
1. Introduction

The automotive industry is one of the largest market for 
steel industry, consuming over 20% of steel productions [1]. 
Therefore, the steel industry must fully meet the requirements 
of the automotive industry: enhancing the fuel efficiency and 
reducing the vehicle mass without sacrificing current strength 
and stiffness of the steels. It has been shown that a 10% vehicle 
mass reduction leads to 6% fuel efficiency improvement [1]. 
The desired steel for the automotive industry is a particular 
combination of formability, paintability, weldability, higher 
strength and stiffness of a sufficient  level to resist denting 
and buckling. These conflicting properties are desired for 
the steel sheets to produce the outer body panel of vehicle. 
Using bake hardenable steels, many conflicting properties may 
be achieved.  The bake hardenability allows the automotive 
industry to use a steel with a lower flow stress of 180-250 MPa 
in the as-received state similar to a deep drawing grade, while 
after press forming and paint baking, the strength and dent 
resistance will be increased by 20-60 MPa in the final product, 
similar to a high strength steel grade [2]. The increase in strength 
due to the bake hardening (BH) can lead to use the thinner 
gauge steel sheet and thus reduce vehicle mass. In these steels, 
the composition is controlled so that after processing there is 
no free nitrogen and only a minute amount of solute carbon in 
ferrite (< 25 ppm). During press forming, fresh dislocations 
are introduced in the steel and in the subsequent paint baking 
treatment, the dissolution excess carbon atoms diffuse to pin 

free dislocations so that the strength of the produced steel panels 
is increased. The strength increment caused by bake hardening 
depends on the amount of excess solute carbon atoms in the 
steel. Increasing the solute carbon level increases the number 
of carbon atoms available to lock the dislocations but it also 
increases the strain aging susceptibility at room temperature. 
In practice, the maximum level of solute carbon is limited 
by the return of the yield point and deterioration in ductility, 
which is detrimental for formability. Generally, nitrogen is tied 
by addition Al and/or Ti, and the concentration of excess solute 
carbon is limited to about 25 wt.ppm to avoid strain aging at 
room temperature during storage or transportation of the steel 
[2,3]. The bake hardening effect is evaluated by the BH value, 
which is defined as the difference between the yield strength 
after baking and the flow stress at the end of prestraining. 

A variety of metallurgical factors, for example, the 
concentrations of carbon, nitrogen and other alloying elements, 
grain size, coiling temperature, skin pass elongation, percentage 
prestraining, etc. strongly affect the bake hardening. In the past 
two decades, many researchers reported their achievements 
related to the development of BH steels. Hoggan and Mu 
Sung [3] provided the best range from 10 to 45 wt. ppm of 
excess solute carbon concentration to obtain the optimum 
BH properties. Van Snick et al. [4] investigated an ultra-low 
carbon (ULC) steel and found that the Nb/C ratio of 0.6-0.8 
results in the  higher BH value of 45 MPa, and that the coiling 
temperature in the range from 620 to 720°C had no clear 
influence on bake hardening. They found the prestraining of 
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1-2% could give a better BH value, and extending the holding 
time at the bake temperature could shift the curve of BH value 
vs. prestraining to a lower percentage [4]. Taylor et al. [5] 
developed a new process to control the solute carbon content 
to meet the requirements of bake hardening in a vanadium 
alloyed low carbon steel. Pechler et al. [6] confirmed that the 
ULC bake-hardening (ULC-BH) steel shows significantly 
better mechanical properties than the low carbon (LC) bake 
hardening steel. Scientists [7-14] studied the dissolution and 
precipitation of carbides in the steels during the annealing cycle 
using the internal friction technique. Pan and Hosbons [13] 
provided a comprehensive description on the determination 
of the concentration of solute carbon and nitrogen in ferrite, 
and the evaluation method of strain aging susceptibility in 
low carbon steels. De and De Cooman et al. [15-17] studied 
the effect of prestraining on bake hardening in ULC steel and 
the effect of Al coating, and found the AlN diffusion barrier at 
the coating-substrate interface, and the coating Al can act as a 
trap for free nitrogen and reduce the strain aging susceptibility. 
The Angang Group and the Boagang Group, in China, have 
produced various bake hardening steels, and the National 
Standard of China GB-T24174-2009 was issued to define the 
determination method of the BH value. Many investigations 
were devoted to study the effect of various metallurgical 
factors on the bake hardening. fu et al. [18] pointed out that 
a prestraining of 2% results in the best BH value of 60 MPa 
in the experimental TrIP steel. for the bake hardening steel, 
the aim is to obtain suitable concentration of solute carbon 
atoms so that substantial strengthening occurs at the paint 
bake temperature providing that no strain aging occurs at room 
temperature. 

The primary mechanisms of strengthening in low carbon 
steels consist of cold-work hardening, solid solution hardening, 
precipitation hardening, and grain boundary hardening. The 
solid solution hardening includes hardening induced by the 
formation of Cottrell atmosphere [19-27]. jung et al. [27] 
investigated various mechanisms of strengthening in bake 
hardening steels using the impulse internal friction technique. 
It was confirmed that in the paint baking stage, the solute 
carbon atoms migrated to dislocations and formed Cottrell 
atmosphere, which effectively hindered kink formation and 
migration at the dislocations, i.e., the dislocation motion was 
hampered, and, thus the steel was hardened. 

The effect of grain size and segregation of solute atoms to 
grain boundaries on bake hardening is complex. Usually, the 
BH value increases with the reduction in grain size [2,21,28] 
because the diffusion distance of carbon atoms to grain 
boundaries is much longer than that to dislocations, but other 
workers [24,29,30] pointed out that the grain size has a slight 
effect on bake hardening. Soenen et al. [29] reported that carbon 
segregated to grain boundaries during continuous annealing. 
Zhao et al. [24] reported that the segregation of carbon to grain 
boundaries on formation of Cottrell atmosphere decreases with 
an increase in grain size. It causes a small effect when the grain 
diameter is larger than 16 mm. De et al. [31] reported that, in 
general, the bake hardening decreases with decreasing grain 
size. It is reasonable to conclude that contradictory observations 
result from the existence of too many metallurgical factors 
simultaneously affecting grain boundary segregation [32] and 
the bake hardening phenomenon. Cui yan et al. [33] observed 

that increasing grain size and improving the final cooling rate 
can improve the bake hardening property due to decreasing 
the segregation of carbon atoms at grain boundaries. finally, it 
should be emphasized that Dong et al. [34] reported recently, 
based on three-dimensional atom probe (3DAP), that for a 
given carbon content (12-44 ppm), the grain interior carbon 
concentration increases as the grain size increases. Thus, Dong 
and co-workers provided, for the first time, direct experimental 
evidence of the diffusion of grain boundary carbon to grain 
interior during aging. 

In this study, the bake hardening is evaluated for coarse 
grain experimental low carbon steel in order to analyze a 
relationship between the BH value and internal friction peaks, 
that is, the dislocation-enhanced Snoek peak and Snoek-Köster 
peak. The internal friction is measured using subresonant 
technique in an inverted torsion pendulum [7-12,14,35].

2. Snoek peak, dislocation-enhanced Snoek peak and 
Snoek-Köster peak in iron 

The internal friction is unique technique to detect and 
evaluate the concentration of foreign interstitial atoms dissolved 
in body-centered cubic (bcc) metals and alloys [7-14,36-41]. 
Although it is well known that the height of carbon Snoek peak 
in ferritic steels is proportional to the concentration of solute 
atoms a careful examination of experimental internal friction 
curves is required. Magalas et al. [42] clearly demonstrated the 
effect of texture on carbon Snoek peak in a commercial rolled 
steel. This observation was experimentally confirmed later by 
other workers [43-46] and by first principle calculation, kinetic 
Monte Carlo and molecular dynamics simulation [47-50].

Plastic deformation in iron containing low concentration 
of solute atoms induces the  dislocation-enhanced Snoek peak 
[51] or equivalently the dislocation-enhanced Snoek effect 
(DeSe) [52], which occurs exactly at the same temperature 
as Snoek peak [51-58]. The dislocation-enhanced Snoek 
peak indicates the presence of Snoek atmosphere in the 
vicinity of geometrical kinks on fresh non-screw dislocation 
segments [51-53,57,58]. Dislocation-enhanced Snoek peak 
was discovered by Magalas et al. [51]. The existence of the 
dislocation-enhanced Snoek peak was confirmed in high-
purity fe-C alloys in 2006 [58] in resonant low-frequency 
internal friction measurements [7-9,35,59-63,88-90] and by De 
Cooman and co-workers using the resonant impulse excitation 
internal friction technique operating at higher frequencies 
[27,64-68]. The presence of the dislocation-enhanced Snoek 
peak and Snoek-Köster peak was also reported by jung et al. 
[27] in commercial ultra-low carbon bake-hardenable steels. 

It is worth mentioning that Won Seok Choi et al. [68] 
reported the presence of the dislocation-enhanced Snoek 
peak in ultra-high strength press-hardened 22MnB5 steel 
containing a lath martensitic microstructure. The dislocation-
enhanced Snoek peak was reduced by paint baking and 
enhanced after additional plastic deformation performed 
after paint baking. Thus, the dislocation-enhanced Snoek 
peak was also observed in samples containing athermal 
martensite, the isothermal product and lower bainite in 
low carbon steel isothermally transformed in the MS to Mf 
temperature range [64,65]. 
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The Snoek-Köster (cold-work) peak [57,71,74,76] is caused 
by dragging of Cottrell atmosphere by dislocations [69-77]. A 
number of excellent reviews exists and the reader is referred 
to these for background [56,71-76]. The peak temperature of 
Snoek-Köster relaxation depends on concentration of solute 
atoms bound in the atmosphere while the relaxation strength is 
determined by the dislocation density. The analysis of secondary 
features of Snoek-Köster relaxation such as the broadening of 
the peak and its symmetry is outside the scope of this work.

3. Experiments

A cold rolled low carbon steel sheet, with the compositions 
of 0.21 C, 0.01 Si, 0.21 Mn, 0.011 P, 0.007 S, 0.019 Al, 0.002 
N in wt.% was used in the present study. The microstructure 
of the experimental aluminium killed steel is shown in fig. 1. 
The average grain size was around 160 mm. The specimens 
for the standard tensile test with a 20 mm gauge length were 
prepared along the rolling direction using an eDM machining. 
Tensile tests to obtain a significant range of prestrains at room 
temperature, i.e., 2%, 3%, 5%, 7%, and 10% were carried out 
using an UTM5305 universal tensile testing machine with a 
constant strain rate of 5 mm/min. To simulate the bake hardening 
treatment, the prestrained specimens were baked in a bake oven 
of type 101-1 at 170°C for 20 min. The BH values of the baked 
specimens were determined according to the National Standard 
of China GB/T24174-2009 by taking the average of 5 samples. 
The dislocation structure was investigated in a jeM-2100 
transmission electron microscope (TeM). The internal friction 
measurements were carried out using a MfP-1000 multifunction 
internal friction apparatus supplied by the Institute of Solid 
State Physics, Chinese Academy of Sciences in Hefei [91]. 
Internal friction samples with dimensions of 50×2×1mm3 were 
prepared from longer tensile specimens with a 50 mm gauge 
length. Internal friction was measured in forced oscillations at 
four different frequencies: 0.5 Hz, 1 Hz, 2 Hz, and 4 Hz during 
heating from room temperature to 650 K with a heating rate 
of 3 K/min and a maximum strain amplitude of 20×10-6. An 
external magnetic field was not applied.

fig. 1. The microstructure of the experimental steel observed by light 
microscopy

4. Experimental results

4.1. Effect of prestrain on bake hardening 

figure 2 illustrates the relationship between the BH value 
and the amount of prestrain at room temperature. The BH 
values for all the specimens turned to be smaller than zero. 
This is why the experimental coarse grained low carbon steel 
is not qualified for a bake hardenable steel. It is suggested 
that negative BH values are brought about due to too high 
annealing temperature used in the experimental steel. The BH 
value increases, however, with increasing  prestrain from 2 to 
5% firstly, and then the BH value decreases with increasing 
prestrain from 5 to 10%. The 5% prestrain induces the highest 
BH value. Thus, the bake hardening property as a function of 
prestrain is not monotonic. This result is consistent with the 
previous report [4]. However, Van Snick et al. [4] obtained the 
best BH value at about 2% prestrain or less. Many experimental 
and industrial factors affect the relationship between the BH 
value and prestrain [3,4]. It should be emphasized that the 
prestrain of 5% obtained in the present study (fig. 2) is valid 
for the investigated experimental coarse grained low carbon 
steel.
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fig. 2.  The relationship between the BH value and prestrain

4.2. Effect of prestrain on dislocation density

figure 3 shows the dislocation structure in samples 
subjected to different prestrain followed by the same baking 
treatment at 170°C for 20 min. The dislocation structure 
is non-uniform, with typical dislocation entanglements 
readily visible in the baked sample subjected to 2% 
prestrain (fig. 3(a)). In the baked specimen subjected to 
5% prestrain, a large amount of tangled dislocations is 
observed, which construct a typical dislocation network 
(fig. 3(b)). In the third baked specimen subjected to 10% 
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prestrain, dislocation distribution is relatively uniform and 
the dislocation cell structure is clearly visible (fig. 3(c)). 
even though the area between cell walls suggests a lower 
dislocation density, the dislocation density within the cell 
walls must be very high, albeit difficult to resolve. No 
direct measurement of the dislocation density was carried 
out in the present work. Nonetheless fig. 3 indicates that 
dislocation density increases with increasing prestrain from 2 
to 5%, then the dislocation density reach a saturation stage in 
specimens subjected to prestrain range from 5 to 10%. jung 
et al. [27] determined the dislocation density as a function 
of prestraining from 5 to 20% using electric resistivity, and 
observed a monotonic relationship and the final saturation in 
an experimental ULC-BH steel (see fig. 12 in [27]). 

fig. 3.  Influence of prestrain on the dislocation structure in cold 
rolled low carbon steel after baking at 170°C for 20 min. (a) 2%, (b) 
5%, and (c) 10%

4.3. The internal friction peaks after prestrain and paint 
baking

figure 4 shows internal friction spectra obtained after 
2%, 5% and 10% prestrain  (figs. 4a-c) and then baked 
at 170°C for 20 min (figs. 4d-f). The internal friction spectra 
are comprised of: (1) carbon Snoek peak [7,36-41], (2) the 
dislocation-enhanced Snoek peak [27,51-58,64-68], and (3) 
Snoek-Köster peak [69-77], and typical exponential high-
temperature background [70,75-77].  resolved internal 
friction peaks, obtained after background subtraction, are 
illustrated in fig. 5. The height of Snoek peak decreases with 
increasing the amount of prestrain. This result is consistent 
with the results reported by jung [27] in ULC-BH steel (see 
fig. 9 in [27]). It should be emphasized, however, that the 
experimental results reported by jung show large dispersion 
in internal friction data estimated from free decaying 
oscillations. Such a high dispersion in internal friction 
is a characteristic feature of the impulse internal friction 
technique for high values of internal friction [27,67]. 

The bake hardening treatment increases the height 
of Snoek-Köster peak in all three specimens. The biggest 
increase in Snoek-Köster peak heights is observed in the 
specimen subjected to 5% prestrain.  The result does not 
agree with jung’s result [27] in ULC-BH steel for pre-
deforming from 0 to 10% (see fig. 7 in [27]), where the 
height of Snoek-Köster peak monotonously increases 
with increasing the amount of prestrain. In the specimen 
subjected to 2% prestrain, the height of carbon Snoek 
peak and Snoek-Köster peak is substantially increased by 
bake hardening treatment. In two other specimens, only an 
increase in the height of Snoek-Köster peak is observed.
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5. Discussion

It was shown [2,4] that there is a threshold value of excess 
solute carbon content, below which no bake hardening occurs 
in steels. Hoggan et al. [4] determined the threshold value C* 
to be approximately 10 wt.ppm in Al killed LC steel and Ti 
stabilized ULC steel. In this work, the BH values in coarse grain 
low carbon steel are negative. It implies that in the investigated 
coarse grained experimental steel, the concentration of dissolved 
carbon in solid solution of ferrite participating in the formation 
of Cottrell clouds must have been too low. No internal friction 
test was carried out for the as-received specimen, but it is 
believed the carbon Snoek peak in the as-received specimen 
was low. The heights of Snoek-Köster peaks in prestrained 
specimens are similar. It seems likely that the most of dissolved 
carbon atoms do not remain in interstitial sites of solid solution 
and do not segregate at dislocations but presumably segregate at 
grain boundaries and/or at tiny transition carbide precipitations. 
It should be mentioned that previous experiments [4] confirmed 
that the excess carbon atoms segregated to grain boundaries 

do not contribute to the bake hardening effect. This is why the 
bake hardening is not observed the investigated coarse grained 
experimental steel.

The bake hardening depends on numerous parameters and 
a great variety of industrial variables. The interaction between 
the substitutional and interstitial atoms in ferrite and austenite 
affects the behavior of carbon atoms [79-87]. The interaction 
of substitutional atoms in solution with carbon atoms also 
affects bake hardening. Manganese exhibits an attractive 
interaction on the surrounding carbon atoms, especially at 
the first neighboring position [87]. Consequently, manganese 
reduces Snoek peak height [83] and limits the ability of solute 
carbon atoms to participate in bake hardening. Vasilyev [85] 
suggested that manganese may provide additional amount 
of carbon atoms susceptible for dislocation pinning after 
thermally activated dissociation of C-Mn complexes. Thus, 
manganese prevents participation of carbon atoms in the first 
stage of bake hardening. 

In the present work, the baking treatment of 2% prestrained 
specimens transforms carbon Snoek peak into the dislocation-

fig. 4.  Internal friction spectra measured in three specimens after different prestrains of (a) 2%, (b) 5%, (c) 10% followed by baking 
at 170°C for 20 min (d) 2%, (e) 5%, (f) 10%. The resonant frequency,  fo  ≈ 1 Hz

fig. 5. Internal friction spectra from fig. 4 after background subtraction. The samples were subjected to different prestraining: (a) 2%, (b) 
5%, and (c) 10% (black curves) followed by the same baking treatment (red curves). The resonant frequency,  fo  ≈ 1 Hz
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enhanced Snoek peak and/or a mixture of Snoek and the 
dislocation-enhanced Snoek [52,54] (figs. 4a, 4d, 5a). In the 
5% prestrained specimens the dislocation-enhanced Snoek 
peak is less pronounced (fig. 4b). In contrast, a substantial 
increase in the height of the Snoek-Köster peak is observed 
(figs. 4e, 5b). The increase in the height of the Snoek-Köster 
peak stems from an increase in dislocation density observed 
in TeM (fig. 3). The peak temperature of carbon Snoek and 
the dislocation-enhanced Snoek peaks remains nearly the same 
[27,51-54,58]. In this study, the apparent peak temperature of 
the dislocation-enhanced Snoek peak is slightly affected by 
small differences in the frequency of oscillations and variation 
in internal friction background. 

It should be mentioned that the height of Snoek peaks 
measured in samples cut parallel to the rolling direction (rD) 
is sensitive to the fluctuation of texture components [42]. In 
this work, the samples were cut at 0° to the rD, which explains 
the variation of the height of Snoek peaks. The height of Snoek 
peaks remains constant for samples cut at 45° to the rD [42]. 

The relaxation strength of Snoek-Köster peak is associated 
with the dislocation density and amount of solute carbon atoms 
segregating to dislocations [57,69-77]. The mobility of carbon 
atoms bound in Cottrell atmosphere is slow down, that is, a 
slower diffusion of carbon atoms [75-78] is expected in Cottrell 
clouds. The dislocations blocked by Cottrell atmosphere are 
less mobile, which leads to an increase in the strength of the 
steel [22]. figure 5(b) illustrates that the height of Snoek-Köster 
peak is substantially increased in the specimen subjected to 5% 
prestrain followed by bake treatment. This is why the greatest 
strengthening due to Cottrell atmosphere appears in the 5% 
prestrain specimen, and thus, the strongest bake hardening 
effect occurs in samples subjected to 5% prestrain. figure 2 
illustrates that this observation is in excellent agreement with 
the maximum BH value corresponding to 5% prestrain. 

figure 5(c) illustrates that the heights of Snoek and Snoek-
Köster peaks due to the bake treatment of the specimen subjected 
to 10% prestrain are the lowest among the three specimens. 
Thus, the effect of strengthening in the 10% prestrain specimen 
is the lowest as confirmed by the lowest value of the BH value 
(fig. 2). To conclude, it is clearly demonstrated that the BH 
value and Snoek-Köster  peak are closely related, and the bake 
hardenability can be related to the height of Snoek-Köster peak. 
The dislocation-enhanced Snoek peak and Snoek-Köster peak 
can be used to detect fresh mobile dislocations pinned by Snoek 
atmosphere and dislocations blocked by Cottrell atmosphere at 
different production stages of BH steels. 

It should be mentioned that the shape of internal friction 
peaks observed in samples subjected to prestrain of: 2%, 5% 
and 10% are slightly biased by the time-dependent variation of 
the center of oscillations during internal friction measurements 
[35,61-63,88-90]. Thus, it is not surprising that under such 
difficult experimental conditions the activation energy of the 
dislocation-enhanced Snoek peak was not determined in this 
work. 

6. Conclusions

The bake hardening property (the BH value) of coarse 
grain experimental low carbon steel has negative values. The 

BH value increases, however, with an increase in prestrain from 
2 to 5%, and then the BH value decreases with the increase 
in prestrain from 5 to 10%. In the specimen with prestrain of 
5%, the BH value reaches the maximum value. The variation 
of the BH value with prestrain is in excellent agreement with 
the variation of the height of Snoek-Köster peak. The heighest 
Snoek-Köster peak is observed in samples subjected to 5% 
prestrain followed by bake treatment at 170°C for 20 min. 
Internal friction spectra of coarse grain experimental low 
carbon steel subjected to 2% prestrain and bake treatment 
reveal the presence of the dislocation-enhanced Snoek peak 
and broad Snoek-Köster peak. It is demonstrated that Cottrell 
atmosphere is responsible for the bake hardening even in the 
case of coarse grain low carbon steel. It is concluded that the 
dislocation-enhanced Snoek peak and Snoek-Köster peak 
can be used to probe the state of fresh dislocations pinned by 
Snoek and Cottrell atmospheres at different production stages 
of automotive parts. The relaxation strength of Snoek-Köster 
peak is closely related to the BH value.
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