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Solid-solution hardening and softening in binary iron 
alloys 
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Six dilute (0.2,0.5 and 1 at%) binary iron-base alloys with Co, Cr, AI, Si, Mn and Ni were 
prepared after scavenging inherent carbon with Ti. From tensile and stress relaxation tests in 
the temperature range of 77 to 450 K, stress-strain behaviours and thermal activation 
parameters were analysed as functions of solute content and temperature. In the four alloys 
containing Ni, Mn, AI and Si, solid-solution softening occurs below 250 K while solid- 
solution hardening occurs above 250 K. In the alloys containing Co or Cr, neither softening 
nor hardening due to solute additions occurs at any temperature. Detailed analysis of 
thermal activation parameters leads one to conclude that the solid-solution softening in the 
above mentioned four alloys is due to a decrease in kink energy with increasing solute 
content, while in the latter two alloys no change in kink energy occurs. On the other hand, 
there exists a strong solute concentration dependence of the athermal component, 
suggesting that the solid-solution hardening is due to the interaction of dislocations with 
groups of substitutional solute atoms that create lattice and modulus misfits. 

1. Introduction 
It is commonly known that the alloying of solute 
atoms in solution often causes an increase in the 
deformation stress, referred to as solid-solution 
strengthening, while in a number of alloy systems 
[1-9] a decrease in strength by alloying, referred to as 
solid-solution softening, has been observed. In bcc 
metals, solid-solution softening occurs at low temper- 
atures and hardening at high temperatures [10]. The 
present paper is concerned with solid-solution soften- 
ing and hardening due to the alloying of 0.2 to 1 at % 
of A1, Co, Cr, Ni, Mn and Si to Fe, and the mecha- 
nisms for softening and hardening are discussed. 

It is generally accepted that plastic deformation of 
metals and alloys is thermally activated and the yield 
or flow stresses ci are composed of the thermal com- 
ponent c~* and athermal component ~ so that 

= ~* + % (1) 

The increase in o- with decreasing temperature usually 
results from an increase in ci*, while its contribution is 
less at high temperatures. Accordingly when cy* de- 
creases by alloying at low temperatures, solid-solution 
softening predominantly appears on ~* [9, 117. On 
the other hand the contribution of cy* is rather small 
at high temperatures so that an increase in ~ due to 
alloying can be attributed mainly to solid-solution 
hardening through r [-11]. 

If the rate controlling mechanism for low temper- 
ature deformation is overcoming the Peierls barrier by 
nucleating double kinks, solid-solution softening 
would occur if the dislocation velocity is controlled by 
the rate of formation of double kinks [12]. Accord- 
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ingly, alloying of solute atoms would probably change 
the thermal component for deformation and the 
formation energy of double kinks and their widths. All 
of the thermally activation parameters such as the 
thermal component cy*, dislocation velocity-stress ex- 
ponent m*, activation area A*, activation enthalpy 
AH, kink energy H~ and kink width Wk will be influ- 
enced by alloying. 

The solid-solution hardening is due to the direct 
interaction between dislocations and solute atoms. 
There have been many theories [13-16] that predict 
various concentration dependence, linear to a power 
law. Kostorz [17] and Koss [18] report that the 
concentration dependence of the athermal component 
should test the theory's validity. Accordingly, the ef- 
fects of alloying element and its concentration on the 
athermal component cy~ are studied here in detail. 

2. Experimental procedures 
2.1. Materials and specimen preparation 
Eighteen binary iron-base alloys containing 0.2,0.5 
and 1 at % solutes of Co, Cr, A1, Si, Ni and Mn, respec- 
tively, were prepared in an induction furnace by 
melting each element of high purity with electrolytic 
iron. Prior to alloying, electrolytic iron was scavenged 
of its interstitial carbon from the iron matrix by 
adding an equivalent amount of Ti [19] in vacuum of 
less than 10-3 torr. The chemical analyses of 18 binary 
alloys are given in Table I. The alloyed ingots were 
first homogenized at 1543 K for 10.8 ks, and were 
hot-rolled to 30mm in thickness after heating at 
1473 K for 1.8ks. Then, they were cold-rolled to 
a final thickness of 0.8 mm. 
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TABLE I Chemical analyses (at %) of six binary iron alloys 

Alloys C Si Mn P S N O Ti 

0.19 Cr 0.019 0.010 0.011 0.007 0.005 0.007 0.010 0.034 
0.47 Cr 0.023 0.008 0.010 0.007 0.004 0.008 0.010 0.041 
0.94 Cr 0.019 0.010 0.011 0.007 0.004 0.007 0.011 0.066 

0.24 Co 0.019 0.010 0.009 0.009 0.005 0.012 0.012 0.043 
0.54 Co 0.023 0.010 0.012 0.009 0.003 0.009 0.009 0.041 
1.00 Co 0.014 0.010 0.009 0.007 0.003 0.010 0.009 0.076 

0.21 Ni 0.023 0.010 0.010 0.007 0.005 0.008 0.011 0.041 
0.52 Ni 0.019 0.008 0.008 0.007 0.003 0.007 0.012 0.031 
1.03 Ni 0.019 0.010 0.009 0.007 0.003 0.008 0.010 0.054 

0.20 Mn 0.019 0.010 0.20 0.009 0.005 0.076 0.001 0.033 
0.51 Mn 0.014 0.012 0.51 0.007 0.005 0.072 0.002 0.035 
1.01 Mn 0.014 0.012 1.01 0.009 0.007 0.088 0.001 0.050 

0.11 A1 0.019 0.010 0.010 0.007 0.005 0.009 0.010 0.106 
0.48 A1 0.019 0.014 0.008 0.007 0.004 0.006 0.003 0.070 
0.98 A1 0.023 0.016 0.008 0.007 0.004 0.007 0.004 0.070 

0.20 Si 0.019 0.020 0.009 0.007 0.005 0.010 0.014 0.033 
0.51 Si 0.014 0.050 0.010 0.007 0.003 0.010 0.017 0.054 
0.99 Si 0.014 0.099 0.010 0.007 0.005 0.008 0.013 0.050 

The tensile specimens were machined to obtain 
a gauge length of 25 mm with a cross-section of 
2x0.8 mm 2. To eliminate the grain size effect on 
strength, all of the tensile specimens were annealed in 
a vacuum of approximately 10 .6 torr at various tem- 
peratures (953 to 1073 K) for a predetermined period of 
time (1.8 to 18 ks) to have an average grain size of 20 gm. 
The grain size was measured under an optical micro- 
scope using the conventional linear intercept method. 

2.2. S i m p l e  tensi le  and relaxation tests  
Simple tensile tests at a strain rate of 3.3 x 1 0 - 4 s  -1  

were conducted on a screw-driven Instron to obtain 
the stress-strain behaviours in the temperature range 
of 77 to 450 K. Several baths (liquid nitrogen at 77 K, 
gasoline chilled with liquid N2 at 160K, dry 
ice-acetone at 195 K, ethanol chilled with liquid N2 at 
225 and 250 K, ice and water at 274 K, water at 297 K, 
and silicon oil (KF54) heated to 325 to 450 K) were 
used to obtain constant temperatures during tests. All 
the bath temperatures were controlled within -t- 2 K. 

Stress-relaxation tests were conducted at several 
temperatures; a specimen was first deformed in ten- 
sion at a predetermined plastic strain at a strain rate of 
3 . 3 x 1 0 - 4 s  -1, and the crosshead w a s  stopped to 
allow the load to relax for 60 s. These operations were 
repeated at plastic strains of approximately 1, 2, 4, 8 
and 16%, respectively. The load relaxation was re- 
corded on a linear recorder at a chart speed of 
8.3 mm s - t  using a zero suppression multiplier. The 
specimen exhibiting the Luders elongation was stress- 
relaxed only in the plastic flow region. 

3. Results 
3.1. Temperature dependence of the yield 
and flow stresses 
The values of true stress and true plastic strain for six 
binary alloys of three compositions each were cal- 
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culated as a function of temperature. As typical exam- 
ples, Fig. 1 shows the true stress-strain behaviour for 
Fe- l .03  a t %  Ni and F e - l . 0 0 a t %  Co alloys de- 
formed at a strain rate of 3.3 x 10-4s -1 and 77 to 
450 K. Both the yield and flow stresses at a given 
strain increased with decreasing temperature in all 
alloys, suggesting that a thermally activated process is 
responsible for the plastic deformation. A sharp yield 
drop and extended Luders elongation are character- 
istic to the stress-strain behaviour at 77 K, but this 
tendency is reduced with increasing deformation tem- 
perature, and above 250 K only smooth, parabolic 
behaviour is observed, regardless of the alloy species 
and compositions. 

The stress at the proportional limit is plotted 
against temperature for F e - N i  and F e - C o  alloys, as 
examples, as a function of their composition in Fig. 2. 
The behaviour for the F e - N i  alloys is representative 
of those for the Fe-A1, F e - M n  and Fe-Si  alloys 
(alloys in the first category), while that for the F e - C o  
is representative of that for the F e - C r  alloys (alloys in 
the second category). In the latter alloy systems, the 
temperature dependence of the proportional-limit 
stress (defined as the yield stress here) is exactly the 
same as that for a Fe-0.05 at % Ti alloy which simu- 
lates an interstitial-free iron [19]. In other words, 
neither solid-solution softening nor hardening are ob- 
served in these two alloys regardless of their composi- 
tion. On the other hand, the former four alloys exhibit 
solid-solution softening below 250 K and solid-solu- 
tion hardening above 250 K. Fig. 3 is presented for the 
temperature dependence of the yield stress in the for- 
mer four alloys containing about i at % of the respect- 
ive solute element in order to compare each other with 
that for an interstitial free iron. Again, solid-solution 
softening below 250 K and solid-solution hardening 
above 250 K are clearly seen. The contribution of 
alloying elements to solid-solution softening and 
hardening wilt be discussed later in terms of the ther- 
mal and athermal components of the flow stress. 
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Figure i Stress strain behaviour at various temperatures for (a) Fe-l .03 at % Ni and (b) Fe-l .00 at % Co alloys to represent the first and 
second category alloys, respectively. 
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Figure 2 Temperature dependence of the stress at proportional limit for (a) Fe-Ni  and (b) Fe-Co alloys as a function of solute concentra- 
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at % Co, [] Fe-l .00 at % Co. 
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Figure 3 Temperature dependence of the (a) yield stress and (b) lower yield stress for a comparison of various alloys containing approxim- 
ately 1 at % solute atoms. Key: �9 pure iron, o Fe-l.03 at % Ni, A Fe- 0.99 at % Si, [] Fe-l.01 at % Mn, �9 Fe-0.98 at % A1. 

3.2.  T h e r m a l  a n d  a t h e r m a l  c o m p o n e n t s  o f  
t h e  s t r e s s  

The athermal component, ~ r  of the flow stress ~ at 
any temperature T can be calculated by using the 
Seeger extrapolation method 1-20] as 

(~pT = (gT/~ITo)  (~IIT o (2) 

where ~T and gVo are the shear moduli at temperatures 
T and To and CYgro is the athermal stress at To. The 
thermal component, or* can then be obtained by sub- 
tracting or, from the flow stress or. The values of the 
thermal component thus calculated are given in 
Table II for the 18 alloys as a function of temperature. 

The temperature dependence of the thermal com- 
ponent is depicted Fig. 4 typically for F e - N i  and 
Fe Co alloys as a function of their composition. It is 
clearly seen in this figure that the thermal component 
decreases with increasing deformation temperature 
and increasing solute content in the first category 
alloys, while in the second category alloys the concen- 
tration dependence is not observed regardless of tem- 
perature. Fig. 4 is reproduced from Fig. 3 to clearly 
demonstrate the solute dependence of the thermal 
component as a function of temperature. Fig. 5 shows 
the solute dependence of the thermal component at 
160 and 195 K where the solid-solution softening 
is exhibited by the first category alloys and the degree 
of softening is higher in the order of Si, A1, Mn and 
Ni, while Co and Cr do not contribute to the softening 
at all. 
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3.3. Activation parameters 
The imposed strain rate, ~t during a constant strain 
rate test can be divided into two components, elastic 
ke and plastic ~p 

~;t = I~e -1" ~;p (3) 

When the crosshead is stopped for the load to relax, 
et = 0 and 

gp = - d e  = - K m ~  (4) 

where K m =  1/E + Ao/Slo, and Ao and lo are the 
gauge area and length of a specimen, respectively, at 
the beginning of relaxation, ~ is the stress rate, and 
S and E the spring constant and Young's modulus, 
respectively. The plastic strain rate is also related to 
the velocity of mobile dislocations through the Oro- 
wan equation 1-21] 

~p = ~ lgmbV (5)  

where ~ is a geometric factor, 9~ is the density of 
mobile dislocations, v is their average velocity and b is 
the Burgers vector. It is presently assumed that a func- 
tional relationship between the average velocity of 
dislocations and the effective stress or* acting on dislo- 
cations can be described by a Johnston-Gi lman type 
equation [22] 

v = B ( ~ * )  ~* (6) 



T A B L E  II Averaged values of the thermal component, c~* 300 
( x 10 MPa) at various temperatures 

Temperature(K) 

Alloy 160 175 195 225 250 274 297 

0.19Cr 27.1 23.1 17.8 10.7 6.6 3.8 2.0 
0.47Cr 27.4 22.7 17.8 10.5 7.1 3.2 2.0 
0.94Cr 27.6 22.5 17.0 11.1 7.0 3.8 1.8 

0.24Co 27.2 22.8 17.3 11.3 6.8 3.6 1.5 
0.54Co 27.8 23.4 16.5 11.5 7.2 3.4 1.6 
1.00Co 27.4 22.1 16.7 11.0 6.2 3.2 1.3 

0.21Ni 24.2 21.4 16.3 9.3 4.5 2.3 1.2 
0.52Ni 22.0 18.8 12.4 7.0 3.8 1.7 1.1 
1.03Ni 18.2 15.3 10.4 4.9 2.6 1.3 1.0 

0.20Mn 24.5 22.2 16.1 9.0 4.8 2.8 0.4 
0.51Mn 21.8 19.3 12.5 7.1 3.5 2.0 0.7 
1.01Mn 17.7 15.1 9.4 4.7 2.5 1.5 1.0 

0.11AI 22.6 19.5 14.5 9.4 4.6 2.2 0.4 
0.48A1 20.9 18.5 12.8 6.7 3.0 1.9 0.5 
0.98A1 17.2 14.8 9.9 4.6 2.4 1.4 0.9 

0.20Si 23.0 21.8 15.2 8.2 4.7 2.7 1.0 
0.51Si 19.6 16.8 10.4 5.3 3.3 1.6 1.1 
0.99Si 14.0 10.9 8.0 3.5 1.6 0.9 0.7 
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where B and m* are constant, both being dependent 
on temperature. Equations 4 to 6 are combined to 
yield 

- -  dr = (~bB/Km)Pm(Cy*)  m* (7) 

where the effective stress is the imposed stress 
% minus its athermal component cyg. Integration of 
Equation 7 under the assumption of constant Pro, m* 
and ag with respect to the relaxation time t yields 

(Y* = ~ o  - -  ~ = K ( t  4-  a )  - ~  6) 

where n = I/(m* - 1), K = [ubBpm(m* - 1)/Km]-" 
and a is an integration constant. Further, differenti- 
ation of Equation 8 with respect to t yields 

dr* = - n K ( t  4- a ) - ' - 1  (9) 

where 6"  becomes equal to be a under the condition 
of constant a~. Then, the dislocation velocity-stress 
exponent m* can be calculated from the slope of the 
negative stress rate versus relaxation time, i.e. 

m* = Q/(Q 4- 1) (10) 

where Q is the slope of the log-log plot at long time 
periods, t>>a [23]. 

An analysis of the stress relaxation data yields the 
activation area, A* defined by the equation 

A *  = ( M k T / b ) [ A  in v/Ao*] (11) 

where M, k and T are the Taylor factor (M = 2.75 is 
used in the present analysis), Boltzmann constant and 
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temperature, respectively. A combination of Equa- 
tions 4, 5 and 11 yields 

A*(t) = (Mkr /b)[A  in ( - dr)/A~* 

- -  n l n  pm/m O'*]. (12) 

3.4. Activation area, A *  
Using Equation 12, the values of activation area at 
plastic strains of 1,2,4,8 and 16% were calculated. 
Okazaki et al. [24] have shown that both the mobile 
dislocation density and the athermal component re- 
main constant only for the first short period of relax- 
ation. Accordingly the activation area here was 
calculated by using only the early portion of the 
relaxation curve. 

The strain dependence of activation area is illus- 
trated in Fig. 6 for Fe-Ni alloys at 225 K as a typical 
example. The activation area does not depend on the 
plastic strain so that it can be averaged over the plastic 
region. The averaged values of activation area for all 
the alloys at various temperatures are tabulated in 
Table III, and it is seen that the activation area signifi- 
cantlY increases with increasing temperature but 
slightly increases with increasing solute content, and 
this trend in terms of the activation area versus solute 
content as a function of temperature is illustrated for 
Fe-Ni alloys in Fig. 7 as a typical example. Also 
illustrated in Fig. 8 is the contribution of different 
solute elements to the activation area at 297 and 
195 K, where it is clearly seen that the contribution is 
greater in the order of Mn, Ni, A1 and Si, while Co and 
Cr do not alter the activation area at all regardless of 
their content. 

3.5. Dislocation velocity-stress exponent, 
m *  

The dislocation velocity-stress exponent, m* that has 
been obtained from Equation 6 has also been de- 
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TA BLE III  Averaged values of activation area, A*/b 2 in six 
binary iron alloys at various temperatures 

Temperature (K) 

Alloy 160 175 195 225 250 274 297 

0.19 Cr 24.7 25.6 28.6 36.1 47.1 57.3 94.5 
0.47 Cr 25.1 25.6 28.5 38.7 46.3 58.1 94.5 
0.94 Cr 25.6 25.8 28.9 36.2 47.7 57.4 94.5 

0.24 Co 24.3 25.4 31.0 36.5 47.2 58.6 94.9 
0.54 Co 25.4 27.2 33.6 37.0 45.8 54.6 94.5 
1.00 Co 25.3 26.2 30.1 36.8 48.7 58.5 95.5 

0.21 Ni 26.0 27.0 29.5 42.9 52.5 84.0 116.6 
0.56 Ni 26.5 27.5 30.2 46.6 58.4 92.1 129.6 
1.03 Ni 27.0 27.8 33.0 57.5 67.0 1 0 2 . 7  148.5 

0.20 Mn 25.7 26.2 29.5 45.1 59.4 99.8 123.9 
0.51 Mn 26.2 27.0 30.6 49.4 73.7 1 0 6 . 8  134.5 
1.01 Mn 27.0 27.8 36.2 64.5 86.2 116 .1  148.5 

0.11 A1 26.4 26.0 28.3 42.0 53.0 84.5 110.3 
0.48 A1 26.2 26.3 29.6 46.4 57.4 92.6 125.7 
0.98 A1 26.8 27.2 33.6 55.1 67.1 98.9 136.8 

0.20 Si 24.1 27.7 29.6 43.5 52.4 82.3 108.8 
0.51 Si 25.3 28.8 30.3 46.3 57.4 89.4 116.6 
0.99 Si 28.8 28.9 34.2 54.5 64.0 90.3 127.6 
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Figure 7 Concentration dependence of the activation area for 
Fe-Ni alloys as a function of temperature. 

scribed by Christian E25] in the form of 

m* = A*bcr*/MkT (13) 

where A* is the activation area, b is the Burgers vector, 
cr* is the effective stress, M is the Taylor factor (2.75 is 
used here), k is the Boltzmann constant and T is 
absolute temperature. The values of m* calculated by 
using the above equation and the values of A* and 
~* at T are tabulated in Table IV for the 18 alloys. 

Depicted in Fig. 9 is the dislocation velocity-stress 
exponent m* versus solute content as a function of 
temperature for Fe-Si  and F e - C o  alloys, given here 
as typical examples. The former alloys exhibit the 
trend that m* decreases with increasing solute content 
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activation area for various alloys at 195 and 297 K. 

TABLE IV Averaged values of dislocation velocity-stress 
exponent, rn* in six binary iron alloys at various temperatures 

Temperature (K) 

Alloy 160 175 195 225 250 274 297 

0.19 Cr 17.1 13.8 10.6 7.0 5.1 3.2 2.6 
0.47 Cr 17.5 13.5 10.6 7.4 5.4 2.8 2.6 
0.94 Cr 18.0 13.5 10.3 7.3 5.4 3.2 2.3 

0.24 Co 16.8 13.5 11.2 7.5 5.2 3.1 2.0 
0.54 Co 18.2 14.8 11.6 7.7 5.4 2.8 2.1 
1.00 Co 17.7 13.5 10.5 7.3 4.9 2.8 1.7 

0.21 Ni 16.0 13.5 10.1 7.2 3.9 2.9 1.9 
0.52 Ni 14.9 12.0 7.8 5.9 3.6 2.3 2.1 
1.03 Ni 12.5 9.9 7.2 5.1 2.8 2.0 1.9 

0.20 Mn 16.0 13.6 9.9 7.4 4.6 4.2 0.7 
0.51 Mn 14.6 12.1 8.0 6.4 4.2 3.2 1.3 
1.01 Mn 12.2 9.8 7.1 5.5 3.5 2.4 2.0 

0.11 A1 15.2 11.8 8.6 7.2 4.0 2.8 0.6 
0.48 A1 14.0 11.3 7.9 5.6 2.8 2.6 0.9 
0.98 A1 11.7 9.4 7.0 4.6 2.6 2.1 1.7 

0.20 Si 14.1 12.7 9.4 6.5 4.0 3.3 1.5 
0.51 Si 12.6 11.3 6.3 4.4 3.1 2.1 1.8 
0.99 Si 10.3 7.3 5.7 3.5 1.7 1.2 1.2 

m* on temperature but not on the solute content. This 
trend is also seen in the F e - C r  alloys of the second 
category. The m* values in both F e - C o  and F e - C r  
alloys are almost the same as those in an interstitial- 
free iron. Fig. 10 shows the temperature dependence of 
m* for six alloys containing different solute atoms of 
approximately 1 at %, the values of m* decreasing in 
the order of Ni, Mn, A1 and Si at all the temperatures 
studied. A similar trend has already been seen for o*. 

3.6. Activation energy,  A H  
Conrad [26] and Wiedersich and Conrad [27, 28] has 
shown that the activation energy AH can be described 
by 

A H  = - k r  2 (A l n ~ / A c ~ * ) r ( A ~ * / A T ) ~  (14) 

where ~ is the strain rate. By introducing A* into the 
above equation, one obtains 

A H  = - ( 1 / M ) T A * b ( A c r * / A T ) ~  (15) 

where (Acr*/AT), can be obtained from the slope of 
cy* versus T curve for each alloy. The calculated 
values of AH at various temperatures and AHo at 
To are tabulated in TableV for the 18 alloys. As 
typical examples, the dependence of the activation 
energy, AH on temperature T are shown in Fig. 11 for 
F e - N i  and F e - C o  alloys, where it is seen that AH 
linearly increases with increasing temperature in the 
alloys of both categories. The first category alloys 
exhibit the solute concentration dependence of AH 
while the second category alloys do not. Fig. 12 shows 
the dependence of activation energy on the thermal 
component, ~*('c* = ~ * / M )  for F e - N i  and F e - C o  
alloys containing three different solute concentrations 
as typical examples. The behaviour of the Fe-Cr  
alloys is quite similar to that of F e - C o  alloys, exhibi- 
ting no concentration dependence. 

The temperature To at which the thermal compon- 
ent, c~* becomes zero was determined from the tem- 
perature dependence of the yield stress, and the values 
of To and AHo (A/-/ at To) are also tabulated in 
Table V. In the second category alloys, the values of 
To and A/-/o are independent of the solute content, 
both being the same as those for an interstitial-free 
iron [-19]. On the other hand, in the first category 
alloys both A/-/o and To decrease with increasing 
solute content, but the To values are not significantly 
different from each other. Fig. 13 shows the depend- 
ence of AH on the effective shear stress, T* for six 
alloys containing approximately 1 at % of the respect- 
ive solute atoms. This figure makes a comparison of 
the contribution from different elements to the values 
of AH at a constant z*, the contribution being in the 
order of Co and Cr, Ni, Mn, A1 and Si. It should be 
noted that this order is similar to those seen for other 
activation parameters such as A*, m* and c~*. 

and increases with decreasing temperature, this trend 
being similarly observed in the alloys of the first cat- 
egory. On the other hand, the F e - C o  alloys belonging 
to the second category exhibit a strong dependence of 

3.7 .  A t h e r m a l  c o m p o n e n t ,  ~ 

It is normally conceived that the athermal component 
of the flow stress, ~ depends on the strain a, grain size 
d, solute content Cs and the deformation temperature 
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T only through its shear modulus; 

r~. =f(~,  d, Cs, T).  (16) 

In this experiment, d was kept constant at approxim- 
ately 20 gm. To eliminate the strain dependence, the 

1 0 9 4  

strain was extrapolated to 0 so that the athermal 
component  could be compared with respect to the 
solute content. 

Labusch [29,30] has presented a model of solid- 
solution strengthening modified from the previous 
Fleischer-Friedel [31-33] and Mot t -Naba r ro  
[34, 35] models. It  has the C~/s dependence. Accord- 
ingly in Fig. 14 the athermal component  at 297 K is 
plotted against C~/a for six alloy systems, indicating 
that a linear relationship exists within experimental 
errors in all alloys. Of significance is that the slope of 
the straight line through the respective data points 
increases in the order of Mn, Ni, A1 and Si for the first 
category alloys but the second category alloys with Co 
or Cr do not exhibit the concentration dependence at 
all. Although the data only at 297 K are shown here, 
this C~ Is dependence can be observed at all temper- 
atures below To in the first category alloy systems. 

4 .  D i s c u s s i o n  

4 . 1 .  R a t e  c o n t r o l l i n g  m e c h a n i s m  o f  p l a s t i c  

d e f o r m a t i o n  
Friedel [36] derived the temperature dependence of 
~*, by considering the thermal activation required to 
overcome the Peierls Nabar ro  barrier by double kink 
formation, as 

r = a* (1 - T/To) 2 (17) 

where cr~ is the Peierls stress at 0 K. The thermal 
component  ~* in F e - C o  alloys is plotted in Fig. 15 
against (1 - T/To) as a function of the Co content, 



TABLE V Values of activation energy, AH (eV) at various temperatures, H0 and To in six binary iron alloys 

Temperature (K) 
AH0 To 

Alloy 160 175 195 225 250 274 297 (eV) (K) 

0.19 Cr 0.35 0.38 0.40 0.48 0.54 0.60 0.63 0.73 335 
0.47 Cr 0.35 0.38 0.40 0.51 0.53 0.62 0.63 0.73 335 
0.94 Cr 0.36 0.38 0.41 0.48 0.54 0.62 0.63 0.73 335 

0.24 Co 0.34 0.37 0.44 0.48 0.54 0.62 0.63 0.73 335 
0.54 Co 0.36 0.40 0.47 0.49 0.53 0.58 0.64 0.73 335 
1.00 Co 0.36 0.39 0.42 0.49 0.56 0.62 0.64 0.73 335 

0.21 Ni 0.33 0.36 0.40 0.50 0.54 0.59 0.66 0.71 330 
0.54 Ni 0.31 0.33 0.39 0.47 0.50 0.57 0.60 0.67 325 
1.03 Ni 0.30 0.32 0.38 0.45 0.46 0.53 0.57 0.63 320 

0.20 Mn 0.31 0.35 0.40 0.49 0.51 0.57 0.63 0.69 330 
0.51 Mn 0.30 0.34 0.39 0.46 0.51 0.55 0.62 0.66 325 
1.01 Mn 0.30 0.34 0.39 0.45 0.48 0.55 0.61 0.62 320 

0.11 A1 0.32 0.35 0.40 0.49 0.55 0.60 0.62 0.70 330 
0.48 A1 0.29 0.32 0.40 0.47 0.49 0.57 0.58 0.66 325 
0.98 A1 0.28 0.30 0.36 0.43 0.46 0.51 0.56 0.61 320 

0.20 Si 0.31 0.35 0.38 0.47 0.50 0.54 0.61 0.67 330 
0.51 Si 0.31 0.35 0.37 0.47 0.49 0.51 0.60 0.64 325 
0.99 Si 0.30 0.33 0.37 0.42 0.44 0.47 0.52 0.57 320 
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Figure ] 1 Temperature dependence of the activation energy A H for 
(a) Fe-Ni alloys, o 0.21% at. % Ni 330 K 0.71 e.v.; A 0.52 at. % Ni 
325 K 0.67 ev; [] 1.03 at. % Ni 320 K 0.63 ev; and (b) Fe-Co alloys, 
o 0.24 at. % Co 335 K 0.73 ev; A 0.52 at. % Co 335 k 0.73 ev; [] 1.00 
at. % Co 335 K 0.73 ev, as a function of solute concentration. 

indicating that a linear relationship exists through the 
data points regardless of the Co content. A similar 
behaviour is also observed in the Fe-Cr alloys. Both 
alloys in the second category exhibit no concentration 
dependence. On the other hand, the first category 
alloys exhibit a significant concentration dependence 
such that the slope of the straight line decreases with 

0.8 ' I ' I ' I 

0 .6 r 

r D 
5 0  

e- 

.2 
~> 0.4 

< 

0.2 

( a Thermal componen t  ( MPa ) 

0 . 8 0  i I ' I ' I 

0.40 
t -  
o 

._> 
O < 

0 .00  i 
0 100 200  300  400 

( b ) The rma l  c o m p o n e n t  ( MPa ) 

Figure 12 Dependence of the activation energy on the thermal 
component for (a) Fe-Ni and (b) Fe-Co alloys as a function of 
solute concentration. (a) Key: o Fe-0.21 at % Ni, A Fe 0.52 at % 
Ni; [] Fe 1.03 at % Ni. (b) Key: �9 Fe-0.24 at % Co; A Fe-0.54 at % 
Co; [] Fe 1.00 at % Co. 

i n c r e a s i n g  s o l u t e  c o n t e n t ;  in o t h e r  w o r d s  cy* d e c r e a s e s  

w i t h  i n c r e a s i n g  so lu te  c o n t e n t .  I n  o r d e r  to  c lear ly  

s h o w  this  c o n c e n t r a t i o n  d e p e n d e n c e  o n  ~ ,  it is p l o t -  

t ed  in Fig.  16 a g a i n s t  Cs for  a l l  al loys.  I t  is seen  t h a t  

n e i t h e r  C o  n o r  Cr  ex h i b i t  t he  c o n c e n t r a t i o n  d e p e n d -  

ence,  b u t  t he  first  c a t e g o r y  a l loys  exh ib i t  t he  s t r o n g  

d e c r e a s i n g  d e p e n d e n c e  w i t h  i n c r e a s i n g  so lu t e  c o n t e n t  

in t he  o r d e r  of  Ni ,  M n ,  A1 a n d  Si. 

1 0 9 5  



A 

D-  

E 
o 
D .  

E 
o 
o 

E 
113 
e- 

l -  

0 50 100 150 200 250 300 350 400 

Thermal component ( MPa ) 

Figure 13 The activation energy versus the thermal component for 
a comparison of various alloys containing approximately 1 at % 
solute. Key: o Fe-l.00 at % Co; O Feql94 at % Cr; o Fe~l.03 at % 
Ni; [] Fe-l.01 at % Mn; A Fe~3.98 at % A1; O Fe-0.99 at % Si. 

400 

300 

200 

100 

100 

I ' I ' I 

0 / 
/ 

/ 
[] 
/ 

0 t 
0.0 

I , I , I 
0.2 0.4 0.6 

( 1 - T / T o )  2 

Figure 15 Temperature dependence of the thermal component for 
Fe-Co alloys as a function of solute concentration. Key: O pure 
iron; o Fe-0.24 at% Co; A Fe~?.54 at% Co (c~ = 101.9); 
[ ]Fe  1.00at%Co. OFe. 

' I ' I ' 

8O  

e-  

Q 60 
c- 
o 
r 

E 
0 
o 40 
E 
ID 
e- 

20 

126 

0 " 8 t '  I ' I ' I ' I ' I ' I ' I 

0.6 

0 4  
g o 

< 0.2 

0.0 

0 , I , I , 
0.00 0.02 0.04 0.06 

Concentration, C 2/3 
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Al terna t ive ly  D o r n  and  R a j n a k  [37] showed a tem- 
pera tu re  dependence  of  ~* in the form of (T/To) 
(gr/gro) versus (cy* /~)  . The present  d a t a  poin ts  
roughly  fit the theore t ica l  curve with ~ = - 1 in all 
a l loy systems. The  present  da t a  satisfy the theories 
bo th  by Fr iedel  and  by  D o r n  and  Ra jnak  and  con- 
clude tha t  the ra te  cont ro l l ing  mechan i sm in the low 
t empera tu re  de fo rmat ion  of these di lute  b ina ry  al loys 
is the ove rcoming  of the Peierls  bar r ie r  by nucleat ing 
double  kinks  in d is locat ions  with the a id  of  the rmal  
f luctuat ion.  

4.2.  K i n k  e n e r g y  a n d  i t s  w i d t h  
D o r n  and  R a j n a k  1-37] descr ibed the k ink  energy 
Hk and  width  Wk in the forms of 
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Figure 16 Concentration dependence of the thermal component at 
0 K for various alloys. Key: �9 pure iron; o Fe-Co; O Fe-Cr; 
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AHo/2Hk = (T/To)(gwo/gr) (18) 

and  

Wu = (re/2) (2aEo/bZ•) 1/2 (19) 

where a is the dis tance between c lose-packed  rows of 
a toms,  Eo is the line energy of  a d i s loca t ion  ( = gb z, 
g is the shear  modulus)  and  z~ is the the rmal  c o m p o n -  
ent of  the shear  stress (z* = cy*/M) at 0 K. Equa t ion  
18 indicates  tha t  the ac t iva t ion  energy AHo at  To be- 
comes equal  to twice the k ink  energy Hk so tha t  it  can 
be ca lcu la ted  f rom the ac t iva t ion  energy AHo a l ready  
listed in Table  V. 

The  values of Hk thus  ob ta ined  are p lo t t ed  in 
Fig. 17 agains t  the solute  content ,  Cs for six a l loy 
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Figure 17 Concentration dependence of the kink energy for various 
alloys. Key: �9 pure iron; o Fe-Co; O Fe~Cr; o Fe-Ni; [] Fe Mn; 
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systems. Although Co and Cr do not influence the 
kink energy, the second category elements decrease 
the kink energy with increasing solute content in the 
order of Ni, Mn, A1 and Si. On the other hand, the 
kink width Wk increases with increasing solute con- 
tent in the order of Ni, Mn, A1 and Si as shown in 
Fig. 18, where it is again seen that Co and Cr have no 
contribution to the kink width. From Figs 17 and 18 it 
can be concluded that in the first category alloys an 
increase in the solute content leads to an increase in 
the kink width and a decrease in the kink energy. 
These changes eventually result in a decrease in the 
effective stress, leading to solid-solution softening. 

4 . 3 .  S o l i d - s o l u t i o n  s o f t e n i n g  

So far several models have been proposed to the 
solid-solution softening in b c c metals; (1) removal of 
interstitial atoms by solute atoms [38M1], (2) an in- 
crease in the mobile dislocation density [42,43], 
(3) promotion of cross-slip by solute atoms [44, 45] 
and (4) a decrease in the lattice friction stress or cre- 
ation of local distortions that help overcome the lat- 
tice friction stress [2, 4, 46, 47]. The scavenging effect 
of substitutional elements was considered for solid- 
solution softening in F e - C r  [41], Fe -V [5] and 
T a - R e  [5] alloys. Jolley [45] observed the occurrence 
of cross slips even at 50 K and attributed the ease of 
cross-slipping to the softening. Tanaka and Watanabe 
[48] regarded the solid-solution softening as due to 
a change in the formation energy of double kinks. Sato 
and Meshii [10] presented a mechanism such that 
kink nucleation on screw dislocations can be facilit- 
ated by localized strain centres at low temperatures to 
produce the softening. Urakami and Fine [49] pro- 
vided evidence that screw dislocations after deforma- 
tion are helical by being bent by clustered solute 
atoms. 
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Figure 18 Concentration dependence of the kink width for various 
alloys. Key: �9 pure iron; o Fe-Co; O Fe-Cr; V Fe-Ni; [] Fe-Mn; 
A Fe-A1; r Fe Si. 

The absence of solid-solution softening in the 
Fe-Co and Fe-Cr  is attributed to negligibly small 
atomic misfits produced by Co and Cr; as indicated by 
the lattice parameters [50]. Accordingly both the kink 
energy and its width were independent of the solute 
content, indifferent from those in interstitial-free iron. 
On the other hand, the solid-solution softening due to 
the first category elements is attributed to larger atom 
size misfits, as indicated by the lattice parameter 
measurements [50, 51]. Both the kink energy decrease 
and kink width increase with increasing solute con- 
tent, that are experimentally observed, are due to the 
enhanced kink nucleation through a strong solute 
atom-dislocation interaction, eventually resulting in 
a decrease in the effective stress ~* with increasing 
solute content. 

4 . 4 .  S o l i d  s o l u t i o n  h a r d e n i n g  

When the obstacle to dislocation motion is mainly an 
individual solute atom, Fleischer and Friedel [31-33] 
proposed the following relation between the effective 
stress ~ at 0 K and the solute content Cs of the form 

x~b = f *  3/2 Cls/2 b-1 (2EL)- 1/2 (20) 

where f *  is a maximum force of the interaction be- 
tween an individual solute atom and a dislocation and 
EL is the dislocation line tension. When the obstacle is 
a group of solute atoms, Mort and Nabarro [34, 35] 
proposed the following relation, 

"c~ b = f ,4 /3  C~/3 b-4/3 (4EL)- 1/3 wl/3D (21) 

where w is the width of the individual solute obstacle 
(w = b) and D is a constant of the order of 1/3. 

Whether the strengthening in a given alloy is due to 
the Fleischer-Friedel model (Equation 20) or the 
Mot t -Nabar ro  model (Equation 21) depends on the 
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magnitudes off*  and Cs. Labusch [15], based on the 
degree of dislocation bow-out, discriminates between 
these two models; the Fleischer-Friedel model pre- 
vails if 

(2f* b2/144 Cs Ei~) 1/2 > w (22) 

but the Mott-Nabarro model does if 

( f*  b=/4 C~ EL) a/= > w (23) 

The adoption of the present data to the left-hand 
sides of Equation 22 or 23 indicates that Equation 23 
can be better satisfied since the left-hand side of Equa- 
tion 23 is in the range of 3.9 to 24.5 b while that of 
Equation 22 is in the range of 0.52 to 2.5 b. These 
values naturally decrease with increasing solute con- 
centration. It is therefore concluded that the present 
data satisfy the condition for the Mott-Nabarro 
model, i.e. the strengthening is due to the interaction 
of a dislocation with a group of solute atoms. It is 
noted that the Mott-Nabarro model indicates the 
concentration dependence of the athermal component 
is a 2/3 power (Equation 21), and the present data 
have already verified this concentration dependence in 
Fig. 14. 

The solid-solution hardening theories currently 
available consider the atomic size misfit parameter, 
~,( = (1/a)(da/dC),  where a is the lattice parameter), 
the modulus misfit parameter, ~ ( = ~/(1 + 1~/21), 
~ = (1/G)/dG/dC),  where G is the shear modulus ) or 
combination of these misfits. However, only the the- 
ory that has a 2/3 power dependence on the solute 
concentration is due to Labusch [15], while the others 
have linear or 1/2 power dependence. According to 
Labusch, an increase in the athermal component 
stress due to the solute can be described by 

% = 2a(le~l + ~l%l) 4/3 c 2/3 (24) 

" t where a is a constant of 2. Using the values of ~ and 
~a reported by Takeuchi [51] and Speich et al. [50], 
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Figure 19 A combined effect of the solute concentration and lattice 
and modulus  misfits on the athermal component  (I = 297 K). Key: 
O Fe-Si; (~ Fe-A1; V Fe Mn; [] Fe-Ni;  Zk Fe-Co;  Q) Fe-Cr.  

the present data on crg are plotted against 
([e~[ + 2[e,[) 4/3 C 2/3 in Fig. 19 for six alloys. It is pos- 
sible to draw a straight line through the data points 
for the respective alloy, and it is seen that the first 
category alloys containing Si, A1, Mn and Ni have 
a 2/3 power concentration dependence while the sec- 
ond category alloys containing Co and Cr have no 
concentration dependence. Therefore it is concluded 
that the solid-solution strengthening by the first cat- 
egory elements is due to the combined effect of size 
misfit and modulus misfit. 
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