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On the Influence of Porosity on the 
Portevin-Le Chatelier Effect in Sintered Iron 

E.S. Palma 

Sintered irons of four different porosities were strained in tension at temperatures between 295 (room 
temperature) and 873 K. Serrated stress-strain curves and high work hardening in the temperature 
range from 333 to 693 K, for all porosities, were characteristic of dynamic strain aging. The activation en- 
ergy for the onset of serration was 5:0.82 eV and was independent of porosity. On the contrary, the pa- 
rameter II from the relation for dislocation density increased with increasing porosity. 
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1. Introduction 

THE PORTEVIN-LE CHATELIER effect (PLC) is a manifesta- 
tion of  dynamic strain aging (DSA). Specimens tested in cer- 
tain ranges of  temperature and strain rate show serrated 
stress-strain curves as a result of interaction between mobile 
dislocations and diffusing solute atoms. In this phenomenon, 
solute atoms are attracted by and move to dislocations, forming 
solute atmospheres around them (Ref 1-4). An increase in the 
resistance to dislocation movement, because of  pinning of dis- 
locations by solute atoms and the strengthening of  the disloca- 
tions forest (Ref 2, 5-8), results in variations in the mechanical 
properties of materials and usually causes an increase in 
strength and a decrease in ductility (Ref 2, 9-11). 

Recently, much work has been done in order to understand 
the phenomenon involving DSA and PLC in metals from both 
experimental and theoretical viewpoints (Ref 12-14), while 
other studies have been concerned with the mathematical mod- 
eling o fDSA (Ref 15-16). 

Sintered materials, as distinguished from pore-free materi- 
als, have porosity as a distinguishing feature. The effects of  
pores on the mechanical properties of sintered materials have 
been intensively investigated and well documented (Ref 17- 
26). It is generally found that an increase in porosity leads to a 
decrease in yield stress, ultimate tensile stress (UTS), ductility, 
Young's modulus of  elasticity, and so on. This effect has been 
associated with the dependence of  the load-bearing cross sec- 
tion on porosity and, mainly, on the internal notch effect of 
pores. It is very well known that the notch effect is higher the 
smaller and more irregular the pores. 

Although much literature exists about the effect of strain ag- 
ing on the yield strength and flow strength of  pore-free materi- 
als, and the effect of  porosity on the mechanical properties of  
sintered materials, relatively little attention has been given to 
the influence of  temperature and porosity on the PLC effect in 
sintered materials. The present work concentrates on the effect 
of  porosity on the temperature dependence of the mechanical 
properties of  sintered iron under tension. This work also dis- 
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cusses the influence of porosity on the initiation of the PLC ef- 
fect in sintered iron. 

2. Experimental Procedures 

2.1 Materials 

A H6gan~is ASC 100.29 iron powder was chosen for the 
present study. Its chemical composition is listed in Table 1, and 
Table 2 gives the particle size distribution. 

The compaction pressure used to prepare tensile specimens, 
as shown in Fig. 1, was varied to give four different as-sintered 
porosities: 3.7, 6.2, 8.8, and 12.5. Sinterization of specimens 
was carried out for 30 min at 1150 ~ in an atmosphere of  
cracked ammonia. 

Microstructure analysis and phase identification were per- 
formed by light microscopy. A typical optical micrograph for 
porosity P0 = 12.2% is shown in Fig. 2. 

Table I Chemical composition of  iron (wt%) 

C P Cu si AI Mn Cr Ni Fe 

0.02 <0.01 0.02 0. I0 0.05 0.03 <0.01 0.02 Bal 

Table 2 Particle size distribution of  iron powder 

Particle Content, 
size, pm wt % 

230 0.3 
200 0.9 
152 9.8 
44 28 
<44 Bai 

120 6 . ~  
Fig. 1 Geometry of tensile specimen (dimensions in mm) 
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2.2 Tensile Testing 

Tensile tests were carded out in a Zwick model 1498 univer- 
sal testing machine, equipped with a furnace that controlled the 
temperature from 295 to 873 K. A Ni-Cr-Ni thermocouple with 
accuracy of  :t:2 ~ was attached to the middle of  the specimen 
for temperature measurements and control. Tests were per- 
formed at constant cross-head speeds of  0.18 mm/min, corre- 
sponding to an initial strain rate of  2.0 x 10 --4 s -1. Three or four 
specimens were tested under each temperature condition, and 
the average values of  the properties (yield stress, UTS, ductil- 
ity, Young's modulus of  elasticity, etc.) were calculated. Longi- 
tudinal strains corresponding to each respective stress were 
measured and automatically recorded. 

3. Results 

3.1 Effect of Porosity and Temperature on Mechanical 
Properties 

Figure 3 shows true tensile stress-strain curves at different 
temperatures for iron with P0 = 12.5%. In this figure, the char- 
acteristic serrated curves can be observed for temperatures be- 
tween 363 and 573 K. 

Figure 4 shows the 0.2% offset yield stress of  iron as a func- 
tion of temperature for three different porosities. The 0.2% off- 
set yield stress decreases with increasing porosity and 
temperature. However, a plateau in the curves (or a small peak 
in the curve with Po = 3.7%) occurs for 363 < T<  573 K, 
within the DSA range. 

The porosity and temperature dependence of  UTS for iron 
are shown in Fig. 5. The behavior observed is as follows: At  the 
beginning or at lower temperatures, the UTS decreases with in- 
creasing temperature and reaches a minimum around 350 K. 
The UTS then increases with increasing temperature and 
reaches a maximum around 500 K before decreasing with fur- 
ther increase in temperature. It also can be seen that the UTS in- 
creases with decreasing porosity content. At high temperatures, 
however, the influence of  porosity on UTS becomes negligible. 

The influence of  porosity and temperature on the uniform 
strain of iron is shown in Fig. 6. Initially, the uniform strain de- 

Fig. 2 Micrograph of iron with porosity P0 = 12.2% 

creases with increasing temperature and reaches a minimum 
around 400 K before increasing with further increase in tem- 
perature, until it reaches a maximum at about 700 K. The uni- 
form strain then decreases with further increase in temperature. 
Similarly to the UTS, the uniform strain increases with decreas- 
ing porosity. 

3.2 Activation Energy for Onset of Jerky Flow 
(Serrations) 

The model of DSA used in this study has been developed in 
detail in Ref 1, 5, and 17. In this mode/ the  density of  mobile 
dislocations, P~l, is assumed to increase as a power 13 of strain, 
i.e., Pgl ~ el~. TIKus, the activation energy for the onset of serra- 
tions is calculated using the equation 

/~k/-/W 
In(k) = In(C) + p In (ec) kT (Eq 1) 

with 
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Fig. 3 Influence of temperature (from 295 to 873 K) on true 
stress-strain curves of iron with P0 = 12.5% 
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Fig. 5 Influence of temperature (from 295 to 873 K) on ulti- 
mate tensile strength for irons with several porosity contents 
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Fig. 6 Influence of temperature from (295 to 873 K) on uni- 
form strain for irons with several porosity contents 
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Fig. 7 Influence of temperature on the critical strain for the on- 
set of serration, e c, for iron with P0 = 12.5% (e = 2 • 10 -4 s -l) 
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Fig. 8 Influence of strain rate on the critical strain for the onset 
of serration, ec, for iron with P0 = 12.5% (T = 403 K) 

Table 3 Activation energies for onset of dynamic strain 
aging and values of  I] for irons with different porosity 
contents, calculated using Eq 3 and 4 

DSA Porosity P0, % 
parameter 3.7 6.2 8.8 12.5 

AHJI], eV 1.13 1.06 0.94 0.89 
~l 0.73 0.75 0.89 0.91 
AHw, eV 0.82 0.80 0.83 0.81 

Therefore, by plotting In(e) against ln(ec) at the same tem- 
perature, one can obtain the value of ~ from the slope 

O In (~) 
- -  - I~ (Eq 3) 
a In (ec) 

where T is constant. Similarly, the plot of In (ec) against 1/kT at 
the same strain rate gives (AH w + kT)/~ as the slope 

4kTDo 3 In (ec) AH w + kT 
C - (Eq 2) 

UBMT O(1/kT) - 13 
(Eq 4) 

where e is the strain rate, E c is the critical strain rate for the onset 
of serrations, AH w is the activation energy for the onset of ser- 
rations, k is Boltzmann's constant, T is absolute temperature, 
D O is a constant, U B is the bond energy of atom, and M T is Tay- 
lor ' s fac tar. 

where e is constant. The activation energy for the onset of ser- 
rations, AH w, can then be determined by this method, neglect- 
ing the factor kT, which is -0.05 eV. 

Using this approach, the critical strain for the onset of serra- 
tion ec can be determined by plotting the stress-strain curve at 
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Fig. 9 Influence of temperature on the critical strain for the on- 
set of serration, ec, for iron with P0 = 12.5 and 3.7% 

different temperatures but at the same strain rate, and by plot- 
ting stress-strain curves at different strain rates but at the same 
temperature. These curves are shown in Fig. 7 and 8, respec- 
tively, for iron with 12.5% porosity. In these figures, the first 
critical strains for the onset of  serration are identified by ar- 
rows. In both cases, smaller values of  critical strain for the on- 
set of  serration, E c, can be observed by increasing the 
deformation temperature (where ~ is constant) or by decreasing 
the strain rate (where Tis constant). 

Figures 9 and 10 show E c as a function of temperature and as 
a function of actual strain rate, respectively, for iron with P0 = 
12.5 and 3.7%. The values of  AHJI3 and 13 were determined 
by using Eq 3 and 4 and the slope of  Fig. 9 and 10. AH w was cal- 
culated as the product of the two values, summarized in Table 3. 

Figure 11 shows the plots of  activation energies for onset of  
dynamic strain aging and the 13 exponent  for iron as functions 
of  porosity content. AH w appears to be independent of  porosity 
content, but the 13 values, on the other hand, increase with in- 
creasing porosity content. 

4. Discussion 

The experimental results show that temperature influences 
the mechanical properties of  sintered iron in the same way as 
for similar pore-free material. For example, at temperatures be- 
tween 333 and 693 K, characteristic serrated curves that are due 
to the DSA effect (i.e., the repeated pinning of moving disloca- 
tions by solute atoms) have been frequently observed. Because 
this is a diffusion-controlled process, it reaches a maximum 
when the diffusion velocity of  solute atoms becomes equal to 
the velocity of  mobile dislocations, which is dependent on 
strain rate. 

The results of  the current study of  critical strain for the onset 
of serration shows that the exponent 13 increases with increas- 
ing porosity. The values obtained for 13 are in good agreement 
with values in the literature, which lie between 0.5 and 1.0 (Ref 
8, 11, 27). In order to explain the dependence of 13 on porosity, 
it must be observed that the values of  13 were determined from a 
macroscopically measured plastic strain, which was influenced 
by porosity. DSA, or jerky flow, is related to the dynamic inter- 
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Fig. 10 Influence of actual strain rate on the critical strain for 
the onset of serration, ec, for iron with P0 ; 12.5 and 3.7% 
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action between diffusing solute atoms and mobile dislocations 
(i.e., the process takes place in a ferrite matrix). In a sintered 
porous material, inhomogeneous deformation takes place at lo- 
calized small regions in the vicinity of  pores. Increasing poros- 
ity leads to a higher concentration of  plastic strain in these 
small regions. In order to maintain e as a constant, the disloca- 
tion density is then increased. This is possible only if 13 values 
are increased. 

Similarly, inhomogeneous plastic strain leads to an increase 
of  AHw/13 values by decreasing porosity. The activation energy 
to begin DSA is obtained from the product of  1~ and AHw/~, and, 
as expected, they are independent of  porosity. The average 
value of A/-/w for iron was 0.82 eV, and it was in good agree- 
ment with the values obtained from the literature (Ref 5, 28) for 
pore-free Armco iron. These values correspond to an activation 
energy for carbon diffusion in (x-iron. Thus, the DSA is caused 
by diffusion of  interstitial carbon solute atoms. 

5. Conclus ions 

In summary, the following conclusions may be drawn from 
the experimental results, and from the publications discussed 
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above, about the influence of porosity on the temperature de- 
pendence of the deformation behavior of sintered iron: 

1. The influence of temperature on the deformation behavior 
and mechanical properties of sintered iron is similar to its 
effect on pore-free iron. 

2. At temperatures between 333 and 693 K, characteristic ser- 
rated curves were observed, which are due to DSA caused 
by the interaction between mobile dislocations and diffus- 
ing carbon solute atoms. 

3. The exponent ~ in the dislocation density equations in- 
creases with increasing porosity due to pores, which lead to 
inhomogeneous plastic strain in sintered iron. Plastic strain 
takes place in the vicinity of pores. The ~ values in this 
work are in good agreement with those from the literature. 

4. The values of activation energies for onset of DSA are inde- 
pendent of porosity. They are also in very good agreement 
with those determined for pore-free Armco iron and corre- 
spond to activation energy for carbon diffusion in or-iron. 
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