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Abstract  

The development of non-destructive and non-contact techniques for evaluating metallic materials represents a 

great value in the metal characterization field. These techniques have a significant advantage over the traditional 

material characterization and sometimes, they are used to monitor industrial or in-lab processes in real time. 

Infrared photocarrier radiometry (PCR) has not been widely used to characterize metals, especially steels. In the 

case of metals such as carbon steel, thermal and electrical properties depend on the electron excitation 

movement. PCR images were obtained through thermal changes analyses of different carbon content steels. 

PCR amplitude and phase images were used to analyze thermal changes, in order to explain the relationship 

between the PCR signal and the carbon content of steel samples. An X-ray diffraction (XRD) analysis was also 

used to characterize structural changes produced in steel samples. Full width at the haft medium (FWHM) 

changes of each peak, as well as peak shifts were used to evaluate the crystalline quality after the annealing heat 

treatment. 

__________________________________________________________________________________________ 
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INTRODUCTION 
Photothermal techniques are becoming more and 

more importance in the material characterization field 

because of its non-contact and non-destructive nature 

which is a significant advantage over traditional 

material characterization techniques. Photothermal 

techniques are widely applied in the analysis and 

design of new materials, such as nanostructure 

materials, composites and nano-composites, as well 

as metallic materials. Photothermal Radiometry 

(PTR) and PCR have been applied in semiconductor 

and metal characterization. Photothermal techniques 

offer high sensitivity relating to thermal and 

optoelectronic properties of materials. However, the 

extraction of the aforementioned parameters is not 

direct and involves much computational effort in 

most cases. Additionally, these techniques sometimes 

can be used to monitor industrial or in-lab processes 

in real time (Salnick et al., 1997). 

 

PTR has been shown to possess distinct advantages, 

such as non-contact in-situ evaluation and optimal 

sensitivity to the electronic transport properties of the 

laser photo-excited material (Salnick et al., 1997).   

PCR is widely applied in the semiconductor 

characterization. PCR has been introduced as non-

destructive testing technology (NDT) in emerging 

semiconductors (Mandelis, 2006). The method 

comprises the optical excitation of the sample by a 

modulated source, as well as the detection of the 

recombination-induced infrared emission while some 

Planck-mediated emissions are filtered. PCR 

completely obliterates the thermal infrared emission 

band (1-1.8 µm). Two information channels were 

used: PCR amplitude and phase signals obtained 

from a highly focused laser beam, and recently 

developed theoretical (Garcia et al., 2005) and 

computational techniques (Garcia et al., 2001). One 

can also obtain electronic transport parameters of Si 

wafers, including the carrier recombination lifetime, 

the minority carrier diffusion coefficient, as well as 

the front and back surface recombination velocity 

(Song et al., J.L., 2009).  

 

In the case of metals, PTR has been used to 

determine metal structures, and also to characterize 

thermo-physical properties of thermal sprayed 

coatings on carbon steel (Garcia et al., 2001). Rojas-

Rodriguez et al., (2012) characterized silver alloys by 

PTR to determine correlation between the PTR signal 

and the silver content. 
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PCR has not been used widely to characterize metals 

specially steels. PCR has been mainly applied in 

semiconductors, but it is possible to use it in metal 

characterization taking advantage of its thermo-

physical properties. A room-temperature InGaAs 

detector (0.8–1.8µm) with integrated electronic 

amplification is used instead of the liquid-nitrogen-

cooled HgCdTe photodetector (2–12µm) of 

conventional PTR. In the case of metals as carbon 

steel, thermal and electrical properties depend on the 

electron excitation movement. It is possible to detect 

thermal processes affected by the steel thermal 

properties through PCR and PTR (Mandelis et al., 

2003). PCR is an attractive technique which is based 

on Plank black body radiation. As it is well known, 

when any material is periodically heated, it emits 

infrared radiation, which depends on the material 

thermal properties. The resulting periodic heat flow 

from a modulated amplitude laser beam on a 

particular sample is a diffusive process which 

produces a temperature distribution called “thermal 

wave”. PCR measures thermal carrier-wave (TCW) 

in semiconductors, while in steels the PCR signal 

comes from the electron excitation on the surface that 

is called the thermal electron-wave (EW). 

 

The InGaAs detector obliterates completely the 

thermal-infrared emission band (8–12µm), unlike the 

known photothermal signal types, which invariably 

contain combinations of carrier-wave and thermal-

wave infrared emissions due to the concurrent lattice 

absorption of the incident beam and non-radiative 

heating.  

 

The PCR theory is presented as infrared depth 

integrals of CW density profiles. Experimental 

aspects of this methodology are given, including the 

determination of photocarrier transport parameters 

through modulation frequency scans, as well as CW 

scanning imaging. 

 

One objective of this article is to show the PCR 

capability to study carbon steels with different carbon 

content in the annealing condition. PCR images were 

obtained through thermal change analyses of different 

carbon contents in steels. The carbon content in steels 

is observed by SEM and/or by optical microscope to 

analyze the metallurgical microstructure. As it is well 

known, the main steel metallurgical phases are ferrite 

(Feα) and pearlite (Feα+Fe3C) in annealing 

condition. The pearlite quantity depends on the steel 

carbon content. According to the Fe-C equilibrium 

diagram, the carbon steel metallurgical 

microstructure is 100% pearlite at 0.80%Cw 

(eutectoid point). 

 

Steel thermal diffusivity depends on chemical 

properties, metallurgical microstructures, mechanical 

deformation and heat treatment. The development of 

non-destructive and non-contact techniques for 

evaluating metallic materials represents a great value 

in the metal characterization field. Non-destructive 

evaluation with thermal waves has been studied by 

Busse, (1989). Busse and Walther, (1992) reviewed 

the photothermal non-destructive evaluation of 

various materials in a later publication. 

The scope of this work is to find the relationship 

among PCR amplitude and phase signals and the 

carbon content of carbon steels. PCR amplitude and 

phase images were used to analyze thermal changes, 

in order to explain the relationship between the PCR 

signal and the carbon content of steel samples. An 

XRD analysis was also used to characterize structural 

changes produced in steel samples. RX-FWHM 

changes of each peak, as well as peak shifts were 

used to evaluate the crystalline quality after the 

annealing heat treatment. 

 

The statement of the problem is the PCR introduction 

as non-destructive and non-contact techniques to 

characterize carbon steels with different carbon 

content in the annealing condition. 

 

The aim of this study is the analysis of thermal 

changes related to the carbon content through PCR 

amplitude and phase signals obtained from a highly 

focused laser beam. 

  

MATERIALS AND METHODS 

Materials  
Four different carbon steels were studied which were 

identified as follows: CS-05, refined iron (0.05%C); 

CS-20 and CS-40, hypoeutectoid carbon steels 

(0.20%C and 0.40%C); and CS-80, eutectoid carbon 

steel (0.80%C). Samples were prepared by 

Metallurgical Services Laboratories Limited (Bailey, 

1967). 

 

SEM analysis 
The SEM analysis was carried out on steel samples 

which were metallographically prepared as follows: 

grinding with 220, 340, 400 and 600 grain sandpaper, 

polishing with 15 um and 0.3 um alumina powder, 

and then etched with 2% inital concentration. 

Morphologic changes of samples were studied by a 

low-vacuum scanning electron microscope (LVSEM, 

JSM 5600LV), 5 nm resolution in LV mode, fitted 

with an energy dispersive X-ray spectrometer (Noran 

instrument, model Voyager 4.2.3). The analysis was 

performed to identify the metallographic 

microstructure of steel samples. Steels were 

characterized by the formation of two metallographic 

phases, ferrite and pearlite in annealing 

conditionand the eutectoid point located at 0.8% 

wt C. The eutectoid phase was widely studied and 

reported in handbook (Vander Voort, 2004). 

  

Vickers Microhardness 
Vickers microhardness was measured at 98.1 N load 

after the sample metallographic preparation. The 
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Vickers microhardness profile was tested over 10 

indentations of each carbon steel sample.  

 

XRD 

Steel samples were analyzed by XRD to evaluate 

the influence of carbon content on the crystalline 

changes and to identify the characteristic peak shift. 

A Siemens Crystaloflex 5000 operating at 35 kV, 15 

mA with Cu Kα line was used. The experimental 

FWHM was analyzed using a Dataflex program. X-

ray patterns served as an aid to study the crystalline 

phases, as well as the shift of the sample 

characteristic peaks  

PCR 
The thermal image was obtained by scanning a 2mm 

× 2mm area of each sample. Images were taken at 40 

lines, 50 points per line, 50 µm separations between 

points and lines (Rojas-Rodriguez et al., 2012). PCR 

thermal images were obtained by using a 450 nm 

wavelength blue laser. Frequency scans between 10 

Hz to 10 kHz were carried out in order to determine 

the optimal modulation frequency (OMF) to obtain 

thermal images. The OMF was chosen and set at 500 

Hz (Rojas-Rodriguez et al., 2008, 2012). PCR 

amplitude and phase signals exhibited the largest 

changes at 500 Hz (Busse and Walther, 1992). The 

IR emission from each sample was collected by 

collimating off-axis mirrors and by focusing onto an 

InGaAs detector (0.8–1.8µm) with integrated 

electronic amplification. PCR amplitude and phase 

signals were fed into a lock-in amplifier. A PC was 

used to store the experimental data.  

 

Four steel samples were thermally characterized by 

PCR. This method led to measure amplitude and 

phase differences, allowing the thermal mapping of 

the studied steels. Fig. 1 shows the experimental 

setup. Samples were mounted on an X-Y translation 

stage driven by stepping motors.  

 
Fig. 1. Photocarrier Radiometry (PCR) experimental 

setup 

 

RESULTS AND DISCUSSION  

Chemical Analysis 
Table 1 shows carbon content, metallurgical 

conditions and the metallurgical structure after the 

heat treatment of four carbon steel samples. As 

shown in this table, temperatures are different 

because cooling temperatures are according to the Fe-

C equilibrium diagram. It is well known that the 

critical transformation temperature depends on the 

steel carbon content. 

 

Table 1. Heat treatment condition and microstructure 

of samples 

Sample 

Carbon 

content 
% 

weight  

Annealing heat 
treatment 

Metallurgical 
structure 

CS-05 0.05 
Furnace cooled at 

920°C 
Ferrite and pearlite 

CS-20 0.20 
Furnace cooled at 

880°C 
Ferrite and pearlite 

CS-40 0.40 
Furnace cooled at 

860°C 
Ferrite and pearlite 

CS-80 0.80 
Furnace cooled at 

680°C 
  Coarse pearlite 

 

SEM Analysis 
Fig. 2 shows the SEM metallographic microstructure 

obtained from characterized steel samples. As it can 

be observed, the pearlite quantity increased 

proportionally to the carbon content. The CS-05 

sample of the Fig. 2a showed practically only ferrite 

(white areas) and a low pearlite content (dark areas). 

Samples CS-20, CS-40 and CS-80 showed in Figs. 2b 

and 2c a ferrite decrease and a pearlite increase as a 

result of the carbon content increase.  

 
Fig. 2. Metallurgical microstructure. SEM images of 

studied samples. a) CS-05. b) CS-20; c) CS-40 and d) 

CS-80.  
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Vickers Microhardness  

The Vickers microhardness test was performed on 

the surface of four samples. Fig. 3 shows the 

average of the Vickers microhardness profile of 

each steel sample. The hardness increased 

proportionally to the carbon content due to a higher 

pearlite content, because pearlite is harder that 

ferrite. 
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Fig.3. Average Vickers microhardness profile results 

of studied samples  

 

XRD 
The XRD technique is an excellent tool to study the 

structural transformation of studied carbon steels 

related to the carbon content. As shown in Fig. 4, the 

sample crystalline orientation was at (110) and (200) 

directions. Planes (110) and (200) were identified in 

all samples without any significant difference. The 

plane (110) showed higher intensity than the plane 

(200) because the carbon content did not affect the 

crystallinity as a result of the annealing heat 

treatment. It is well known that the annealing heat 

treatment is normally used to homogenize the 

metallurgical structure and hardness to improve the 

machinability, and consequently, the crystalline 

structure. One important analysis to determine 

crystalline quality changes is FWHM. Fig. 5 shows 

the FWHN
-1

, where the crystalline quality improved 

proportionally to the carbon content, as a 

consequence of a diffusion process of the annealing 

heat treatment. However, the CS-80 hypoeutectoid 

sample suffered a lightly crystalline decrease which 

is explained for its 100% pearlite metallographic 

structure. The crystalline decrease could be due to a 

cementite precipitation. 
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Fig.4. XRD results of sample crystalline orientation 

at (110) and (200) directions 
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Fig.5. FWHN

-1 
results of crystalline quality where 

differences are observed as the carbon content is 

increasing. 

 

PCR images  
The thermal wave generated at the carbon steel 

sample surface by the absorption of laser radiation 

became attenuated at a distanceThis result 

was due to changes in thermal properties of obtained 

surface samples (Rojas-Rodriguez et al. 2008, 2012). 

Figs. 6a and 6b show a comparison between 

amplitude and phase PCR thermal images of four 

studied carbon steel samples. In Fig. 6a the amplitude 

signal increased proportionally to the carbon content. 

The carbon content, and consequently, the pearlite 

quantity affected thermal properties. In the case of 

Fig. 6b the phase signal did not show a significant 

difference in any sample. Regarding to the phase 

signal, differences depend on optical properties as the 

reflectivity; insomuch that optical properties were not 

modified significantly as a consequence of the 

annealing heat treatment. 



 

Journal of Emerging Trends in Engineering and Applied Sciences (JETEAS) 6(2):107- 112 (ISSN: 2141-7016)  

111 

 

Fig.6. PCR thermal images of four studied carbon steel samples. a) Amplitude and b) phase. 

 

Figs. 7a and 7b show the carbon concentration 

relationship of amplitude and phase PCR signals, 

respectively. Both curves were adjusted by an 

exponential function. As it may be observed in Fig. 

7a, the amplitude signal decreases as the carbon 

content increased; while in the phase signal case of 

Fig. 7b, the amplitude signal increases as the carbon 

content decreased. 

Fig.7. PCR signals of carbon concentration relationship to the: a) amplitude, b) Phase.  

 

DISCUSSION 

It is well known that metallurgical microstructure or 

properties of steels could change depending on the 

carbon content, the heat treatment and, alloy 

elements. The only alloy element in this study was 

carbon and the heat treatment was annealing as 

shown in Table 1. The annealing heat treatment is 

normally used to homogenize the metallurgical 

structure and hardness in order to improve the forged 

steel machinability. By studying the thermal behavior 

related to metallurgical structural transformations, 

thermal property changes caused by microconstituent 

morphology played an important role in the PCR 

signal, mainly in the amplitude signal. 

 

Fig. 2 shows metallurgical microstructures of four 

studied steel samples, where pearlite quantity 

increased proportionally to the carbon concentration, 

insomuch that the Vickers microhardness increased 

with the carbon content. 

 

 

 

The carbon content affected the steel metallographic 

microstructure analysis because pearlite increased as 

the carbon content increased.  The amplitude thermal 

signal resulted higher proportionally to the steel 

pearlite quantity, as shown in Fig. 6a. 

 

In the case of the phase image, no significant 

difference was observed among studied steels as 

shown in Fig. 6b. This behavior indicates that the 

intensity of incident blue laser is attenuated by the 

absorption of light which is linked to the reflectivity. 

According to Beer´s law, the absorbance is related to 

the laser intensity reflected in regard to the incident 

light. A similar absorption was observed in the phase 

signal behavior of all studied steels. 

 

One limitation of this study is that PCR was only 

used to characterize carbon steels, but attending to 

thermo-physical properties, this technique could be 

applied in the complete metal characterization field. 

 

 



 

Journal of Emerging Trends in Engineering and Applied Sciences (JETEAS) 6(2):107- 112 (ISSN: 2141-7016)  

112 

 

CONCLUSIONS 

The XRD analysis showed a crystalline quality 

improvement proportionally to the carbon content, as 

a consequence of a diffusion process caused by the 

annealing heat treatment. Only the hypoeutectoid 

steel suffered a lightly crystalline decrease due to a 

possible cementite precipitation. 

 

This thermal behavior study related to metallurgical 

structural changes demonstrated that thermal property 

changes caused by microconstituent morphology 

played an important role in the PCR signal, mainly in 

the amplitude signal. 

 

The amplitude thermal signal changed proportionally 

to the steel pearlite content. The phase signal 

decreases as the carbon content increases. 

The use of blue wavelength laser allowed a better 

definition of ferrite and pearlite phases of studied 

steels. 

 

PCR is a feasible non-contact characterization 

technique in the metal-mechanical industry regarding 

to metallurgical and mechanical properties. 
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