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Abstract 
In various industrial applications, particularly for suspension systems, a range of mechanical properties are required to meet 
the designer requirements. In the present work, the semi-nondestructive laser-induced breakdown spectroscopy (LIBS) 
technique was used for the first time to estimate the hardness (HV units) of the light duty low-carbon spring steel DIN50Cr3 
through LIBS calibration curves. For this purpose, three distinct spring steel samples, namely DIN50Cr3 were successfully 
treated by subjecting to various treatment regimes, namely R1 annealing, R2 quenching and R3 normalizing. The calibration 
curves were constructed using the ratio of ionic to atomic line intensities of LIBS spectra versus the Vickers mechanical 
hardness as well as microstructural analyses were performed. The mechanical hardness for spring steel DIN50Cr3 subjected 
to different tempering heat treatment regimes R4, R5 and R6 is then deduced from the calibration curves, and their values 
were correlated with those obtained from Vickers test. Microstructural analysis was performed using scanning electron 
microscopy (SEM) and correlated the variation of the obtained hardness level to the microstructural changes accompanying 
all heat treatment regimes.
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1 Introduction

Laser-induced breakdown spectroscopy (LIBS) has accom-
plished a stunning growth in the last decade. Recently 
researchers investigated the use of LIBS in several labo-
ratories around the world, almost around 50 years have 
passed during a remarkable progress has been achieved. 
LIBS is a well-known analytical technique used for fast 
and easy elemental analysis of solids, liquids and gases 
[1–3]. Briefly, in LIBS analysis, a high-intense laser pulse 
is focused onto the surface of the target; a tiny amount 
of the material is ablated, vaporized and through further 
photon absorption is heated up until it ionizes forming 
plasma. This laser-induced plasma is considered as a 
micro-source of light that can be analyzed to identify the 
elements evaporated from the material under investigation. 
Whereas many other analytical techniques require signifi-
cant sample preparation like inductively coupled plasma, 
mass spectrometry (ICP-MS) and atomic absorption spec-
troscopy (AAS), LIBS requires no sample preparation. 
LIBS technique was successfully tested in a wide range of 
applications including industry sector [4–6], military sec-
tor [7] environmental monitoring [8, 9], cultural heritage 
analysis [10, 11], and underwater analysis [12].

In the recent years, LIBS provides a powerful mean 
for spectroscopic determination of mechanical character-
istics of metal alloys such as hardness [13–15] and surface 
resistance against mechanical wear [16, 17]. The ability of 
applying LIBS technique in hardness evaluation provides 
a semi-nondestructive and powerful alternative technique 
relative to the conventional mechanical indentation meth-
ods such as Brinell, Vickers and Rockwell hardness tests 
[18–21]. It was proved that the ratio of ionic to atomic 
spectral line intensities is well correlated with the Vickers 
macro-indentation hardness.

Moreover, the LIBS technique revealed a high accuracy 
linear relation between the ratio of ionic to atomic spectral 
line intensities and the concrete compressive strength [22]. 
A similar method, but using the first, second and the third 
harmonics of Nd: YAG laser, has been utilized on Fe–V–C 
metallic alloys of different compositions [23].

On the other hand, one of the most important steel 
alloys in the industrial applications is the spring steel 
alloy. They are generally having low-, medium- or high-
carbon steels. Chromium, manganese and silicon are the 
major alloying elements that were added to improve the 
elastic properties of these steel grades. The addition of 
these elements provides remarkable effect on hardness, 
strength, ductility and toughness [24, 25].

While small spring sizes can be directly formed in 
the hardened state, larger spring sizes are formed in the 
annealed state, where the material has sufficient level 

of ductility, and then thermal treatments are carried out 
after forming to improve its mechanical characteristics. 
The objective of thermal treatment of these steel grades is 
mainly directed to enlarge the elastic range and to increase 
the ratio between yield and ultimate strength (σy/σu) [26]. 
In general, quenching and tempering thermal treatment 
cycles are means that produce strengthening effect of these 
steels. This is mainly achieved through forming a marten-
sitic structure by quenching and a subsequent precipitation 
of fine dispersion of alloy carbides during tempering [27].

The martensitic structure is rarely used in a non-tempered 
condition because the high internal stresses associated with 
this transformation causes some deficiency to the alloy duc-
tility. The microstructural changes and strength variations 
after these thermal treatment processes depend on the cool-
ing rate obtained during quenching. It is evident that the 
severity of cooling associated with using water and salt paths 
limited the application of these cooling media when treat-
ing spring steels. This limitation dates back to the possibil-
ity of generating cracks on the steel surface that deteriorate 
the mechanical properties and reduce the fatigue life of the 
spring [28]. Oil quenching is characterized by a relatively 
slower rate of cooling than water and salt paths, where it has 
a lower severity coefficient than both of them. Furthermore, 
cooling using a relative lower severity medium provides 
reasonable ductility, high toughness and sufficient strength 
levels. Oil also has the ability to tolerate the addition of 
any additives that can be useful in improvement of surface 
hardening, corrosion resistance and reducing surface crack-
ing [29].

The objective of this work is to utilize LIBS technique for 
the first time as semi-nondestructive mean in hardness esti-
mation (Vickers unit value) of thermally treated DIN50Cr3 
spring steel. In this sense, calibration curves are constructed 
relaying on a known hardness data obtained using Vickers 
indentation test for annealed, normalized and quenched 
group of samples. Verification of the success of this tech-
nique in hardness estimation was implemented by compar-
ing the LIBS hardness values relative to Vickers mechani-
cal indentation values. This technique was implemented 
for three specimen groups treated by different tempering 
regimes. In addition, microstructural analyses using SEM 
are also applied to correlate the mechanical hardness vari-
ations with the microstructural features after various treat-
ment cycles.

2  Experimental work

2.1  Materials

The material used in this study was DIN50Cr3 spring steel. 
The X-Ray fluorescence (Nitkon XL3t 800) and spark 
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emission spectroscopy (Oxford) were used to validate the 
chemical composition of this alloy and revealed an alloy 
content of (97.96% Fe, 0.25% C, 0.2% Si, 0.79% Mn and 
0.8% Cr). This material was received in the form of stripes 
having 6-mm thickness and 60-mm width in the annealed 
condition. For LIBS, microstructure and mechanical evalu-
ations groups of 6 specimens each having 20 × 20 × 6 mm 
were cut and thermally treated according to the regimes 
shown in Table 1. The austenitization temperature for this 
alloy was determined to be 870 °C according to a previ-
ously published work [29]. Metallographic examination is 
performed using Carl Zeiss model Evo 15 scanning electron 
microscope. Metallography was carried out on samples from 
all thermally treated regimes after grinding using series of 
emery papers up to grit 1200 and polishing using diamond 
suspension down to 1μ. Polished specimens were then 
etched using the standard Nital etchant [28]. Mechanical 
hardness evaluations were performed using Vickers hardness 
tester type Instron. In this technique of hardness evaluation, 
the polished surface is subjected to indentation by squared 
upright diamond pyramid using static force (F = 30 kg) and 
dwell time of 15 s. The area of impression is calculated by 
determining the mean diagonal length [(D = (d1 + d2)/2] and 
substituting in Eqs. (1) and (2) [30]. 

2.2  LIBS setup

In LIBS setup, a Nd:YAG laser (Continuum laser, PL9000, 
USA) of a spot diameter of 0.6 mm delivers 90 mJ/pulse 
energy at a fundamental wavelength of 1064 nm with 5-ns 
pulse duration, and a repetition rate of 20 Hz has been used. 
This setup is similar to the one used before in a previous 
research work where measurements relied on a calibrated 
power meter (Ophir, model 1z02166) [31].

(1)

Hardness number =
Applied force(kg)

Surface area of impression
(

mm2
) ,

(2)HV =

2F sin
(

136

2

)

D2
= 1.854

F

D2
.

The laser pulse is focused on the sample using a plano-
convex quartz lens of 5-cm focal length for plasma creation 
in air at atmospheric pressure. The light emitted from plasma 
plume was then collected through an optical fiber cable of 
diameter 0.6 mm at a distance of 0.5 cm from the target 
surface. The emitted light is then fed into a high-resolution 
monochromator (Acton SP2500i, 2400 lines/mm grating, a 
scan range from 249 to 270 nm and from 349 to 370 nm) that 
was used to analyze the emanated light. The gate and delay 
of the ICCD camera (PI MAX, 1KRB-FG-43, 1024 × 1024 
pixels with compatible software) were attuned to be 1.5 μs 
and 2 μs, respectively.

To assure precise measurements, calibration of the spec-
trometer has been achieved before evaluation. The intensi-
fier gain of the ICCD was maintained at 900. For statistical 
analysis, an average of five spectra was taken for three dif-
ferent positions (five laser shots per position) on each sam-
ple after two laser pulses taken for cleaning. Data acquisi-
tion and spectroscopic analysis have been performed using 
LIBS++ and origin software.

3  Results and discussion

3.1  LIBS Calibration curves

In this section, laser-induced breakdown spectroscopy 
technique has been used as a verification method for the 
surface hardness (HV). The method was applied in terms 
of generation of calibration curves for DIN50Cr3 spring 
steel. To provide a calibration curve that can cover a range 
of hardness values, three distinct heat treatment regimes 
R1, R2 and R3 (Table 1) were utilized. LIBS spectra in two 
different spectral windows for spring steel sample treated 
according R1 and R3 regimes are shown in Fig. 1a, b. As 
it can be seen from Fig. 1a that the intensity of ionic emis-
sion lines was treated according to (R3) is much higher than 
that of treated according to (R1) (the emission line Fe II at 
259.94 nm was approximated to 260 nm for better reading 
in the text and figures), however, on the same spectrum in 
another spectral window, the atomic emission lines of R1 
is higher than that of R3 Fig. 1b. Furthermore, the effect of 

Table 1  Heat treatment regimes Regime Treatment Treatment parameters

R1 Annealing Austenitization at 870 °C for 1 h then furnace cooling
R2 Normalizing Austenitization at 870 °C for 1 h then air cooling
R3 Hardening Austenitization at 870 °C for 1 h then oil quenched to 

room temperature
R4 Tempering Quenching + tempering at 250 °C for 1 h then air cooled
R5 Tempering Quenching + tempering at 450 °C for 1 h then air cooled
R6 Tempering Quenching + tempering at 550 °C for 1 h then air cooled
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the various heat-treated regimes on the mechanical hardness 
using Vickers indentation testing was illustrated by Fig. 2. 
For each heat-treated regime, the hardness value and the cor-
responding error bar for each condition were determined by 
taking the mean and the standard deviation of five readings 
(indentations) according to the ASM standard [32]. Cali-
bration curves were generated using the ionic–atomic ratio 
in LIBS spectra versus the mechanical hardness. Ratios of 
Fe260(II)/Fe360(I), Fe263(II)/Fe360(I), Fe 260(II)/Fe358(I) 
and Fe 263(II)/Fe358(I) were used and are shown in Fig. 3. 
As it is clear, the results reveal that by increasing the sur-
face hardness of the material, the ratio of ionic to atomic 
line intensities for a specific element is also increased. This 
can be attributed to the fact that the strong repulsive force 
between the plasma species leads to faster shock waves, 
strong collisions and higher plasma temperature in harder 
materials with lower mass removal. This in turn increases 
the degree of ionization and consequently, the ionic to 

atomic ratio increases [33–35]. It has been also reported 
that plasma temperature can be considered as another factor 
for the proportionality between the ionic/atomic ratio and 
consequently with hardness measurements which provides 
a good linear results as well [13, 23].  

Moreover, the figure depicts that there is good propor-
tionality (R2 of 0.99 in all cases) between the intensity ratio 
of the ionic to atomic lines Fe II/Fe I and hardness values 
measured using Vickers test. In this sense, the linear relation 
provides a reliable calibration line that can be used for the 
determination of the unknown hardness of other spring steel 
samples subjected to different heat treatment regimes. The 
method is easily applicable by just knowing the Fe II/Fe I 
ratio of the same iron emission lines from their correspond-
ing LIBS spectra of similar spring steel.

3.2  Microstructural evaluation of the spring steel 
reference samples

It can be noticed that the annealed specimens (R1) provide 
an average hardness value of 372 HV. This level of hardness 
is relatively low and can be attributed to the effect of anneal-
ing treatment in stress relieving, increasing ductility and 
decreasing the dislocation density, [22]. The microstructure 
of such specimens shown in Fig. 4a revealed limited amount 
of pearlite (P) grains and a dominant ferrite (α) matrix with 
an average grain size of about 25 μm. The limited amount of 
pearlite is due to the low level of carbon content.

On the other hand, normalizing treatment (R2) of the 
same steel revealed an increase in the hardness value to 
reach an average of 402 HV. The increase in the hardness 
value can be related to the relatively high rate of air cool-
ing that increases the dislocation density, [29]. In addition, 
the microstructure of the normalized specimens shown in 
Fig. 4b indicates a relatively smaller and uniform ferritic 

Fig. 1  LIBS signal dependence on surface hardness. a Ionic emission lines, b atomic emission lines

Fig. 2  Vickers hardness values of DIN50Cr3 specimens after R1, R2 
and R3 regimes
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(α) grain size, while pearlite (P) is still presented. How-
ever, the hardening condition (R3) increases the hardness 
of such steel to reach a maximum average value of 470 HV. 
The SEM micrograph Fig. 4c indicated that the high rate of 
cooling by oil quenching exceeded the critical rate and as 
a result, a structure containing lath martensite patches (M) 
was revealed. This morphology of martensite can be related 
to the low carbon content (0.25%), [29].

3.3  Validation of LIBS calibration curves 
for hardness estimation

In this section, the LIBS calibration curves obtained before 
in Sect. 3.1 have been used for the first time to estimate 
the mechanical hardness values for the DIN50Cr3-treated 
spring steel samples. For this purpose, a so-called “inverse 
calibration” is, therefore, performed. As this grade of steel 

is generally used in practice in the tempered state, three 
different practical tempering treatments R4, R5 and R6 
were performed. The values of mechanical hardness for 
the tempered treated samples from the calibration curves 
were deduced and summarized in Table 2. For more con-
firmation, the same samples were measured using Vick-
ers test. It has been found that quenching and tempering 
treatment as defined by R4, R5 and R6 regimes in Table 1 
decreases the hardness values of selected spring steel to 
reach 432 HV, 410 HV and 392 HV, respectively. Fig-
ure 5 represents a relation between the deduced values 
of mechanical hardness using LIBS calibration versus the 
measured values using Vickers test. The figure shows that 
there is good correlation with R2 of 0.99 for Fe260(II)/
Fe360(I) and 0.96 for Fe263(II)/Fe360(I). This result con-
firms the reproducibility of the measurement.

Fig. 3  Iron ionic–atomic intensity ratio versus Vickers hardness of DIN50Cr3 treated alloys. a Fe 260 (II)/Fe 360(I), b Fe 263 (II)/Fe 360(I), c 
Fe 260(II)/Fe358(I), d Fe 263(II)/Fe358(I)



 M. M. ElFaham et al.

1 3

167 Page 6 of 9

3.4  Microstructural evaluation of the tempered 
spring steel

The variations of the hardness values of tempered spring 
steel specimens can be related to the microstructural vari-
ations accompanying these treatment regimes. Figure 6 
clarifies a decrease in the amount of martensite formed by 
increasing the tempering temperature while maintaining 
the tempering time. The decrease in martensite content can 
be attributed to the stabilization of the structure by further 
decomposition of martensite with increasing the tempering 
temperature. Moreover, formation of ferrite (α) phase and 

the intergranular cementite intermetallic compound  (Fe3C), 
as shown in Fig. 6a–c, increased the structure stability, 
decreasing the hardness while increasing the alloy ductility.

4  Conclusion

In the present work, laser-induced breakdown spectroscopy 
(LIBS) was successfully used to estimate the mechanical 
hardness in HV units. LIBS calibration curves were con-
structed through calculation of ionic–atomic ratio of dif-
ferent iron emission lines for three distinct spring steel 

Fig. 4  SEM micrograph of DIN50Cr3 specimens after a annealing R1, b normalizing R2 and c hardening R3

Table 2  Hardness values of tempered steel using LIBS calibration and Vickers technique

Regime Hardness estimation 
deduced from Fig. 3a

Hardness estimation 
deduced from Fig. 3b

Hardness estimation 
deduced from Fig. 3c

Hardness estimation 
deduced from Fig. 3d

Vickers 
mechanical 
hardness

R4 420 ± 0.86 420 ± 2.54 424 ± 0.86 427 ± 0.41 432
R5 408 ± 2.39 406 ± 3.30 406 ± 2.37 406 ± 1.8 410
R6 398 ± 0.47 399 ± 2.63 386 ± 1.36 386 ± 1.2 392
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samples treated according to R1 annealing, R2 quenching 
and R3 normalizing. Besides, mechanical hardness using 
Vickers test and microstructural analyses were performed. 

The calibration line showed that there is good proportional-
ity (R2 = 0.99 for both shown ratios) between the ratio of 
ionic to atomic emission line and the mechanical hardness 

Fig. 5  Hardness values using LIBS calibration versus the measured values using Vickers test for Fe 260 (II)/Fe 360(I) and for Fe 263 (II)/Fe 
360(I)

Fig. 6  SEM micrographs of DIN 50Cr3 after tempering a R4, b R5, c R6
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measured using Vickers test. The obtained data from the 
calibration were used to estimate the mechanical hardness 
(HV units) for other three spring steel sample groups sub-
jected to different heat treatment regimes according to R4, 
R5 and R6. Moreover, the hardness values obtained from the 
calibration were correlated with Vickers test values for the 
same three samples. It has been found that there is good cor-
relation with R2 of 0.99 for Fe260(II)/Fe360(I) and 0.96 for 
Fe263(II)/Fe360(I). This result confirms the reproducibility 
of the measurement. Tempering of spring steel DIN50Cr3 
reduces its hardness from 432 HV at temperature 250 °C to 
392 HV at temperature 550 °C. The microstructural inspec-
tions showed that gradual decomposition of martensitic 
structure into the more stable ferrite and pearlite phases 
can be considered as the cause of reduction in the hardness 
values.
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