction model with

non-constant parameters is coupled with a phase trans-

formation model evaluated at the microscale. All those

approaches predict both the resulting phases and the

hardness at the cost of a very long calculation time: the

time step that guarantees the stability of the numerical

integration is inversely proportional to the absolute

values of the diffusivity and to the grid dimension and

both of them are very small when applied to the micro-

structure in solid phases as shown in Eq. (1) where ρ is

the density in kg
m3, cp is the specific heat in J

kg K
, κ the ma-

terial conductivity in W
m K

and Δx, Δy and Δz are the di-

mensions of the 3D cell calculation.

Δt≤
1

2

ρ cp

k

1

ð 1

Δx2
þ 1

Δy2
þ 1

Δz2
Þ

ð1Þ

Small Δt and consequently long calculation time

makes these models useless to simulate real complex ap-

plications, such as multi passes processes on real 3D

objects.

An attempt to overcome these limitations was previ-

ously presented by the authors by introducing the hy-

pothesis that carbon diffusion can be neglected during

the austenization in the modelling of laser surface hard-

ening process of hypo-eutectoid steels due the short

time and the insufficient carbon diffusion during the

heating phase of the process (Orazi et al. 2010). In more

detail, it was shown that the accuracy in the hardness

prediction as achieved by the numerical model remains

high but the calculation time can be sensibly reduced

and a real process optimization can be carried out in in-

dustrial components (Tani et al. 2010). However, in the

aforementioned contributions, the neglecting of the aus-

tenite homogenization (carbon diffusion) was assumed

as starting hypothesis however without any specific ex-

perimental validation. In the present work, experiments

are presented to prove that austenite homogenization in

laser surface hardening does not take place and it can be

therefore neglected in process modelling and

optimization. To this aim, a novel indirect approach to

evaluate carbon diffusion during laser hardening and

conventional oven hardening is used and discussed

based on hardness measurements obtained by means of

atomic force microscopy (AFM) technique applied on
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specimens made of C45 EN 10277-2 steel whose chem-

ical composition is reported in Table 1.

The novel approach
From a physical point of view, the laser hardening

process differs from the oven process for some import-

ant aspects:

� The quenching (cooling) is performed by

conduction in the bulk volume.

� The process is very fast: fraction of seconds

compared to fraction of hours.

� Heating and cooling rate are very high.

� Solid phase transformations happen with significant

over and under heating due to the process hysteresis.

According to all these reasons, during laser surface

hardening of thick, bulk parts with high thermal inertial

almost all the austenized material become martensite

after cooling and attention can be focused in obtaining

austenite during the heating stage.

In (Jacot and Rappaz 1997; Jacot and Rappaz 1998), it

is clearly demonstrated that, in case of high overheating,

as in the laser hardening process, the carbide diffusion

in the austenite mainly happens in the lateral side of the

carbide plates as in Fig. 1, leading to a change in the

cross-section of the carbon flux from λL as (Ashby and

Easterling 1984; Li et al. 1986) to L2, where L is the char-

acteristic size of the perlite colony, having order of sev-

eral μm, and λ is the thickness of the lamina that is

normally a fraction of μm.

Following this track, authors proposed in (Orazi et al.

2010), successively extended in (Fortunato et al. 2013), a

model to simulate the effect of laser surface hardening

process in terms of achieved hardness and microstruc-

ture. An integral transformation parameter Ip→ a has

been introduced and expressed in Eq. (2):

Ip→a ¼
Z

tAr1

tAc1

exp −

Qp→a

RT tð Þ

� �

dt ð2Þ

in which t is the time in s, Q is the activation energy

in J, R the gas constant in J
K
, T the temperature of the

material in K, tAc1
is the time at which the steel over-

come temperature Ac1 and tAr1
is the moment when it

descends below Ar1. In the proposed model, it is

supposed that austenization completes when the value

of the parameter Ip→ a overcomes a threshold, Ip→ a, th,

experimentally determined.

Ip→a≥ Ip→a;th ð3Þ

The previous model is based on the hypothesis that,

due to the short interaction time in laser hardening, car-

bon diffusion can be neglected and no homogenization

occurs in the austenitic grains. According to this new

process simulation frame, laser surface hardening can be

modelled in the following 3 steps:

1. Thermal field evaluation into the working part

according to the laser parameters and scanning

strategies.

2. Evaluation of Eq. (2) into the working part.

3. Declare austenite and consequently martensite

formation where Eq. (3) is verified.

The different approaches between the traditional

process modelling, based on the microstructure predic-

tion, and the proposed new one is presented in Fig. 2.

As previously stated, the present work was aimed at

verifying the assumption of austenite homogenization

according to the carbon diffusivity at the high

temperature achieved during laser hardening process.

However, if it is easy to experimentally observe or calcu-

late that during laser hardening the temperature, in the

proximity of the surface, can be very close to the melting

temperature, unfortunately, there are not so many infor-

mation about carbon diffusivity in these extreme condi-

tions. A brief state of the art on this aspect is then

presented in the next section with the aim to introduce

the novel adopted experimental approach.

Evaluation of carbon diffusivity
First historical measurements on carbon diffusivity at

high temperature were done in (Weels and Mehl 1940;

Weels et al. 1950), in which several tests by coupling

steel disks with different carbon concentration and an-

nealing at temperature between 750 and 1305 °C were

executed.

In (Tibbetts 1980), different tests of plasma carburiz-

ing were performed in order to measure carbon diffusiv-

ity at high temperature for ferrous alloys. The author

used the steady-state method previously applied by

(Smith 1953) at ambient temperature.

In (Bhadesia 1981), the author used data from the pre-

vious works in order to obtain a more accurate estima-

tion of the diffusivity that is nevertheless only expressed

in graphical form.

Table 1 Chemical composition of C45 steel

C % Si % Mn % P % S % Cr % Ni % Mo %

0.42–0.50 < 0.4% 0.50–0.80 < 0.045 < 0.045 < 0.4 < 0.4 < 0.1
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In (Karabelchtchikova and Sisson Jr 2006), an estima-

tion of the carbon diffusivity in austenite during gas car-

burizing is obtained by fitting a numerical model of the

carbon diffusivity with the surface carbon content at dif-

ferent process parameters. With this approach, the diffu-

sivity appears to range between 1.68·10−7 cm2/s at 880 °C

and 5.06·10−8 cm2/s at 980 °C.

In (Lee et al. 2011), a critical review of twelve

models for the carbon diffusivity in austenite is

performed by evaluating their fitting with different

sets of experimental data collected from literature. As

expected, the models that generate the best

numerical-experimental agreement were those includ-

ing the influence on the diffusivity of the carbon con-

tent, the temperature and the alloying elements both

on the diffusivity coefficient D and on the activation

energy Q. The best equation obtained from the whole

dataset is reported in Eq. (2):

Fig. 1 The carbon flux in the cementite lamellae during austenization. On the left, the model by (Ashby and Easterling 1984; Li et al. 1986). On

the right, what proposed in (Orazi et al. 2010; Tani et al. 2010)

Fig. 2 a The classic model presented by Ashby (Ashby and Easterling 1984; Li et al. 1986) compared to b, the evaluation scheme proposed by

authors in (Orazi et al. 2010; Fortunato et al. 2013)
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D T ;Cð Þ ¼ 0:146 − 0:036Cð Þ

� exp −
144:3 − 15:0C þ 0:37C2

R

� �

ð4Þ

where D is the carbon diffusivity in cm2/s, C the carbon

content in mass percentage, T the temperature in °K,

and R is the gas constant. As an example, a plot of the

model as applied to C45 with a carbon content of 0.45%

is reported in Fig. 3.

The reported carbon diffusivity models proposed in

(Karabelchtchikova and Sisson Jr 2006; Lee et al. 2011)

are used as references to estimate the carbon diffusion

length lc given by Eq. (5):

lc ¼
ffiffiffiffiffiffiffi

D τ
p

ð5Þ

where D is the diffusivity and τ the time spent at a

given temperature. Table 2 shows the diffusion length

lc(1s) calculated at 1 s of interaction.

As can be seen, some discrepancy between data from

different sources are present but the diffusion length

lc(1 s) appears quite small compared to the average size

of perlite colonies. This substantially confirms the hy-

pothesis underlying the model proposed in (Orazi et al.

2010; Fortunato et al. 2013), but it also suggests how dif-

ficult is to obtain reliable data about carbon diffusivity at

high temperature,

For these reasons, in the present work, it is proposed

to evaluate the homogeneity of the carbon into the

structure by an indirect experimental method consisting

in the post hardening microstructure analysis via nano

indentations. As already reported in literature (Furuhara

et al. 2003), the hardness increasing in metallurgic tem-

pering processes are related to intra-granular carbon dif-

fusion in the pearlitic structures and inter-granular

carbon diffusion between pearlitic and ferritic grains. To

identify these mechanisms and to relate them to carbon

diffusion, a high spatially resolved indentation technique

is necessary. Conventional indentation techniques are

not able to satisfy this request, due to the large size of

the indenter (compared to the grain structure of the

sample). For this purpose, an alternative technique is

represented by atomic force microscopy (AFM)

equipped with a diamond tip as an indenter and imaging

probe at the same time. With this technique, it is pos-

sible to select the desired area of the sample and to

proceed with indentation directly with the AFM tip, tak-

ing advantage of the nanometric spatial resolution typ-

ical of this kind of apparatus. The indentation marks can

be imaged immediately after using the same indentation

tip (Bhushan and Koinkar 1994; Butt et al. 2005). In

addition, the use of AFM as indenter allows the applica-

tion of a smaller load with respect to conventional in-

dention, down to pN values. Such a reduced load

generates very small marks and, consequently, high-

density indentation matrices, increasing the resolution of

the final hardness map. This technique enables the de-

termination of hardness by a direct method, namely cal-

culating the ratio L/A, where L is the applied load and A

is the projected area. The alternative and most used in-

direct method to determine hardness consists of analys-

ing the approach-retract indentation curve (Oliver-Pharr

method (Oliver and Pharr 1992)). As already reported in

literature (Miyake et al. 2004; Liang and Yao 2007), the

Oliver-Pharr indirect method overestimates the hard-

ness, because the generated pile-up cannot be taken into

account. Therefore, the use of AFM as hardness tester

appears powerful and attractive, both for the spatial

resolution and for its sensitivity to pile-up generation.

On the other hand, AFM indentation suffers from non-

central geometry of the indenter, which induces the in-

plane sliding of the tip during indentation (Kempf et al.

1998; Calabri et al. 2007). This effect, together with

creep and hysteresis of the piezo-actuators, could intro-

duce a systematic error to the hardness absolute value.

In this study, AFM equipped with a diamond tip was

used to generate a high-resolution hardness map of the

steel surfaces. The abovementioned drawback related to

AFM indentation is not critical for the purpose of the

Fig. 3 Carbon diffusivity as a function of temperature for the C45 as

predicted by the analytical model reported in Eq. (4)

Table 2 Diffusion length evaluated at different temperatures

(interaction time 1 s)

(Karabelchtchikova and
Sisson Jr 2006)

(Lee et al. 2011)

Temperature [°C] Diffusion length [μm]

880 4.09 0.29

980 2.46 0.77

1080 – 1.69

1180 – 3.24
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present study, where the relative spatial variation and

distribution of hardness are the key quantities.

The experimental set-up
In the present work, the negligible austenite

homogenization during laser hardening process has been

experimentally verified through hardness measurements

on C45 specimens laser and oven treated obtained by

means of atomic force microscopy (AFM) technique.

Specimens for laser treatments were 155 × 80 × 15

mm in order to guarantee an adequate thermal inertia

for the cooling while the samples oven treated were

smaller, roughly 30 × 20 × 15, all the material was

annealed in oven obtaining pure perlite/ferritic mixture.

Oven treated sample was heated at 840 °C for with low

and controlled temperature gradient in the oven (auste-

nitization), maintained at this temperature for 3 h (car-

bon homogenization in austenite) and quenched in

water. Laser hardened sample was treated with a EL.EN

FAF 3 kW continuous wave CO2 laser focused at 6 mm,

operating at a power between 1100 and 1360W, and

scanning speed between 0.6 and 0.3 m/min resulting in a

range of influence between 2.9 and 5.7 kJ/cm2. For a bet-

ter coupling between the 10.6 μm wavelength of the CO2

laser and the material surface, a thin coating of graphite

was applied in spray form. During the experiments, the

surface under treatment was protected supplied through

a lateral nozzle in order to decrease the effects of

oxidation.

Given similar overall results for the two treatments,

the AFM measurements were conducted on both the

oven treated and laser-treated samples (Fig. 4).

The hardness of the laser-exposed region was investi-

gated in a perpendicular cross-section of the sample, at

about 24.5 μm from the treated surface to avoid the ef-

fects due to surface oxidation (the laser effect is ex-

pected to extend at least 1 mm from the surface) (Fig.

4a). For comparison, the pristine hardness was measured

in an untreated region of the same sample, at a distance

of 10 mm from the exposed surface (Fig. 4b). The ana-

lysis of the indentation matrices enables the drawing of

the corresponding hardness maps for the laser-treated

and untreated regions. For comparison, the same pro-

cedure was repeated on a standard heat-tempered

sample.

The hardness maps in different regions of the sample

(Fig. 4) were obtained by making regular indentation

matrices using a Veeco DI-EnviroScope AFM, working

in nano-indentation mode. The indenter consisted in a

diamond Berkovich tip glued on a sapphire cantilever.

The elastic constant of the cantilever, according to

Company calibration, was 5085 N/m and the applied

load during indentation was between 1.23 and 1.25 μN.

The angle between the cantilever and the surface was

12°. The hardness in each position of the matrix was ob-

tained using the direct method, namely dividing the ap-

plied load by the projected area of indentation,

measured in tapping mode AFM using the same inden-

tation tip.

The hardness absolute values have been reported, even

if, as already discussed, the reliability of AFM indenta-

tion is still debated, related to the non-central geometry

of the indenter and the hysteresis and creep of the

piezo-actuator. Anyway, for the purpose of the present

study, the reader must focus on the hardness gradient of

the investigated surface and on its distribution rather

than on the absolute value.

Results and discussion
Full martensite structures were obtained on the oven

treated and in the track of the laser patterned samples

with an average HV,1000 microhardness of 670. A repre-

sentative image of the section of the patterned track is

shown in Fig. 5. No appreciable melted and re-casted

phases were observed during the experimental campaign

and for the tested conditions.

In Fig. 6a, the AFM image of a typical indentation

matrix is reported. As can be seen, the distance among

the indentations in the x and y direction is about 2.6 μm.

To measure the projected area of each mark, high-

resolved AFM images were acquired, so to improve the

spatial resolution. The axis length of the triangular pro-

jected area is between 300 and 600 nm, while the depth

goes from 10 to 100 nm. As an example, in Fig. 6b, the

AFM high-resolution magnification of two adjacent in-

dentation marks is reported. The two marks are

Fig. 4 Specimens geometry and position of the AFM measured area:

a and b laser treated sample; c oven treated one. The grey areas

represent the martensitic zones
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characterized by different projected area and depth, evi-

dent from the corresponding distance–height graph (Fig.

6c). The measurement of the projected area related to

the applied load enables the drawing of the hardness

map of the selected region.

In Fig. 7, three different hardness maps are reported,

obtained by means of AFM nano-indentations. Figure

7a, b represents the hardness maps in two different re-

gions closed to the laser-treated surface (24.5 μm from

the surface) while Fig. 7c is related to a portion of the

sample that was not influenced by laser exposure.

The colour scale is the same in all the maps for a bet-

ter comparison, while the lateral dimensions are differ-

ent. In both maps, a and b colour spreading is large,

corresponding to a hardness variation from 3 to 16 GPa.

Domains of different hardness are recognizable in the

maps, with a mean linear grain size between 7 and 9 μm,

calculated by a standard self-correlation function. In the

map c, which corresponds to the untreated bulk portion

of the specimen, the hardness appears almost uniformly

distributed between 3 and 7 GPa, and no domains are

evident. The hardness domain size in a and b is similar

to the mean size of the steel grains. The fact that after

laser exposure high-hardness domains appeared with the

same dimensions of steel grains indicates that C atoms

did not completely diffuse in the material, but remained

confined in perlitic grains.

To quantify the statistical distribution of hardness in

the tested regions of the specimen, the corresponding

histograms are reported in Fig. 8.

Fig. 5 Section of a laser hardened track. Power = 1.36 kW, scanning speed = 0.6 m/min

Fig. 6 a AFM image of an indentation matrix on the sample treated with laser hardening with power = 1.36 kW and scanning speed 0.6 m/min;

b high-resolution AFM image of two neighbouring indentations, used for the estimation of the projected indentation area; and c height profile

of the indentations reported in b
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In the histogram in Fig. 8a, which corresponds to the

untreated region, the hardness distribution is single-

peaked between 3.5 and 5.0 GPa, asymmetric toward lar-

ger value (lognormal distribution), confirming the ab-

sence of multiple hardness domains. The hardness

distributions corresponding to the laser-treated region

are significantly different from that of the untreated re-

gion (Fig. 8b, c). As already mentioned, the spread of

values is very large without observing the presence of a

single peak. We can speculate the occurrence of a bi-

modal distribution in both, with peaks at about 4.5 and

8.3 GPa for histogram a, and 4.7 and 8.4 GPa for histo-

gram b. This thesis is supported by the agreement

between the related Gaussian fits and the corresponding

hardness distribution suggesting that part of the treated

material undergoes the transformation to austenite, but

a relevant portion has the same hardness of the un-

treated region. This is in good agreement with what pro-

posed in (Orazi et al. 2010; Fortunato et al. 2013) where,

due to the short interaction time of laser hardening, C

intra-diffusion takes place in the perlite colony, but

inter-diffusion and homogenisation of ferrite grains are

negligible. Considering the domain size calculated from

map a and b, it follows that the C mean diffusion length

is not larger than 10 μm. This result is in agreement with

previous findings on laser-treated steel analysed by

Fig. 7 AFM nano-indentation maps corresponding to a, b different regions treated with laser tempering and c region not interested by laser

irradiation, in the bulk of the sample. Colour scale is the same for all the maps

Fig. 8 Hardness distribution obtained by AFM nano-indentation for a untreated portion of the sample (bulk); b, c different regions interested by

laser hardening; and d sample treated with standard thermic hardening. The continuous lines in b and c are the Gaussian fits supposing a

bimodal hardness distribution
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classical indentation taking into account the large size of

the indenter, which reported a progressive decrease of

hardness with the distance from the exposed area (Orazi

et al. 2010). In Fig. 8d, the hardness distribution of a

sample treated with standard tempering is reported. As

expected, in this case the distribution is single-peaked,

confirming a homogenous diffusion of C in all the aus-

tenitic grains. The lower absolute value measured in this

case with respect to laser-treated sample is related to the

difficulty in maintaining exactly the same set-up parame-

ters (laser alignment on the AFM cantilever ) and other

systematic error intrinsic to AFM indentation (non-cen-

tral geometry of the indenter, creep and hysteresis of the

piezo-actuators), as briefly discussed in the previous

section.

Conclusions
In the present work, a novel simplified approach for

laser surface hardening modelling is presented and dis-

cussed based on the assumption of neglecting the aus-

tenite homogenization during the heating phase of the

process. The aim of the work was the experimental val-

idation of this postulation through hardness measure-

ments on C45 specimens laser and oven treated

obtained by means of atomic force microscopy (AFM)

technique. The achieved uneven AFM nano-indentation

maps of laser hardened portions of the specimens indi-

cated that carbon atoms did not completely diffuse in

the material but remained confined in the perlitic grains.

A hardness spread of 13 GPa was acquire for the laser-

treated regions, significantly greater than the 4 GPa of

the untreated region. A statistical elaboration of the ac-

quired data showed a bimodal hardness distribution of

the laser hardened portions once more suggesting that

only a part of the treated material transformed to aus-

tenite homogenized its carbon content; this could more-

over explain the slightly higher hardness of the laser

hardened material compared to heat-treated one.

Abbreviations

AFM: Atomic force microscopy; BCC: Body-centred cubic; FCC: Face-centred

cubic
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