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1. Introduction
The use of the heat treatment to improve hardness and the
resistance of alloys goes back to moved back times [1,2]. As the
determination of the mechanical properties uses generally destruc-
tive methods such as (hardness, elasticity, stress, tenacity, . . .), it
is preferable to relate the mechanical properties to other kinds of
physical properties in which determination is easy and to use non-
destructive techniques such as the law of Petch which relates the
grain size to the elasticity constant Re: [3] Re = Re + ˇ/

√
dwhere Re

is edge elasticity, ˇ is a constant that depends on materials and d is
grain diameter.

Photothermal deflection (PTD) technique [4–12] which is a non-
destructive technique is widely used for carrying out the thermal
and optical properties of materials [7–12].

In this work we have used the PTD [4,5,10,12] in order to
determine the thermal conductivity and thermal diffusivity of
steel having undergone a heat treatment in volume (Jominy tests)
[13–15]. We have investigated the thermal properties and hardness
variation along the Jominy bar and tried to relate them by using an
empiric equation.
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ckwell hardness (HRC) and the microstructure of three end-quench bar
o4 and 35NiCrMo16) have been investigated. The thermal properties are

l deflection (PTD) technique and the hardness is measured by the Rockwell
ave tried to relate the thermal properties to the hardness for each steel
matical equation.

© 2008 Elsevier B.V. All rights reserved.

2. Heat treatment and preparation of the sample

The Jominy sample (Fig. 1) is a cylindrical bar of a diameter
25.4 mm and length 100 mm provided with a flat part of width
2 mm along its length. The treatment consists of heating the sam-
ple at a temperature superior to the austenitization one (850 ◦C)

for about 30 min. After the austenitization operation the sample is
quickly taken from the furnace and placed vertically on a standard-
ized water jet of temperature 12 ◦C to be cooled starting from the
lower extremity for at least 15 min, however the other extremity is
cooled in ambient air at a temperature of 18 ◦C.

This test was carried out on three steels of nuances C48,
42CrMo4 and 35NiCrMo16 which composition are given on Table 1.
Also thermal and hardness measurements are done on the bar sur-
face. As the hardness and thermal properties determination need
a flat surface, the sample may undergo a polishing operation to
eliminate the oxide layer.

To study the sample micrograph, it is necessary to carry out
a chemical attack of smoothed surface by a reagent composed of
(HNO3 (4%) + ethanol) which will highlight the grains morphology.

3. Determination of the thermal properties

3.1. Theoretical model (Fig. 2)

The PTD method [4,12] consists of heating one sample using a
modulated light pump beam. As the hardened steel sample has a
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Table 1
Massic composition of the C48, 42CrMo4 and 35NiCrMo16 used steel

Massic composition C (%) Mn (%) Si (%) S (%)

C48 0.5 0.67 0.24 0.022
42CrMo4 0.44 0.8 0.31 0.013
35NiCrMo16 0.34 0.36 0.26 0.006

along its length, we have to study the variation of the photothermal
Fig. 1. Soak Jominy test-tube.
Fig. 2. Principle of the photothermal deflection techniques.

great reflection coefficient the flat sample surface should be cov-
ered with a thin graphite layer that will absorb the incident light
and therefore serve as a heat source. The optical absorption of the
sample will generate a thermal wave that will propagate into the
sample and in the surrounding fluid medium, inducing a temper-
ature gradient and then a refractive index gradient in the fluid. A
Laser probe beam that skims the sample surface and crosses the
region with inhomogeneous refractive index gradient is deflected.
Its deflection  may be related to the thermal properties of the
sample, the fluid and the backing. In the case of a uniform heating
of the sample, a one-dimensional treatment of the thermal wave is
sufficient and the signal deflection is given by [12]:

 = | |ej(ωt+ϕ) =
√

2l
n�f

dn
dTf

|T0|e(−x/�f)ej(�+(5�/4)−(x/�f))ejωt (1)

where T0 is the surface temperature rise given by [12]:

T0 = E[(1 − b)e−�s ls [(1 − r)(1 − c)e�c lc + (1 + r)(1 + c)e−�c lc − 2(1 + rc)e−˛lc ] − (1 + b)e�s l

[[(1 + b)e�s ls [(1 + g)(1 + c)e�c lc + (1 − g)(1 − c)e−�c lc ] − (1 − b)e−�s l
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P (%) Ni (%) Cr (%) Mo (%) Cu (%)

0.031
0.03 0.46 0.96 0.05 0.18
0.008 3.55 1.54 0.31 0.008

b = Kb

Ks

√
Ds

Db
, c = Kc

Ks

√
Ds

Dc
, g = Kf

Kc

√
Dc

Df
,

r = (1 − j)˛
2�c

, �i = (1 + j)
√
�f

Di

Ki, Di, and�i are respectively the thermal conductivity, the thermal
diffusivity and the thermal diffusion length of the i medium (f, c,
s, b) designating the fluid as ‘f’, the black graphite layer as ‘c’, the
sample as ‘s’ and the backing as ‘b’.

| | =
√

2l
n�f

dn
dTf

|T0|e−x/�f (3a)

And

ϕ = − x

�f
+ � + 5�

4
(3b)

Are the theoretical signal amplitude and phase of the probe beam
deflection and |T0|, � are respectively the amplitude and phase of
the sample’s surface temperature.

3.2. Experimental set-up

The experimental set-up (Fig. 3) which is described in detail in
Ref. [12], is composed with a halogen heating lamp, a laser probe
beam, a photodetector position and a look-in amplifier. The light
coming from the halogen lamp is modulated by a mechanical chop-
per. The sample is fixed on an xy table improving micrometric
displacement. A laser prop beam skimming the sample surface is
deflected. Its deflection is measured by a position photodetector
sensor.

3.3. Experimental results

3.3.1. Determination of the thermal properties
In order to determine the thermal properties of the Jominy bar
s [(1 − r)(1 + c)e�c lc + (1 + r)(1 − c)e−�c lc − 2(1 − rc)e−˛lc ]]
s [(1 + g)(1 − c)e�c lc + (1 − g)(1 + c)e−�c lc ]]

(2)

signal with the square root of the modulation frequency for differ-
ent values of d (d is the distance between the quenched extremity
and the measurement point).

The curves of Fig. 4 represent the amplitude and phase variations
with the square root modulation frequency for three values of d
(3 mm, 15 mm and 60 mm) for the C48 steel. We note from these
curves that the signal varies with d i.e. the thermal properties vary
along the Jominy bar. The best theoretical fitting curves are obtained
for fixed values Ks and Ds [12].

Table 2 gives the experimental obtained values of thermal con-
ductivity and thermal diffusivity for the three steels according to
the distance d.

If we draw the experimental variations of both thermal conduc-
tivity and thermal diffusivity with the d distance, we can notice
from the curves of Fig. 5 that the two thermal properties increase
with the distance d respectively for the C48 and 42CrMo4 soaked
steel until a distance of 50 mm and remain constant after this
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Fig. 3. Experimental set-up: (1) table of horizontal and vertical micrometric displacement, (2) sample, (3) position photodetector, (4) fixed laser source, (5) halogen Lamp,
(6) look-in amplifier, (7) mecanical chopper, (8) PC.

Fig. 4. Experimental and theoretical amplitude and phase variation according to the square root modulation frequency for the standard Jominy bar of C48 steel at the positions
d = 3 mm, 15 mm and 60 mm.

Table 2
Experimental values of thermal conductivity and thermal diffusivity of C48, 42CrMo4 and 35NiCrMo16 Jominy bar for different d values

XC48 42CD4 35NCD16

Distance d (mm) Thermal conductivity
(W m−1 K−1)

Thermal diffusivity
(10−4 m2 s−1)

Thermal conductivity
(W m−1 K−1)

Thermal diffusivity
(10−4 m2 s−1)

Thermal conductivity
(W m−1 K−1)

Thermal diffusivity
(10−4 m2 s−1)

3 29 0.1 29 0.09 28 0.1
5 30 0.11 29 0.11 28 0.11
7 31.5 0.11 29.5 0.12 29 0.1
9 33 0.11 29.5 0.13 29 0.1

11 35 0.12 30 0.135 29 0.1
13 36 0.14 31 0.138 30 0.11
15 37 0.16 33 0.14 30 0.11
20 43 0.18 36 0.15 29 0.11
30 46 0.19 38 0.16 29 0.1
40 50 0.2 42 0.17 30 0.1
50 54 0.21 47 0.18 31 0.11
60 56 0.22 49 0.19 30 0.1
70 55 0.22 49 0.18 30 0.1
80 56 0.22 49 0.19 31 0.11
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ation with the distance d for the three samples C48, 42CrMo4, 35NiCrMo16.
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Fig. 5. Experimental thermal diffusivity and thermal conductivity vari

distance. However one can notice that for the 35NiCrMo16 the ther-
mal properties are independent of the distance d. This variation of
the thermal properties may be related to the rate of alloys so we
can observe a high variation for the C48 which is non-allied steel,

a lower variation for the 42CrMo4 which is lower allied steel and
finally no variation for the 35NiCrMo16 which is high allied steel.

3.3.2. Measurements of Rockwell hardness (HRC)
Using a durometer we carried out the measurement of Rockwell

hardness of the three tubes at the same positions used to determine
the thermal properties.

The curves of Fig. 6 show the hardness variations with the dis-
tance d for the three samples.

According to these curves, one can notice that the mechanical
hardness decreases gradually from the soaked extremity until a dis-
tance d of about 50 mm respectively for steels C48, 42CrMo4 and
remains constant for the 35NiCrMo16 steel.

These variations of the thermal and mechanical properties are
primarily related to the various microstructures of the samples
which are given by the micrographics photo of Figs. 7–10 for a
magnification of 1000.

For steel 35NiCrMo16 the micrographics photo shows that the
sample has the same structure in the entire bar given by Fig. 7 which
demonstrates according to the CCT diagram that the structure is
composed with 50% of bainite and 50% of martensite.

Fig. 6. Rockwell hardness evolution with the distance d for the three samples C48,
42CrMo4, 35NiCrMo16.

Fig. 7. Microstructure of 35NiCrMo16 Jominy bar along the surface for a magnifica-
tion of 1000.

Fig. 8. Microstructure of C48 and 42CrMo4 for d = 3 mm for a magnification of 1000.
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Fig. 9. Microstructure of steel to 42CrMo4 for d = 40 mm and d = 70 mm for a mag-
nification of 1000.

Fig. 10. Microstructure of steel to C48 for 40 mm and 70 mm for a magnification of
1000.

Fig. 11. Variation of ratios hardness–thermal conductivity and hardness–thermal diffusiv
Acta 473 (2008) 86–91

Table 3
Values of the coefficients A, A′ , B, B′ , C and C′

C48 42CrMo4 35NiCrMo16

A (K s m−2) 2.151 2.234 1.766
A′ (104 J s m3) 588.067 598.060 502
B (K s m−3) −0.006 0.024 0
B′ (104 J s m2) 2.463 1.064 0
C (m3 K−1 s−1) 0.025 0.129 0
C′ (104 J−1 s−1 m−4) 0.132 0.043 0

Whereas for the 42CrMo4 and the C48 steel, the micrographic
structure of Figs. 8–10 taken respectively at the distances d = 3 mm,
40 mm and 70 mm for the two steel one can notice a structure
change. Indeed at the distance d = 3 mm the structure is purely
Martensitic (100% of Martensite) for the two steel (Fig. 8). For
d = 40 mm and d = 70 mm the structure is composed according to
the CCT diagram of 15% of Ferrite, 20% of Perlite, 40% of Bainite and
25% of Martensite for the 42CrMo4 steel (Fig. 9). However for steel
C48, micrographies of Figs. 8 and 10 show a change in the struc-
ture from the Martensite structure (100% Martensite) at the soaked
extremity (Fig. 8) to a structure composed of 60% of Perlite and 40%
of Ferrite at the other extremity (Fig. 10).

3.3.3. Correlation between thermal and mechanical properties

Fournier and coworkers [8] have studied the steel 18CrMo5

thermically treated at the surface, measured the Vickers hardness
and determined thermal conductivity by the conventional method
using a stationary heat flow and the thermal diffusivity by using
the photothermal microscope. Their study permits them to affect
to each hardness value the corresponding thermal conductivity and
thermal diffusivity.

In this work we have projected to relate the thermal prop-
erties to hardness by drawing the variations of the ratios
hardness/thermal conductivity and hardness/thermal diffusivity
according to the distance d for the three kinds of steel. The obtained
curves are shown on Fig. 11. One can notice that the obtained curves
obey to the same empirical law given by the equations:

HRC
Ks

= A+ B.d
1 + C.d and

HRC
Ds

= A′ + B′.d
1 + C ′.d

where A, A′, B, B′, C and C′ are constant and changes only with the
nature of the studied steel. Table 3 gives the values of A, A′, B, B′, C
and C′ for the three steels.

So for a known steel if we have the value of the thermal con-
ductivity or the thermal diffusivity at a fixed distance d, one can

ity with the distance d (mm) for the three samples C48, 42CrMo4 and 35NiCrMo16.
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determine the hardness of the steel at this position without needing
to measure it.

4. Conclusion

In this work, we have investigated the thermal properties and
the Rockwell hardness for three end-quench bars and we have
noticed that their variations are related to the microstructural
change. We have shown that for 42CrMo4 and C48 steels the ther-
mal properties and the hardness vary with the distance d but
remain steady for the 35NiCrMo16 steel. The correlation between
the thermal properties and the hardness is illustrated by an empir-
ical mathematical law that allows us to determine the hardness
value at a fixed position of the Jominy bar without needing to
measure it if we know the thermal conductivity or the thermal
diffusivity at this point.
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