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Chapter 1: Introduction

The metallurgical phenomena responsible for the increase in yield strength during bake
hardening (bake hardening response) of: bake hardenable steels are the diffusion of
dissolved interstitial C atoms to dislocations and grain boundaries and/or &-carbide
precipitation.

Bake hardenable steel is mainly used for the manufacture of outer doors, fenders, boot
lids and bonnets of automobiles (Figure 1) . With this type of steel a higher yield
strength in the final product is obtained whereby a reduction in thickness of the body
panel is possible. The increase in yield strength takes place after press-formed parts,
pass through paint curing lines (temperatures between 150 — 200 °C). Press forming is
therefore easier because the increase in strength occurs after the press forming
operation.

Door Outer

Figure 1 Abplications of bake hardenable steels in cars

The steel properties leading to good formability are a relatively low yield stress,
suitable texture to give an adequate r-value, no yield point elongation (or Liiders
strain), and a high n value (work hardening rate as in the Hollomon equation (6=K¢&")).
The latter two properties are strongly influenced by temper rolling of the steel prior to
delivery to the stamping plant. The yield stress after baking increases with increased
solute C (dissolved C) content in the steel; however, if the amount of C in solution is
larger than 25 wt-ppm, strain ageing occurs at room temperature leading to an
unacceptable yielding behaviour and poor surface quality on the stamped product.
Consequently the need for room temperature stability limits the C content between 10
and 25 wt-ppm and therefore the amount of bake hardening response that may be
achieved.



In the standard bake hardening test, a tensile sample is 2% uniaxially prestrained,
unloaded and aged at 170 °C for 20 minutes (accelerated strain ageing) and
subsequently re-strained until failure.

Although the knowledge of bake hardening is rather extensive, it is believed that the
bake hardening response cannot be predicted precisely by an accelerated strain-ageing

test because of:

- Sample orientation: a different bake hardening response is observed in different
relative orientations for the pre-treatment deformation and the testing deformation,
even though the diffusion of C is intrinsically similar

- Prestrain path: simple unidirectional tensile tests of bake hardenability, in which
ageing is confined to a short time (20 minutes) at a temperature up to 170° C, gives a
misleading bake hardening response compared to that attained in applications which
involve stress systems applied in service

- Baking temperatures: temperatures in the 200 to 230 °C range renders carbide
precipitation that may not thermodynamically precipitate at lower temperatures

It is thus the aim of this project to clarify how the bake hardening response in bake-
hardenable steels is influenced by different sample orientations, prestrain levels, and
baking temperatures and times. The observed tendencies are discussed in terms of the
metallurgical processes taking place.

For this research: ,

- A comprehensive literature review was conducted to establish the current state of
knowledge in this field of study. The results are reported in Chapter II. Special
attention was given to the standard bake hardening test, theoretical background on the
bake hardening mechanism and the influence of prestrain, temperature and time of
baking on bake hardening.

- A detailed experimental plan was then designed and executed to investigate the bake
hardening mechanism. Details are given in Chapter IIl. The plan included sample
preparation and orientation of tests, bake hardening simulation as applied by steel
producers, and tensile and compression tests to simulate the bake hardening response.

- A result section is given in Chapter IV, where the influence of parameters such as
level of prestrain, temperature and time of baking on the bake hardening response for
tensile and compression samples is described

- Finally, there is a discussion section in Chapter V that reviews the influence of test
type, sample orientation, prestrain and baking temperature and time in detail.

This project is sponsored by CORUS-IJmuiden (The Netherlands).
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Chapter 2: Literature review
2.1 Introduction

Environmental pressures increasingly necessitate further reduction of a vehicle’s
weight in order to achieve better fuel consumption ). In addition to this, the
improvement of safety is also an important consideration during material selection and
design of new car models. These issues are addressed by using high-strength steel
sheets, but the increased strength makes press forming difficult. Bake hardenable steel
is one way to obtain a higher yield strength in the final product, whereby a reduction in
thickness of the body panel is possible, without deterioration of the press-formability
() Bake hardenable steels have a relatively low initial yield strength and good
formability compared with other types of steels (Figure 2), associated with an excellent
bake hardening property, which provides a yield strength improvement of
approximately 20% after paint baking %> %7,

' Low Strength
70 F &

Ultes High Strength Stec
Steels Ultra High Strength Stecls

(<210 Mpa) (=350 Mpa)

60 | - |High StrcugthSteels

.~ After paint baking

Elongation (%)
o
=

Bake hardenable

steel MART

1000 1200

0 1 .| ] [
0 200 400 600 800
Lower Yield Strength (MPa)

Figure 2 Strength and formability for mild, conventional and advanced high strength steels

After press forming, painted parts pass through drying furnaces at temperatures
between 150 °C and 200 °C, where the different layers of primer and coating are baked
for 10 to 30 min. It is during this stage that the yield strength increases. (Figure 3)
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Figure 3 Schematic illustration of the increase in yield stress after press-forming and after bake
hardening treatment ™

In view of the current importance of bake hardenable steels in the automotive industry,
areview of the mechanisms of bake hardening and parameters which control it, will be
presented according to the following structure:

e A description of a standard test to assess the bake hardening response in §2.2

* A basic theoretical background in §2.3. Parameters (such as grain size and alloying
elements) used by steel producers to promote a bake hardening response of bake
hardenable steels are presented in §2.4 and §2.5

e The means that car producers have to improve a bake hardening response in bake
hardenable steels (like type and amount of prestrain, temperature and time of
baking) are presented in §2.6 and §2.7

¢ Finally, a discussion of the literature reviewed for this report in §2.8

2.2 The standard bake hardening test

To accurately predict the performance of bake-hardenable steels in-service, it would be
necessary to form components, paint and then bake them in an automotive paint curing
line, before testing the mechanical properties. Obviously, this is a time consuming and
costly process, hence a simple tensile test has been developed to simulate the
conditions encountered by these steels when they are used in auto-body construction. In
the standard bake hardening test, a tensile sample is 2% uniaxially prestrained,
unloaded and aged at 170 °C for 20 minutes and subsequently uniaxially re-strained

until failure. (Figure 4)
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Figure 4 Schematic bake hardening procedure according to the standard test

The Bake hardening is defined as the difference between the lower yield point after
pre-straining and ageing (R;;) and the proof stress at the prestrain level (R,) (Figure 5).

The return of the yield point is due to the diffusion of carbon atoms to the dislocations
during the ageing period to form new atmospheres of interstitials anchoring the
dislocations ®”. The most common measure to describe the bake hardening behaviour

is the increase in lower yield stress (Adogy) as illustrated in Figure 5.

After press- After bake-hardening
As-received forming treatment

Dislocation g e ——
-
R e ) A e -
bL T * Increase in lower
P Y vyield stress Ao BH
{
{
! After prestraining
i p
2 and ageing
B
& i{
]
gt ’f Prestraining
restrain {

Strain

Figure 5 Schematic presentation of the combined stress-strain curves before and afier bake hardening
and the microstructure change during bake hardening test™
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An indication of how the microstructure changes during the bake hardening test is also
presented with a typical stress-strain measurement obtained during bake hardening
testing in Figure 5. In the as-received condition carbon in solution (typical
concentration 20 wt-ppm) is uniformly distributed. During prestraining, new
dislocations are created and in the subsequent baking process, diffusion of interstitials
to dislocations takes place.

The various standards for bake hardening testing are shown in Table 1 (the rolling
direction refers to the original plate material). The differences in testing and calculation
procedures could imply that material that satisfy a steelmaker’s release test, may be
rejected by a customer, simply because of the different test method used. Hopefully, the
adoption of the Buropean norm proposal will make bake hardening results comparable,
for both, the steel makers and their customers.

Table | Standard bake hardening tests used by the car industry
3135 : SE

Test piece JIS No. 5 ISO 80 mm ISO 80 mm | DIN EN10002

Orientation test 90° 90° 90° 90°

sample respect to

rolling direction

Prestrain 2% total 2% total 2% total 2% plastic
elongation elongation elongation deformation

Baking treatment | 20 min - 170 20min-170 | 20min- 170 { 20 min - 170

OC _ OC OC OC

ross-sectional Original Prestrained Prestrained

area
Lower yield Ryy Ryy Ryy Ry

stress (Rp,) or
Upper yield stress
(Rom)

Accuracy 10 N/mm” 10 N/mm? Not stated 10 N/mm”

2.3 On the mechanism of bake hardening

It is assumed that the bake hardening process is a kind of strain ageing caused by
segregation of carbon and/or nitrogen atoms to the dislocations generated during press
forming 4 'V or prestraining in the test procedure. It is generally established that strain
ageing occurs in three continuous and successive stages, and that there is a gradual
change from one stage to another (Figure 6).

- In the first stage there is an initial rapid increase in the upper yield point that is
explained by stress induced rearrangement of the interstitial atoms in the stress field
of dislocations, called the Snoek-effect.

- In the second stage a pronounced increase in yield stress is caused by medium-range
diffusion of carbon and/or nitrogen to dislocations (in the standard test the diffusion
distance for C and N is approximately 0.8 um). These atoms gather in the stress field
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of a dislocation and form the so-called Cottrell-atmosphere, which can pin the
dislocations effectively and give an increase in strength. This is the most significant
stage of the three that govern the return of the yield point (discontinuous yielding).

- In the third stage the e-carbides precipitate. An initial increase in strength takes
place (Kelly-fine mechanism) but with increasing ageing time (Orowan mechanism)
a decrease is observed due to &-carbides coarsening.
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Figure 6 Schematic presentation of the bake hardening effect of the three stages “

2.3.1 Snoek effect

The Snoek effect or Snoek rearrangement is essentially associated with a single atomic
jump of an interstitial atom in the dislocation stress field. Since interstitials that are
initially close to the dislocations move through the distorted region near the
dislocations more rapidly than distant interstitials diffuse through the bulk, the first
stage of the strain process is attributed to a rearrangement of interstitials around
dislocations as described by Shoeck and Seeger'®. They consider a b.c.c. lattice in
which the concentration of interstitial atoms is low enough to keep the interaction
between interstitials small. Three types of interstitial sites - corresponding to the three
directions of a cubic cell - exist. If no stress is applied, the three interstitial sites will be
occupied by the same fraction of interstitial atoms. If, however, a (non-hydrostatic)
stress is applied the energy of interaction between the stress and the interstitials will in
general depend on the type of site occupied. Hence, at temperatures where the
interstitials can diffuse, an applied stress will cause a redistribution of the population of
the different lattice sites and the population of the sites with lower energy will increase,
whereas that of the sites with higher energy will decrease. A similar redistribution of
interstitials on different lattice sites will take place in the stress field of a dislocation.
By this process the energy of the system is lowered and therefore the dislocation
locked. This process is known as the Snoek effect.

The first stage of strain ageing, attributed to Snoek rearrangement of interstitials in the
stress field of the dislocation, can be described as follows. Initially there is a random
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distribution of interstitials in the matrix. After an applied deformation, the interstitials
in the stress field of a dislocation attempt to minimise the strain energy in the region of
the dislocation by moving to minimum energy site positions 1 1419,
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Figure 7 Fractional increase in yield-stress increment, Ao/ o vs. ™" for single-crystal specimens
quenched from 700 °C"Y

Figure 7 reveals that the fractional increase in yield stress in iron single crystals occurs
in two successive stages, represented by two different slopes. The first stage is
considered to be due to Snoek effect and the second one due to Cottrell atmosphere
(discussed more extensively in the next section). For temperatures of 40 °C or higher,
the first stage cannot be seen due to its rapid completion; increasing the temperature
decreases the time required for its completion (11 s at 13 °C but 2 s at 31 °C). Both
stages follow a r** law (Equation 1). Authors like Nakada and Keh!'® have pointed out
that the apparent intercept of the “Ao/c” (fractional increase in yield stress) plot at zero
ageing time, from second stage, is positive if Snoek rearrangement precedes Cottrell-
atmosphere formation. In this case no incubation time is required for the occurrence of
Snoek rearrangement.

The initial stage has an activation energy corresponding to short-range motion of
interstitials in dislocation stress fields (Snoek effect) of 62 + 2 kJ/mol, whereas the later
stage corresponds to longer-range diffusion (resulting in a Cottrell atmosphere) with an
activation energy of 75 to 92 kJ/mol ¥,

2.3.2 Cottrell atmosphere

The medium-range diffusion of carbon atoms to the stress field of the dislocations,
called Cottrell-effect, is assumed to be the mechanism dominating the magnitude of the
bake hardening response. Cottrell and Bilby *! analysed the kinetics of the formation
of the carbon atmosphere around dislocations produced by straining based on the
assumption that the only important phenomenon would be the “drift force” pulling
carbon atoms towards the dislocation core. This drift force arises from the decrease in
the dilatational energy of a carbon atom in sites near the tension side of an edge
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dislocation. It was indicated that a drift force of a similar magnitude should also exist
near a screw dislocation.

Cottrell’s model (in it’s original form) of atmosphere formation around dislocations,
extended by Harper ), only describes the kinetics of the change of carbon content in
solution in the bulk due to diffusion to dislocations. The general form is:

n t 2/§
L=g=1- GXP({—] )
ng T

1

np being the number of atoms segregated to dislocations, ny the initial number of atoms
in solution, ¢ the ageing time and 7 a temperature dependent constant. This equation is
often used to describe the change of mechanical or physical properties during ageing.
This is only valid as long as the change of the properties is directly proportional to the
change of the carbon content in solution. Many investigations have shown that this
proportionality is valid for the beginning but not for the end of the ageing process. The
increase in yield stress caused by the formation of carbon atmospheres around
dislocations rises with the number of atoms that gather in an atmosphere, but the
interaction and the pinning-effect decrease with increasing distance between the
dislocation and the carbon atom. Cottrell also mentioned that the first atoms that arrive
at a dislocation ought to be more effective in anchoring it than those that arrive later (18,
19:29) Thereby, it is obvious that for the later stages of ageing the direct proportionality
between the numbers of carbon atoms around a dislocation and the-yield stress cannot
be valid.

It is possible to estimate the number of atoms required for saturation (interstitial-
dislocation interaction) by equating the volume changes produced by the interstitial
atoms and by the dislocation field. Assuming that each carbon alters the edges of the
unit-cell in which it is from “a, a, a” to “c, a;, a;” and using the lattice parameter
measurements in martensite of Lipson and Parker (1944), the unit cell volume change
caused by the introduction of a carbon atom is given as AV = 7.8x10° m* @Y, Should
we then take a region consisting of one atomic plane threaded by the dislocation line
(Figure 8), the radius » = R (~ 10 A) of a semi-circular annulus in which the total
volume change produced by the dislocation is equal to that produced by introducing
“one” carbon atom, the volume change can be determined by

R2rm
AV = /lj j@rdrda

T

where:

A = slip distance of the dislocation ~ 2r, = 0.248 x 10°m
¥ = atomic radius of iron = 0.124 x 10° m

r, o= carbon atom co-ordinates relative to the dislocation
¥p = minimum value for » ~ 2 A

R = maximum value for » ~ 10 A

® = stresses caused by dislocation
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and using Koehler’s (1941) formula for the stresses around a positive edge dislocation

A 1-2vsina

27 1-v  F

with
v = Poisson’s ratio = 0.28

To a first approximation the stress caused by the dislocation becomes infinite at the
centre of a dislocation where the elastic continuum theory from which it is calculated is
not valid. In a crystal this “infinity at the centre” is limited by a “cut-off” at a certain
minimum radius  inside which is deemed to be the “core” of the dislocation. There
are two reasons for rp: (i) the failure of Hooke’s law at large strains and, (ii) the
discreteness of the atomic structure, the displacements and forces between atoms in the
core being finite *?. So, assuming that the minimum value for » = r; ~ 1 and using the
calculated value of AV (=7.8x107° m?), R is about 10 A. It is thus reasonable to assume
that in the equilibrium state only “one” carbon atom per atom plane is present within
10 A of the dislocation centre. Since the greatest tensile strain must occur immediately
below the dislocation centre and in the atomic plane which constitutes the lower side of
the slip plane, the most favourable position for the central carbon atom will be at ¢ =
372 and r ~ 2 A, and it seems likely that the central part of the atmosphere consists of
a line of carbon atoms, parallel to the dislocation line, in this position (F igure 8).

YM

Carbon atom

Atomic
plane

v

Le®

»e Central line of carbon atoms

Figure 8 Carbon atoms in the strain Jfield of a positive edge dislocation and the central carbon line of
Cottrell atmosphere

In the annulus between 10-20 A, the total volume change is again about the same as
that produced by one carbon atom per atom plane, but this volume change is spread
more uniformly over a much larger region of the crystal and, in this case, the carbon
atoms are not linearly arranged.

It can be concluded that an extremely small amount of carbon is required to provide
atmospheres for all dislocations in a crystal; although the actual value depends, of
course, on the density of dislocations. Cottrell determined that for a dislocation density
of 10'* m™ the amount of C absorbed by dislocations for full yield point (under the
assumption that every dislocation has one carbon atom per atom plane) was about 1 wt-
ppm “Y. The amount of carbon necessarily to pin all dislocations, has been confirmed
by Vandeputte and De Cooman ¥, They established that for a total dislocation density
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after a tensile prestraining of 10% in an ultra low carbon bake hardening steel [2.8x10"
m? - 1.3x10" m™], the required carbon for saturation is 0.25 - 1.2 wt-ppm.

2.3.3 Carbide precipitation

The last stage of the bake hardening process is the precipitation of g-carbides. It is
supposed that the precipitation of carbides during ageing occurs preferentially at
dislocations. As the process continues, more interstitials arrive at dislocations and
denser atmospheres are formed around them. These atmospheres act as nuclei for the
precipitation during the last stage, but for growth, there is — within the time of ageing —
no more carbon available than that in solid solution. Therefore, the volume fraction of
possible precipitation is fixed for a specific steel. However, the size of the particles is
dependent on the number of nuclei per unit volume. If the dislocation density is
increased by pre-deformation, the number of favourable precipitation sites increases
and with that the number of particles will rise. In this case the particle size decreases
because of the constant total volume fraction of carbides. The stress increase due to the
cutting of coherent precipitates (Kelly-fine mechanism) is proportional to the particle
size; and decreases if the particle size decreases. With increasing prestrain (and
therefore decreasing particle size) AOprecipitarion (the largest possible increase in the
third stage of bake hardening) decreases (420, 23, 24, 25, 26) If time of ageing is long
enough for particles to coarsen, then the dislocation bows around the particle (Orowan
mechanism) can progress more easily by not cutting through the precipitate (Figure 9).
Larger particles mean fewer particles (via coarsening) hence lower flow stresses @n,

A

\ \
é’ Kelly-fine mechunism \\ 1 Orowan mechanism
%] \ !
. N
o) |
o—
>=‘ i
t
i
'
|
. ! “«
Larger | oot volume ' b
Smaller X A
I
i >
Ageing time

Figure 9 Schematic variation of yield stress with ageing time for typical age-hardening alloys with two
different volume fractions of precipitate “¥

2.3.4 Description of the kinetics of bake hardening

Strengthening by the Snoek-effect, Cottrell-effect and particle hardening occur as a
continuous process (Figure 10) and can be summarised as a “diffusion process”.
Precipitation follows the formation of Cottrell-atmosphere and the latter occurs after
the Snoek-effect. However, it is possible to simplify the process by treating the three
stages as an additive process. This will allow a better understanding of the influence of
each stage on the bake hardening response. The increase in yield stress during baking
treatment can then be expressed by:

AOBH = AOSnoek + AOCot!reII + Aoprecipitalion



19

As mentioned before, the Cottrell-effect is the most important of the three stages,
followed by the precipitation process. The Snoek effect is always completed (due to its
rapid mechanism) and cannot be further influenced by the bake hardening treatments
applied by car manufacturers (150-200 °C). The long times (see Figure 10) and/or high
temperature needed for the precipitation stage restrict its use for increasing the bake
hardening response during conventional manufacturing.

100
- aging after
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L Snock effect  Cottrell atmosphere Carbides precipitation
40 | \ o
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Increase in lower yield stress in MPa

Ageing time in minutes

Figure 10 Increase in lower yield stress after a prestrain of 1% and ageing at 100°C for ZStE 180BH
(0.03 wi% C) Y ’

2.4 Effect of carbon (c) and/or nitrogen (n) content

If xc (concentration of C in solution), xy (concentration of N in solution) or the
combined level of xc+ is too high, then spontaneous strain ageing after temper rolling
can occur during storage of the steel at ambient temperatures. For bake hardening,
solute xy can not be utilised, since xy diffuses too fast, hence causes room temperature
ageing !+ 11-29:30) (see Table 2).

Table 2 Activation energies, frequency factor, diffusion coefficient and diffusion distances Jor diffusion
of interstitial solutes in b.c.c. metals (Stephenson™")

T 802-84.1
6.2x 107

Frequency factor D, (cmzs”l)

Diffusion coefficient D at 25°C (cm’s™) 59x 10" 1.4x107'°
Diffusion distance X =+2Df (um) at 0.43 0.66
25°C, for t = 6 months

Diffusion distance X =+2Dr (um) at 0.74 0.89

170°C, for ¢ = 20 min

Generally, N is tied up by adding A/ and conventionally, the solute xc is limited to 25
wt-ppm. or less to avoid strain ageing (i.e. diffusion of C atoms to dislocations during
storage or transportation of the steel). According to Atsuki Okamoto et al.'" a bake
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hardenable sheet steel with non-ageing properties at room temperature can be obtained
by controlling the free nitrogen content to around 8 ppm., via open coil annealing in a
controlled atmosphere of hydrogen and nitrogen. The bake hardening, as expected,
increases with xc (Figure 11).
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Figure 11 Effect of solute carbon on bake-hardenability and room temperature ageing "

For ultra low carbon titanium steels where most of the C is used to form (7i,C,S;)
precipitates, the acceptable minimum and maximum xc levels depend on the yield
strength, uniform elongation, plain strain ratio and bake hardening response required.
To satisfy all these requirements, the amount of carbon in solution needs to be in the
range 10 to 45 ppm. The lower limit for excess carbon is controlled by the minimum
bake hardening required (Aopy) and the upper limit is governed by the ageing
resistance and drawability requirement (199 >1.60)%%(Table 3).

Table 3 Determination of the ideal xc level ®%

perty speci _Mi X Maximum
Yield strength: 180 -260 MPa No minimum 68 ppm
%Uniform elongation: 17-25% No minimum 2 000 ppm
rog: 1.6-2.5 No minimum 45 ppm
Aopy: 25-55 MPa 10 ppm 45 ppm

Mitsui et al.®? reported that Aoy should be kept below 60 MPa to ensure that the
yield point elongation is less than 0.2% after ageing to avoid stretcher strain problems.
Consequently, the need for room temperature stability limits the amount of C in
solution and the amount of bake hardening that may be achieved ©?. Reducing the
diffusivity of C is one possibility to combine high ageing resistance and good bake
hardenability. This can be achieved by complexing. If the solute atom has a smaller
size than that of b.c.c. Fe, there will be an interaction between the small interstitial
atoms and the solute atoms, thereby reducing the lattice strain energy and reducing the

diffusivity. Such complexing is known to occur between C and Mn®?),
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2.5 Effect of grain size on the bake hardening response

The stable processing of bake hardening steels requires proper grain size control as
grain boundaries provide low energy sites for interstitial carbon atoms. A variation of
the grain size influences the distribution of carbon between the grain interior and the
grain boundary by changing the number of segregation sites at the grain boundary.
With an increase in grain size the grain boundary area decreases and the total amount
of carbon that can be stored in the grain boundary decreases compared to that in a fine
grained structure @ > 7 1133 [t wag suggested that at room temperature the carbon
situated at grain boundaries would not contribute to room temperature ageing as it
would already occupy the lowest energy position. It was postulated however, that at the
elevated temperatures used during paint curing operations (170 °C), it would be
possible for this carbon to diffuse from grain boundaries and contribute to bake
hardening. As a fine grain size offers more grain boundary sites for the diffusion of
carbon, it was suggested that it was this mechanism that was responsible for the
observed increases in bake hardening with decreasing grain size.

Figure 12 shows the relationship between the grain size d and x¢+y (concentration of
C+N in solution), based on the measurement of Aogy. The solid lines give
combinations of xc+y and d which will result in a certain value for Aoy, after standard
bake hardening treatment (2% prestrain, 170°C for 20 minutes).
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Figure 12 Effect of grain size and solute (C+N) content on Aogy of low-C Al-killed steel after standard
bake hardening treatment

Figure 13 shows the relation of Aoy and xc.y for two grain sizes, for which the
reciprocals of the square root is 6 mm™? and 11 mm™?2. Aosy increases in proportion
to xc+y When xc.y is small, but becomes constant beyond a certain level of x4y, What
is remarkable is that the onset of saturation varies with the grain size. The smaller the
grain size, the larger the saturated value of Aopy. Thus Ry is a function of xciy, which
in )turn governs the intensity of the grain size effect on the bake hardening response.!”
34
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Figure 13 Effect of dissolved (C+N) content on Aoy for two different grain sizes of low-C Al-killed
steel after standard bake hardening treatment @

2.6 Effect of prestrain level, temperature and ageing time

The increase in lower yield stress, Aogy, after a prestrain level of respectively, 1, 2 and
5%, and ageing at 150 °C is shown in Figure 14. It can be clearly seen that the yield
stress rises in two steps®> 2. A yield strength increase of 20 MPa is reached after a
short time of ageing (this level is characterised as (A40swoer + AGconren)). This increase
can be attributed to the Snoek effect and Cottrell atmosphere formation, but it is not
possible to define what the contribution of each is. In the last step (precipitation) there
is an additional increase of the yield stress. With increasing prestrain the maximum
strength increase in the last step (AOprecipiraiion) decreases. Both the first and the second
step of the increase in Aopy are shifted to shorter times if the ageing temperature is
increased. This effect is proven by comparing Figure 15 (giving the results of ageing at
180 °C) to Figure 14 (giving the results of ageing at 150 °C) where the onset of the
second step starts 20 times earlier.
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Figure 14 Increase in lower yield siress after different prestrain levels and ageing at 150 °C for ZStE
180BH (0.03 wt% C) @
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Figure 15 Increase in lower yield stress after different prestrain levels and ageing at 180 °C for ZStE
180BH (0.03 wt% C) ™

Figure 16 to Figure 17 summarise the results of ageing experiments at different ageing
temperatures (50-180 °C) after a prestrain of 2 and 5%. At low temperatures, i.e. 50 to
120 °C, the first step of the increase in yield stress depends on time. At temperatures
above 120 °C the first step is already finished within the first minutes of ageing. From
Figures 16 to 17 it can be seen that for a constant prestrain the maximum increase in A
opy in the last step is independent of the ageing temperature for ageing temperatures
greater than 120 °C. The same level of A0precipiraiion 1S always reached, if the ageing
time is sufficiently long. The ageing temperature has a strong influence on the rate at
which the yield point increases. To realise an increase in Aogy of 40 MPa after a
prestrain of 2% an ageing time of ~ 100 min at 170 °C is necessary. The time has to be
increased by a factor of 100 to get the same value of Aogy by ageing at 120 °C.

180° 1700 150° 1200 100° 50°
+ a o + v o
100 ;
aging after

80 | 2% prestrain

L o
| ——DD

0 . £ Y wa ¥ P al N 1

1 10 100 1000 10000
Aging time in minutes

Increase in lower yield stres in MPa

Figure 16 Increase in lower yield stress after a prestrain of 2% and ageing at different temperatures
for ZStE 180BH (0.03 wt% C) ¥
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Figure 17 Increase in lower yield stress after a prestrain of 5% and ageing at different temperatures
for ZStE 180BH (0.03 wt% C)™

A quantitative evaluation of the maximum increase in yield stress in the first and
second step as a function of prestrain and ageing temperature is shown in Figure 18.
The open symbols indicate the maximum increase in yield stress in the first step, the
filled symbols represent the additional increase in the second step. The evaluation was
carried out for four ageing temperatures. Within the investigated temperature and
prestrain range it is evident that the first rise is independent of ageing temperature and
prestrain level. There is a constant or maximum level for the first step. The maximum
increase in the second step is only a function of prestrain and independent of the ageing
temperature provided sufficient time is allowed. With increasing prestrain level the
strengthening in the second step decreases. This is in agreement with a carbide
precipitation mechanism (see §2.3).
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Figure 18 Increase in lower yield stress in the first and second step of bake hardening as a function of
prestrain and ageing temperature for ZStE 180BH (0.03 wt% C) “

2.7 Discussion

2.7.1 Prestrain orientation

The bake hardening test is conventionally a simulation of the stamping and paint
baking process by an “accelerated” strain-ageing test. However, many authors ©¢* > 37
consider that the bake hardening response cannot be predicted precisely by an
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accelerated strain-ageing test, because the bake hardening process depends on the type
(and level) of prestrain and temperature.

The temper rolling deformation is “to some extent” analogous to the deformation
introduced by a tensile pre-straining in an interrupted tensile test. In both cases, the
cold working introduces new dislocations. These dislocations attract dissolved
interstitial atoms by the general mechanism of strain ageing. Although the diffusion
processes and solute-dislocation binding force are intrinsically similar in both cases,
the yield point returns faster in the interrupted tensile test. In addition, the shape of the
stress - strain curve is different, such that the work hardening rate of sample prestrained
by tension *? is higher.

In the interrupted tensile test, the prestrain, and the subsequent deformation are along
the same strain path. In contrast, samples removed from temper rolled sheet
experienced rolling (plane strain) and tensile deformation. As the diffusion of xc is
intrinsically similar in both cases, the difference in ageing response and yielding
behaviour is indicative of the influence of the different dislocation distributions
introduced by the type of prestrain ©®%.

This behaviour can be explained by the Bauschinger effect that aids activation of
dislocation sources when the direction of straining is different from the direction of
prestrain. The mechanism of the Bauschinger effect lies in the structure of the cold-
worked state. Orowan ©® has pointed out that during plastic deformation dislocations
will accumulate at barriers in tangles, and eventually form cells. Now, when the load is
removed, the dislocation lines will not move because the structure is mechanically
stable. However, when the direction of loading is reversed, some dislocation lines can
move an appreciable distance at a low shear stress because the barriers to the rear of the
dislocations are not likely to be so strong and closely spaced as those immediately in
front. This gives rise to initial yielding at a lower stress level when the loading
direction is reversed & ' 2":39,

Figure 19 shows tensile load-elongation curves of specimens cut out in two directions
from a stamped panel uniaxially deformed by 4% strain. In the one case the tensile tests
were conducted on the as machined sample and on the second after a heat treatment.
When pre-deformation and secondary deformation are in the same direction, an upper
yield point and yield point elongation is evident. However, when the directions are
perpendicular to each other (even when a heat treatment is applied) the yield strength is
low (absent of yield point) V. The differences of the stress-strain curves “just after
pre-straining” could be due to the fact that the work hardening during pre-straining is
also directional. It is observed that there is almost no increase in the yield strength after
baking when re-straining occurs perpendicular to the original pre-straining direction.
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Figure 19 Effect of a pre-deformation direction on bake hardening behaviour (Batch-annealed steel)™”

This phenomenon is metallographically explained in Figure 20 and Figure 21. That is,
if the stress direction of pre-deformation and subsequent deformation is the same, the
active slip systems will be similar. The dislocations locked by C and N during pre-
straining will become a significant barrier to subsequent deformation thereby raising
the yield strength. However if the stress direction of the secondary deformation is
different from that of the pre-deformation,. another slip system will come into play,
which does not have as many dislocations locked by C/N due to the initial lower
concentration of that orientation. The yield strength, as a result, does not increase as
much. This suggests that the bake hardening response is more related to locking of
mobile dislocations than to matrix strengthening via precipitation.
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Figure 20 Relationship between pre-deformation and secondary deformation direction - same direction
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The influence of the amount of prestrain on the bake hardening response was given in
Figure 18. It was concluded that the maximum bake hardening response decreases with
increasing pre-strain. However, Jeong® found that for samples prestrained and baked
at 170 °C (0-0° test), an optimum level of work hardening (lével of deformation) exists
that renders a maximum bake hardening response. From Figure 22 it is apparent that
the highest level of yield strength increase after baking is obtained by a work hardening
degree of 17 MPa. A clear explanation is not given and this needs further research.
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Figure 22 Relationships between bake hardening and work hardening in Ti-added ultra-low carbon
Al-killed steel ¥

2.7.2 Time and temperature bake hardening treatment
To determine temperature and time equivalents, that would result in similar bake

hardening responses it is common practice to use Hundy’s“? equation as a first
approximation. This equation assumes that the bake hardening process is a kind of
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strain ageing and is based on the equation by Cottrell and Bilby,?" which gives the
number of solute atoms arriving at a unit length of edge dislocations. The Hundy
derivative relates the time of strain ageing at room temperature to that at a different
temperature.

Cottrell and Bilby have shown theoretically, and Harper'” has confirmed this
experimentally, that strain ageing is governed by the equation

_aviaPh %
n(T,t)=aN(4 kT)

where
n(T,t) = number of solute atoms transferred to unit length of a dislocation in a time ¢
(this is a measure of the degree of ageing)
o = a number equal to 3
N = number of solute atoms in unit volume
A = parameter measuring the interaction between the dislocation and the solute atom
D = diffusion coefficient of the solute in a-iron
k = Boltzmann’s constant
T = temperature

For equal degrees of strain ageing at different temperatures, assuming «, N, 4 to be
temperature-independent, the Hundy’s equation results from the assumption that n(T, )
= N(T, 1) (e.g., at room temperature 7, and some other temperature T), which would
render;

log% = %x logex (_7},—. —%) - log(%)
6
Therefore,
log(-L) - K(T_l,, -~ g
7
where

Op is the activation energy

R is the gas constant

K is (Q/R)xlog e (for C, K=4400K; for N, K=4000K) and
t, 1s the ageing time at room temperature T,

Equation 7 enables one to convert a known ageing time and temperature to an
equivalent ageing time, that will render a similar degree of ageing, at another
temperature. However, it was pointed out by many authors ©> *9 that Hundy’s
equation is only valid below 100 °C and the discrepancy, 2 to 3 orders of magnitude,
between the calculated equivalent ageing times and those determined by experiments
for temperatures higher than 100 °C is due to the incorrect assumption that the amount
of solute atoms is independent of temperature.
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Simple unidirectional tensile tests of bake-hardenability, in which ageing is confined to
a short time at a temperature up to 170 °C, can give a misleading bake hardening
response compared to that attained in applications which involve stress systems applied
in service. The reason for the direction dependence, is primarily due to the work-
hardened structure, but this is enhanced by strain-ageing.

For some applications, it would be advantageous to separate the strain ageing process
from the paint baking process, particularly in view of the tendency to reduce paint
baking temperatures. There are also potential benefits of baking in the 200 °C to 230 °C
range to obtain an even greater bake hardening response without deteriorating
formability in the case of dispersion-hardened and dual-phase steels.
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Chapter 3: Experimental procedure
3.1 Introduction

The experiments carried out as part of this research are presented according to the
following structure:

e An outline of the material in §3.2

Sample preparation and orientation for tests in §3.3

The bake hardening simulation as applied by steel’s producers in §3.4

Tensile and compression tests used to simulate the bake hardening response in §3.5
Determination of strain distribution after predeformation in §3.6

Transmission electron microscopy (7EM) for analysing the microstructure in §3.7
and,

e A review on the calculation of the bake hardening response in §3.8

3.2 Material

The material used in this investigation was an ULC based HI80BD grade. The H
denotes cold rolled flat products of high strength for cold forming, /80 the minimum
proof strength (Rp.2) in N/mm?, B bake-hardened and D that the material has been hot-
dip galvanised. The chemical composition and the transverse mechanical properties
according to EN10292 for HI80BD are specified in Table 4 and Table 5.

Table 4 Chemical composition range as for H180BD (cast analysis)

O These additional elements may be used individually or in combination. Vanadium
and boron may also be added. The sum of these 4 elements should not exceed 0.22%.

Table 5 Required mechanical properties for HI80BD in the transverse direction

_Tensile  Elongation  Plastic

e . strength . strainrafio

_ strength
, . v . 7 exponent
Ryp:  aftetheatines = R, Ay . e 5
N/mm? I N/mm? - ' . min.

18010240 | 35 | 30010400 | 34 | 16 | 0.6
(1) If the discontinuous yielding is pronounced, the values apply to the lower yield point

(Ri1)

The material in the as-received condition were sheets of 1000 mm x 1411 mm x 0.685
mm respectively, length, width and thickness. The sheets were cut into 4 strips of 1000
mm X 300 mm (length x width) and stored at -12 °C to prevent the material from
ageing.
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Subsequently, the strips were cut to smaller dimensions, 120 mm x 300 mm (width x
length) and were deformed in tension perpendicular to the rolling direction at prestrain
levels of &= 0%, 2%, 4%, 6% and 8% total elongation. (See Figure 23)

300 mm
- r
A A g, total
elongation
120 mm !
1
- i Rolling dircction 3
{

' \

Figure 23 Prestrain orientation with respect to the rolling direction

3.3 Sample preparation and orientation

3.3.1 Tensile samples
From the prestrained strips, tensile samples were machined. Two different orientations
for the tensile samples were used, one with an angle (@) of 90° and another with an

angle of 0° between the longest axis of the sample and the rolling direction, named X
and Y respectively. (See Figure 24 and Figure 25)

80 mm

1
B
»

1

) 120 mm

150 mm

A

300 mm

Figure 24 Orientation of machined X samples in relation to the rolling direction
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Figure 25 Orientation of machined Y samples in relation to the rolling direction

The dimensions of tensile samples are specified in Table 6 and Figure 26.

Table 6 Dimensions (in millimetres) of test pieces (cf. Figure 26)

Original gauge ~~ Parallel ~ Test piece total

~ length  length °  length
RIC 125+1 50 60 120

(*) Type used for tests due to sheet width limitations (max. L = 120 mm)
- ]

q .................. ,i. """""" I
L. b

A
v

Figure 26 Tensile sample dimensions

In order to determine the as-received mechanical properties (the proof strength Ry
and the ultimate tensile strength R,,) of the machined samples three X and Y samples
(from non prestrained strips) were subjected to tension until failure.

3.3.2 Compression samples

For the compression samples, cubes were manufactured by stacking specimens (14) of
10 mm x 10 mm x 0.7 mm. To minimise the effects of ambient temperature ageing on
the properties of the steel, all samples were stored in the freezer (7' = -12 °C) until
required for testing.

The cubes were deformed with prestrain levels of g = 2%, 4%, 6% and 8% total
elongation.
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3.4 Heat treatment

3.4.1 For tensile samples

3.4.1.1 Single bake hardening treatment

To determine the bake hardening response, Aopy, samples were subjected to a heat
treatment at different temperatures and times, before testing until failure. Heat
treatments were carried out using the Tamson 72500 silicon-based oil bath, with a
maximum temperature of 250 °C and a tolerance of +1 °C. Triplicate samples were
prepared for each bake hardening condition (temperature, time) in order to determine
standard deviation and to estimate the test reproducibility. See Table 7 for the various
conditions (temperatures and times) used during bake hardening.

150 15

LI

170 10

—
9]
P

200 10
15
20 X
25
230 10
15 :
20 X
25

X
X
X
X
X
X
X
X
X
25 X
X
X
X
X
X
X
X
X

3.4.1.2 Double bake hardening treatment

In order to try to separate the contributions of the Cottrell mechanism and precipitation
a double bake hardening treatment was devised. An initial thermal treatment was
applied to machined samples (o = 90° between the longest axis of the sample and the
rolling direction) with a 50 mm gauge length. See Table 8 for temperatures and time
used.

Table 8 First bake hardening treatment
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The baked samples were then deformed at prestrain levels of & = 2%, 4%, 6% and 8%.
After prestraining samples were subjected to a second bake hardening treatment, with
the same temperature and time as for the initial thermal treatment, before testing until

failure (Table 9).
Table 9 Second bake hardening treatment

 Temperature  Ti

o 0 " " . ‘,

230 20 X X X X

3.4.2 For compression samples

To determine the bake hardening response, Aoy, prestrained samples were subjected
to a heat treatment at different temperatures for 20 minutes, before testing until failure.
Triplicate samples were prepared for each bake hardening treatment (temperature,
time) in order to determine a standard deviation and to verify test reproducibility. For
the various paint baking conditions the reader is referred to Table 10.

Table 10 Bake hardening treatment for compression samples

X X X X
X X X X
X X X X

3.5 Mechanical testing

3.5.1 Tensile test

3.5.1.1 Single bake hardening treatment

For the tensile tests, machined samples with a 50 mm gauge length were used. Except
where stated, all samples were taken transverse to the rolling direction from the
original plate. To minimise the effects of ambient ageing on the properties of the steel,
all samples were stored in the freezer (7= -12 °C) until required for testing.

Mechanical testing was performed on a Schenck tensile testing machine with a 100 kN
maximum load capacity, according to the NEN-EN 10002-2, ISO 7500/1 and DIN
51302 standards at a nominal strain rate of 1.7x10™s™.

The work hardening increase of the material after prestrain was calculated from

Aowy = R, - Rpo2
8

where R, is the flow stress in the strip after the prestrain & and R, is the 0.2% proof-
strength before prestrain.

The properties after bake hardening were then compared to the results obtained after
prestraining the samples and the bake hardening response was calculated by:
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Aoy = Rpr1 — R,
9
where R, constitutes the lower yield point (ignoring any initial transient effect) of the

bake hardened sample and R, represents the flow stress in the strip after a prestrain &,.
(See Figure 27)

F:3
T ]
| Tensile
.4—Plate | specimen
I
230°C |
140°C
Rpo2 Ry ReL1
RT.
£, Tensile
1200 |- test

t

Figure 27 Schematic presentation of single bake hardening treatment and tensile testing

3.5.1.2 Double bake hardening treatment
The first bake hardening response was calculated from

Aoy =Ry, — Rp0.2
10
where Ry, is the lower yield point after the first bake hardening treatment and Rpo.2 as
defined before.

The work-hardening increase of the material after prestraining was calculated from

Aowy =R, - Ry
11

with R, the flow stress in tensile sample after a prestrain & and Ry, as defined
previously. The second bake hardening response was calculated from

Aoy, = R,, — R,
12
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with Rz, the lower yield point after the second bake hardening treatment and R, as
defined before. (See Figure 28)
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Figure 28 Schematic presentation of double bake hardening treatment and tensile testing

Oy

« «

/ 4

VALY S

u O-)Y
:
1
1

i
t
]
o, =0, \ ay

Compressive force " Hydrostatic stress Biaxial stretching

3.5.2 Compression tests
The compression tests were carried out with a Gleeble-3500 - with a 100 kN maximum

load (with a force accuracy of £1%) - at a nominal strain rate of 1.7x10° s'. Teflon
(PTFE) film was used as a lubricant during compression testing.

The net strain state of a compressed stacked specimen is equivalent to equi-biaxial
stretching as illustrated in Figure 29.

Figure 29 Biaxial stretching simulation

The equi-biaxial stretching or stretch forming is a forming process in which the
material is stretched over a tool (die) under the following conditions:
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E =86 =68 & =-2&
13

where &, &; and ¢&; are the principle strains.

The work hardening and bake hardening properties were determined as for tensile
samples, single bake hardening treatment.
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3.6 Strain distribution

In order to determine the real strain state after prestrain, an electro-chemically applied
grid (consisting of dots of 1 mm - diameter, as shown in Figure 30) was applied on a
strip before prestraining (Figure 30). After deformation at & = 2%, 4%, 6% and 8%
with a tensile machine, the grid was re-measured with the help of Phast (software
program). The eleven pictures that were taken of the grid at different angles were used
as input to calculate the strain in the material. The results “ will be presented in a
two-dimensional (2D) plot and Forming Limit Diagram (FLD).

Figure 30 Schematic representation of grid on strip

Figure 31 and Figure 32 present the Two-dimensional plot (2D) and Forming Limit
Diagram (FLD) for a strip deformed to 2%, whereas Figure 33 and Figure 34 present
the 2D and FLD for a strip deformed to 8%. For the Forming diagrams two axes are
defined: horizontal axis, the minor strain with a scale from 0 to -0.10 and a vertical
axis, the major strain with a scale from 0 to +0.10. All results presented in Table 11 are
the true strains.

Table 11 Major and minor strain measured in the centre of the prestrained strips

mnt

001001 |  -0.02%001

4 0.03£0.01 -0.04 + 0.01
6 0.05 +0.01 -0.05 £0.01
8 0.07 + 0.01 -0.06 + 0.01

From the figures it is evident that an ellipsoidal-yellow-red region (200 x 100 mm)
with a rather uniform strain level exists for every strip.




Figure 31 2D plot of the strain distribution for strip prestrained 2% (cf. Figure 32)
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Figure 32 Forming limit diagram for strip prestrained 2%
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Figure 33 2D plot of the strain distribution for sample prestrained 8% (cf. Figure 34)
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Figure 34 Forming limit diagram for sample prestrained 8%

Figure 35 shows the strain profile along the strip length of major strain for the strip
prestrained to 8%. From the strain profiles it is clear that the blue line that represents
the strain in the centre of sample (maj-c) has a uniform deformation of 8% from 50 to
270 mm along the strip length. The other two lines that represent the strain at
approximately 50 mm distance from either side of the centre (maj-b and maj-o) have a
uniform deformation of 8% from 90 to 210 mm along the strip length.
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Figure 35 Section plot for strip prestrained to 8%

It could thus be concluded that for the prestrained strips, a uniform deformation is
expected in the centre region for about 100 mm x 100 mm. Unfortunately, the tensile
specimens (50 mm gauge length) were taken from almost the whole strip. As can be
seen in Figure 36 and Figure 37, half of the samples labelled X and 5 of the 13 samples
labelled Y were taken from the uniform deformation area of the strips. The bake
hardening response of the X samples showed less scattering compared to the ¥ samples
(see Chapter 4, item 4.3.1.1 and 4.3.2.1), because at least 50% of the X samples were
taken from the uniform deformation area compared to only 38% of the Y samples. That
would also explain the high standard deviations obtained for the results in this
investigation, especially for the ¥ samples.

Tensile
specimen

Uniform

deformed area - 300

Rolling :
N . ‘
direction ¥30

120 mm

BUniform deformed area

Figure 36 Uniform deformation area of strips after prestrain for X samples
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Figure 37 Uniform deformation area of strips after prestrain for Y samples

In order to confirm the aforementioned presumption a new series of tensile samples
was prepared. On this occasion, tensile samples were first machined from strips (Figure
26) and then deformed perpendicular to the rolling direction at prestrain levels of & =
2%, 4%, 6% and 8% total elongation. In this case prestraining was performed on the
tensile sample instead of the strips. To determine the bake hardening response Aogy,
samples were subjected to a heat treatment at 140 °C and 230 °C for 20 minutes, before
testing until failure. Triplicate samples were prepared for each bake hardening
condition (temperature, time) in order to determine the standard deviation. The results
of this new series was compared with that obtained previously from tensile samples
machined from the prestrained strips (old series). It is clearly seen (Table 12) that the
bake hardening values of the new series is slightly higher and in general, the standard
deviation much less than for the old series. However, the trends observed for the
various temperatures and for different levels of prestrain are similar.
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Table 12 Comparison of bake hardening values and standard deviations between old and new series for
the various bake hardening treatments

Prestrain & (%)

Bake hardening values (MPa) Old series

New series 42.1 44.8 46.2
Standard deviation (MPa) Old series 1.5 2.3 5.1
_ New series

Old series
New series

‘ e hading val P)

Standard deviation (MPa) Old series
New series

Prestrain & (%)

It can thus be concluded that there is a significant influence of prestrain method on the
results. If the tensile samples are machined from strips that have been prestrained, care
should be taken to ensure that the samples are removed from the uniform deformed
region (100 mm x 100 mm in the centre) of the strips.

3.7 Transmission electron microscopy (TEM)

In order to assess whether precipitates are present in this steel after bake hardening
and/or to show any precipitation differences that might be induced by the level of
prestrain, two bake-hardened tensile samples (230 °C and 20 minutes) after 0% and 2%
prestrain were examined by transmission electron microscopy (7EM). Since it is
anticipated that most of the precipitates in this steel are less than 1 micron in size, and
therefore below the resolution of light microscopy, the TEM is ideal for gaining insight
into the distribution, size and morphology of precipitates. A Philips CM30T, TEM
operating at 300 kV was used in this investigation. Samples were electro-polished in
5% solution of HCIO, dissolved in methanol at 10 °C in a TENUPOL-4 device.

3.8 Calculation of the bake hardening response

In general, the bake hardening response is defined as the difference of the lower yield
strength after baking and the flow strength before baking. The definition of the flow
strength before baking is standardised throughout the industry and is defined as the
flow stress after 2% prestrain for conventional bake hardening tests, or the 0.2% proof
stress in the case of a bake hardening test where no prestrain was applied. The
definition of the strength after baking is nevertheless more complicated. Generally,
after the material has been bake hardened, there will be discontinuous yielding with
associated upper and lower yield points. The upper yield point (R,y) defines the stress
that must be applied to the steel before mobile dislocations can move and new ones can
be generated which would mark the onset of plastic deformation. Since the lower yield
point is measured in the plastic region it can be argued that the upper yield point more
accurately reflects the true yield stress of the material. However, it has been reported
that the R,y is highly sensitive to factors such as strain rate, test-piece preparation and
specimen alignment and is therefore not very practical. In this investigation however, it
only showed a small variation. The Ry, values have shown to be consistent for the
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triplicate measurements, suggesting that a reproducible bake hardening response could
be obtained by using this measurement.

The precise value of R, is dependent on the defined cross section area. As the stress is
defined by the force divided with the cross sectional area, it is necessary to input the
sample dimensions before testing. The use of the sample dimensions after prestraining
will render an accurate reflection of the strength of the material after baking, however,
when comparing this to the unbaked properties, it is possible to record a strength
increase (thus a bake hardening response) for a material without any bake hardening
characteristics just because of the reduction in cross-sectional area.

The level of prestrain (work hardening) could also be responsible for an artificial
increase of the bake hardening response. In Equation 8, the work hardening is defined
as the difference between the flow stress after & prestrain and the 0.2%-proof strength
in the as-received condition of the material. If o; is recalculated by not using the
original cross-sectional area (initial thickness) but the instantaneous area (true stress-
true strain curve) after & prestrain instead, the work hardening increases dramatically
for prestrain levels higher than 4% as is shown in Table 13.

Table 13 Comparison of work hardening calculations

gprestrain  Work hardening usingthe 0, ~~ Work hardening using the o,
(Xsample)  stresses calculated usingthe ~  stresses calculated using the
- original cross-sectional area dy __instantaneous area after g

2 32 36
4 54 63
6 65 80
8 74 94

This higher work hardening could imply lower bake hardening values especially at
higher levels of prestrain. It is envisaged that the use of the instantaneous area for stress
calculation (true stress - true strain curve) is more suitable as it allows a fair
comparison of the strength before and after baking.

The calculated bake hardening values do not differ much up to a prestrain level of 2%
but generally, bake hardening values are lower when using the instantaneous area.
Small deviations in the test procedure can lead to significant differences in the
measured bake hardening response. This sensitivity could explain the statement in the
test sta;ndards ®.9 19 that the bake hardening values should be rounded to the nearest 10
N/mm”,

Finally, the test standard allows that the bake hardening response can be determined by
using either the lower or upper yield point or yield point elongation. For the present
investigation all values for bake hardening response are determined by using the lower
yield stress R;;. For the cases where a clear lower yield stress was not apparent, the
0.2% proof stress after bake hardening was used. All stresses supplied from this point
on, are true stresses.
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Chapter 4: Results
4.1 Introduction

The results of the various tensile, compression tests and bake hardening treatments,
given in this chapter are divided according to the following structure:

e Microstructure (assessed via optical microscopy) of material in the as-received and
prestrained and paint-baked condition in §4.2

e The influence of parameters such as level of prestrain, temperature and time of
baking on the bake hardening response for tensile and compression samples in §4.3
and §4.4 respectively

e Precipitates and dislocation structure revealed by transmission electron microscopy
in §4.5

4.2 Microstructure
The microstructure of the samples was observed and photographed with an optical
microscope at a magnification of 500. The micrographs of X and Y - samples in the as-

received condition and in the prestrained and paint baked condition are shown in
Figure 38 to Figure 41.

Figure 39 Y sample as-received condition

Figure 38 X sample as-received condition



Figure 40 X sample (230 °C-20min-8% prestrain) ~ Figure 41 Y sample (230 °C-20min-8% prestrain)

In order to reveal the cementite structure, a 4% Picral etchant applied for a minimum of
40 s was used and for grain structure, a 5% NHj etchant applied for a minimum of 8 s
was used. The micrographs reveal a microstructure that consists mainly of a ferrite
matrix with equiaxial grains (an 8.5 ASTM grain-size number was measured, which is
equivalent to an average grain diameter of 18 pm®”) and no cementite could be
revealed. It can be concluded from Figure 38 to Figure 41 that there is no significant
microstructural difference between samples in the as-received condition and samples
after bake hardening treatment (230 °C - 20 minutes - 8% prestrain).

4.3 Tensile tests

As mentioned before, the bake hardening response for prestrained samples was
calculated by using equation 8. It should be noted that the ¥ samples were at an angle o
= 0° with respect to the rolling direction and that the X samples were at an angle o =
90° with respect to the rolling direction. Both sets of samples were subjected to the
same levels of prestrain and paint baking processes in order to determine the influence
of the sample orientation. As an example a typical true stress - true strain tensile curve
for the as-received condition and after bake hardening treatment for both orientations is

given in Figure 42 to Figure 45.
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Figure 44 True stress - true strain for X sample after 170 °C-20 min-4% prestrain
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Figure 45 True stress - true strain for Y sample after 170 °C-20 min-4% prestrain

As can been seen from Figure 42 and Figure 43, the continuous yielding of the
H180BD material in the as-received condition suggests that there has been no natural
strain ageing (Liiders bands formation) as would be expected from material that
complies to the EN10292 Standard. The as-received mechanical properties were
consistent with the values expected for steels that were designed to conform the
H180BD specification. (See Table 14)
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Table 14 Measured-mechanical properties on H180BD

Mechanical ~ 0.2%-  Tensile Elongation Plastic  Strain
Propertics  proof strength  Ag strain hardening

strength R

Rp().?_,, q ,

...  Nmm Nmm . % . . @ hn
Average 186 305 42 2.2 0.2

exponent

After bake hardening treatment (of 4% prestrained samples), at 170 °C and 20 minutes,
a clear lower yield stress (Ry;) is seen for the X sample (Figure 44) but not for the ¥
sample (Figure 45). In the latter case, the 0.2%-proof strength after bake hardening was
taken as the yield stress.

From this point on the discussion and results of the research will be explained
separately for the X and Y samples.

4.3.1 X samples

These samples recorded the highest bake hardening values and have an orientation (o =
90°) perpendicular to the rolling direction, similar to the proposed European standard
for bake hardening tests.

4.3.1.1 Dependence on prestrain and temperature

Figure 46 presents the values of bake hardening obtained after a bake hardening
treatment of 20 minutes at different temperatures and at different levels of prestrain. It
is immediately evident that the bake hardening response is strongly influenced by the
level of prestrain for the baking temperature of 140 °C. Increasing the level of prestrain
from 0% to 4%, increases the bake hardening value from 20 MPa to 40 MPa (about 5.0
MPa/% prestrain). For even higher levels of prestrain, there is no significant increase
and a maximum bake hardening value of 44 MPa is achieved at 8% prestrain. The
trend, however, is not the same for the other temperatures. At 170 °C, the bake
hardening is 45 MPa at 0% prestrain and initially decreases (at a prestrain of 2%), but
increases for prestrain levels larger than 2%. This increase abates after prestrain levels
larger than 4%. The substantial difference in bake hardening response at 0% prestrain
between 140 °C and 170 °C is not surprising since bake hardening is a thermally
activated process. The same effect is observed when increasing the temperature even
further (from 170 °C to 200 °C and 230 °C). For temperatures higher than 170 °C, the
bake hardening response is dependent on the level of prestrain. There is a continuous
decrease in the bake hardening response for temperatures greater than 200 °C up to 4%
prestrain followed by a slight increase in the bake hardening response as more prestrain
is performed. However, this is not in agreement with literature, where a continuous
decrease in bake hardening response is observed with increasing prestrain.

For samples with a 0% level of prestrain the bake hardening response increases
dramatically as the temperature increases, from 22 MPa to 60 MPa for 140 °C and 230
°C respectively. There is an increase of about 200% in bake hardening response
between the highest and lowest temperature. At 2% prestrain the bake hardening
response difference only amounts to 64%, being 32 MPa and 50 MPa for the lowest
and highest temperature respectively. For & > 4% there is an insignificant increase of
the bake hardening response with temperature.
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In Chapter 2 it was mentioned that there is an optimum level of prestrain (work
hardening), for which the bake hardening response is at a maximum. For the X samples
it was not possible to see such a local maximum in the bake hardening response for a
certain level of prestrain.

70

60 + <

o
S
s |

g : % %
40 H
R4 ] =
g :
E 30 4 }i
3 ,
Mol ®
»140°C p170°C A200°C o230
10 +
] t t t i } } t t
-0.5 0.5 15 2.5 35 4.5 55 6.5 7.5 8.5

% Prestrain

Figure 46 Dependence of bake hardening response after various temperatures for 20 minutes and
prestrain levels (X samples)

4.3.1.2 Dependence on baking time and temperature for a prestrain level of 2%

The time dependence of the material’s bake hardening response was investigated at 4
different times, namely 25, 20, 15 and 10 minutes, at 4 different temperatures,
respectively 140 °C, 170 °C, 200 °C and 230 °C. As Figure 47 shows, there is no
significant influence of time on the bake hardening response, at least not for the range
investigated. However, the bake hardening response is notably sensitive to the
temperature. There is an improvement of approximately 15 MPa in bake hardening
when the temperature increases from 170°C to 200°C independent of baking time. Most
researchers try to relate the time and temperature dependence of the bake hardening
response by using Hundy’s equation (Chapter 2). From the data presented here it can be
deduced that Hundy’s equation is not valid for the time and temperature range used in
this research. Further research is necessary to establish whether a time dependence for
the bake hardening response exists for times shorter than 10 minutes.
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4.3.2 Y samples

The Y samples are tensile specimens machined with the longest axis in the rolling
direction (a = 0°). Similarly to the X samples, the results are sub-divided into
dependence of the bake hardening response on temperature, dependence on prestrain
and dependence on time for a level of prestrain of 2%.

4.3.2.1 Dependence on prestrain and temperature

The bake hardening response is lower than that for X samples for all conditions,
especially at higher prestrains. From Figure 48 it is observed that for a temperature of
140 °C, the bake hardening response increases as the prestrain increases (i.e. 8 MPa at
0% prestrain to 23 MPa at 8% prestrain). This is a similar trend as was observed from
the X samples at the same temperature. At a temperature of 170 °C, the bake hardening
response is reduced, from 32 MPa at 0% prestrain to 14 MPa at 4% prestrain. At
temperatures of 200 °C and 230 °C, there is an increase in bake hardening from 0% to
2% prestrain, 45 MPa to 47 MPa and 49 MPa to 55 MPa respectively, followed by a
rapid decrease until 6% at a rate of 5.5 MPa/% prestrain. For prestrain levels larger
than 6%, there is still a decrease in bake hardening response, but at a lower rate.

The effect of temperature on bake hardening was ascertained for the prestrain levels of
0% and 2% to be 4 MPa and 12 MPa at 140°C and 44 MPa to 53 MPa at 230 °C,
respectively as shown in Figure 48. For prestrain values of 6% and 8%, the measured
bake hardening is almost constant for any paint baking temperature. The bake
hardening values for all temperatures coincide at 8% prestrain while for X samples this
point is at 4% prestrain.
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4.3.2.2 Dependence on baking time and temperature for a level of prestrain of 2%

Figure 49 reveals that there is no significant difference of the bake hardening response
for the times investigated. The times that were used were between 10 and 25 minutes.
However, this does not allow one to preclude that there would be no influence on bake
hardening response after baking for 5 minutes. Generally the bake hardening response
ranges from 13 MPa at 140 °C to 55 MPa at 230 °C. The average bake hardening
response for the X samples is 32 MPa compared to 11 MPa for the ¥ samples at 140 °C,
but increases to the same bake hardening response of 55 MPa at 230 °C. For both types
of samples, the bake hardening response is particularly sensitive to the temperature.
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4.3.3 Double bake hardening treatment

The purpose of these experiments was to try to separate the contributions of the Cottrell
mechanism and precipitation strengthening to the overall bake hardening response. By
pre-baking the specimens (prior to prestraining and re-baking) it was hoped that the
effect of precipitation strengthening would be exhausted so that the total bake
hardening hardening response occurring during the second baking treatment could be
attributed to the Cottrell mechanism only.

After an initial thermal treatment on machined tensile samples (X sample, o = 90° with
respect to the rolling direction) without prestrain, a first bake hardening response of
approximately 15 MPa at 140 °C and 49 MPa at 230 °C for 20 minutes was reached.
Figure 50 gives the bake hardening response obtained after a second bake hardening
treatment of 20 minutes at 140 °C and 230 °C. For both temperatures, the bake
hardening response increases as the prestrain increases. At the lowest temperature, 140
°C, an increase in the levels of prestrain from 2% to 4% increases the bake hardening
value from 35 MPa to 41 MPa. For & > 4%, the bake hardening value is 43 MPa at 6%
prestrain and 40 MPa at 8% prestrain. At the highest temperature, 230 °C, the bake
hardening value increases from 22 MPa to a plateau level of about 46 MPa from a
prestrain level equal or greater than 4%.
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Figure 50 Dependence of bake hardening response at temperatures indicated for 20 minutes according
to the level of prestrain for the second bake hardening treatment only

Upon combining the two increments of bake hardening response reached after each
bake hardening treatment, a maximum bake hardening response of 96 MPa at 230 °C
for 8% prestrain and 55 MPa at 140 °C for 6% prestrain is obtained. (Figure 51)
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4.4 Compression tests

The cubical samples were subjected to prestrain levels between 2% and 8%. The bake
hardening treatment was carried out before re-testing. Some typical true stress - true
strain compression curves, of material in the as-received and after bake hardening
treatment (170 °C, 20 minutes) condition, are given in Figure 52 and Figure 53. Figure
52 (for the as received sample) shows a continuous yielding behaviour, which shows
that the material has not aged, yet. After bake hardening treatment (at 170 °C for 20
minutes) a more distinct yield stress is observed (Figure 53).
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Figure 52 True stress - true strain curves for compression sample in the as-received condition
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4.4.1 Cube-samples

It was possible to determine the bake hardening response of compression samples after
various prestraining, due to the distinct lower yield point that was registered after the
paint baking simulation.

4.4.1.1 Dependence on prestrain and temperature

Figure 54 presents the bake hardening response calculated for the different prestrain
levels and various ageing conditions (different temperatures for 20 minutes). As has
been observed with the tensile samples, the bake hardening response is strongly
influenced by the level of prestrain. The large data scatter is attributable to the
insensitivity of the load-cell of the Gleeble-3500. As a consequence it is not possible to
distinguish any trends for the effect of ageing after 140°C, 170°C and/or 230°C.
Generally it is observed that the bake hardening response is constant at 30 MPa for
prestrain levels up to 4%. For & > 4% there is an increase of the bake hardening
response until approximately 50 MPa at 8% prestrain.
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4.5 Transmission electron microscopy (TEM)

The TEM micrographs of samples aged at 230 °C for 20 minutes at 0% prestrain and at
2% prestrain are shown in Figure 55 and in Figure 56. It is observed in Figure 55 that
the sample without prestrain reveals a cellular dislocation structure and that the sample
prestrained for 2% (Figure 56) has a banded dislocation structure.

Figure 55 TEM-photograph of X sample after 230  Figure 56 TEM-photograph of X sample after 230
°C - 20 min - 0% prestrain °C -20min - 2% prestrain

In Figure 57 and Figure 58 carbides of rod-like morphology can be seen. These
carbide-precipitates are more uniform in distribution and larger in size in samples at
0% prestrain than at 2% prestrain. In order to identify the crystal structure of carbides,
electron diffraction patterns were recorded. The co-ordinates of the diffracting spots is
related to the Miller indices of the crystal. In this research, the diffraction patterns
shown in Figure 59 and Figure 60 resemble the hexagonal crystal structure of epsilon
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carbide. The orientation of the carbide with respect to the ferrite matrix is given by
[100}x,, /[1210]¢ .

Figure 57 TEM-photograph of X sample after 230  Figure 58 TEM-photograph of X sample after 230
°C - 20min - 0% prestrain °C - 20min - 0% prestrain

Figure 59 X sample after 230 °C - 20 min - 2% Figure 60 X sample after 230 °C - 20 min - 2%
prestrain - diffraction pattern of epsilon-carbide  prestrain - diffraction pattern of epsilon-carbide
precipitate precipitate
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Chapter 5: Discussion of results
5.1 Introduction

As was shown in Chapter 4, the bake hardening response is influenced by the sample
orientation, the deformation mode (i.e. compression and tensile testing), the level of
prestraining and the bake hardening treatment used. The results will be discussed
according to the following structure;

Influence of deformation type in §5.2

Influence of sample orientation in §5.3

Influence of prestrain in §5.4

Influence of baking temperature and time in §5.5

1

5.2 Influence of deformation type

For both test types (i.e. tension and compression) a bake-hardening response was
measured, although compression tests generally gave more conservative bake-
hardening values. After the standard bake-hardening treatment (170 °C - 20 minutes -
2% prestrain), the bake-hardening response is 35 MPa for tensile testing (Figure 46)
and 30 MPa for compression testing (Figure 48). Theoretically it was shown that the
compression test simulates a biaxial stretching mode, which is closely related to the
deformation mode applied by the automotive industry to form exposed panels. This
could imply that more reliable values for bake hardening (for the in-service
performance) can be obtained via compression testing. However, difficulties to control
the level of prestrain, the inadequate sensitivity of the load-cell of the Gleeble, tedious
sample preparation and specimen alignment make these measurements much more
complicated compared to conventional tensile testing. These difficulties prohibited a
thorough study of the influence of deformation mode. Even though conventional tensile
testing does not involve the same deformation mode as applied by industry, it is
relatively cost effective and reasonably accurate and therefore most suitable for daily
bake hardening testing. The measured bake hardening response will tend to be
optimistic.

5.3 Influence of sample orientation

As demonstrated in Figure 46 and Figure 48, the bake hardening response varies
according to sample orientation relative to the rolling direction. This behaviour has also
been observed by other researchers and has been attributed to the influence of the
rolling and deformation direction on the dislocation structure of the material.
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Figure 62 Through thickness microstructure of low carbon steel after 1.7% temper rolling

The “herringbone” structure developed in the steel during temper rolling contains
regions of deformed and non-deformed material, which tend to be orientated across the
strip width (Figure 61) and are highly heterogeneous throughout the strip thickness
(Figure 62). This heterogeneous dislocation structure depends strongly on the temper
rolling reduction as well as the rolling conditions (tension/compression ratio,
lubrication, diameter of the rolls, sheet thickness, etc.). When a bake hardening test
after 0% prestrain is conducted, the dislocations available for pinning during baking are
those generated during temper rolling.

Although these dislocations will be pinned to the same extent in all samples, only those
lying in the active slip plane will contribute to the strength increase during subsequent
tensile testing. Hence, the bake hardening response will vary according to density of
dislocations that lie on the active slip plane, resulting in a variation in bake hardening
response according to sample orientation as shown in Table 15.
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Table 15 Bake-hardening response after different temperatures and sample orientation for 0% prestrain

Temperature Aoy (MPa) forX

% - sample
140 22 4
170 46 28
200 55 41
230 60 44

For the material under review (H/80BD), the maximum bake hardening was observed
for the X samples, which are perpendicular (@ = 90°) to the rolling direction, thus
presumably the direction with the highest dislocation density. This is in agreement with
Hundy’s theory, which states that dislocations preferentially form in the transverse
direction during temper rolling. For both sample orientations, the bake hardening is
particularly sensitive to temperature.

Increasing the temperature for a constant baking time of 20 minutes from 170 °C to 230
°C increases the bake hardening response for samples with no prestraining. This
corresponds to a low dislocation density level with pinning (Cottrell atmosphere) and
precipitation (further explanation in next section).

5.4 Influence of prestrain

During tensile prestraining, it is expected that the dislocation structure will be more
homogeneous through the sheet thickness and will be orientated according to the
specific deformation path. During plastic prestraining dislocations will also be
generated, thereby increasing the density of dislocations available for pinning during
the baking stage, which results in a higher bake hardening response. It is possible to
theoretically calculate the dislocation density in the material after different levels of
prestrain by applying the Bergstrom model for static strain ageing on HI80BD
“3)(Table 16). The model only considers a density p of prestrain-induced dislocations,
which is determined by the level of prestrain. The error made by neglecting the
dislocation density before prestraining is insignificant, since the calculations agree
fairly well with published data (! 1820:23)

Table 16 Dislocation density based on tensile test curve (Figure 42) of H180BD using Bergstrom model
Jfor static strain ageing

2 12x10"
4 23x10"
6 32x10"
8 41x10"

When the load direction after bake hardening is similar to that used during prestraining,
the pinning would be more effective as most of the immobile dislocations lie in the
active slip plane. This effect was clearly illustrated by the different bake hardening
response recorded for X and Y samples, (Table 15) which had the same paint baking
conditions.
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Many researchers have investigated the influence of prestrain and the results of some of
these studies will be compared to the results of this investigation. Van Snick et al. “¥
proposed a three-stage behaviour, in which the bake hardening response after standard
baking increased as the prestrain increased. According to Snick these stages were
attributed to changes in the effectiveness of carbon in pinning dislocations as the
dislocation density increased. However, Christen et al. > showed a decrease in bake
hardening as prestrain increases. Christen suggested that it was due to carbon pinning
dislocations that are already immobilised by entanglements.

From the literature overview, it was suggested that the Cottrell mechanism would
precede precipitation for any level of prestrain. This would imply that the bake
hardening response obtained for the samples with a high level of prestrain (high
dislocation density) should have mainly been attributable to the Cottrell mechanism.

5.4.1 Precipitation

It is known that ternary cementite in pure a-iron precipitates as an almost globular
coherent particle “®. Some experiments with steels containing additional alloying
elements such as A4/, Mn, P, Si or Ni show that between around 300 °C and room
temperature discontinuities in the precipitation behaviour appear. Certain ageing
experiments for the determination of T7P diagrams of carbides in ferrite containing
0.045 weight % C with different alloying elements have been calculated and compared
with experimental points from Abe™” *®)(Figure 63). Two types of precipitates (having
different structures) were distinguished, namely: Fe;.39C (epsilon carbides) that
precipitate in the temperature region 90 °C to 250 °C and Fe;,Cy (low temperature
carbides) that precipitate at temperatures below 90 °C. Both these precipitates appear to
have different nucleation and growth behaviour compared to cementite. The type of
steel used for this research has 15 times less total carbon than that showed in Figure 63,
however, it is still thermodynamically possible to form precipitates in this HI/80BD
grade. The calculated TTP diagram show that at 230 °C for 20 minutes (> 1x10° s),
precipitates are already formed.
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Figure 63 Calculated TTP-diagram for cementite precipitation in ferrite with mass content of 0.045%
C; experimental points from Abe for 15% carbides precipitated in a steel with additional mass contents
0f 0.02% P and 0.35% Mn

From Figure 64, it is shown schematically that for a fixed amount of soluble carbon,
more carbon will be consumed in Cottrell atmospheres when the level of prestrain
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(dislocation density) is increased. As a consequence less carbon will be available to
form precipitates at the high levels of prestrain, hence the contribution of precipitation
strengthening (at temperatures > 200 °C) to the bake hardening response is less for
these prestrain levels (near 0 for g > 6%). The hypothesis given above is in agreement
with results obtained here for different levels of prestrain at 170, 200 and 230 °C for X
samples.

This is also in agreement with research by Kozeschnik and Buchmayr®” who
established that at low dislocation densities mainly carbide precipitation takes place.
Additionally, they found that at prestrains higher than 5%, the soluble carbon atoms in
the bulk are depleted (or mostly consumed) by Cottrell atmospheres rendering less
precipitation. They also found that at higher ageing temperatures; the formation of
Cottrell atmospheres precedes particle precipitation to a greater degree.
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Figure 64 Hypothetical precipitation, dislocation and soluble carbon interaction of X-samples after
bake hardening at temperatures >200°C

It was as well documented in the literature that for an initial dislocation density of
approximately 10'> m™ for an annealed " bake-hardenable steel, 1-ppm. carbon in
solution could be enough to pin all dislocations. From Table 16, it can be deduced that
for every addition 2% prestrain, about 10 ppm C in solution will be required to pin all
dislocations. Thus, at 2% prestrain, 12 ppm. C and at 4% prestrain, 23 ppm. C. The
bake hardenable steel used in this investigation has between 25 to 50 ppm. carbon in
solution so it can be inferred that at 4% prestrain most of the interstitials will be present
in Cottrell atmospheres at dislocations. If one assumes a conservative value of carbon
in solution for the steel under investigation, no more carbon would be available to pin
additional dislocations that are produced by a higher prestrain level. Hence, a further
increase in the dislocation density does not increase the bake hardening value.
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In order to gain more insight on the mechanism of bake hardening and to quantify the
potential benefits of increasing the bake hardening response by precipitation, a double
paint baking treatment was applied to tensile samples (X sample, & = 90° to the rolling
direction). In the previous hypothesis it was assumed that the Cottrell mechanism
precedes precipitation, hence the fraction of precipitation depends on the volume of
Cottrell atmospheres formed, which in turn depends on the prestrain level (dislocation
density). By performing a paint baking treatment (at temperatures higher than 200 °C)
on the as received material (without prestrain) we anticipate promotion of carbide
precipitation, since a very low dislocation density should be present. Subsequently the
material is prestrained (creating more dislocations as the prestrain increases) followed
by a second paint baking treatment. A further strength increase would then be
attributable to work hardening and the forming of Cottrell atmospheres (dislocation
pinning) and if there is still enough free carbon further precipitation or precipitation
coarsening.

The results presented in Figure 51 (compared with Figure 46) shows that the double
bake hardening tests renders significant higher total bake hardening response compared
to the single bake hardening tests at various level of prestrain. A bake hardening of
around 90 MPa for a prestrain of 8% at 230 °C for 20 minutes in a double bake
hardening treatment compared to ~ 45 MPa for the same prestrain and baking
conditions in a single bake hardening was achieved. If we neglect the total bake
hardening time difference then the bake hardening response can be explained as
follows. For the double bake hardening tests precipitation strengthening was promoted
during the first bake hardening treatment (as detailed in the previous paragraph) and
during the second bake hardening treatment dislocations were pinned by the formation
of Cottrell atmospheres. For the single bake hardening tests the strengthening
mechanisms followed that of conventional bake hardening (sequential order of Snoek,
Cottrell, Precipitation). Note that when precipitation has started additional Cottrell
atmospheres could still form. However, in the hypothesis stated earlier we stated that at
high prestrain (> 4%) the volume of precipitation is insignificant therefore the bake
hardening response obtained was mainly due to Cottrell atmospheres pinning
dislocations. This would explain the low bake hardening response recorded at prestrain
levels greater than 4% for the single bake hardening tests compared to that of the
double bake hardening tests.’
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explained by the lower dislocation movement due to more obstacles in the dislocations’
paths “. An increase in obstacles that impede movement of dislocations after they
have been created or freed from their pinned position (it is more difficult for
dislocations to travel through the lattice after baking due to strain ageing), lowers the
work hardening total. This provides further evidence of the formation of solute clusters
and ¢-carbide particles during bake hardening. For any level of prestrain, at a baking
temperature of 230 °C there was less work hardening (as calculated by Equation 11)
than at 140 °C.

The results also revealed that the sum of work hardening and bake hardening for both
the single and double bake-hardening tests for a given prestrain level is practically the
same (+ 10 MPa standard deviation). The slight increase in double tests could be
attributed to longer ageing times. It is deduced that even though carbide precipitation
enhances the bake hardening response, it also prevents a high work hardening degree
(movement and creation rate of dislocations decreases due to precipitates) and less
carbon will be available to pin mobile dislocations after the second bake hardening
treatment. As a consequence, the total bake hardening and work hardening response for
single and double paint baking tests at a particular level of prestrain is fixed.

5.5 Influence of baking temperature and time

A baking treatment of 170 °C for 20 minutes is currently used to simulate the paint
curing cycle during automotive production. Significant variations in the paint baking
process can occur during ageing, depending on the equipment used. In this research an
oil bath provided an efficient and fast heat transfer to the material, thereby allowing
simulation of various paint curing cycles. Variations in heat treatment are likely to
result in differences in the bake hardening response, as the mechanisms responsible for
the strength increase are diffusion controlled.

The results given in Figure 47 and Figure 49 show that there is hardly any time
dependence of the bake hardening response, for the range between 10 and 25 minutes
measured after baking at temperatures between 140 °C and 170 °C. The bake hardening
response was approximately 35 MPa (X sample) and 15 MPa (Y sample), and
independent of both baking temperature (140°C or 170°C) and baking time. Studies
(similar experiments as for X samples) conducted by other researchers demonstrated
that the maximum bake hardening response that can be attributed to the Cottrell
mechanism, is around 35 MPa. The lower value obtained for the Y samples is due to
sample orientation (see discussion section: Sample orientation). This would then imply
that for all the testing times, we had complete migration of carbon to the dislocations,
hence the same bake hardening response.

Increasing the baking temperature from 140 °C to 170 °C had little influence on bake
hardening response and it is believed that the end of Cottrell locking mechanism
prevails at these temperatures; however, a marked increase of the bake hardening
response was observed after baking at 200 °C. This additional increase is assumed to be
due to the formation of fine clusters of precipitates on the saturated dislocation
atmospheres. TEM studies here revealed very fine precipitates in samples at 230 °C (at
0% and 2% prestrain, 20 minutes baking time) and there is strong evidence that they
are epsilon carbides (Figure 58 and Figure 60).
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For a 2% level of prestrain, the effect of precipitation strengthening on the bake
hardening response is a function of temperature and sample orientation. By applying a
high enough baking temperature (200°C or 230°C) the bake hardening response
obtained after 20 minutes is the same for X and Y samples. This would therefore imply
that the amount of precipitation strengthening for Y samples must have been
significantly higher. Apparently the dislocation structure (at 2% prestrain) does not
have a significant influence on the bake hardening response obtained after high
(>200°C) baking temperatures. However, at higher levels of prestrain this is not the
case.

It is assumed that temperatures higher than 200 °C are sufficient for precipitates (&-
carbides) to form, which renders a further strength increase. Although it is possible that
precipitates form at temperatures as low as 140 °C, it is suspected that these
precipitates would be too small and sparsely distributed to influence the mechanical
properties, unless additional ageing is conducted at temperatures above 170 °C.

The results indicate that variations in baking time during a heat treatment at 170 °C are
unlikely to dramatically alter the bake hardening response. However, variations in
temperature may have an impact on the bake hardening response. Hundy’s equation,
used to determine time and temperature equivalents for different baking cycles, is
therefore not valid for the time and temperature range used in this research (See also
Chapter 4). Nevertheless, further research is necessary to establish whether a time
dependence for the bake hardening exists for times shorter than 10 minutes.

Although a heat treatment of 170 °C for 20 minutes has been adopted as the standard in
many bake-hardening tests it is unlikely that it accurately reflects the baking cycles
encountered during automotive production.

It can be concluded from this study that for bake hardenable steels in which strain
ageing is controlled by carbon the strength increase observed, after baking at 140 °C, is
predominantly a result of Cottrell locking of dislocations. There is, however, an
opportunity to increase the bake hardening response by using temperatures higher than
that applied by car manufacturers. This is due to formation of carbon clusters and the
precipitation of epsilon carbides.
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Chapter 6: Conclusions & references

6.1 Conclusions

1.

The mechanism of bake hardening (increase of the lower yield strength after
baking), as investigated in the bake hardenable steel H/80BD can be treated as a
continuous process formed by three stages: Snoek effect, Cottrell atmosphere and &
carbide precipitation

The increase in strength is due to diffusion of dissolved interstitial atoms (in bake-
hardenable steels this is limited to C) to dislocations and grain boundaries and/or -
carbide precipitation

The bake hardening response can also be measured by means of compression
testing, however sample preparation and testing procedures are more complicated
compared to tensile testing. The bake hardening response measured by tensile
testing gives optimistic values

. The tensile samples should be taken from the uniform prestrained region of the

strips

. The bake hardening response is dependent on the sample orientation, which is

higher when the tensile samples are taken perpendicular (90°) to the rolling direction
of the strip. The dislocations generated during temper rolling are mainly in the
transverse slip planes therefore a higher strength is recorded after bake hardening

. The bake hardening response is dependent on the level of prestrain and temperature

for a baking time of 20 minutes

- For 140 °C < T < 230 °C for a given level of prestrain, there is a higher bake
hardening response at higher baking temperatures (increasing diffusion rate)

- At different levels of prestrain and

e For T <170 °C, the bake hardening increases as prestrain increase. This is
due to the Cottrell mechanism, which prevails for any level of prestrain
(higher dislocation density would result in a higher bake hardening response
assuming there is enough carbon for pinning all dislocations)

e For T > 170 °C, the bake hardening decreases as prestrain increases. Up to
2% prestrain, there is a contribution of precipitation strengthening but for
prestrain larger than 2% the soluble carbon atoms in the bulk are mostly
consumed in Cottrell atmospheres, which render less precipitation
strengthening

The bake hardening response for low levels of prestrain (< 2%) exhibits no time

dependence for baking times between 10 and 25 minutes and the temperature

dependence is as follows

- For 140 °C < T < 170 °C, the increase in bake hardening is due to Cottrell
atmospheres pining dislocations

- For 170 °C < T < 230 °C, the increase in bake hardening is due to Cottrell
atmospheres pinning dislocations and ¢-carbide precipitation

. Hundy’s equation is not valid for the time and temperature range used in this
research
TEM analysis confirmed that the precipitates, which contributed to the bake

hardening response at T > 170 °C and low levels of prestrain, were indeed epsilon
carbides
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