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Kinetics of Strain Aging in Bake Hardening Ultra Low
Carbon Steel—a Comparison with Low Carbon Steel
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The kinetics of the static strain aging process have been analyzed in a vacuum-degassed ultra low carbon
bake hardenable (ULC BH) steel with a total carbon content of 20 wt.ppm through measurement of the
strength properties. The influence of prestrain and free interstitial carbon content has been studied. The
kinetic results were compared with those of a BH low carbon (LC) steel. In the derivation of the time
exponent and the activation energy, only the first stage of aging was considered. It was observed that, at
all prestrain levels and matrix solute carbon contents, the initial aging process in the ULC steel obeyed
the t¥3 kinetic law and the kinetics were not influenced by the changes in dislocation structure due to
prestrain and the dissolved carbon content. In comparison, the aging process and the kinetics in the LC
steel werefound to be significantly influenced by the amount of prestrain. The presence of carbide particles

in LC steels can modify the aging kinetics.

Keywords interna friction, kinetics, LC BH steel, prestrain,
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1. Introduction

Bake hardenable (BH) vacuum-degassed ultra low carbon
(ULC) steels (C < 50 wt.ppm) have recently received increased
attention for autobody applications in the automotive industry.
Compared to low carbon (LC) BH steels (C > 100 wt.ppm),
ULC BH steels have excellent forming properties and an
increased strength that is achieved due to the aging during the
paint baking of the final product. These steels can be processed
on hot dip galvanizing/galvannealing lineswithout an overaging
section, which is necessary for LC steels to allow cementite
precipitation. Bake hardening is essentially a strain aging proc-
ess resulting from the interaction between interstitial carbon
atoms dissolved in the matrix and the dislocations generated
during forming operation. The kinetics of the process is con-
trolled by the long-range diffusion of interstitial atoms to the
strain fields of dislocations. Atmospheres of interstitial atoms
are formed in the vicinity of the dislocation cores. Further
segregation of interstitials to the dislocations results in carbide
precipitation. The most obvious manifestation of thestrain aging
process is the increase in the yield stress of the material at all
solute levels and aging times. Earlier investigations of the
strain aging process in Fe-C aloys have established distinctly
the mechanisms and stages of the process.>4 With regard to
the kinetics of the aging process, it is likely that the entire
aging process cannot be described by asingle model. Theinitial
stage of the aging process was originally described by Cottrell
and Bilby’s kinetic model.[¥ According to Cottrell and Bilby,
during the atmosphere formation, the total number of solute
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atoms n, segregating to per unit length of dislocation in time t
is given by

1 2
n = nal” 3 (ADt)3
M\ 2) kT

where ng is the number of solute atoms per unit volume, A is

the interaction energy between a dislocation and solute atom,

and D is the diffusion coefficient of the segregating solute at

the absolute temperature T. With the advance of the aging

process, Eq 1 fails, however, to describe the kinetics, as it does

not consider the solute depletion surrounding the dislocations,
a fact which was also recognized by Cottrell.

In order to extend the applicability of the model to systems
of supersaturated Fe-C solid solutions, Harper modified the
above equation to allow for the lowering of solute concentration
in the matrix surrounding the dislocations as the aging pro-
ceeds.®l He assumed that the rate of segregation at any time

would be proportional to the solute concentration remaining in
solution and obtained

1 2
M o | s (7R (RO
W—no—l exp[ 3L<2><kT>} (Eq 2)

where W is the fraction of solute atoms already segregated in
timet and L is the total length of dislocations per unit volume.
Harper found a good agreement with his experiments for frac-
tions of solute depletion up to 0.90. The limitations to the
Harper model have been reviewed by Baird.[! As the Harper
model does not allow for the back diffusion from the core of
dislocations, it can only bevalid for steels with low atmosphere
densities. In many strain aging studies in the Fe-C system, a
generalized form of Harper’s equation has been used to derive
the kinetics of the aging process. Equation 2 can be rewritten as

(Eq 1)

t

In(1 - W)= —(-T> = —(kp)" (Eq 3)
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where 7isatemperature-dependent rel axation constant obeying
an Arrhenius-type relation from which the activation enthal py
of the aging process can be derived. The kinetic parameters n
and AH derived from fitting experimental data to Eq 3 have
often been used to interpret precipitation mechanisms or to take
into account dislocation inhomogeneities. Any deviation in the
value of n from %5 is generally regarded as being associated
with a change in the precipitation mechanism of carbon on
dislocations or in the matrix.[8-12

In BH ULC stedl, a very low amount of carbon is retained
in solid solution at the end of processing and the precipitation
of iron carbidesis unlikely to take place in this type of steel .[*%]
Moreover, because of the ultra low level of solute content, the
C backdiffusion is expected to be insignificant. Therefore, the
application of the Harper derivation should give an accurate
description of the aging kinetics until the completion of the
atmosphere formation in ULC steels.

Strain aging in ULC BH steel is technologicaly very
important. Presently, attempts are being made to increase the
bake hardenability of these steels through retention of more
solute carbon in the matrix by increasing the cooling rates after
soaking in a continuous annealing cycle. In thiswork, the strain
aging results of a BH ULC steel have been examined with
respect to changes in prestrain and solute carbon content
resulting from the application of different cooling rates after
annealing. Thekinetic parametersn and AH of the aging process
were determined with the analytical models describing atmos-
phere formation. The influence of the prestrain and the solute
carbon content on the time exponent n was evaluated. In the
derivation of the kinetics, the increase in upper yield strength
due to the aging process was taken into account rather than
the solute segregation, as the former is the most consistent
manifestation of the atmosphere formation process. Thisconsid-
eration also stems from the fact that a very small amount of
carbon is required for atmosphere formation even for a highly
deformed material. Considering the occupancy of one carbon
atom per atomic planethreaded by the disl ocation at atmosphere
saturation, the amount of carbon required to saturate a disloca-
tion density of p (m~?) in bcc ferrite can be calculated as

[Clppm =89-10 - p (Eq 4)

So, even for a large dislocation density of 10%/m?, only
about 1 ppm carbon is needed to saturate all the dislocations.
Whereas in the past the C aging has been successfully analyzed
by means of internal friction (IF) or resistivity measurements,
no diagnostic tool is presently available to monitor accurately
such extremely low levels of carbon segregation during atmos-
phere formation.

2. Application of Kinetic Models

2.1 Harper Model

FromEq 3, aplot of In[—In (1 — W)] against Int will result
in astraight line with aslope n and ay intersect proportional to
the diffusivity of the interstitial solute. Since k is expressed as
k = ko exp [—(AH/RT)], a plot of In k versus /T will give
the activation energy of the aging process.
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Fig.1 Measurement of increasein yield stress Ao due to strain aging

The parameter W has often been equated to the fractiona
increase in yield stress, AofAoma, during the aging process,
where Ao is the increase in yield stress after aging for time t
and Aoy is the maximum stress increment due to prolonged
aging.!! The proportionality between W and Ao/A oye May be
questioned when the aging process occurs in supersaturated
solid solutions, where the strengthening may result from differ-
ent concurrent mechanisms, but it probably isafair approxima-
tion in the case of the ULC steels.

2.2 Hartley Model

Thisistheonly model available sofar that allowsthekinetics
of strain aging to be derived by measuring the changesin yield
stress. Hartley described the increase in yield stress during
aging as due only to the reduction of mobile dislocation length,
which is proportional to the linear concentration of carbon on
the dislocations. Hartley proposed the following aging
kinetic equation:[*4

Dt

23
=K; + K, <?> (Eq 5)

(O'y - O'f) _ E’
1/2(0'y + O'f) T

where oy is the upper yield stress after prestraining and aging,
o7 is the flow stress at the end of prestraining (Fig. 1), t is
the aging time, T is the aging temperature, D is the diffusion
coefficient,*¥ and K; and K, are constants for constant test
conditions, The slope S of the Ao/ versus t22 plot is given
by S= K, (D/T)?3. With D = Dy exp [—(AH/RT)], the activa-
tion energy AH for carbon diffusion therefore can be easily
obtained from the plot of In (ST?3) versus 1/T.

However, apart from dimensionality consideration, the phys-
ical interpretation of the use of the term Y/,(oy + o) is not
clear in Hartley’s derivation.[*¥l Since in the derivation of Eq
5 the degree of atmosphere saturation has been taken into
account instead of the total fraction of solute segregating to
the dislocations, it was considered more appropriate to use the
term AofAoan, for the degree of saturation in the present work,
where Aoy, is the maximum increase in yield stress at atmos-
phere saturation. It has been observed that the maximum
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Tablel Chemical composition of the steels (in wt.%)

Steel C Mn P S Al Ti N

ULC 0.0020 0.09 0.045 0.0030 0.0490 0.0070 0.0016
LC 0.039 0.18 0.035 0.0070 0.0540 0.0044

increase in yield stress Aoym a atmosphere saturation is con-
stant for a prestrain level up to 10% and aging temperatures
up to 170°C for the ULC steel investigated.[*?!

Therefore, from Eq 5, if the time exponent is set as n, then
the slope of the In Ao/Aoym versusInt plot will give the value
of n.

3. Experimental Procedure and Material

3.1 Material and Processing

The material used for the present study was a vacuum-
degassed UL C BH steel with the composition as given in Table
1. The aging results for a LC BH steel with the composition
given in Table 1 were used to compare the kinetics of aging.!*

The hot-rolled sheets of both the ULC and LC steel were
given 75% cold reduction in a laboratory cold rolling mill.
After cold rolling, the sheets were annealed in a (Carl-Wezel,
Germany) continuous annealing simulator at 850 °C for 60 s
with an overaging cycle of 180 s at 400 °C. The cooling rate
from the annealing temperature was 10 °C/s. The annealed
sheets were further given a temper rolling reduction of 1.3%.

Tensile specimens of 80 mm gage length were prepared
from these sheets and were prestrained 2, 5, and 10% at a strain
rate of 4 X 107* s and then aged at temperatures between
50 and 170 °C for different times in a silicone oil bath with a
temperature control of =1.5 °C.

For varying theamount of solute carbon content in the matrix
of the ULC stedl, the cold-rolled sheets were cooled from the
annealing temperature of 850 °C at three different cooling rates:
(1) sheets cooled at the rate of 10 °C-s™%, (2) sheets cooled at
the rate of 50 °C-s™* to room temperature, and (3) sheets water
quenched from the annealing temperature at the rate of
550 °C-s™! to room temperature. In the review of the aging
results, these samples are designated as (a) SC (slow cooling,
10°C-s™Y), (b) MC (medium cooling, 50 °C-s™1), and (c) FC
(fast cooling, 550 °C-s™1). Tensile specimens prepared from
these sheets were prestrained 5% and then aged at 50 °C for
different times.

3.2 Mechanical Testing

Theincrease in yield stress Ao was determined as the differ-
ence between the upper yield stress, oy, after aging for time t
and the flow stress, oy, at the end of prestraining based on the
origina specimen dimensions (Fig. 1).

The solute carbon content in the SC, MC, and FC specimens
was determined by |F measurements using a high frequency
piezoelectric ultrasonic composite oscillator. In this technique,
the specimen is set to vibrate longitudinally over a piezoelectric
oscillator at 40 kHz at a vibration strain amplitude of 1077
The IF due to stress-induced ordering of interstitialsis recorded
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during the fast heating (100 °C/min) of the specimen in an
infrared radiator furnace over atemperature range of 20 to 300
°C.I'%l At 40 kHz, the Snoek peak occurs at around 192 °C.
The inherent advantage associated with this technique is that
it has avery high signal-to-noise ratio compared to the conven-
tional torsion pendulum instrument. Hence, a very low amount
of interstitials can be traced accurately with thisinstrument. An
additional advantage of this technique is that, as the interstitial
carbon segregates to the dislocations during heating to the peak
temperature, one measures the actual interstitial C content in
the matrix at the paint baking temperature.

4. Results and Discussion

4.1 Aging Behavior—ULC and LC Steel and Effect of
Prestrain

Figures 2(a) and (c) describe the aging behavior in the
prestrained ULC steel with respect to time and temperature. It
is observed that, at all prestrain levels, the increase in strength
reaches a distinct saturation plateau after a time characteristic
of the aging temperature. The strength then remains almost
constant during further aging. Except for a marginal increase
in strength in specimens prestrained 2% at higher aging temper-
atures, no second stage of hardening, i.e., carbide precipitation,
can be seen. This suggests that the solute carbon available in
the matrix of the ULC steel (SC sheets) is sufficient only to
complete atmosphere formation. The attainment of the satura-
tion plateau marks the end of Cottrell atmosphere formation, as
studied previously through the changesin yield point elongation
(YPE) behavior.[*®l Second, at all prestrain levels and tempera-
tures of aging, the maximum strength increase at the end of
the atmosphere formation, Aoym, was found to be ~30 MPa.

In comparison, the aging in the LC steel has two distinct
stages(Fig. 2dand €). A significant strengthincreaseisobserved
in the second stage or the precipitation stage in the LC steel.
The maximum increase in strength decreases with the increase
in prestrain.

4.2 Effect of Cooling Rate

Figure 3 shows the IF spectra observed for the SC, MC,
and FC specimens due to different rates of cooling. The carbon
content in the matrix increases with the increase in cooling
rate, as reflected in the IF spectra. The solute carbon content
in the rapidly cooled specimens will be dightly higher than
what is measured considering the 2 min heating time needed
to reach the peak temperature of measurement. Rapid cooling
introduces some dislocations or vacancies in the material, and,
hence, there is a possibility of losing some interstitial carbon
to the dislocations during the measurement. This effect is
expected to be very limited in slowly cooled specimens (Eq 4).

The strain aging results of these specimens for an aging
temperature of 50 °C are shown in Fig. 4(a) and (b) with
respect to changesin yield stressand Y PE. The distinct features
revealed in the aging results are as follows.

» Withincreasing interstitial carbon content, the aging stage
now gradually advances to the second stage of aging and

Volume 10(5) October 2001—569



ULC LC
50 8071 -
2% Prestrain 701 2% Prestrain A
60-
501
& & 40
= =
<) g" 304
< 20/
104
0 . . . 0 T r r —
o1 1 10 100 1000 10000 1 10 100 1000 10000
t min t, min
@) @
50 _ 0
5% Prestrain 5% Prestrain
40 701
A 60+
S 304 o 507
By
= g 401
6 204 e 30f
< b} 4
10 201
101
0 ) T T r 0 T T T T
0,1 1 10 100 1000 10000 1 10 100 1000 10000
t, min t, min
(b) (e)
50
10% Prestrain
401 v 170°C
v a Y
s 307 & 140°C
% 20- ® 100°C
< 0
10- o 75C
0 " 50°C
0,1 1 10 100 1000 10000
t, min
(©)

Fig. 2 Increase in the yield stress with time for different aging temperatures for prestrained (a) to (c) ULC and (d) and (e) LC steels

saturation (asindicated by the maximum inthe Y PE values)
is again 30 MPa in al the SC, MC, and FC specimens.

a significant second stage hardening is observed in the FC
and MC specimens.

»  Thecompletion of thefirst stage of aging or the atmosphere
saturation occurs faster with theincrease in carbon content,
as revealed in the YPE results (Fig. 4b).

e Themaximum increasein yield stress Aoy at atmosphere

4.3 Kinetics of Aging

The aging results of Fig. 2(a) to (c) werereplotted in terms
of Eq 3 and 5 and are shown in Fig. 5(a) and (b), respectively.

570—Volume 10(5) October 2001 Journal of Materials Engineering and Performance



0,0006

® FC

—~ 0,00054 o MC
o = SC
§ 0,0004 :a..
20,0003 :55%;
= ] S 8
g 0,0002 &
g 0,00011

0,0000+

300 350 400 450 500
Temperature, K

550 600

Fig. 3 IF spectrain annealed UL C specimens cooled at different rates

Aging Temp. 50°C Prestrain 5%

60
1 AG, i~
501
40-Completion of
N O
€ 50
< 20 . e FC
101 —o—MC
; ’ —a—SC
0 s
1 10 100 1000 10000
t, min
€)
5
4 -
Completion of First Stage
X3 L
4]
S 2
14 —o—MC
—a—SC
0 L) T T
1 10 100 1000 10000
t, min

(b)

Fig. 4 Aging behavior in ULC specimens with different cooling rates
with respect to (a) increase in yield stress and (b) YPE

Both the equations describe the data quite well up to the
completion of atmosphere saturation at al the prestrain and
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temperature levels. The slopes n of these plots are tabulated
in Table 2. It is clear from the figures that within the prestrain
and temperature range studied, no change in the slopes is
observed. The values of n found through Harrier’'s analysis
fall within 0.65 to 0.80, which are quite close to that derived
by Cottrell and Bilby for the interaction of the dislocation
and the interstitial carbon for which n = 0.66. Values of n
found through Hartley analysis are also close to the value
of 0.66. However, relatively higher values obtained through
Harper’s model were due to the neglect of saturation effects
in this model.

The analysis of the kinetics through these models suggests
anormal strain aging kinetics (t¥2 law), i.e., carbon segrega-
tion to dislocations alone, and that the kinetics is not altered
by the changes in the dislocation density in the ULC steels
within the range studied. This is important since amplitude-
dependent | F measurements on prestrai ned specimensdemon-
strated that prestraining the ULC steel in excess of 7.5%
resultsin dislocation structure changes.[*”l The TEM observa-
tion of thin foils of 10% prestrained specimens reveaed the
presence of cellular dislocation network formation. While the
kinetics changes due to such dislocation structure changes
have not been reported so far, but based on Bullough and
Newman’'s analysis, a time exponent value of 0.77 had been
reported earlierl*® considering inhomogeneitiesin dislocation
distribution (intheregion of clusters, cell walls, and carbides).

The aging results of the LC steel were also analyzed
through the Harper and Hartley models for comparison of
aging kinetics with those of ULC steel, and the results are
shown in Fig. 6(a) and (b), respectively. The n values calcu-
lated from the data are given in Table 2. It is clear that in
this case the amount of prestrain influences the values of n
within the temperature range examined. The values of n for
specimens prestrained 2% derived through the Harper (0.54
to 0.55) and Hartley (0.46 to 0.48) models are both lower
than those observed for the UL C specimens. The results point
more toward a t¥2 kinetic law. In specimens prestrained 5%,
the n values are much closer to the CottrellI’s t?2 law. In other
words, at higher prestrain, the Cottrell atmosphere formation
process dominates, whereas at lower prestrain, the n values
are suggestive of a mechanism of carbon diffusion toward a
growing cementite particle. In a recent work by Kozeschnik
and Buchmayr,[** it was shown that within a prestrain range
of 0 to 5% there is a change in the precipitation mechanism.
They indicated that, at low dislocation density, the precipita-
tion of carbide is favored and, at about 5% prestrain and
more, the ferrite matrix is depleted by Cottrell atmosphere
formation and no carbide particles can form until at least the
majority of carbon atoms have diffused to the dislocations.
In earlier works,*Y a t¥2 kinetic law had been found to be
associated with dislocation locking by carbon atoms at ferrite-
cementite interfaces. The LC steel contains many cementite
particles!*® and also a higher amount of manganese than the
ULC steel. Therefore, it is likely that the carbide particles
can grow during aging and lead to an additional increase in
yield stress.[829 |eglid® demonstrated that, during aging of
an Fe-Mn-C dloy at temperatures between 60 and 100 °C,
precipitation of carbides both in the matrix and the disloca-
tions could be observed as Mn shortens the incubation time
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Fig. 5 Kinetic analysis of the aging data of prestrained ULC specimens using (a) Harper and (b) Hartley models

for the formation of critical nuclei and affects the activity
of carbon.

Theanalysis of the aging data for specimens with different
solute carbon contents (Fig. 4) is given in Fig. 7(a) and (b).
The values of n measured from the slopes of these plots are
given in Table 3. It is interesting to note that the slopes are
almost constant for all the specimen groups and are very close
to the value of 0.66. This suggests that, even with changing
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the sol ute carbon content (within 20 wt.ppm), the aging mech-
anism does not change. Earlier aging resultswith higher initial
carbon content reported abrupt changes in aging kinetics in
guenched-in iron alloys which were ascribed to the changes
in aging mechanism from nucleation on dislocation only to
the nucleation within the matrix and dislocations.®9 The
nucleation within the matrix is said to be facilitated by the
presence of vacancy rings generated due to quenching.® This
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Table2 Kinetic parametersn and AH for the strain
aging process in the ULC and LC stedls as a function
of prestrain and temperature

Prestrain, Aging temperature, AH,
Steel  Model % °C n kcal/mol
ULC  Harper 2 140 0.69 19.6
100 0.70
75 0.76
50 0.75
5 140 0.65 20.0
100 0.65
75 0.80
50 0.72
10 140 0.73 20.3
100 0.74
5 0.78
50 0.73
Hartley 2 140 0.59 19.0
100 0.76
75 0.61
50 0.63
5 140 0.65 19.0
100 0.79
75 0.68
50 0.61
10 140 0.80 19.7
100 0.71
75 0.64
50 0.66
LC Harper 2 50 0.55 15.7
100 0.54
5 50 0.67 19.2
100 0.80
Hartley 2 50 0.46 16.8
100 0.48
5 50 0.64 21.8
100 0.58

was expected in the present case for FC specimens, but the
present results suggest that, even if such a mechanism is
present, it does not influence the aging process strongly. This
is probably due to the fact that even the highest solute carbon
in the FC specimen istoo low to cause any matrix nucleation.

The activation energy for the atmosphere formation process
in ULC steel was calculated from Fig. 5(a) and (b) using both
Harper and Hartley derivations, and the results are shown in
Fig. 8(a) and (b), respectively, for the two models. The values
are given in Table 2 and are in excellent agreement with the
activation energies of 18t020.1 kcal/mol for diffusion of carbon
in bee iron during strain aging, as published earlier.®?1 The
activation energies derived for the LC steel specimens appar-
ently show a strong prestrain dependence. At higher prestrain,
the activation energy derived (Table 2) is close to that for
diffusion of carbon atoms to the dislocations, whereas at lower
prestrain, amuch lower activation energy isfound. Thisimplies
that the underlying aging mechanism in the LC steel is not the
same at all prestrains, a fact that was aso revealed in the n
values (Table 2).

5. Conclusions

In the present work, an attempt was made to apply the
available analytical models describing kinetics of strain aging
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to the aging results of an ULC and a LC steel, in order to
compare the aging kinetics for these steels and to obtain the
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Table3 Kinetic parameter n for the strain aging
process in the ULC stedl as a function of cooling rate

Model  Prestrain, % Aging temperature, °C  Coolingrate n

Hartley 5 50 10°C-st 063
50°C-st 0.60

550 °C-s  0.63

Harper 5 50 10°Cst 071
50°C-st 076

550°C's! 0.76

kinetic parametersn and AH. Thekinetics were derived through
measurement of the increase in yield stress due to aging. The
following conclusions can be drawn.

* The time exponent n evaluated through different kinetic
model s suggested that the dislocation pinning by the carbon
atoms is the dominant mechanism during the strain aging
inthe ULC BH steel at al prestrainlevelsand isnot affected
by the changes in dislocation structure due to straining.

e Theamount of prestrain up to 10% or the changes in solute
carbon content (up to 20 wt.ppm) does not influence the
aging kinetics in the ULC stedl.
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Fig. 8 Determination of the activation energy of carbon diffusion
during strain aging in prestrained ULC specimens using (a) Harper
and (b) Hartley model

*  Themaximumincreaseinyield stressat atmosphere satura-
tion is 30 MPain the ULC steel, and this does not depend
on the amount of prestrain or solute content within the
range studied.

e The activation energy for the atmosphere formation stage
in the ULC steel has been found to be 19 to 20.3 kcal/mol,
which isin excellent agreement to the activation energy of
18 to 20.1 kcal/mol for diffusion of carbon in bcc iron
during strain aging reported previoudly in the literature.

In the case of the LC BH steel, the dislocation density has
a significant role in determining both the strengthening level
after the second stage of aging and the kinetics of the initial
aging process. At lower prestrain, the kinetics follows a tY?
law, and at higher prestrain, the kinetics is governed mainly by
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the dislocation and carbon atom interaction, which follows a
t%3 time dependence.
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