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Abstract 

Boltzmann-type sigmoidal equations to model the tensile strain hardening and flow stress 
behavior of a metastable AISI 301LN austenitic stainless steel subjected to prior cold 
deformation have been developed. This model can be used in the numerical simulation of the 
energy absorbed by structures fabricated using this steel during collision events. In addition, it 
can also be used to establish the maximum allowable prior compressive strain through cold 
rolling which will result in a steel capable of adequate energy absorption. It was found that the 
compressive pre-strain had a strong effect on increasing the initial martensite content, 
increasing the tensile yield strength but reducing the ability of the material to absorb energy 
during subsequent tensile straining. In order to produce AISI 301LN crash-relevant structures 
for a vehicle, a cold rolling thickness reduction in the order of 20 pct or lower must be 
employed. This will result in the mechanical energy absorbed by the material of at least 210 
MJ/m3 in the event of a collision. The tensile strain hardening curves established for the pre-
strained steel confirmed a high-strength coefficient value in the range of 1770 to 1790 MPa for 
the AISI 301LN steel at 30 °C. Neutron diffraction work, coupled with Electron backscatter 
diffraction (EBSD) analyses, studied the γ → α′ and ɛ martensitic transformation during 
compressive pre-straining, in order to explain the subsequent tensile strain hardening effects 
observed. 

 

1 Introduction 

Metastable austenitic steels hold great promise for use in structures where high energy 
absorption in the case of collisions is required, for the development of the so-called “crash-
resistant” high-strength steels. The austenite-to-martensite transformation induced by plastic 
deformation is known to give rise to high work-hardening and energy adsorption rates.[1] 
Furthermore, these steels can be pre-strengthened by temper rolling so that the martensite 
constituent induced by compressive straining contributes to the increase in the yield strength, 
resulting in high yield strength values for the as-built structures. The development of 
constitutive equations describing the tensile strain hardening as a function of the prior 
compressive deformation, during temper rolling, specifically during subsequent tensile 
straining as one would encounter in a collision, is however challenging. 

The work-hardening behavior of many engineering materials have been sufficiently described 
by the Hollomon’s power law,[2] which, however, provides some challenges at flow stresses 
close to the yield strength. 
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            (1)  

To overcome such challenges, this equation was modified by Swift for materials which show 
similar yield strengths but with varying strain hardening behavior by proposing an additional 
strain term, εo.[3] 

          (2)  

Pre-straining of metastable austenitic stainless steels by a process such as cold rolling results 
in high variability of yield strength values during subsequent tensile loading.[4] A modified 
Swift model has been proposed to account for the effect of compressive pre-strain on the flow 
properties during subsequent tensile reloading. This model was shown to be accurate for 
materials where the phase composition remains constant upon deformation, such as with low 
carbon steels.[5,6] For metastable austenitic steels such as AISI 301 LN, prior cold rolling 
stimulates the martensite transformation and instills high levels of yield strength. It is, however, 
unlikely that the modified Swift models will be successful in describing the subsequent flow 
behavior during tensile reloading, due to the complex effects that the martensite formation has 
on the flow behavior. Not only the additional strain term is needed but additional stress factor 
as well due to varying yield strength because of pre-existing martensite which has been induced 
during prior cold rolling. 

The Ludwik modification of the Hollomon equation added an additional stress factor (σo) for 
materials which show varying yield strength values with similar strain hardening behavior.[3] 

           (3)  

The Ludwik equation was, however, found to be unable to model the flow behavior of AISI 
301LN steel, and it is therefore unlikely to be successful in accounting for the effect of cold 
rolling pre-strain.[3] Earlier work by the current authors demonstrated that a Boltzmann 
sigmoidal strain hardening equation was successful in the calculation of the tensile flow 
behavior of this steel over a wide range of temperatures.[7] 

     (4)  

where σ is the true stress in MPa, A is the maximum log of true stress (log σmax) when the 
sigmoidal function levels off after the martensitic transformation reaches saturation point, B is 
the minimum log of true stress (log σmin) at the beginning of the sigmoidal curve before any 
significant martensitic transformation in tension, ɛ is the true strain, αs is the maximum strain 
sensitivity which corresponds to the log true strain value where there is a maximum slope of 
the log–log plot of the true stress–true strain curve, and βs is a “Hill factor” derived from the 
sigmoidal nature of the log–log plots of the true stress–strain curves. The variable describes 
the steepness of the sigmoidal curve. The numerical value is given by, β = (A − B)(4 × nipeak)−1, 
where nipeak is the peak instantaneous strain hardening exponent, which is the maximum 
instantaneous derivative of the sigmoidal function. 

In the earlier work,[7] the effect of compressive pre-strain was, however, not analyzed. This 
paper therefore seeks to investigate the Boltzmann sigmoidal strain hardening function as a 
possible basis for modeling the tensile flow behavior of metastable austenitic steels following 
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compressive pre-straining through cold rolling at a temperature where a second phase 
transformation in 18-8 metastable austenitic steels occurs, with specific reference to AISI 
301LN. The same mathematical form of equation seems to be able to quantitatively describe 
the variation of austenite-to-martensite transformation as a function of true strain.[9] This is due 
to the close relationship between strain hardening and strain-induced martensitic 
transformation (SIMT). The equations which have been reported in literature to model the 
behavior of the γ → α′ transformation as function of applied strain include the Olson and Cohen 
model,[8] the extended JMAK equation by Shin,[9] the Guimaraes model,[10] the Matsumura 
equation,[11,12] and the Gompertz model by Ahmedabadi,[13] Tavares,[14] and Naghizadeh[15] 
have not been tested on modeling the strain hardening behavior of metastable austenitic 
stainless steels. These works referenced have not produced equations which could be used for 
both martensite transformation and strain hardening. 

A second aim of the work is to investigate the maximum prior cold deformation that can be 
applied, while still maintaining good tensile energy absorption during a collision event. It 
stands to reason that increased cold deformation will increase the initial martensite content and 
the yield strength, but it is likely that there will be a maximum yield strength gain which can 
be achieved before the tensile energy absorption capacity will be reduced to unacceptable 
levels. 

2 Experimental Procedure 

Cold rolling was done on an industrially produced AISI 301LN stainless steel sheet in annealed 
and pickled condition (as-received) to different gauges from 5 to 70 pct at room temperature 
with an interpass cooling in water at 25 °C. The plastic flow behavior of pre-strained material 
in compression was then studied by means of uniaxial tensile testing with interrupted tests that 
were done at 30 °C using a hydraulic universal tensile machine by Instron (1175 model) 
equipped with a 100 kN load cell fitted with an environmental chamber (3110 model) at an 
initial low strain rate of 6.67 × 10−4 s−1. This strain rate was chosen to minimize adiabatic 
heating which results from high strain rates. A 50-mm-gauge contact extensometer (model 
2630-112 by Instron) was used to determine the elongation of the samples upon deformation 
and was not removed until fracture. The experimental scatter of experimental values was 
included in all graphs and to some degree could have been caused by interruption during tensile 
deformation. Single experiments were performed. Tensile samples were machined according 
to ASTM E-8M standard. 

The prior cold rolling had resulted in the formation of various amounts of martensitic phase 
depending on the degree of prior cold rolling as evaluated by means of Ferritescope instrument 
(Helmut Fisher GmbH, model MP3B). During tensile deformation, an indication of the 
percentage of strain-induced α′-martensite of all the specimens was again initially determined 
using the same Ferritescope instrument at 5 pct engineering strain intervals. The operational 
principle of the Ferritescope is based on the measurement of the magnetic permeability of the 
material. Ferritescope readings have been designed to quantify the fraction of delta ferrite 
(magnetic) in austenitic stainless-steel weld metal and need to be corrected if it is used to 
quantify martensite fractions. Ferritescope measurements were used as a quick and non-
destructive approach for in-situ measurements of magnetic strain-induced α′-martensite 
content. The results of the Ferritescope readings were adjusted to true values of percentage α′-
martensite by the established calibration curves using a combination of Vibrating Sample 
Magnetization (VSM) measurements, X-ray, and neutron diffraction analyses. A calibration 
factor of 1.62 (derived using compressive deformation),[16] and a calibration factor of 1.70 
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(derived using tensile deformation),[17] were found to be accurate to convert Ferritescope 
measurements to actual percentage of martensite content. A calibration factor of 1.70 (derived 
using tensile deformation) was found to be in good agreement with what was reported in the 
literature[18,19] and was used to convert Ferritescope measurements to arrive at the true α′-
martensite content during interrupted tensile testing. Accurate determination of the volume 
fractions of the phase transformation upon progression of cold deformation of austenite is 
essential to have a good knowledge of the process. There was no need for thickness correction 
for Ferritescope measurements as the thickness of the samples were all greater than 2 mm. 

In all cases during Ferritescope measurements, at least seven readings were taken on the surface 
of individual cold-rolled samples and tensile-deformed samples at different points within the 
uniform elongation region of the gauge length. The mean and standard deviations were 
calculated. The Ferritescope readings were taken under unloaded (unstressed) conditions when 
atoms are in their equilibrium positions to give a true magnetic response of the material. The 
Ferritescope device was calibrated using the standard δ-ferrite samples supplied with it. The 
samples for EBSD microstructural analysis were lightly ground and electropolished using a 
Struers Lectropol-5 equipment and A3 electrolyte at an operating voltage of 35 V at room 
temperature for 50 seconds. Samples for neutron diffraction analysis were machined using 
wire-cut electrical discharge machining and no further sample preparation was done to avoid 
further formation of strain-induced martensite during the process. Neutrons have much greater 
penetration depth as compared to scanning near the surface only as in EBSD microstructural 
analysis and X-ray diffraction analysis, hence the neutron diffraction technique analyzes a 
considerable larger volume as compared to the EBSD and XRD techniques. For chemical 
composition, see Table I and this is the same material as was studied in the previous 
works.[2,7,20] 

Table I. Chemical Composition of Annealed and Pickled AISI 301LN as Supplied (Wt Pct) 

 

The initial percentage of austenite at 25 °C was determined as being 100 pct, using 
microscopical, diffraction analyses (X-ray and neutron) and magnetic methods.[21] The 
percentage of austenite (γ), α′- and ɛ-martensites of the selected samples were determined using 
X-ray and neutron diffraction analyses. The initial thickness of the steel sheets was 4.05 mm. 
The percentage of cold rolling was converted to true compressive strain by using the normal 
relationship between the thickness reduction, r and true strain, ɛ. 

3 Results 

The percentage of both α′ and ɛ martensitic transformed, as a function of the percentage of 
prior cold rolling, is given in Figure 1. The volume fractions of ɛ-martensite were obtained 
solely using neutron diffraction analyses while volume fractions of α′ martensite were obtained 
using adjusted Ferritescope readings. The neutron diffraction spectra for selected samples after 
different levels of prior cold rolling are as shown in Figure 2. The Ferritescope readings were 
multiplied by a calibration factor of 1.62 to convert to true values of percentage α′-martensite 
as was established using neutron diffraction analyses.[21] It was found that the ɛ-martensite 
increases to a maximum at relatively low levels of deformation, around r ~ 0.15 and then 
decreases to zero indicating, ɛ-martensite as an intermediate phase in the γ → α′ transformation. 
In the later stages of deformation (r > 0.45), no ɛ-martensite was detected indicating ɛ → α′ 
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transformation at high compressive strains and it appears that further martensitic formation 
occurs in a direct γ → α′ transformation without any intermediate ɛ-martensite formation. 

 
 
Fig. 1. The variation of percentage of both α′ and ɛ martensite induced as a function of percentage of cold rolling 
at room temperature, with balance being austenite (γ) 
 

 
 
Fig. 2. Neutron diffraction patterns of deformed AISI 301LN metastable austenitic stainless steel 
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The as-received (annealed) microstructure was fully austenitic. EBSD microscopy was used to 
confirm the influence of cold rolling on the transformation of austenite to α′- and ɛ-martensite. 
Smaller amounts of ɛ-martensite after 10 pct cold rolling were visibly observed using EBSD 
as shown in Figure 3(a), whereas at higher deformations (30 pct cold rolling), no ɛ-martensite 
could be easily observed through EBSD as shown in Figure 3(b). The microstructural analysis 
using EBSD showed the morphology and distribution of phases and was not used for any phase 
quantification. This is because the EBSD technique provides inaccurate phase quantification 
due to the high density of dislocations formed during cold working. High density of 
dislocations leads to degraded backscatter Kikuchi diffraction patterns and high orientation 
gradients. 

 
 
Fig. 3. EBSD images of AISI 301LN taken from the surface after (a) 10 pct cold rolling, (b) 32 pct cold rolling 
 

The percentage of α′-martensite induced as a function of strain during tensile deformation after 
various degrees of prior cold rolling at 30 °C is shown in Figure 4. For no prior cold rolling 
and small percentages of prior cold rolling (5 pct), a fully sigmoidal relationship was observed 
between the percentage of martensite and the applied tensile strain. After higher degrees of 
prior cold rolling, the sigmoidal behavior was, however, largely lost. 
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Fig. 4. Percentage of α′-martensite induced as a function of applied tensile strain after various degrees of prior 
cold rolling at 30 °C tested at an initial strain rate of 6.67 × 10−4 s−1 

Figure 5 shows the true stress–strain curves in tension after various degrees of prior cold rolling 
at room temperature, (25 °C). Plastic deformation decreases as the degree of prior cold rolling 
increases. The sample with no prior cold rolling exhibits yield point elongation plateau which 
disappears on samples which had received a higher amount of prior cold rolling. All true stress–
strain curves indicate a transition from sigmoidal nature after low levels of prior cold rolling to 
non-sigmoidal nature after high levels of cold rolling. 
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Fig. 5. True stress–strain curves of prior cold-rolled samples. Tensile testing performed at room temperature, (25 
°C) 

The different degrees of prior cold rolling had resulted in various volume fractions of strain-
induced α′-martensite, as determined by the Ferritescope measurements corrected using a 
calibration curve established for compressive loading.[21] This resulted in a significant increase 
in the yield strength and tensile strength upon subsequent tensile deformation. The magnitude 
of the strength increase was strongly dependent on the percentage of prior cold rolling. The 
tensile strain hardening sigmoidal curves as a function of percentage of applied tensile strain 
is shown in Figure 6, obtained by a log–log plot of true stress–strain of the experimental tensile 
data, for true strain values corresponding to plastic deformation. 
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Fig. 6. The log–log plot of the tensile true stress–strain curves at 30 °C, after various levels of prior cold rolling 
showing sigmoidal flow stress behavior 

The strain hardening response as a function of applied strain, at most levels of prior cold rolling 
shown in Figure 6, follows the same mathematical form (modified Boltzmann sigmoidal 
equation), Eq. [4], as was the case for the annealed material established earlier.[7] The 
mathematical sigmoidal Eq. [4] evaluated has three parameters that determine the strain 
hardening behavior: A, the maximum log of true stress (log σmax) in Figure 6 when the sigmoidal 
function levels off after the martensitic transformation reaches the saturation point; B as the 
minimum log of true stress (log σmin) at the beginning of the sigmoidal curve, before any 
significant martensitic transformation in tension; and αs as the maximum strain sensitivity 
which corresponds to the log true strain value where there is a maximum slope of the log–log 
plot of the true stress–true strain curve (log of ɛ corresponding with peak slope of Figure 7). 
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Fig. 7. Variation of tensile instantaneous strain hardening exponent, ni as a function of prior thickness reduction 
and applied tensile strain at room temperature 
 

Fitted sigmoidal curves through the experimental data were extended up to the true strain levels 
of 1.0, to arrive at estimates of the strength coefficient, K, which was found to be in the range 
of 1770 to 1790 MPa, as calculated from the convergence of sigmoidal hardening curves at log 
stress of ~ 3.25 (at log true strain of 0). The tensile testing was done with interruption at every 
5 pct engineering strain to allow Ferritescope measurements to be taken as well as to prevent 
the adiabatic heating so that the deformation temperature remained close to 30 °C. Small 
portions of the data which correspond to unloading (removal of stress) and loading to the new 
yield point were removed on each interruption cycle during tensile deformation to develop a 
smooth curve in order to derive a continuous constitutive equation. The range of strength 
coefficients determined in this fashion was found to be in good agreement with the true tensile 
strength of approximately ~ 1715 MPa, determined after cold rolling to 63.2 pct (which is 
equivalent to the compressive true strain of 1 ≡ log true strain of 0) and tensile testing thereafter. 

The instantaneous strain hardening exponent, (ni)-values as defined by Dini et al.[22] and Soares 
et al.[23] were calculated as the instantaneous derivative of the log–log plot of Eq. [4], which 
was used to describe the mathematical relationship of the data shown in Figure 6. Figure 7 
shows the variation of the instantaneous strain hardening exponent, ni determined in tension as 
a function of true tensile strain (in the sigmoidal behavior region, shown in Figure 6) after 
various levels of prior cold rolling. The instantaneous strain hardening exponent (ni)-values 
rapidly increase up to a peak ni-value as a function of tensile strain and decreases sharply 
thereafter with further increase in applied tensile strain as shown in Figure 7, in a fashion 
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similar to that of the rate of γ → α′ strain-induced martensitic transformation per unit strain 
(dVα′/dɛ) which was observed by Mukarati et al.[21] for the same experimental conditions in 
the absence of prior cold rolling. The peak values in Figure 7 were, however, strongly 
dependent on the degree of prior cold rolling, showing a strong inverse trend. 

Figure 8 shows the variation of peak instantaneous strain hardening exponent, nipeak-values as 
a function of initial amount of strain-induced α′-martensite formed during prior cold rolling 
and taken from Figure 7, showing a rapid decrease in the peak strain hardening response as the 
initial amount of martensite increases (due to increase in prior compressive strain). This 
behavior suggests that the tensile strain hardening of the austenite/martensite microstructure 
rapidly decreases with an increase in the percentage of martensite initially present. 

 
 
Fig. 8. Peak instantaneous tensile strain hardening exponent, nipeak, as a function of the initial percentage of α′-
martensite induced during prior cold rolling 
 

High tensile strain hardening was observed when high fractions of austenite were initially 
present and high strain hardening was associated with high tensile ductility (refer to Figure 6; 
0 to 5 pct CR). The fraction of martensite phase present after cold rolling is critical for strength 
but it must be controlled within a stringent range as it has an adverse impact on tensile strain 
hardening and ductility.[21] The higher the volume fraction of strain-induced martensite present 
after cold rolling, the lower the volume fraction of austenite present, and the lower the 
subsequent strain hardening response in tension of the material will be. This behaviour is shown 
by the lower peak values of instantaneous strain hardening exponent, nipeak in Figure 8. 
Conversely, the material with a higher initial amount of austenite (low percentage of prior cold 
rolling and low amount of initial strain-induced martensite) exhibited higher peak values of 
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instantaneous strain hardening exponent, nipeak, due to the better strain hardening response of 
austenite. 

The developed sigmoidal Eq. [4] can be utilized to describe the tensile strain hardening 
behavior for materials which had undergone prior compressive straining through cold rolling 
with different initial amounts of martensite at a given temperature. The modification is similar 
to the modification applied in developing the Swift model which has an additional term, εo, 
which accounts for compressive pre-strain. However, unlike the case of the Swift model, prior 
cold rolling of this metastable austenitic material introduces a strong increase of the yield 
strength due to martensite formation, hence, the B term in the sigmoidal Eq. [4], also increases 
with the increase in pre-strain. Equation [5] shows the variation of the B term as a function of 
pre-strain by compression. 

          (5)  

Pre-strain by compression results in an increase of the yield strength, as shown in Figure 5. The 
values of the B term were determined from individual sigmoidal equations used in fitting the 
log–log plots of the tensile true stress–strain curves at 30 °C, after various amounts of prior 
cold rolling as shown in Figure 6. The variation of the B term as a function of compressive pre-
strain was found to be linear as shown in Eq. [5]. 

The A term in the sigmoidal Eq. [4] which was the maximum log of true stress (log σmax) when 
the sigmoidal function levels off after the martensitic transformation reaches the saturation 
point was approximated as 3.25 for all cases. It was found that the sigmoidal hardening curves 
would converge at a log stress value of ~ 3.25 if plastic instability did not cause necking and 
early fracture. The value of 3.25 corresponds to a log true strain value of 0, which corresponds 
to a strength coefficient, K of approximately ~ 1780 MPa after deformation at 30 °C. 

The αs term, maximum strain sensitivity, in the sigmoidal Eq. [4] is the log strain value where 
there is a maximum slope of the log–log plot of the true stress–true strain curve, that is, the log 
of the true tensile strain corresponding to the maximum instantaneous strain hardening 
exponent. The true strain for the maximum slope eventually becomes zero at large pre-strains 
indicating very little to no strain hardening behavior thereafter. The variation of true tensile 
strain corresponding to the maximum instantaneous strain hardening exponent, (10α) as a 
function of compressive pre-straining, ɛo, introduced with prior cold rolling can be represented 
by the following equation (valid up to pre-strain, ɛo, of 0.41): 

   (6)  

with R2 = 0.994. 

The equation for αs then becomes 

    (7)  

Here, βs is a “Hill factor” derived from the nature of the sigmoidal log–log plots of the true 
stress–strain curves in Figure 6. The βs constant as a function of pre-straining can be 
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represented by the following equation as a function of ɛo, the pre-strain introduced with prior 
cold rolling and valid up to pre-strain of approximately 0.41: 

    (8)  

with R2 = 0.987 

The experimental tensile strain hardening curves, with the compressive pre-strain term 
considered, could therefore be accurately described by the following sigmoidal equation: 

 (9)  

with R2 ≥ 0.998. 

Here, σ is the true stress in MPa, ɛo is the compressive pre-strain introduced with prior cold 
rolling. ɛ is the true tensile strain. αs is the maximum strain sensitivity which corresponds to 
the log true strain value where there is a maximum slope of the log–log plot of the true stress–
true strain curve. βs is a “Hill factor” derived from the sigmoidal nature of the log–log plots of 
the true stress–strain curves. The variable describes the steepness of the sigmoidal curve. The 
numerical value is given by, β = (3.25 − B)(4 × nipeak)-1, where nipeak is the peak instantaneous 
tensile strain hardening exponent, which is the maximum instantaneous derivative of the 
sigmoidal function. 

Table II provides a summary of the constants to be used in Eq. [9], as a function of certain 
values of pct CR. 

Table II. Constants αs, βs, A, and B in Equation [9] as a Function of Pre-strain in the AISI 301LN Steel 

 

Figure 9 shows the calculated vs actual true stress as a function of true strain tensile curves for 
the pre-strain values below 34 pct prior cold rolling (which is equivalent to compressive true 
strain of 0.41). The proposed model is therefore shown to be remarkably accurate for pre-strain 
values below 34 pct prior cold rolling. 
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Fig. 9. Calculated vs actual true stress–strain tensile graphs for validation of Eq. [9] 

The mechanical energy per unit volume values associated with the tensile strain hardening of 
prior cold-rolled samples were accurately calculated by numerically integrating the area below 
the tensile true stress–strain curves (shown in Figure 5, all true stress–strain curves). Figure 10 
shows a proportional relationship of the energy absorption of the AISI 301LN as a function of 
tensile strain applied at 30 °C after various degrees of prior cold rolling, determined using 
tensile deformation. 
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Fig. 10. The mechanical energy absorbed as a function of tensile strain applied to prior cold-rolled samples 

As the extent of prior cold rolling increases, the volumetric energy absorbed during uniform 
plastic deformation decreases to less than 10 MJ/m3 (at above 70 pct cold rolling) due to 
significantly impaired uniform tensile strain at high levels of cold rolling. The reduced amount 
of mechanical energy that can be absorbed by the material after heavily cold deformation 
makes it inferior in terms of crashworthiness as the material needs to absorb significant amount 
of energy in the event of a collision. The material with no prior cold rolling absorbs the 
maximum mechanical energy during tensile deformation, and the performance of the 5 pct CR 
steel was also good in this regard. As the percentage of prior cold rolling increases, a decrease 
in mechanical energy that was absorbed by the materials was observed. This decrease in 
mechanical energy corresponds to the amount of energy absorbed during prior cold rolling as 
well as the reduced strain hardening ability of the steel (see Figure 7). Therefore, the 
mechanical energy available for crashworthiness at a given degree of prior cold rolling was 
calculated as the difference between the mechanical energy absorbed by a material with no 
prior cold rolling and that after prior cold rolling. Figure 11 shows the maximum cumulative 
mechanical energy that can be absorbed after a certain degree of prior cold rolling. 
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Fig. 11. The mechanical energy available for crashworthiness as a function of percentage of prior cold rolling 

There is an abrupt decrease in the total mechanical energy absorption capabilities after 30 pct 
prior cold rolling as shown in Figure 11 due to abrupt decrease in tensile uniform strain 
corresponding to 30 pct prior cold rolling (see Figure 5). The very low uniform tensile strain 
after the high degrees of prior cold rolling, (greater than 30 pct) had resulted in limited amount 
of energy absorption capability of a material. The minimum amount of energy that the material 
must be able to absorb if used in the making of crash-relevant structures of a vehicle using the 
ideal yield strength (750 to 920 MPa), tensile strength (1000 ~ 1150 MPa), and uniform tensile 
strain of at least 22 pct,[24] has been calculated as being 210 MJ/m3 (an area under a true tensile 
stress–strain curve satisfying minimum mechanical requirements). This makes cold rolling of 
20 pct, the maximum possible final temper rolling that can be applied to this material. However, 
other required mechanical properties such as yield strength, tensile strength, hardness, 
elongation to fracture may limit the range of percentage of final temper rolling that can be 
applied to this material. 

4 Discussion 

The lower strain hardening response in tension after prior compressive straining through cold 
rolling and consequent prior strain-induced α′-martensite formation is shown in Figure 8 and 
indicates that there is a limit to the useful prior cold rolling that can be employed if good tensile 
energy absorption is required. This behavior can be accounted for by the following effects of 
increasing the prior compressive straining; an increase in SFE in the austenite will follow with 
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increased prior cold rolling as well as a reduction of the austenite volume fraction, which is 
inherently more strain hardenable. 

The work done by Mahato et al.,[25] showed a strong increase in SFE with the increase in 
deformation from steels from 19.9 mJ/m2 at 2 pct tensile strain, 23.4 mJ/m2 at 5 pct tensile 
strain to over 40 mJ/m2 at 46 pct tensile strain, and austenitic dislocation density deformation 
of TWIP steels was observed. Their work demonstrated that the SFE value is directly 
proportional to the dislocation density of the austenite. 

In the present work, bulk measurements of austenite, α′ martensite, and ɛ-martensite induced 
as a function of percentage cold rolling of selected samples, determined using neutron 
diffraction analyses had shown an increase in the ɛ-martensite to a maximum around 15 pct 
cold rolling which then decreases to zero at higher percentage of cold rolling (refer to Figure 
1). This has been confirmed by the EBSD analysis which was done on 10 and 30 pct cold-
rolled samples, where significant amount of ɛ-martensite could be observed in a 10 pct cold-
rolled sample and no ɛ-martensite could be easily seen in a 30 pct cold-rolled sample (refer to 
Figure 3). 

The equations developed and described here to model the tensile strain hardening behavior of 
the metastable austenitic stainless steel studied can be used in the numerical simulation of the 
energy absorbed by structures during collision events. In addition, it can also be used to 
establish the maximum prior compressive strain through cold work which will still result in a 
steel capable of adequate energy absorption during a collision event. From Eq. [9], for the term 
(1.21εo − 0.554) to be equal to zero, the pre-strain, ɛo should be 0.41 (34 pct prior cold rolling). 
The sigmoidal equation [9] then reduces to log σ = 3.25, and at this high level of cold rolling 
and strength, little to no strain hardening and energy absorption is found (see Figure 5). This is 
because the value of the B term would then be equal to the value of A (= 3.25), which 
corresponds to the martensitic saturation value at 30 °C. Therefore, the sigmoidal equation [9] 
is only valid up to compressive pre-strain values of ~ 0.41 (34 pct prior cold rolling). It is 
recommended that some of the tensile flow hardening work be repeated at higher strain rates, 
in order to include a strain rate term in Eq. [9] in future work. 

5 Conclusion 

1. For the metastable austenitic AISI 301LN stainless steel studied, a modified Boltzmann 
sigmoidal model was developed and found to adequately describe the tensile strain 
hardening behavior of material compressively pre-strained through cold rolling, up to 
a maximum value of a prior compressive true strain of 0.41. These equations can be 
used in the numerical simulation of the energy absorbed during collision events of 
structures from this steel. In addition, it can also be used to establish the maximum prior 
compressive strain through cold work which will still result in a steel capable of 
adequate energy absorption. 

2. The prior compressive straining and the resultant formation of martensite (both alpha 
and epsilon) significantly reduce the subsequent strain hardening response in tension, 
due to an increase of SFE and dislocation density and due to the inherently lower strain 
hardening response of martensite compared to austenite. At high initial amounts of 
austenite and relatively low pre-strain values, very high instantaneous tensile strain 
hardening exponents result. The strain hardening behavior is directly correlated with 
the ability of the material to absorb mechanical energy during a collision. 
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3. In order to produce AISI 301LN crash-relevant structures for a vehicle, a cold rolling 
thickness reduction in the order of 20 pct or lower must be employed. This will result 
in the mechanical energy absorbed by the material of at least 210 MJ/m3 in the event of 
a collision. The tensile strain hardening curves established for the pre-strained steel 
confirmed a high-strength coefficient with a value in the range of 1770 to 1790 MPa 
for the AISI 301LN steel at 30 °C and as confirmed by the tensile strength of 1715 
MPa, which was obtained after a prior cold rolling of 63.2 pct (true compressive strain 
of 1.0). 
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