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Abstract 
 

In this research work, the double differentiation mathematical method was used to identify more accurately the criti-
cal stress ሺߪ௖)	and critical strain ሺߝ௖)	associated with the onset of dynamic recrystallization (DRX), which is based on 
changes of the strain hardening rate ሺߠ ൌ  as a function of the flow stress (Poliak and Jonas method, simplified by (ߝ߲/ߪ߲
Najafizadeh and Jonas). For this purpose, a low carbon advanced ultra-high strength steel (A-UHSS) microalloyed with 
different amounts of boron (14, 33, 82, 126 and 214 ppm) was deformed by uniaxial hot-compression tests at high tempe-
ratures ሺ950, 1000, ,ሺ10ିଷ	and constant true strain rates (ܥ1100°	݀݊ܽ	1050 10ିଶܽ݊݀	10ିଵ	ିݏଵ). Results indicate that 
both	ߪ௖	and ߝ௖ increase with decreasing deformation temperature and increasing strain rate. On the other hand, these criti-
cal parameters tend to decrease as boron content increases. Such a behavior is attributed to a solute drag effect by boron 
atoms on the austenitic grain boundaries and also to a solid solution softening effect. 
 
Key words: advanced ultra-high strength steels; hot deformation; dynamic recrystallization; critical stress; critical strain; 
strain hardening rate 

 
 
 

1. INTRODUCTION 

In recent years, the automotive industry has 
promoted the development of new steels in order to 
reduce weight and built more efficient and safer 
cars. Advanced Ultra-High Strength Steels (A-
UHSS) such as dual phase (DP), complex phase 
(CP), boron steels (BS) and martensitic steels 
(MART) have been developed for this purpose (Op-
broek, 2009). These latest generation steels with 
multiphase microstructures, consisting of ferrite, 

martensite, bainite, and retained austenite are char-
acterized by an excellent combination of high 
strength, good toughness and ductility. To reach 
these outstanding mechanical properties, alloying 
and microalloying elements such as C, Mn, Si, Nb, 
Ti, V, Zr and B are added to steel in combination 
with a suitable thermomechanical treatment (Meyer 
et al., 1985; Misra et al., 2001). As is well known, 
the microstructural control of metallic materials 
during hot forming operations is very important 
since it allows controlling the final microstructure 
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and, consequently the desired mechanical properties 
of alloys (Jonas, 1994).   

Nowadays, one of the most important mecha-
nisms for the microstructural control is dynamic 
recrystallization (DRX), which takes place during 
hot deformation of several metals and alloys. From 
laboratory simulations of metal forming, the occur-
rence of DRX is indicated by a well defined peak 
stress value in the experimental true stress–strain ሺߪ െ  curves. However, it has been found (Luton (ߝ
& Sellars, 1969) that DRX actually starts at strain 
values lower than those corresponding to the peak 
stress ൫ߪ௣൯. This threshold strain is known as the 
critical strainሺߝ௖), and is linked with the minimum 
amount of stored energy induced by deformation 
needed to start the DRX (Poliak & Jonas, 1996). 
However, the critical stress value ሺߪ௖) needed to 
detect the precise onset of DRX cannot be easily 
measured on the flow curves and for simplicity; 
some authors extrapolate this to ߪ௣ (Le Bon et al., 
1973). Due to the great influence of DRX on the 
microstructure and final mechanical properties of 
steels, several methods have been proposed to calcu-
late the true ߪ௖ for initiation of DRX on the basis of 
mathematical methods. It is possible to determine 
the ߝ௖ by the method developed by Ryan and 
McQueen (1990) which defines the ߝ௖ as the strain 
at which the experimental flow curve deviates from 
the idealized dynamic recovery (DRV) curve; it is 
based on differences in the strain hardening behavior 
associated with DRX and DRV. An alternative 
method and the most used to determine the critical 
conditions for the onset of DRX is that developed by 
Poliak and Jonas (1996, 2003a, 2003b) which elimi-
nates the need for extrapolated flow stress data; the 
onset of DRX is identified by an inflection point in 
the strain hardening rate-stress ሺߠ െ ߠ	݁ݎ݄݁ݓcurve ሺ (ߪ ൌ  These researchers have shown .(ߝ݀/ߪ݀
that this inflection point corresponds to the appear-
ance of an additional thermodynamic degree of free-
dom in the system. This means that in addition to 
DRV an additional softening mechanism begins to 
operate. The additional mechanism can be phase 
transformation, twinning, or precipitate coarsening, 
but has been identified as DRX in this case.  This 
method was later simplified by Najafizadeh and 
Jonas (2006). The most significant difference be-
tween this and the previous method is that a 3rd order 
polynomial equation was used to fit experimental ሺߠ െ  .curve (ߪ

On the other hand, different factors such as the 
chemical composition of steel can significantly alter 

the critical conditions ሺߪ௖, ߝ௖) for DRX (Luton & 
Sellars, 1969; Sakai & Jonas, 1984; Sah et al., 
1974), e.g., carbon is considered one of the intersti-
tial elements that has more influence on the hot flow 
behavior of steel. Several researches (Wray, 1982; 
Wray, 1984; Xu et al., 1995) have reported that car-
bon produces a solid solution softening effect addi-
tional to that produced by DRX. Increasing the car-
bon content in the steel decreases the work harden-
ing and the flow stress. Likewise, the apparent acti-
vation energy for hot deformation ൫ܳௗ௘௙൯ decreases 
with increasing the carbon content in the steel result-
ing in a faster onset of DRX (Serajzadeh & Taheri, 
2003). Another element that has been found im-
proves the hot flow behavior of steel in a similar or 
higher level than carbon is boron (Song et al., 2003; 
Lopez Chipres et al., 2007. Lopez Chipres et al., 
2008; Mejía et al., 2011). However, the role played 
by boron atoms on the hot deformation of steels has 
not yet been well established. Lagerguist and 
Langnenberg (1972) indicated that because boron is 
a small atom it segregates readily to the grain 
boundaries reducing the grain boundary sliding so 
improving creep ductility. Hondros and Seah (1977) 
reported that the segregated boron on austenite grain 
boundaries changes the thermodynamic characteris-
tics of these boundaries and this may have some 
effect on the softening behavior of austenite during 
hot working.  

Nowadays, there is not relevant information 
about boron effect on the critical conditions for the 
onset and kinetics of DRX in advanced ultra-high 
strength steels (A-UHSS). In this research work, the 
simple method of Najafizadeh and Jonas (2006) was 
applied for determination of ߪ௖ and ߝ௖ to detect the 
precise onset of DRX. Consequently, the effect of 
boron additions and the deformation parameters 
(temperature and constant strain rate) on such criti-
cal conditions for the initiation of DRX in a low 
carbon advanced ultra-high strength steel (A-UHSS) 
under hot compression tests are also determined. 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials and experimental route  
 
The experimental low carbon Advanced Ultra-

High Strength Steels (A-UHSS) were melted in the 
Foundry Laboratory of the Metallurgical Research 
Institute-UMSNH (México) using high purity raw 
materials in a 25 kg capacity induction furnace and 
cast into 70 mm × 70 mm cross section ingots. 
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Chemical compositions of the steels analyzed in this 
study are shown in table 1. The base composition is 
0.15C-0.50Cu-1.31Cr-2.44Ni-0.22V (B0 steel). In 
order to study the individual effect of boron, the 
content thereof was varied in B1-B5 steels.  

 

Uniaxial tensile tests revealed that in the as hot-
rolled + quenched condition the ultimate tensile 
strength goes from 925 MPa for B0 steel to 
1135 MPa for B5 steel with complex phases consist-
ing mainly of bainite and martensite, as can be seen 
in figure 1.  

Cylindrical specimens of 7 mm in diameter and 
11 mm in length were machined from the as cast 
condition steels ingots. Isothermal hot compression 
tests were done at different temperatures and con-
stant true strain rates using an Instron tensile testing 
machine equipped with a radiant cylindrical furnace. 
All tests were undertaken in an argon atmosphere in 
order to protect the molybdenum-based tools from 
oxidation as well as to prevent oxidation of the sam-
ples. First of all, the specimens were heated to 
1100°C and held for 900 s to homogenize the micro-
structure and to obtain a similar initial grain size. 
Then specimens were cooled down to the test tem-
peratures ሺ950, 1000,  and held	(ܥ1100°	݀݊ܽ	1050
again for 300 s. Specimens tested at 1100°C were 
strained directly after of the homogenization treat-
ment. All specimens were strained until ߝ ൌ 0.8	 at 
different constant true strain rates 

ሺ10ିଷ, 10ିଶܽ݊݀	10ିଵ	ିݏଵ) and quenched in water 
immediately after strained. Two tantalum thin foils 
and boron nitride were used as lubricants to mini-
mize friction effects and the subsequent barreling of 

the specimen. Because the 
total strain was only ߝ ൌ 0.8, 
and according to previous 
result (Cabrera et al., 1999) 
no correction was made of 
the flow curves due to fric-
tion. As well, because the 
strain rates involved were not 
very large, adiabatic correc-
tion was not necessary 
(Cabrera et al., 1999). 

 
 
 
 

2.2. Mathematical method for determining the 
onset of DRX 

 
The method developed by Poliak and Jonas 

(1996, 2003a, 2003b) and subsequently simplified 
by Najafizadeh and Jonas (2006) was used to identi-
fy the critical condition of stress and strain ሺߪ௖	ܽ݊݀	ߝ௖	) associated with the real onset of DRX. 
First of all, the elastic portion of each experimental 
flow curve was removed and then these were fitted 
and smoothed to region beyond of peak stress, with 
a 9th order polynomial. The smoothing eliminated 
the irregularities and fluctuations present in the ex-
perimental curves and in this way allowed the sub-
sequent calculations. These experimental	ߪ െ  ߝ
smoothed curves were then employed to calculate 
the value of the strain hardening rate by the differen-
tiation of these, i.e. ߠ ൌ  DRX causes .ߝ݀/ߪ݀
a downward inflection in the ߠ െ  plot, leading to ߪ
zero and negative strain hardening rates; according 
to the approach of Poliak and Jonas (1996, 2003a, 
2003b) and Ryan and McQueen (1990) the point 
where the plot crosses the zero from above represent 

Table 1. Chemical composition of the experimental advanced ultra-high strength steels (A-UHSS) (wt. %). 

Steel C Mn Si S P Cu Cr Ni V Al N B 
B0 0.15 0.40 0.42 0.02 0.013 0.52 1.31 2.44 0.22 0.0026 0.0091 0 
B1 0.12 0.40 0.40 0.02 0.012 0.51 1.31 2.38 0.22 0.0040 0.0100 0.0014 
B2 0.11 0.41 0.43 0.01 0.007 0.46 1.33 2.26 0.24 0.0048 0.0082 0.0033 
B3 0.11 0.40 0.35 0.02 0.012 0.51 1.30 2.37 0.22 0.0030 0.0086 0.0082 
B4 0.10 0.40 0.33 0.01 0.011 0.49 1.30 2.30 0.22 0.0036 0.0079 0.0126 
B5 0.09 0.41 0.29 0.02 0.012 0.50 1.30 2.42 0.22 0.0031 0.0087 0.0214 

 

Fig. 1. Microstructures of the present advanced ultra-high strength steels (AUHSS): a) B0 steel 
(0 ppm B) and b) B5 steel (214 ppm B). 



 INFORMATYKA W TECHNOLOGII MATERIAŁÓW 

 – 155 – 

C
O

M
P
U

TE
R
 M

E
T
H

O
D

S
 I
N

 M
A

T
E
R
IA

L
S
 S

C
IE

N
C

E
 

the peak stress ൫ߪ௣൯ and the inflection point indi-
cates the critical stress ሺߪ௖) for the initiation of 
DRX. The method involves differentiating the ex-
perimental	ߠ െ -curve. However, such differentia ߪ
tion usually does not exhibit clearly the inflection 
point and the exact onset of recrystallization is un-
certain. According to Najafizadeh and Jonas (2006) 
this inflection point can be clearly detected by fitting 
a 3rd order polynomial equation to the experimental ߠ െ  :curve up to the peak point as follows ߪ

ߠ  ൌ ଷߪܣ ൅ ଶߪܤ ൅  (1)  ܦ	ߪܥ

where A, B, C, and D are constants for a given set of 
deformation conditions. Differentiation of this equa-
tion with respect to ߪ results in: 

 ௗఏௗఙ ൌ ଶߪܣ3 ൅ ߪܤ2 ൅  (2)  	ܥ

At critical stress for initiation of DRX, the se-
cond derivative becomes zero. Therefore, 

 ௗమఏௗఙ ൌ 0 → ௖ߪܣ6 ൅ ܤ2 ൅ 0 → ௖ߪ ൌ ି஻ଷ஺ (3) 

According to Poliak and Jonas (1996, 2003a, 
2003b) the next step required to identify the critical 
stress ሺߪ௖) is to plot the derivative of the 3rd order 
equation versus flow stress ሺ݀ߪ݀/ߠ െ  and the (ߪ
minimum points in these plots represent the	ߪ௖. 
Once ߪ௖ has been identified, the critical strain value ሺߝ௖) can be found on the experimental true stress-
strain data. Figure 2 schematically summarizes the 
steps for obtaining of the critical value for initiation 
of DRX by the application of this mathematical 
method. As mentioned above, the onset of DRX is 
not directly measurable on the experimental ߪ െ  ߝ
curves. Then, some authors suggest that the value of 
deformation needed to start the DRX is proportional 
to the peak strain (Le Bon et al., 1973). However, as 
corroborated in figure 2, ߪ௣ and ߪ௖ values are very 
different. ߪ௖ value is significantly lower, which 
indicates that DRX starts well before the strain 
corresponding to ߪ௣.  

3. RESULTS AND DISCUSSION 

3.1. Hot flow curves 
Examples of the flow stress–strain ሺߪ െ  (ߝ

curves obtained from the hot compression tests are 
given in figure 3 for B0 and B5 steels. Similar re-
sults were recorded in the other steels. As expected, 
these hot flow curves show the typical behavior 
when DRX occurs (Roberts, 1982; Sakai & Jonas, 
 

 

Fig. 2. Method used for determination of the critical stress 
associated with the onset of DRX. 

1984; Humphreys & Hatherly, 2004; López Chipres 
et al., 2008; Mejía et al., 2008; Mejía et al., 2011), 
i.e. after reaching a maximum stress value, a sharp 
drop to a steady-state stress level is observed. Like-
wise, all hot flow curves exhibited the classic de-
pendence of ߪ௣ and ߝ௣ on temperature and strain 
rate, i.e., these parameters tend to increase as strain 
rate increases and temperature decreases. As is well 
known, the lower the temperature the softening pro-
cesses are less active and, therefore, a greater stress 
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is required to deform the material. Similarly, the 
higher strain rate less time is available for nucleation 
and growth of new grains, i.e. for the occurrence of 
DRX. Therefore, as illustrated in figure 3, DRX 
preferably appears at strain rates of 0.01 and 0.001 
s−1 and at relatively high temperatures (1000-1100 
°C). Under these conditions Schulson et al., (1985) 
have reported that boron improves the mobility of 
grain boundary dislocations during hot deformation, 
which in turns facilitates the DRX. This reason 
would explain partially the present acceleration of 

the onset of DRX (diminution of ߪ௣	and	 -at in	௣)ߝ
creasing boron content. These results also indicate 
that boron additions could promote a solid solution 
softening effect additional to the DRX itself, in 
a similar way to the role played by other interstitial 
alloying elements such as carbon in steels (Wray, 
1982; Wray, 1984; Xu et al., 1995). This solid solu-
tion softening effect can be associated with diffusion 
and segregation of the boron atoms towards the aus-
tenitic grain boundaries where they occupy the va-
cancies generated by the applied deformation and 

 
Fig. 3. Hot flow curves for B0 and B5 steels as a function of the strain rate for all test temperatures (950, 1000, 1050, 1100°C). 
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modify and reinforce the cohesion of austenitic grain 
boundaries; this fact would allow an easier plastic 
flow in the austenitic lattice (He et al., 1991; Song et 
al., 2003). Such behavior exhibited by the present A-
UHSS microalloyed with boron at high temperatures 
is opposite to that shown at low temperatures, where 
increasing the boron content increases the hardness 
of steel (Wang & He, 2002).  

On the other hand, as is well known, the activa-
tion energy for hot deformation ൫ܳௗ௘௙൯ gives infor-
mation about the difficulty of the atomic rearrange-
ments involved in the rate-controlled mechanism, 
such as DRX (Medina & Hernandez, 1996). Also, 
the ܳௗ௘௙ value depends on the steel grade and is 
very sensitive to small changes in the chemical 
composition (Sellars & McG Tegart, 1966). On this 
basis, the present authors (López Chipres et al., 
2008; Mejía et al., 2008; Mejía et al., 2011) consider 
that boron can promote a diminution of ܳௗ௘௙ and, 
therefore, accelerating the onset of DRX. Although ܳௗ௘௙ has not been calculated for the present steels, 
the decrease of ߪ௣ is a good indication that boron 
decreases the energy barrier for the hot deformation, 
i.e., accelerates the initiation of DRX. This positive 
effect on ܳௗ௘௙ has already been confirmed by Kim 
et al., (2005) in interstitial free (IF) steels. Such be-
havior is possibly because the diffusion in the aus-

tenite for iron-carbon alloys is improved by addi-
tions of interstitial alloying elements such as boron 
(Jahazi & Jonas, 2002). Finally, a slight delay of 
DRX kinetics at increasing boron content was de-
tected in the flow curves. This effect was noted in 
the time spent in attaining the steady state stress 
once DRX has started. The delay of the DRX kinet-
ics is usually associated to a solute drag effect (Saki 

& Jonas, 1984) and it has already been reported by 
this research group in previous work (López Chipres 
et al., 2008). 

 
3.2. Determination of critical stress ሺ࣌ࢉ) 

 
The experimental ߠ െ -curves and its corre ߪ

sponding 3rd order polynomial for B0 and B5 steels 
at 950°C and all strain rates used in this study are 
shown in figures 4a and 4c. As can be seen from 
these graphs, each curve consists primarily of three 
distinct segments. First, ߠ linearly decreases with the 
flow stress at low stresses. Second, the  ߠ െ  curve ߪ
gradually changes to a lower slope linear segment 
and third, the curve drops towards ߠ ൌ 0 to peak 
stress. As mentioned above, the inflection at critical 
stress indicates that DRX becomes operative (Poliak 
& Jonas, 1996, 2003a, 2003b; Ryan & McQueen, 
1990). Points where the plot crosses zero from above 
represent	ߪ௣, and points where it crosses zero from  

 

Fig. 4. Strain hardening rate  analyses for B0 and B5 steels at 950°C and 0.1, 0.01 and 0.001 s-1. 
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below represent stress valleys/minima. At this point, 
the ߪ௣ value can be precisely measured as 67, 
133 MPa for B0 steel at strain rates of 0.001, 0.01 
and 0.1 s-1, respectively (figure 4a), and 56, 83 and 
119 MPa for B5 steel at equal condition of strain 
rate (figure 4c). Although the flow stress peaks in 
constant strain rate deformation are a good indica-
tion that DRX is well under way, they do not pro-
vide precise information about the onset of DRX. As 
already noted, the minimum points in the plots of the 
derivative of the 3rd order equation versus flow stress ሺ݀ߪ݀/ߠ െ  ௖ associated withߪ  represent the exact (ߪ

the onset of DRX. On this basis, ߪ௖ values of 52, 83 
and 110 MPa were recorded for B0 steel at strain 
rates of 0.001, 0.01 and 0.1s-1, respectively, and 44, 
71 and 110 MPa for B5 steel (see figures 4b and 4d). 
As can be seen in the graphs of figure 4, more stress 
is needed for the onset of DRX at increasing strain 
rate ሺߝሶ). On the other hand, the comparative analysis 
of the steel without boron content (B0) and the steel 
with the highest content (B5) indicates, that at all 
strain rates, B0 steel requires more stress and conse-
quently a larger amount of deformation than the B5 
steel for the onset of DRX. This method was used to 

 

Fig. 5. Dependence of the critical stress and critical strain  on the strain rate  at constant temperature. 
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calculate the real critical values of stress and strain 
for initiation of DRX for all test conditions. All re-
sults are displayed in figure 5. 

It is evident from figure 5 that boron additions 
produce softening during the hot deformation of the 
steel. In general, the steel with higher boron content 
(B5-214 ppm B) exhibit the greatest softening effect. 
The lowest values of ߪ௖ and ߝ௖ are observed in this 
steel, particularly at the highest test temperatures. 
Overall, the results of this study show that the higher 
the boron content the lower the stress for DRX on-
set. This softening mechanism can be related to the 
occurrence of an additional channel that facilitates 
formation of dislocations kinks at impurity centers (a 
decrease in kink energy with increasing solute con-
tent, facilitates the dislocation mobility) (Okazaki, 
1996; Gornostyrev et al., 2005; Petukhov, 2007). 
Boron segregates towards austenitic grain boundary 
and promotes disordering and the consequent ex-
pected increase in grain boundary dislocations mo-
bility, which in turn facilitates the onset of the DRX 
(Baker & Schulson, 1988). These phenomena are 
explained on the basis of the non-equilibrium segre-
gation theory proposed by Aust et al. (1968), as an 
effect of mobile vacancy–solute atom complexes 
diffusing through a vacancy gradient towards vacan-
cy sinks (this gradient can be generated by cooling 
and/or by plastic deformation). In this case, the grain 
boundary softening is probably caused by the pres-
ence of solute clusters resulting from the decomposi-
tion of vacancy–solute complexes near the boundary 
sink (Aust et al., 1965; Aust et al., 1968). 

Additionally, this softening effect could be relat-
ed to the dual nature of boron atoms in the austenite 
lattice and their environment. When these possess 
enough energy, they can move from their substitu-
tional position to an interstitial one, experiencing 
this way an accelerated diffusion, which may accel-
erate the onset of DRX (Jahazi & Jonas, 2002). On 
the other hand, the relationship exhibited for the 
present steels between ௖ െ ௖ߝ ሶ andߝ െ  ሶ (see figureߝ
5) is similar to the shape observed in the absence of 
precipitation (no humps are observed); which sug-
gests that the effect of boron on the kinetics of DRX 
is of the solute drag type (Mejía et al., 2008). The 
entire calculated DRX parameters in this study are 
listed in tables 2 and 3. As mentioned above, both ߪ௖ 
and ߝ௖ tend to increase as strain rate increases and 
temperature and boron content decreases. Further-
more, as can be seen in these tables, for the present 
advanced ultra-high strength steels microalloyed 
with boron the  ߝ௖ value associated with the onset of 

DRX is approximately 0.5ߝ௣. The critical ratios of 
both ߪ௖/ߪ௣ and ߝ௖/ߝ௣ remain fairly constant. The 
mean critical stress ratio is 0.82 and the mean criti-
cal strain ratio is 0.53. Similar values have been 
reported for other steels (Poliak & Jonas, 2003a, 
2003b; Karjalainen et al., 1995; Siciliano & Jonas, 
2000; Sun & Hawbolt, 1997; Shaban & Eghbali, 
2010; Elwazri et al., 2004; Mirzadeh & Najafizadeh, 
2010; Jafari & Najafizadeh, 2008; Mirzadeh et al., 
2011; Kim et al., 2005). Finally, the dependence of 
critical strain on temperature and strain rate can be 
expressed as the following equation by Zener–
Hollomon parameter: 

௖ߝ  ൌ ఌܭ ∙ ܼ௠ഄ (4) 

where ܭఌ and ݉ఌ are material constants, Z is the 
Zener–Hollomon parameter, which is defined as: 

 ܼ ൌ ሶߝ ∙ ݌ݔ݁ ቀ ொோ்ቁ (5) 

where ߝሶ is the strain rate, ܳ is the activation energy 
for deformation, ܴ is the universal gas constant and ܶ is the absolute temperature. ܳ of 270 kJ mol– 1 for 
lattice self diffusion of iron in austenite was em-
ployed. Employing this approach, ߝ௖ theoretical 
relationships were determined from experimental 
data and fitted with equation (4) using the least-
squares method, as shown in figure 6. As can be 
seen in this figure, there is a linear relationship be-
tween ߝ௖ and Z. ߝ௖ tends to increase as Z increases, 
i.e. as strain rate increases and temperature decreas-
es. The resulting equations for ߝ௖ of each ana-
lyzed steel are also indicated in the graph of fig-
ure 6. 

 

Fig. 6. Dependence of the critical strain   for the initiation of 
DRX on Zener–Hollomon parameter (Z) for each analyzed steel. 
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Table 2. Peak stress ൫ߪ௣൯ and critical stress ሺߪ௖) values calculated for all test conditions. 

Steel 
ሶߝ ൌ ሶߝ ଵିݏ0.001 ൌ ሶߝ ଵିݏ0.01 ൌ  ଵିݏ0.1

T, °C ߪ௣ ߪ௖ ߪ௖/ߪ௣ ߪ௣ ߪ௖ ߪ௖/ߪ௣ ߪ௣ ߪ௖ ߪ௖/ߪ௣ 

B0 

950 
1000 
1050 
1100 

67 
58 
45 
35 

53 
48 
39 
31 

0.79 
0.82 
0.86 
0.88 

100 
77 
65 
54 

84 
62 
57 
45 

0.84 
0.80 
0.87 
0.83 

133 
105 
83 
75 

111 
87 
70 
62 

0.83 
0.82 
0.84 
0.82 

B1 

950 
1000 
1050 
1100 

74 
63 
47 
36 

62 
53 
40 
31 

0.83 
0.84 
0.85 
0.86 

100 
78 
71 
58 

81 
64 
63 
48 

0.81 
0.82 
0.88 
0.82 

134 
109 
96 
76 

113 
87 
80 
63 

0.84 
0.79 
0.83 
0.82 

B2 

950 
1000 
1050 
1100 

70 
54 
43 
34 

45 
45 
37 
28 

0.64 
0.83 
0.86 
0.82 

100 
79 
63 
53 

86 
65 
53 
44 

0.86 
0.82 
0.84 
0.83 

131 
107 
86 
73 

107 
88 
71 
59 

0.81 
0.82 
0.82 
0.80 

B3 

950 
1000 
1050 
1100 

76 
50 
40 
36 

64 
41 
34 
31 

0.84 
0.82 
0.85 
0.86 

97 
72 
55 
51 

81 
64 
44 
45 

0.83 
0.88 
0.8 

0.88 

124 
100 
80 
69 

104 
81 
66 
60 

0.83 
0.81 
0.82 
0.86 

B4 

950 
1000 
1050 
1100 

57 
46 
36 
30 

48 
38 
30 
24 

0.84 
0.82 
0.83 
0.80 

81 
65 
56 
48 

69 
54 
46 
38 

0.85 
0.83 
0.82 
0.79 

116 
98 
75 
65 

106 
86 
61 
46 

0.91 
0.87 
0.81 
0.70 

B5 

950 
1000 
1050 
1100 

56 
43 
38 
27 

44 
36 
33 
24 

0.78 
0.83 
0.86 
0.88 

83 
70 
54 
42 

71 
56 
44 
35 

0.85 
0.80 
0.81 
0.83 

119 
101 
75 
62 

103 
85 
64 
50 

0.86 
0.84 
0.85 
0.80 

Table 3. Peak strain ൫ߝ௣൯ and critical strain ሺߝ௖) values calculated for all test conditions. 

Steel 
ሶߝ ൌ ሶߝ ଵିݏ0.001 ൌ ሶߝ ଵିݏ0.01 ൌ  ଵିݏ0.1

T, °C ߝ௣ ߝ௖ ߝ௖/ߝ௣ ߝ௣ ߝ௖ ߝ௖/ߝ௣ ߝ௣ ߝ௖ ߝ௖/ߝ௣ 

B0 

950 
1000 
1050 
1100 

0.23 
0.18 
0.16 
0.12 

0.09 
0.09 
0.08 
0.07 

0.39 
0.5 
0.5 

0.58 

0.29 
0.24 
0.20 
0.17 

0.13 
0.10 
0.11 
0.08 

0.44 
0.41 
0.55 
0.47 

0.45 
0.38 
0.27 
0.23 

0.16 
0.14 
0.12 
0.10 

0.35 
0.36 
0.44 
0.43 

B1 

950 
1000 
1050 
1100 

0.22 
0.19 
0.16 
0.13 

0.11 
0.09 
0.08 
0.06 

0.5 
0.47 
0.5 

0.46 

0.27 
0.21 
0.21 
0.19 

0.11 
0.11 
0.10 
0.09 

0.40 
0.52 
0.47 
0.47 

0.44 
0.35 
0.29 
0.24 

0.16 
0.12 
0.13 
0.11 

0.36 
0.34 
0.44 
0.45 

B2 

950 
1000 
1050 
1100 

0.24 
0.20 
0.16 
0.12 

0.10 
0.10 
0.12 
0.06 

0.41 
0.5 

0.75 
0.5 

0.32 
0.27 
0.21 
0.20 

0.17 
0.12 
0.14 
0.10 

0.53 
0.44 
0.66 
0.5 

0.49 
0.36 
0.31 
0.26 

0.19 
0.16 
0.19 
0.11 

0.38 
0.44 
0.61 
0.42 

B3 

950 
1000 
1050 
1100 

0.22 
0.15 
0.12 
0.12 

0.11 
0.07 
0.06 
0.06 

0.5 
0.46 
0.5 
0.5 

0.32 
0.23 
0.18 
0.16 

0.13 
0.14 
0.08 
0.09 

0.40 
0.60 
0.44 
0.56 

0.49 
0.34 
0.29 
0.21 

0.16 
0.13 
0.13 
0.12 

0.32 
0.38 
0.44 
0.57 

B4 

950 
1000 
1050 
1100 

0.21 
0.16 
0.12 
0.10 

0.11 
0.08 
0.06 
0.05 

0.52 
0.5 
0.5 
0.5 

0.31 
0.22 
0.18 
0.17 

0.14 
0.10 
0.09 
0.08 

0.45 
0.45 
0.5 
0.47 

0.48 
0.43 
0.27 
0.25 

0.24 
0.16 
0.12 
0.11 

0.5 
0.37 
0.44 
0.44 

B5 

950 
1000 
1050 
1100 

0.19 
0.15 
0.11 
0.09 

0.09 
0.07 
0.06 
0.05 

0.47 
0.46 
0.54 
0.55 

0.30 
0.23 
0.17 
0.13 

0.13 
0.09 
0.07 
0.06 

0.43 
0.39 
0.41 
0.46 

0.52 
0.32 
0.24 
0.22 

0.19 
0.13 
0.10 
0.08 

0.36 
0.40 
0.41 
0.36 
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4. CONCLUSIONS 

1. From the experimental stress-strain curves, the 
double differentiation method provided precise 
results to determinate the critical conditions for 
the initiation of DRX. 

2. A numerical approach on the dependence of the 
critical strain as a function of temperature and 
strain rate was determined for each studied steel. 

3. In general, the ߪ௖ and ߝ௖ values tend to decrease 
as boron content increases, which indicates that 
boron additions generate a solid solution soften-
ing effect. The steel with 214 ppm of boron con-
tent exhibited the greatest softening effect. 

4. The mean critical ratios of ߪ௖/ߪ௣ and ߝ௖/ߝ௣ for 
the present advanced ultra-high strength steels 
microalloyed with boron were 0.82 and 0.53, re-
spectively. These ratios are consistent with val-
ues reported for other steels, particularly C–Mn 
steels, microalloyed steels, high carbon and 
stainless steels. 
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WYZNACZANIE KRYTYCZNYCH PARAMETRÓW 

DLA ROZPOCZĘCIA REKRYSTALIZACJI 
DYNAMICZNEJ (DRX) I ZAAWANSOWANYCH 

STALACH O PODWYŻSZONEJ WYTRZYMAŁOŚCI  
Z DODATKIEM BORU 

Streszczenie 
 
Matematyczna metoda podwójnego różniczkowania została 

zastosowana dla dokładniejszej identyfikacji krytycznego 
naprężenia c i krytycznego odkształcenia c związanego 
z rozpoczęciem rekrystalizacji dynamicznej (DRX). Te dwa 
parametry są związane z prędkością umocnienia  = / 
przedstawianą jako funkcja naprężenia uplastyczniającego 
(metoda Poliaka i Jonasa, uproszczona przez Najafizadeha 
i Jonasa). W tym celu niskowęglową stal o wysokiej 
wytrzymałości (ang. advanced ultra-high strength steel - 
AUHSS) wzbogacono różnymi zawartościami boru (0, 14, 33, 
82, 126 i 214 ppm). Tą stal poddano odkształceniom plas-
tycznym w wysokich temperaturach (950, 1000, 1050 i 1100oC 
przy stałych prędkościach odkształcenia (10-3, 10-2 i 10-1 s-1). 
Otrzymane wyniki wykazały, że zarówno c jak i c rośnie wraz 
z obniżeniem się temperatury odkształcenia i wzrostem 
prędkości odkształcenia. Z drugiej strony, te krytyczne para-
metry zmniejszają się gdy wzrasta zawartość boru w stali. Jako 
przyczynę takiego zachowania uznano wpływ atomów boru w 
roztworze na granice ziaren austenitu a także wpływ mięknięcia 
roztworowego. 
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