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ABSTRACT 
The aim of this wok is to study the fatigue properties in 

relation to the microstructures of interstitial-free (IF) steel, a 
representative of body center cubic (BCC) materials, subjected 
to low cycle periodic stress.  In order to compare the grain size 
effect on dislocation development, we used samples of two 
distinctive grain sizes, 70 µm and 210 µm, prepared by dif-
ferent thermo-mechanical processes.  We found (1) there was 
an initial softening when the stain amplitude was lower than 
1.6% and the microstructure of the fatigued samples are cel-
lular independent of the grain sizes and the amplitude of strain.  
(2) A re-entrant hardening following an initial softening stage 
took place for strain amplitude range from 0.2% to 0.4% in the 
samples of 70 µm grains and 0.4% to 0.8% for those of 210 
µm grains.  Small cellular structures formed within a larger 
uncondensed cells structure at an initial stage.  (3) While the 
mechanical behaviors of fatigue for both grain sizes are similar, 
differences do exist and are determined by strain localization 
as well as the multiple slip systems which can be triggered into 
active operation 

I. INTRODUCTION 
Dislocation structures can be divided into three types ac-

cording to how the dislocations evolve when a relevant mate-
rial is subject to periodic stress.  The first dislocation often has 
a wavy type, for instance, in low cycle fatigued polycrystalline 
copper [12].  The second type is planar; frequently found in  
fatigued brass [3] and Fe-Al-Mn-C alloys [2].  A third type 
composed of a mixture of the above types exists in materials 

such as AISI 316 stainless steel [4, 5].  Regardless of the dis-
location evolution, these well studied materials share the com- 
mon face center cubic structure (FCC) atomic arrangement.  In 
contrast, seldom can one find similar reports on materials with 
a body center cubic (BCC) structure. 

This is incentive to understand BCC materials because the 
slip systems are quite different from those in their FCC coun- 
terparts.  The related dislocation evolutions are also expected 
to be different [8-11].  In FCC metals, dislocation interactions 
dictate the dislocation evolution.  For BCC materials, the dis- 
location dynamics are generally dominated by the friction 
force between screw dislocations at low temperatures (about 
0.1-0.2 Tm, Tm: melting point) while activated by both friction 
and dislocation interactions at high  temperatures.  In addition, 
in BCC materials dislocation depends much on the relative 
slips of the screw and edge dislocation [8]. 

According to Mughrabi et al. [8, 9], the mechanical be-
haviors as manifested in the S-N curves are affected by the 
carbon content, and the sizes of the associated dislocation cells 
are also affected by the applied strain amplitudes.  Smaller 
cells with higher dislocation densities or larger cells with 
lower dislocation densities were found in tests conducted on 
both the FCC and BCC materials subjected to low strain am-
plitudes.  This is largely because the dislocation structures 
evolve along similar paths.  The cell size and dislocation 
density depend on how the dislocations interact, as Mughrabi 
[8, 9] pointed out, the  dislocation evolution is determined by 
the relative slips in the screw and edge dislocations.  We thus 
believe a specific investigation on BCC metals, in particular 
with various grain sizes, would help shed some light on the 
dislocation evolution and the fatigue properties in general. 

II. EXPERIMENTAL PROCEDURES 
The chemical composition of the IF steel used in this ex-

periment is shown in Table 1. 
In order to prepare samples with different grain sizes, a 

portion of the IF steel was annealed in the air at 1050°C for 10 
minutes, while the other part at 1200°C for 120 minutes, all 
before being quenched into water.  The resulting averaged  
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Table 1.  The elements of composition in IF steel. 
Elements C Si Mn P S Ni Cr Fe

PPM 50 110 1300 100 60 190 90 Bal.

 
 

grain sizes for these specimens were about 70 µm and 210 µm, 
respectively, for the two temperatures.  Specimens were cut 
along the rolling direction, following the ASTM E647 proto-
col.  The hour-glass shaped specimens had an outer diameter 
of 12 mm, a gauge length of 17 mm, and a gauge length di-
ameter of 6 mm.  During the experiment, low cycle fatigue 
was completed using a computerized Instron 1332 hydraulic 
testing machine performed at R = -1 (strain ratio, R = εmin/εmax) 
under a strain rate of 1 × 10-3s-1. 

After the low cycle fatigue test was completed, the speci-
mens were sliced perpendicular to the loading axis into 0.6 mm 
thick disks, which were thinned to 100 µm by grinding with 
abrasive paper.  TEM samples in the shape of 3 mm disks were 
twin-jet polished with Struers A2 polishing solution at 17 V and 
-20°C.  A JEOL 200CX transmission electron microscope 
(TEM) was used to investigate the microstructures of the low 
cycle fatigue specimens at an accelerating voltage of 200 KV. 

III. RESULTS 
The stress versus number of fatigue cycles (S-N) curves for 

210 µm grain samples is shown in Fig. 1(a).  Those for the 70 
µm counterparts are given in Fig. 1(b).  Here, we observed in 
both cases initial softening if the strain amplitude is lower than 
1.6%, independent of the grain sizes. 

At the same time, there is a re-entrant hardening following 
this initial softening if the strain amplitude falls between 0.4% 
and 0.8% for the 210 µm samples (Fig. 1(a)) or within 0.2% 
and 0.4% (Fig. 1(b)) for the 70 µm samples.  This re-entrant 
hardening phenomenon diminished as the strain amplitude 
increasing, and eventually a hardening effect took place from 
the outset, as reflected in the S-N curves for strain amplitudes 
of 1.6-2% for both grain sizes.  Comparing the S-N curves 
between Figs. 1(a) and (b), we see the initial hardening rates 
(2% strain amplitude) are comparable, although the re-entrant 
hardening rate for the 70 µm sample is higher than that for the 
210 µm samples.  In all, the initial and final response stresses 
are larger for the in 210 µm samples for strain amplitudes 
range from 0.1% to 1.6% with the exception of two extreme 
amplitudes of 0.05% and 2%. 

The representative TEM micrographs taken from the 70 µm 
samples, which were subjected to strain amplitudes of 0.05%, 
0.2%, 0.8% and 2%, are shown in Figs. 2(a)-(d), respectively.  
All samples demonstrate a cellular structure regardless of the 
strain amplitude, similar to the 210 µm cases.  

This seems to suggest that fatigued IF steel would exhibit a 
cellular structure regardless what the strain amplitudes or grain 
sizes are, there are indeed some subtle differences among the 
cellular structures in cellular sizes, shapes and dislocation  
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Fig. 1. The S-N curve in specimen was fatigue at various strain ampli-

tudes: (a) 210 µm, (b) 70 µm. 
 
 

densities, though.  The dislocation evolution for 0.1%, 0.2% 
and 1% strain amplitudes is as follows. 

Fig. 3(a) shows the uncondensed walls embedded in the dis-
location matrix after 1000 fatigue cycles with exposure to 0.1% 
strain amplitude.  Under the same strain amplitude, the uncon-
densed dislocation cellular structure grew larger after 10000 
fatigue cycles (Fig. 3(b)).  PSBs and small cells started to form 
in the larger dislocation cells after 40000 fatigue cycles (Fig. 
3(c)).  When the strain amplitude increased to 0.2%, as indi-
cated in Fig. 4(a), the PSBs in the larger dislocation cells started 
to emerge after 500 fatigue cycles.  Smaller dislocation cells 
existing in larger cellular structures were found at an initial 
stage after 6000 cycles, as shown in Fig. 4(b).  For the 1% strain 
amplitude case, as shown in Fig. 5(a), the embedded larger 
uncondensed dislocation cells were observed after a mere 1 
fatigue cycle.  For completeness, Figs. 5(b) and (c) are archived 
herein, showing the cellular dislocation structural difference in 
sizes and densities after 100 and 300 fatigue cycles. 
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Fig. 2. The dislocation cell structure at various strain amplitude was ob- 

served in 70 µm grain size specimen: (a) 0.05%, (b) 0.2%, (c) 
0.8%, (d) 2%. 

 

IV. DISCUSSION 
There was an initial softening effect, as presented above in 

Figs. 1(a) and (b), when the strain amplitude was lower than 
1.6%, because it is easier to activate the multiple slip systems 
in the BCC materials.  As a result, once the dislocations started  
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Fig. 3. The dislocation cell structure at 0.1% strain amplitude in 70 µm 

grain size specimen was observed at (a) 1000 cycles, (b) 10000 
cycles, and (c) 40000 cycles during fatigue. 

 
 
to pile up, re-entrant hardening would take place under some  
circumstances.  Here, as dislocations were generated and piled 
up at the early stage in the fatigue process, it would trigger a 
second slip system into the operation mode (Fig. 3(a)). 

This accounts for the softening effect shown in the S-N 
curves.  However, the initial hardening effect observed for a 
strain  amplitude of 1.6% arises from the activation of more 
multiple slip systems to participate in the formation of cellular 
structures at the initial stage of the fatigue test (Fig 5).  The 
unusual exceptions for the extreme cases of 0.05% and 2% 
strain amplitudes, for which the response stress of the 70 µm 
samples is larger compared to the 210 µm samples, is attrib-
uted to the strain localization at the grain boundaries. 

Since the grain boundaries for the 70 µm samples are larger, 
while at the same time the strain amplitude of 0.1% is too 
small to activate any multiple slip systems near the grain 
boundaries, the dislocations would pile up near the grain 
boundaries.  It is thus understandable for the smaller grains to  
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Fig. 4. The dislocation cell structure at 0.2% strain amplitude in 70 µm 

grain size specimen was observed at (a) 500 cycles and (b) 6000 
cycles during fatigue. 

 
 

be more effective in blocking the movement of the disloca-
tions, thus leading to a higher fatigue stress. 

For the other extreme in the 2% case, the strain amplitude is 
so large that multiple slips would take place regardless of the 
grain sizes.  However, this effect is more pronounced for the 
smaller grains, hence, in this case it shows higher fatigue stress, 
contrary to FCC structure materials, such as copper. 

In typical cases show strain amplitudes between 0.1% and 
1.6%, with the response stresses in the large grain samples 
higher because the strain localization effect [6, 7] in smaller 
grains is larger because the multiple slip systems could be 
activated at an earlier stage.  Note that the second slip systems 
are responsible for the softening effect in the fatigue processes 
[1].  In this case, the initial response stress in larger grains 
would be higher.  However, this difference diminishes as the 
strain   amplitude increases due to the smaller strain localiza-
tion effect caused by larger strain amplitude. 

The difference in response stress at fatigue also decreases 
as the fatigue cycles increases in spite of the strain amplitude, 
as long as it falls within 0.2% and 1.6%.  This results in the 
development of dislocations into other low energy forms as the 
fatigue cycles increase, regardless what the grain sizes are.  
Here, the strain localization effect [6, 7] has decreased with 
increasing fatigue cycles; hence, the response stresses are 
similar despite the difference in grain sizes at the fatigue test 
final stage. 

As the re-entrant hardening effect commences, a large un-
condensed cellular structure would start to form early on, and  

ggg

gg

gg

1 μm1 μm1 μm

1 μm1 μm1 μm

1 μm1 μm1 μm

(b)

(c)

(a)

 
Fig. 5. The dislocation cell structure at 1% strain amplitude in 70 µm 

grain size specimen was observed at (a) 1 cycle, (b) 100 cycles, and 
(c) 300 cycles during fatigue. 

 
 

the multiple PSBs also began to develop into larger cells (Fig. 
4(a)) as the fatigue cycles increase.  This stage reflects the 
softening in stress as presented in the S-N curves, which is 
consistent with the dislocation structures associated with the 
PSBs reported previously by Llanes et al. [6, 7].  With in-
creased fatigue cycles, the dislocations develop into a cellular 
structure at 6000 cycles (Fig. 4(b), 0.2% strain amplitude). 

In the S-N curves, this stage corresponds to hardening, also 
in agreement with reference [1].  Based on the above findings, 
the re-entrant hardening should arise because of easier acti-
vation of the multiple slip systems for the BCC materials when 
the strain amplitude is too small to create small cells at initial 
stage.  As a result, the multiple slip systems operated at low 
strain amplitude would induce large uncondensed cells to be 
embedded in a dislocation matrix (Figs. 3(a) and (b)). 

Under this condition, the occupied space of the dislocation 
cells is large enough for the dislocation structure to continue to 
evolve within, leading to the formation of smaller dislocation 
cells, and, therefore, the re-entrant hardening. 
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The sizes of the dislocation cells largely decrease with in-
creasing strain amplitude for FCC materials.  However at 0.2% 
strain amplitude, the dislocation cell size (Fig. 2(b)) is smaller 
than those for the 0.8% cases (Fig. 2(c)).  In BCC materials, it is 
easier to activate the multiple slip system regardless of the strain 
amplitude.  The differences concerning the multiple slip sys-
tems between the high and low strain amplitude cases are 
mainly in the number of slip systems as well as their operation 
rates, which are higher at higher strain amplitudes, leading to 
faster formation of smaller cells for large strains (Figs. 2(d), 5(b) 
and 5(c)) and larger cells for low strain amplitudes (Fig. 2(a)). 

However, these large cells would form into uncondensed 
structures (Figs. 3(a), 3(b) and 4(a)), and then evolve into low 
energy condensed cell structures with increasing fatigue cy-
cles (Figs. 2(b), 3(c) and 4(b)).  Based on the results in Fig. 3, 
the uncondensed walls become embedded into the dislocation  
matrix (Fig. 3(a), at 1000 cycles) at first, but then evolve into 
uncondensed cellular structures (Fig. 3(b)) as the fatigue cy-
cles reaches 10000.  The multiple slip systems (PSBs) (Figs. 
3(c) and 4(a)) emerged in the dislocation matrix located in the 
larger cells with increased fatigue cycles, eventually forming a 
small sized cellular structure (Figs. 3(c) and 4(b)) in larger 
cells that were created at an earlier stage.  

In summary, smaller cellular structure may evolve from a 
large uncondensed cellular structure because the size of cells is 
so large that multiple slip systems are activated into operation 
in the larger cells.  Therefore, the dislocation cell size at 0.2% 
strain amplitude is smaller than at 0.3% and 0.8% strain am-
plitudes. 

V. CONCLUSIONS 
1. There is an initial softening if the strain amplitude is lower 

than 1.6%.  Under such circumstances, the cellular form 
microstructure forms independent of the strain amplitude 
and grain size in BCC IF steel.  This is because of the easier 
activation of multiple slip systems. 

2. A re-entrant hardening effect was observed for strain am-
plitudes range from 0.2% to 0.4% in samples of 70 µm 
grains and from 0.4% to 0.8% for the 210 µm samples.  
Small cellular structures formed within larger uncondensed 
cells at an initial stage. 

3. The size of dislocation cells obtained from the test with 0.2% 
amplitude was smaller compared with those from the 0.8% 
amplitude because of the larger cellular size associated with 
low strain amplitude.  Consequently, the occupied space of 
larger cells becomes large enough to induce dislocation evo-

lution and form smaller cells (PSBs) in the larger cells. 
4. The fatigue behavior is largely similar for both grains sizes, 

with subtle differences determined by the strain localization 
effect and the rate of activating multiple slip systems into 
operation. 

5. The fatigue saturation stress at 0.05% and 2% strain am- 
plitudes in the 70 µm samples is larger in comparison with 
those of the 210 µm samples, dissimilar to materials of  
FCC structure. 
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