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The electrical and  thermal conductivities and Seebeck coefficients of three 9 
Cr-1 Mo samples were measured over the temperature range 360-1000 K. All 
of the samples were in the normalized and tempered condition and two of the 
samples were from different heats of a new, modified alloy. The thermal 
conductivity of the third sample, which was from a commercial heat, was found 
to agree well with the ASME code values for this steel. The two heats of 
modified 9 C r - I  Mo were found to have significantly higher thermal conductivi- 
ties and this difference appears to be due to the lower Si content of the modified 
alloy. The results were compared with the predictions of standard transport 
theory and data on bcc Fe. These comparisons show that phonon energy 
transport is important  and quite dependent  upon the Si content. 

KEY W O R D S :  electrical resistivity; steels (Cr-Mo);  thermal conductivity. 

1. I N T R O D U C T I O N  

The results presented in this paper were obtained to define the thermo- 
physical properties of an improved 9 Cr-1 Mo steel. The new alloy has 
mechanical properties that exceed those of 304 stainless steel up to about 
850 K, and was developed for applications in which thermal stresses are 
important [1]. The thermal conductivity k is an important parameter in 
these applications and understanding the variations in k from heat to heat 
and with temperature is required both for ASME code certification of the 
new alloy and for further development of ferritic steels. Fortunately, the 
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new alloy has a higher ~ than the older commerical 9 Cr-1 Mo composi- 
tion, and identifying the factors responsible for this enhancement is the 
principal goal of this paper. 

The measurements were made in a guarded absolute longitudinal heat 
flow apparatus that has been described previously [2] and recently tested 
with a standard material [3] over the full operating range, 360-1000 K. The 
analysis of the results is based on identifying the electron ~k e and phonon ~kp 
components of ~: 

~k -~ ~k e "1- ~kp (1) 

and quantitatively identifying the scattering process that limits each compo- 
nent. This treatment is based on an earlier study of h e and ~p in bcc Fe [4]. 

2. SAMPLE CHARACTERIZATION 

Table I shows chemical analyses of the three heats studied. Two of the 
heats (30176 and 30394) were the modified alloy and contained V and Nb 
additions. The Si contents of these two heats were also considerably lower 
than that of the commerical heat (15965). The melting and fabrication 
practice has been described elsewhere [1]. All three heats were in the 
normalized (1310 K, 1 h; air cool) and tempered (1030 K, 1 h; air cool) 
condition. Extensive investigations [1, 5] have shown that this heat treat- 

Element 

Table I. Chemical Analysis of Three Heats of 9 C r - I  Mo SteeF 

Heat  15965 Heat  30176 Heat  30394 
(commercial) (modified) (modified) 

c r  9.38 8.41 8.35 
Mo 0.99 0.90 1.03 
C 0.11 0.075 0.084 
Si 0.71 0.19 0.45 
Mn  0.59 0.40 0.47 
V 0.054 0.204 0.202 
Nb 0.010 0.072 0.080 
Ni 0.07 0.10 0.09 
Ti 0.002 0.004 0.005 
Co 0.081 0.016 0.061 
Cu 0.03 0.03 0.03 
A1 0.001 0.005 0.025 
S 0.008 0.004 0.004 
P 0.017 0.009 0.011 
N 0.021 0.054 0.054 
O 0.011 0.005 0.004 

a Elements in wt.%. 
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ment produces a bcc solid solution containing dislocations ,and carbide 
precipitates. The lattice parameter of a ternary Fe-9 Cr-1 Mo alloy was 
found to be 28.74 nm. This value was employed in estimating the effects of 
point defect scattering on the phonon conductivity component. 

3. EXPERIMENTAL VALUES 

The absolute Seebeck coefficient values are shown in Fig. 1 and 
smoothed electrical resistivity and thermal conductivity data are shown in 
Table II. The procedure used to smooth the data has been described 
elsewhere [4] and the values shown in Table II are quoted with more digits 
than justfied by the experimental uncertainty to eliminate rounding errors. 
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Fig. 2. Thermal conductivity data for three heats of 9 Cr-I  Mo steel. Values for the 
commercial heat (15965) agree with the ASME code. 

The original error analysis [2] for the apparatus indicated maximum )~ and 
p uncertainties of + 2.2 and 0.4%, but tests with an Armco iron standard 
indicated that the )~ uncertainty was somewhat larger at higher tempera- 
tures. The )~ values for 9 Cr-1 Mo steel were therefore lowered [6] to force 
agreement with the Armco iron results. The maximum correction was 
-3 .9% at 1000 K. At 360 K the )~ values for two heats (15965 and 30176) 
differ from data obtained by a comparative method [7] by - 0 . 5  and 
+ 1.8%. The 7~ values for standard commercial and modified 9 Cr-1 Mo 
steel are compared with the ASME [8] code in Fig. 2. Our values for the 
commercial heat (15965) are in satisfactory agreement with the code and 
the data indicate that the modified alloy has an improved thermal conduc- 
tivity. 

4. DISCUSSION 

In an earlier publication [7] we showed that at room temperature the 
heat-to-heat variations in the X and p of this steel correlated with differ- 
ences in Si content. Figure 2 and Table II show that these trends persist 
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over the temperature range of this study, and the principal point of interest 
is to determine how well these trends can be understood in terms of 
available theory. An experimental identification of the electron h e and 
phonon hp components of the thermal conductivity of bcc Fe [4] is used as 
a basis for the analysis. 

Except in certain special cases [9], the electronic thermal conductivity 
cannot be calculated from theory and must be obtained by using an 
appropriate electronic Lorenz function L(T) with the measured P values. 
We previously [4] showed that the L(T) and Xp values obtained for bcc Fe 
at lower (100-400 K) temperatures could be extrapolated to higher temper- 
atures to give a reasonably good account of the h of Fe up to about 975 K. 
This L(T) was therefore assumed to apply to an intrinsic part of the p of 
the 9 Cr-1 Mo steels. The h e values for the alloys were then generated from 
the usual formula: 

[ p(Fe) p(Alloy)-o(Fe)l-I 
he = L(T)---------~ + -LOT (2) 

In this equation L o is the Sommerfeld value (2.443 • 10 -8 V 2. K -2) and 
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Fig. 3. The electrical resistivities of the  steels do not obey Mattheissen's  rule and the 
deviations are large. 
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L(T), which approaches L 0 at high temperature, has been described [4] 
previously. 

Figure 3 shows that the P of 9 Cr-1 Mo steel does not obey Matthies- 
sen's rule, but this point may not affect the calculation of ?'e [10]. Large 
deviations are frequently observed in ferromagnetic alloys, and Bass [11] 
has summarized the theory. 

The X~ -] curves for 9 Cr-1 Mo steel are shown in Fig. 4. At high 
temperatures they tend to approach the curve for bcc Fe, but the tempera- 
ture dependence is much different. Reflecting the O differences, the Xe 
calculated for the standard alloy is lower over the whole temperature range. 
This is attributed to its larger Si content. 

Combining the X~ values with the X data (Table II) yields Xp values for 
the three heats of 9 Cr-1 Mo steel. Values for Xp] and some estimates for 
bcc Fe are shown in Fig. 5. The Xp 1 curves for the alloys are higher but 
quite similar to the one for Fe and show that the trend with Si [7] content 
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Fig. 4. Temperature dependence of the electronic thermal conductivity for three heats of 9 
Cr-1 Mo steel. 
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Fig. 5. Derived phonon thermal resistance values for bcc Fe and 9 Cr-1 Mo steel. 

persists to higher temperatures. Rationalizing the information shown in Fig. 
5 would demonstrate that the factors affecting the X have been identified. 

Examination of the curve for bcc Fe is a first step in this process. 
Figure 5 shows the Xp 1 curve derived from low-temperature data (curve A) 
[4] and the result (curve C) obtained by combining )t data for high-purity 
and Armco iron [12] with the )% shown in Fig. 4. An extrapolation of the 
lower temperature values is also included (curve B). The low-temperature 
results for zone-refined Fe can be described by an equation containing 
phonon-phonon Wpp and electron-phonon Wep resistance terms: 

,;,__ ...+.~ (,,, 

When thermally induced volume changes become significant, Wpp increases 
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faster than T, and the extrapolation shown in Fig. 5 was obtained by 
adjusting the theoretical formula [13] to account for thermal expansion. 
This correction has been discussed elsewhere [14], and the formula used 
here includes the assumption that the Grtineisen constant y~ varies with 
atomic volume V as 

d In Yo 
dln V - 1"5~'c (4) 

Assuming a base temperature of 400 K and adjusting for changes i n 
the Debye temperature (gD, 7c, and the atomic volume, we obtain the 
following approximate high-temperature equation: 

)tp I = 9.86 • 10-ST[ 1 + aM(T-- 400)(18yo -- 1)] + 0.0269 (5) 

In this equation, a M is the mean linear thermal expansion coefficient and 
~'c was presumed to equal 1.81 [15]. The numerical constant in Eq. (4) is 
not well known [14] and the Wep term should also depend on temperature if 
the electronic density of states changes with temperature [16]. Despite this, 
Fig. 5 shows that, up to about 950 K, Eq. (5) is in good agreement with the 
Xpl curve derived from X and Xe (curve C). Above this temperature, as the 
Curie temperature is approached, the difference between the two ?tp 1 
curves suggests that an additional scattering process becomes significant. 
This effect is quite small and cannot be definitely established from the 
available data. 

In the alloys, Fig. 5 shows that phonon energy transport is smaller 
than it is in pure Fe. Scattering from point defects (solute atoms) will 
always cause this kind of change. However, since the solute concentration 
is about 10 at %, changes in the phonon-phonon and electron-phonon 
scattering must also be considered. The Lindemann formula [15] can be 
used to estimate changes in the intrinsic phonon-phonon scattering, and 
this estimate indicates that W~,p is not significantly altered by alloying. 
Inspection of the curves shown in Fig. 5 also supports this assumption. 

Alloying can either increase or decrease W e p  [17]. At present, the only 
method available for estimating these changes in bcc Fe alloy is based on a 
correlation [18] between W~p and the electronic specific heat coefficient 7e: 

1,'~--3 I 5 lim Wep= 2.35 • JU re' (6) 
T---~ vQ 

where Ye is in units of m J- K 2. mol-1. Using coefficients obtained from 
low-temperature specific heat data on binary Fe base alloys [19] yields 
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estimates of "{e for the steels and these values average about 83% of the "./e 
value for pure Fe [15, 19]. Thus, alloying should weaken the scattering of 
phonons by electrons, and this conclusion was included by making an 
additive resistance assumption: 

)~p'(alloy) = W + 2.35 • 10-3y~5(alloy) (7) 

where W includes the effects of phonon-phonon and phonon-point defect 
scattering. 

Demonstrating that the W values derived in this fashion can be 
predicted would show that the framework involving )re, )tp, Wep, and W is 
internally consistent. The ratio 

W ( ) k p l -  Wep)alloy 

Wu 0kp l -  Wcp) Fe 
(8) 

should be given by a formula derived by Abeles [Ref. 20, Eq. (22)], which 
accounts for point defect scattering at high temperatures. 

Using curve C of Fig. 5 to define W u and Eq. (7) to calculate Wep 
values for the alloys yields W versus temperature curves for the three 
samples. The theoretical calculations require values for the Debye tempera- 
ture 0 o, the ratio of U- to N-process relaxation times ~-, and the total 
impurity scattering parameter I'. The O D chosen, 418 K, is appropriate for 
intermediate temperatures [21]. 

The other two parameters, T and F, are to some extent interrelated, 
and T was fixed by selecting one particular theoretical equation [22] for F 
and finding that a ~- equal to 3 was required to yield satisfactory descrip- 
tions of experimental data for Ge-Si and III-V compound solid solutions 
[181. 

The impurity scattering parameter F defines the phonon scattering 
strength of a specific solute, and has contributions from both mass- 
difference and local force-constant changes. It has been shown [23] that 
these contributions may either add or tend to cancel, and this was not 
included in Abeles' original paper. The formula employed here is due to Ho 
et  al. [22], 

I" = E XLFL + E XHFH (9) 
L H 

where x is concentration, H and L are the number of heavy and light 



Thermal and Electrical Conductivities of Steel 311 

solutes, respectively, and 

FL ( ML - /~t VL-- V )  2 
= - -  + ")'G - -  (lOa) 

M V 

( MH-~r VH-V)  2 V  
- ( l O b )  FH = MH ~ + TO 

where M and V are the mass and atomic volume of virtual crystal atoms, 
respectively. 
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Fig. 6. Theoretical estimates of the effect of point-defect scattering on ~p tend to overestimate 
the Xp reduction. 
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The V L and V H are normally taken as equal to the atomic volume of 
the solute element, but this can lead to unrealistic estimates when the solute 
crystal lattice is more open than the solvent one. Silicon is one such case, 
since the diamond cubic lattice is much less close-packed then the bcc 
solvent, and lattice parameter measurements on bcc Fe-Si  solutions indi- 
cate that Si atoms behave as if they were smaller than Fe atoms [24]. To 
include this, the Fsi and FMo Values were obtained from the composition 
dependence of the lattice parameter [24]. These two terms contribute 
90-95% of the point-defect scattering; and for Mo in bcc Fe, mass- 
difference scattering predominates. 

The calculated and derived W values are compared in Fig. 6. This 
treatment overestimates the alloy scattering by an average of about 15% 
and the curves all show about the same temperature dependence. Since it 
includes Wep, the )~p estimates for the alloys are somewhat better and 
average about 90% of the derived (Fig. 5) values at 400 K. 

This description is probably all that can be expected from the theory, 
since the strain scattering from Si is important and not well defined. Totally 
neglecting this contribution improves the agreement considerably, and 
improving the method used to calculate strain effects would be useful for 
understanding the significant role that Si plays in reducing the )tp of bcc Fe 
solid solutions. 
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