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Abstract

The scanty literature data on thermal diffusivity of P/M steels seems contradictory, if the cooling speed on
quenching is the evaluation parameter. Due to the basic importance of diffusivity on the response of P/M
steels to heat-treating, an experimental survey has been carried out, to collect data on various P/M steels,
based on prealloyed, or diffusion-bonded, or admixed powders. The study has also covered the influence of
processing parameters, such as compaction pressure and sintering temperature. The flash method has been
used to measure the thermal diffusivity of P/M steels. This method directly measures the thermal diffusivity
of a sample in slab shape. A plane-parallel sample is inserted in the test apparatus and then a short light pulse,
produced by a laser or a flash lamp, heats the front surface of the sample. The heat diffuses through the sample,
leading to a temperature rise on the sample rear surface. An infrared detector measures this temperature rise,
versus time, and thermal diffusivity is derived from the least square regression on the whole temperature
trend, using the analytical solution of heat conduction. The results show that thermal diffusivity increases as
density increases. This achievement can be justified by a simple theoretical analysis of the thermal conduc-
tivity on thermal diffusivity. The collected data also enable us to ascertain the influence of sintered material
composition and carbon content on thermal diffusivity. The results should contribute to clarify some un-
certainties and perplexities on the behavior of properly elaborated P/M steels, to be hardened by heat treat-
ment, conventional — such as oil quenching — or innovative, such as sinter hardening.
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1. Introduction
Presumably, the first paper on heat treatment of P/M steels was published in 1947 by Chadwick and Broadfield,
[1, 2], who investigated the influence of porosity and tempering temperature on the Vickers hardness of nearly
eutectoid Fe-C materials. Figure 1 is a replica of the original graph. Less than 20 years later, Bockstiegel and
Struglics, [3], published the results of a systematic experimental survey, aimed at finding the influences of
density and alloy additions on the response to heat treatments of P/M steels. The relevant literature — and the
industrial practice as well — indicate that hardening
processes, to increase the properties of P/M steels, 800
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rameter to achieve the required properties. To the authors’ knowledge, the most meaningful experimental data
on thermal diffusivity and thermal conductivity of sintered and dense carbon steels have been published by
Gierl et alii, [5]. Data reported in the present work have been compared with these last. The thermal diffusivity
is a thermo-physical property, [6], that determines the speed of heat propagation by conduction when temperature
changes. The higher the thermal diffusivity, the faster heat propagation will occur. Thermal diffusivity [m?s™] is
a function of thermal conductivity, k, specific heat, c, and density, p, as follows:
k
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where:

o isthe thermal diffusivity of the fully dense metal or alloy,

k is the thermal conductivity of the fully dense metal or alloy,

p isthe density of the fully dense metal or alloy,

c is the specific heat of the fully dense metal or alloy,

s,p, 1S the thermal diffusivity of the sintered metal (or alloy) at ps density,

ks is the thermal conductivity of the sintered metal (or alloy) at g density,

ps isthe density of the sintered metal (or alloy),

Cs,ps 1S the specific heat of the sintered metal (or alloy) at ps density,

¢ Isthe porosity of the sintered metal,

n isa factor, > 1, depending on process conditions. As a rule, itis 1.5 <n < 1.2. Beiss, [7, 8], pub-

lished data confirming the indicated range.

According to Hirschhorn, [9], a very simple relationship should relate thermal conductivity and porosity of a P/M steel:

k=K -(1-¢) ®)

where

ks is the thermal conductivity of the sintered material,

ks is the thermal conductivity of the fully dense material,

¢ is the porosity of the sintered material.
This equation corresponds to a simple model, where the porosity is disposed
by layers, oriented as shown on the left portion of figure 2. By the same ap-

proach, in case of 90° rotation, as shown on the right portion of figure 2, due @ @
to typical thermal conductivities of gases, this property, for porous materials,

would always be 0.

Generally, conduction heat transfer in not fully dense materials is an overlap- !

ping of two mechanisms: parallel and cross conduction (Fig. 2). Apart from
the basic series and parallel models and combination of these, the most com-
monly quoted thermal conductivity models in different fields literature are
the Maxwell-Eucken equation, [10], Levy’s modification to the Maxwell—
Eucken equation, [11], and the effective medium theory, proposed by Mattea, Figure 2. Scheme of layered
[12]. Many researchers have worked on theoretical models regarding porous porosity and effects on

media or composite materials and their geometric and thermal configuration thermal conductivity
(Tarnawski et al, [13]; Gori and Corasaniti [14, 15, 16]).

As shown by Bocchini, [17, 18], the spatial distribution of the porosity does not correspond to the ideal model
of Figure 2, but features a strong tortuosity. In addition, the contact surfaces between adjacent granules, welded
during sintering, inevitably present some anomalies; the contact surface between grains increases as sintering
time or sintering temperature increase. Bocchini demonstrated that it must be ks < k(1 — &) and, presumably, ks >
k(1 - 2¢). The diagrams published by Beiss, [8], show that, for £<0.15, the great majority of experimental results
falls between (1 — 2¢) and (1 —1.5¢). Quite simple physical consideration can confirm this result. Of course, again
for physical reasons, it is ps = o (1 — &), and ¢s = cw, due to the negligible contribution of air. Under the
hypothesis that it is ks = kw(1-n¢g), porosity always reduces thermal diffusivity of a porous material. The relative
thermal diffusivity, ks/kq, tends to one as porosity tends to zero.
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A different approach, based on a suggestion by Beiss, [8], (“For structural parts, it is recommended to calculate
thermal conductivity ks from ks /ka = (o/,00)™, with m = 2.4”), leads to the equation

k. Kg (1-¢&)*
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Figure 3 presents the curves corresponding to different hypotheses and includes the experimental results pub-

lished by Beiss et al, [7].
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Figure 3. Relative thermal conductivity
of sintered iron-base materials versus density

Figure 4. Representative cooling curves (still air)
monitored at 3 mm distance from the “quenched”
face of P/M steel. From Bocchini et al, [20, 21, 22].

Some experimental results published by Saaritas et al, [19], and, subsequently, by Bocchini et al, [20, 21, 22],
seem astonishing, at first sight, because they show, clearly, that the cooling speed inside a porous steel body —
cooled by an external fluid — increases as the porosity increases, as shown in Figure 4.

A possible explanation of disagreement with previous considerations (eg. 3) can be found considering the sur-
face increase in porous media and consequent enhancement of heat transfer during cooling.

A comparison between figures 5 and 6, from James, [23], helps to understand why a generally valid relation-
ship between porosity fraction and thermal conductivity is a hard issue. Therefore, data based on experimental
approaches seems preferable.
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Figure 6. Typical pattern of spatial distribution of
porosity net inside a sintered component. Metal
removed by acid etching. From B. James, [23].

Figure 5. Typical pattern of porosity on a sample
correctly prepared for microscopy observation.
From B. James, [23].



2. Investigated materials
The full research program includes 4 grades of base powder, 3 compaction pressures, 2 sintering tempera-
tures. Table | lists materials, process conditions, reference codes (3 digit system) and Table 11 lists the chemi-
cal (nominal) compositions

Table 1. Processimg conditions of test materials

Base powder Compaction pressure | Sintering conditions

Type Code MPa Code °C, time, min. | Code

Plain iron 1 400 4 1160, 25 1

Cr-Ni Prealloy 2 550 5 1260, 25 2

Cr-Mo prealloy | 3 700 6

Table 1. Nominal chemical compositions of the (unlubricated) materials
Base Producer Chemical composition, w %
powder Cr|Cu|Mo|Ni| C Fe
Fersint Pometon SpA | - - - - - | 100
Ecosint A Pometon SpA |14 | - 10804 | 0.5 | rest
Astaloy CrM | Hogand&s AB | 3.0| - | 05| - |0.35

3. Experimental

The flash method, (ASTM 1461-01, [24]), has been used to measure the thermal diffusivity of P/M steels.
This method directly measures the thermal diffusivity of a sample in slab shape. A plane-parallel sample is
inserted in the test apparatus. Then the front surface of the sample is heated by a short light pulse, produced
by a laser or a flash lamp. The heat diffuses through the sample, leading to a temperature rise on the sample
rear surface. This temperature rise, versus time, is measured by means of an infrared detector, and thermal
diffusivity is derived from the least square regression on the whole temperature trend, using the analytical
solution of heat conduction as model.

3.1 Test set-up
The experimental apparatus (Fig. 8) is composed by:
- a MCT (mercury cadmium telluride) quantum radiation detector working in photoconductive way.
The sensor is cooled to the liquid nitrogen (LN2) temperature (77K), to detect the radiation emitted
by the rear surface of the sample. This detector is inserted in a specific dewar to keep the LN2; also a
suited power supply and signal amplifier is provided
- aZnSe infrared lenses (50 mm of focus length), transparent to visible and IR radiation from 0.5 to 13
pm, mounted in front of the MCT detector
- aphotographic medium-high power flash Metz Mecablitz 60CT, 200W
- adata acquisition system NI USB-6229, set at a sampling frequency of 500Hz, and £+ 10V range
Recording of the direct flash irradiation shows that the flash time length was about 15 ms, in agreement with
the hypothesis of delta Dirac shape pulse used in data processing. When the flash is lightened the DAS acquires
and stores signals of the data, for the following data processing (following paragraph).
Samples sizes are 40mm x 40mm x 6.5 mm. They are inserted in a polystyrene foam sample holder 120 mm x
200mm x 15 mm, to thermally insulate as much as possible the sample edges. The samples are located just in
front of the lamp, and the detector lenses is located close to their rear surface. Both sample surfaces (front and
rear) have been blackened with a high emissivity coating (colloidal graphite, Aquadag) in order to increase
both light absorption and MCT resolution, (Cernuschi et al, [25]).

3.2 Experiment design
Fortysix samples in 6 different process conditions have been tested. Table I shows the values of compaction
pressure and sintering temperature, for each sample series. Each series is made of three samples, and at least 4
repetitions of thermal diffusivity measurements have performed for each sample. Among repetitions on the
same sample, one half of the tests have been carried out rotating the sample of 90° around the axis normal to
the extended surface, in order to recognize eventual anisotropies of materials. No differences have been de-
tected within these tests, so all repetitions have been considered in the average for redundancy. Also the mean
density of each sample series is reported in the table, measured simply dividing the sample mass by its volume.
The uncertainty is evaluated as rms of 5 repetitions. Figure 8 shows some samples. Also the mean density of
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each sample series is reported in the table, measured simply dividing the sample weight with the volume. Its
uncertainty is evaluated as rms of 5 repetitions.
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Table I1l. Characterics of tested samples

Code Mean Sizes Average density
Sample | (mm x mm x mm) (kg/m?)
141 | 29.96 x 11.88 x 6.18 6.99
151 | 29.93x11.90 x 5.92 7,28
161 | 29.90x 11.85x5.94 7,30
142 | 29.93x11.87 x 6.18 7,00
152 | 29.93 x 11.89 x 5.93 7,28
162 | 29.94 x 11.96 x 5.85 7,31
31 6,70
32 7,10

Figure 8. Image of test samples

3.3 Data Processing
According to the fundamental works of Parker et al., [26] and Maglic et al., [27], the temperature trend is
described by following equation

0 2_2
T(x,t)=T,+(T, —TO){H ZZCOS(@] exp(——n ”Z“tﬂ 5)
n=1 L L
where:
To is the initial temperature
T, is the asymptotic temperature (at the end of heat propagation)
L is the sample thickness
X is the abscissa of the sample, from the heated surface (x=0) to the rear surface (x=L)
t is time [s]...
The hypotheses are :
- impulse heating (Dirac 9), justified by the short time length of the flash (about 15 ms),
- adiabatic condition of the slab after the pulse, justified by the short time length of the rear surface
heating after the pulse, about 1s, compared with the total time length involved in the convection
cooling of the sample (more than 20 s),



- one-dimensional heat propagation, due to the large sample width as respect to thickness, and insula-
tion of the sample edges.

A non linear least square analysis of the experimental data have been carried out using eg. (5) as analytical
model. This procedure supplies the best estimate of two quantities: the temperature increase (T - To) and the
thermal diffusivity « , and their uncertainties, evaluated from the uncertainty propagation from the dispersion
of data around the line resulting from regression [28]. This dispersion is reported as an example in Fig. 9,
together with the residual analysis (trend of difference between measured and calculated values versus time).
Taking into account that a total temperature increase of the sample of about 0.5 °C was verified with a standard
type J thermocouple applied to the rear surface, the evaluated temperature uncertainty corresponds to about
0.015 °C. The complete randomness of the residual distribution (Fig. 11 b) demonstrates a good agreement
between the experimental data and the regression model, eq. (5).
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Fig. 9: a) one typical test and its least square regression line, b) residual analysis

4. Experimental results
Fig.s 10-14 report the results of all tests, showing thermal diffusivity as a function of pressure, and hence
density. V and H (black and red points) stay for two different orientations of the sample after rotation (see par.
3.2). From the data and figure analysis it is possible to deduce a meaningful dependence of thermal diffusivity
on sample density and sintering temperature. As compaction pressure increases sample density also increases,
and hence thermal conductivity, because of the higher number of thermal bridges formed in the samples and
bigger welding cross sections. Even thermal conductivity resembles the one of full dense material, due to the
predominant role of these thermal bridges. Also increases of sintering temperature produce higher values of ther-
mal diffusivity, as can be seen comparing Fig.s 10 and 11 for sample 1XX and Fig.s 12 and 13 for sample 2XX.
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uncertainty: the prevision uncertainty due to the least
square regression procedure, from the covariance matrix of the unknown, [28], and the standard uncertainty de-
riving from the repetitions of tests. This second source results about three times the first, and hence the first can
be neglected. This type A uncertainty results about 0.6%. Type B uncertainty derives from other non statistical
sources, practically from previous knowledge of the instrumentation and phenomena. Previous analysis of
these sources [30], [31], leads to about 1% of total uncertainty of the described procedure. So, finally, this last
value can be assumed as the total uncertainty attributed to the tests.

6. Analysis of the results
A better description of measured data is obtained with a different model. It must be taken into account that o
increases with density, and the maximum reachable value can be assumed as the one of the full dense material.
So plotting all the measured data vs. density for the pure iron (sample 1XX) including the one at full density,
Fig. 17 is obtained. The trend results clearly exponential, so the following new empirical equation can be
proposed:

a=b +b,-e>” (6)
Table IV reports the results of the least square regression analysis of all data of sample 1XX, toghether with
the one of full dense material (from [32]).

Table IV
b.l.'T‘Sbl b2 'T‘sz b3'T‘Sb3 Sot/p
(13.12+0.33) - 10 | (5.53-+8,23)- 1013 2,12+0,19 3.6- 107




The best estimate of the three unknown by, b, and bs and of their uncertainties, as evaluated from the least
square algoritm, are repoted, and also the prevision uncertainty of o (Swp) resulting from regression. While b,
represents the asymptote of the trend, i.e. the minimum expected value of thermal diffusivity, bs; can be seen
as the “slope” of the exponential trend. This trend (see Fig. 15 together with the + 2¢ uncertainty range, i.e.
95% of probability) is different from the one of Beiss [8], but it corresponds to a much better approximation
of data, as can be seen from Fig. 16, which reports the trend corresponding to the eq.(7)
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Fig. 15: Distribution of data of sample 1XX, empirical ~ Fig. 16 Same as Fig. 15, but with eq. (7) as model
correlation,eq. (6) and uncertainty range (covering
factor 95%)

7. Concluding remarks

Thermal diffusivity of sintered steel samples has been measured with the flash method at ambient temperature.
162 different measurements were performed on 46 samples prepared in different process conditions and ma-
terials. Least square regression gives the best estimate of the unknown parameters, one of which is thermal
diffusivity, and of their standard uncertainties. Thermal diffusivity increases as both, compaction pressure and
sintering temperature, and hence density, increase. The evaluation of the total uncertainty brings to a relative
value of 1%. The trend of the results versus density, at least in principle, agrees with the curves published by
Gierl et alii, [5]. A new empirical equation describing the thermal diffusivity distribution vs. density is also
reported, different from the ones reported in literature, but better approaching found data. The adverse effect
of chromium on thermal conductivity of steels, well known since long time, [32], is obviously confirmed.
The increase of cooling rate as porosity increases should be attributed to an increase of convective heat trans-
fer coefficient as porosity increases. Also the increase of exchange surface, at equal mass, plays a certain role
on the cooling speed inside a porous body.
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