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Abstract

In this paper the method used in a recently published paper to mea-
sure the latent heat of the martensite transformation during quench-
ing of a steel is analysed. The arrangement of the experiment made
it possible to obtain reasonable values for the latent heat of transfor-
mation, but cannot be expected to produce reasonable values for the
heat transfer coefficient. Improved methods are discussed, including
the novel probe design of the present authors.

Introduction

In a recent paper the latent heat of martensite transformation in a
medium carbon low alloy steel was determined by monitoring the sur-
face temperature during quenching [1]. This was achieved by com-
parison of the cooling curve against that obtained from an austenitic
stainless steel. In this paper it is shown that latent heat determined
by this method is in good agreement with that found by thermody-
namic calculation. However, with their method it is not possible to
determine the heat transfer coefficient accurately, so we believe it is
useful to outline alternative methods.

Probe design

In Ref.[1] the temperature was recorded from a K—type thermocouple
attached to the surface half-way along the length of a 10 mm diameter
cylindrical steel probe. Readings were taken at intervals of 0.15 s using
a multimeter. It is claimed that this configuration is similar to the
standard probe specified in Japanese standard JIS-K2242, and that it
is necessary to use the inverse method to calculate the heat transfer
coefficient from the surface temperature.



The configuration of the cylindrical steel probe with the thermo-
couple attached to the outside has important differences to the JIS—
K2242 probe [2, 3] (see figure 1), in which the thermocouple passes
through the material to avoid disturbing the metal-quenchant inter-
face. Inserting the thermocouple with the ceramic tubes through the
fluid will disturb the fluid flow causing experimental errors [4]. More
significant is that the JIS-K2242 probe is made from silver to minimise
the effects of sample size. It is designed for comparison of different
quenching oils, which have lower maximum heat transfer coefficient
than water. In this configuration the Biot number Bi=0.012 (assum-
ing heat transfer coefficient h=2000 Wm 2 K1, k=429 Wm—1 K1)
and for quenching in water Bi=0.029 or 0.058 with agitation (assum-
ing h=5000 or with agitation h=10000 Wm~2K~1!) [5]. The Biot
number (Bi) is the ratio of the external conductance to internal con-
ductance. The condition Bi <0.1 justifies an assumption of uniform
temperature within the probe during the cooling process (less than 5%
difference). For more accurate determination of heat transfer coeffi-
cient Tagaya provided a modification of an additional thermocouple
positioned at the centre [6]. In the case of medium—carbon steel probe
with 10 mm diameter quenched in water, the Biot number is expected
to be around 0.42 (k=30 Wm~! K1), this results in a significant tem-
perature profile inside the probe as can be seen from figure 2. The
calculation of temperature profile inside the AISA 4340 probe (Fe-
0.41C-0.23Si-0.7Mn-1.65Ni-0.67Cr-0.15Mo Wt%) was performed us-
ing a physically based mathematical model using the control volume
method, developed recently to simulate the quenching process and to
predict the time temperature history. The heat transfer coefficient
used in this calculation was as reported by Lee and Lee in Ref.[1]
(this can be regarded as a conservative value), the thermal conduc-
tivity predicted as a function of temperature using a neural network
model of thermal conductivity (figure 3) [7, 8], and the heat capacity
estimated as a function of temperature using MTDATA thermody-
namic calculation with sgte database [9].

Precise prediction of any quenching simulation model requires knowl-
edge of the boundary condition of the model and the physical proper-
ties, a miniature steel quench probe has recently been designed by the
current authors to measure the heat transfer coefficient for steels as
a function of surface temperature [10, 11]. Both lumped heat capac-
ity method and inverse heat conduction models were utilised in the
design of the probe, a probe diameter of 2mm or below being nec-
essary to meet the condition Bi <0.1. Typical experimental results
for quenching are shown in figure 4(a), for steel with composition Fe-
0.55C-0.22Si-0.77Mn-0.2Cr-0.15Ni-0.05Mo-0.001V Wt%.



Inverse method

During quenching it is not straight—forward to measure the tempera-
ture of the interface directly. A useful method is to place thermocou-
ples in the body of the probe and to calculate the temperature at the
surface using the inverse method [4, 12, 13, 14]. The ‘inverse heat con-
duction analysis’ is usually defined as the estimation of the boundary
conditions from transient temperature measurements at one or more
interior locations [15, 16].

Use of the inverse method to accurately determine all the heat
transfers is not possible using a single thermocouple attached to the
outer surface. Instead Lee and Lee measured the temperature at the
surface and modelled the heat distribution inside the sample using val-
ues of conductivity and heat capacity from the literature [1]. Previous
work indicates that attachment of a thermocouple to the outer sur-
face will lead to errors in measuring the heat transfer coefficient, these
errors can be eliminated by use of the inverse method with multiple
thermocouples to calculate the temperature at the surface in previous
studies [17].

The use of two thermocouples one in the centre, and one at or
near the surface is also a significant improvement to the use of a single
thermocouple at the surface [6, 18].

Thermodynamic calculation

Lee and Lee’s analysis is self—consistent and effectively allows the com-
parison of the cooling curve of a steel which undergoes martensitic
transformation to one that does not, and this is why a reasonable
value of latent heat has been derived from the experiment. A much
simpler analysis should also be possible by directly comparing the
cooling curves and considering the specific heat capacity of the two
steels.

Thermodynamic software can also be used to calculate the en-
thalpy change for austenite to ferrite (AH,_,4) as shown in figure 5.
The latent heat for transformation to martensite (AHyy) can then be
found by assuming a stored energy in the martensite of 700 Jmol ! [19]
and is in good agreement with the value derived by Lee and Lee. As-
suming the validity of the Koistinen and Marburger [20] equation to
describe the rate of transformation as a function of temperature, it
is then possible to calculate the rate of heat release due to the trans-
formation to martensite. The values calculated are compared with
the values reported in Ref. [1] in figure 6. The calculation gives a
value similar in magnitude to that obtained using the equation from
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Figure 1: JIS-K2242 silver probe, showing the arrangement of the thermo-
couple, passing through the probe with junction just below surface.

Ref. [1] (0.04172-0.078T-5079.947), but not to the constant value they
also proposed (2127.315 Jmol™!). The thermodynamic calculation
of the latent heat may be improved by measuring the volume frac-
tion of martensite as a function of temperature, since the Koistinen—
Marburger equation is purely empirical, and is known not to apply
generally. The temperature distribution inside the probe should also
have a significant effect on the experimental measurement.

Conclusions

In summary, it should be possible to measure the latent heat of the
martensitic transformation approximately using the method in Ref. [1]
since it is effectively comparing the temperature of two similar sam-
ples, only one of which exhibits the martensitic transformation. Ther-
modynamic calculation of the latent heat have been performed and are
in broad agreement with the experimental value reported, after taking
a value for the energy stored in the martensite microstructure. The
methods of calculating the heat transfer coefficient would be improved
by alternative probe designs [6, 11, 12].
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Figure 2: Calculated temperature profile for 4340 steel probe, using heat
transfer coefficient reported by Lee and Lee.
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Figure 3: Thermal conductivity, k, for alloy 4340 calculated using a neural
network model [8].
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Figure 4: Experimental determination of heat transfer coefficient, h, using
miniature probe.
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Figure 5: Enthalpy Change for transformation from austenite to ferrite in
4340 steel calculated using mtdata.
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Figure 6: Thermodynamic calculation of latent heat of martensite in alloy
4340 compared to the previously reported value.
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