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ABSTRACT

Advanced high strength steels, such as dual-phase and martensitic
steels, are increasingly being used by automakers to decrease the
thickness of steel sheet used in parts without sacrificing part strength.
When welded, the martensite within the dual-phase and martensitic steel
microstructures tempers, reducing the heat-affected zone (HAZ) hardness
compared to the base material, locally reducing strength. This process is
known as HAZ softening. HAZ softening has been well studied; however,
the kinetics of this process has not been quantified and the processes
responsible for HAZ softening have not been examined. This thesis
investigated both of these topics.

HAZ softening was modelled using the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) equation. As the thermal profile during welding is
non-isothermal, the effects of temperature and time on steel tempering
kinetics could not be separated by examining post-welded properties. The
effects of tempering temperature and time were separated through a
series rapid isothermal tempering experiments. Hardness data from these
experiments allowed the HAZ softening rate to be empirically quantified
through fitting the JIMAK equation. This material model was then validated
by predicting HAZ softening in laser and resistance spot welds. Although

the fitted JMAK constants could be used to predict post-weld HAZ
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hardness, they did not agree with the classic literature values associated
with martensite tempering.

To understand why the JMAK coefficients did not match those of
the classic martensite tempering literature, the softening data from one of
the martensitic steels was re-examined. This study revealed that the
softening process was a combination of two processes: carbide nucleation
and carbide coarsening. The activation energies calculated for each
process matched the classic literature values. Carbide coarsening
dominated during tempering, which had a non-linear relation with change
in hardness. The relationship between carbide coarsening and hardness
was responsible for the softening kinetics measured from the rapid

tempering experiments.
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and matrix solute concentration

grain boundary thickness

true strain

normalized softening progression

softening progression at the beginning of the current
isothermal section

softening progression at the end of the current isothermal
section

surface free energy per unit area of the particle/matrix
interface

thermal conductivity

molar density

material density

true stress

surface tension of the carbide/matrix interface

time constant — time to heat from initial temperature to peak
temperature
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1 Introduction

Since the early 2000's the automotive industry has been
increasingly adopting dual-phase (DP) and martensitic steels as a means
to preserve structural part strength while decreasing material thickness.
This has allowed automotive manufacturers to reduce vehicle weight while
maintaining crash resistance. Both DP and martensitic steels have some
martensite in their microstructures, which when heated between 250C
and their Ac; temperature will temper, softening the material. This
softening process occurs in the tempered region of the heat-affected zone
(HAZ) of the welds, leading to a condition known as HAZ softening. HAZ
softening was first identified when DP steels were introduced for wheel rim
applications in the late 1970’s, where it was responsible a reduction in the
weld rim strength near the weld. Since then, much work has been done to
characterise how HAZ softening affects material and welded joint
properties. However, little work has been performed to describe HAZ
softening kinetics.

This thesis seeks to understand the kinetics of HAZ softening and
has three main objectives:

1. To characterise the connection between weld heat input, steel

composition, and softening,
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2. To quantify softening kinetics in DP and martensitic steels and be
able to predict the HAZ softening occurring during welding as a
function of weld heat input,

3. To understand the mechanisms responsible for HAZ softening.

This thesis will comprise the following chapters. The current
literature describing HAZ softening along with the concepts used to
analyse this process will be reviewed and discussed in the Literature
Review (Chapter 2). The previously posed objectives will be discussed in
Chapters 3 through 5, which reprint manuscripts arising from the present
research that have either been published or submitted for review in peer-
review journals. Chapter 3 will discuss the softening kinetics of HAZ
softening of DP steels. Chapter 4 will quantify the kinetics of HAZ
softening progression in DP and martensitic steels and presents a
technique to predict HAZ softening as a function of temperature history
during welding. Chapter 5 will present a model connecting the stages
observed in the softening process to those of tempering by presenting
how the tempering process affects material hardness. This model was
validated by correlating the softening progression observed in a
martensitic steel to the classic martensite tempering literature. In
Chapter 6, the results from Chapters 3-5 will be related to show the
progression of these contributions in a brief discussion. Finally, in Chapter

7, conclusions will be drawn and possible future work will be outlined.
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The papers presented in the Chapters 3 and 4 are printed in their
final (accepted) form. The manuscript presented in Chapter 5 is presented
in its as-submitted form as of July 25, 2013 and is subject to revision
depending on the reviews received on the manuscript. However, the
figures, tables, and equations numbers for all manuscripts have been re-
formatted to provide a consistent style throughout this thesis. All
references in Chapters 3, 4, and 5 are presented in the style specified for
the journal it was submitted to. As such, the references in these chapters
may be repeated, and overlap with the references in Chapters 2 and 6, the

listings for which are located at the end of the thesis.
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2 Literature Review

Legislation is currently in place requiring North American
automotive companies to improve the fuel economy of their fleets to an
estimated 4.4 1/100 km for passenger vehicles and 4.9 1/100 km for light
trucks by 2025 [1]. One of the means by which automakers will achieve
these goals is by reducing the weight of their vehicles, which can reduce
fuel consumption by between 0.15-0.70 1/100 km per reduction of 100 kg
of vehicle mass [2]. Reducing vehicle weight will require thickness
reduction of the sheet steels used in the body-in-white. When steel sheet
thickness is reduced, part strength may decrease. To counter the effects
of reduced thickness on part strength, and thus vehicle safety, vehicle
designers are increasingly incorporating advanced high strength steels
(AHSS) into their designs [3]. These steels have much higher strengths
than conventional steels without large reductions in formability. AHSS
encompass many families of steels with various microstructures and
properties such as: dual-phase (DP), transformation induced plasticity
(TRIP), complex phase (CP), martensitic, and press hardened steels

(PHS). This study investigated DP and martensitic steels.
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2.1 Microstructure and mechanical properties of DP and
Martensitic Steels

DP steels have a composite microstructure made up of ferrite,
martensite and sometimes bainite [4,5]. This microstructure gives these
steels unique mechanical properties when compared to those of
conventional steels. For example, DP steels typically have a relatively
high elongation for their ultimate tensile strength, a high tensile to yield
strength ratio, no yield point elongation and are bake hardenable [4].
Commonly DP steels are classified by either their ultimate tensile strength
(UTS) or both their yield strength (YS) and UTS separated by a slash. For
example DP600 has a 600 MPa UTS and a DP350/600 has a 350 MPa
YS and a 600 MPa UTS. A comparison of the typical stress-strain curves

of DP and mild steel may be seen in Figure 2-1.
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Figure 2-1. Typical engineering stress-strain curves of DP steels [3].
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DP steels are made by intercritically annealing the steel, which
results in a mixed microstructure of austenite and ferrite. The steel is then
rapidly cooled in order to form the desired final microstructure [4,5]. The
process used to carry out this heat treatment will dictate the cooling rate
during quenching and the required alloy composition. When cooling rates
are rapid, as occurs in a hot mill or continuous anneal line, DP steels may
made with little alloying additions from a lean alloying philosophy that will
not greatly increase the hardenability of the steel. Typically C, Mn and Si
are the only elements used to alloy lean DP steels. However, when DP
steels are processed using low cooling rates, as occurs in continuous hot-
dip galvanizing, Cr and Mo additions are often needed to delay the
pearlitic and bainitic transformations. Delaying these transformations
allows sufficient austenite to remain in the structure during cooling to
produce the desired martensite volume fraction in the final
microstructure [3].

Martensitic steels have a microstructure that is almost entirely
martensitic. They are usually fabricated industrially by rapidly quenching
either on the run-out table in the hot mill or in a continuous annealing
line [3]. To increase ductility, martensitic steels may be subjected to a
small amount of tempering. Martensitic steels typically have very high
strength (a YS ranging between 950 - 1250 MPa and a UTS ranging

between 1200-1500 MPa [3]) and low ductility. Their strength depends on
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their C content [6] and any possible tempering. Typical stress-strain

curves of selected martensitic steels may be seen in Figure 2-2.
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Figure 2-2. Typical engineering stress-engineering strain curves of
martensitic steels [3].

2.1.1 Development of DP mechanical properties

The mechanical properties of DP steels are derived from a complex
interaction between the ferrite and martensitic phases within its
microstructure. The vyield strength and ultimate tensile strength of DP
steels increase with increasing martensite volume fraction as well as the
strengthening mechanisms of other engineering materials such as grain
boundary strengtheninging and cold work [5], which may be seen in Figure
2-3. Increasing C content of the martensite phase within the DP structure
will also increase the strength of DP steels [4], but to a lesser degree than

does increasing the martensite volume fraction [7] (see Figure 2-4) .
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Figure 2-3. Flow stress and UTS of DP steels as a function of martensite
volume fraction [5].
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Figure 2-4. Effect of increasing intercritical annealing temperature
(decreasing martensite C content) on the strength of DP steels [7].

The combination of high strength and ductility as compared to
conventional steels (see Figure 2-5) and the elimination of yield point
elongation (YPE) are due to the interaction of dislocations in the ferrite
adjoining the martensite grains. When DP steels are quenched after
intercritical annealing, the austenite transforms to martensite. As the

density of martensite is lower than austenite, the material increases in



Ph.D. Thesis - E. Biro
McMaster University — Materials Science and Engineering

volume giving rise to local residual compressive stress, which in-turn
create a high density of unpinned dislocations in the surrounding ferrite,
known as geometrically necessary dislocations (see Figure 2-6) [4,8].
When DP steels are strained, dislocation density rapidly increases in the
ferrite adjacent to the martensite grains. This rapidly increases material
flow stress without the YPE typically in conventional low C steels [4,9].
The dislocation density in the ferrite adjacent to the martensitic grains
saturates at strains of approximately 0.02 [8]. At higher strain levels,
dislocations within the ferrite, far from the ferrite/martensite grain
boundaries slip, which increases the dislocation density within the ferrite
grains, far from the grain boundaries, further increasing the flow stress by
forest hardening [8]. It should be noted that to eliminate YPE, free
dislocations are needed in the as-produced structure, which increase with
increased martensite volume fraction. As the martensite volume fraction
increases, YS decreases until a critical martensite volume fraction is
reached, where YS is minimized and YPE is eliminated. Hansen and
Pradhan [9] showed this by increasing cooling rate during the processing
of their DP steel, which increased martensite volume fraction (see Figure
2-7). Further work showed that a minimum of 4% martensite was needed
to generate sufficient mobile dislocations to minimize YS and eliminate

YPE [10] (see Figure 2-8). However, if the DP steel structure contains

10
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bainite only 2% martensite volume fraction is needed to eliminate
YPE [11].
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Figure 2-5. Engineering stress-strain curves of a DP and conventional

steel with similar ultimate tensile strengths [7].

Figure 2-6. TEM micrographs showing the a) high dislocation density
adjacent to martensite grains and b) the low dislocation density in the bulk
of a ferrite grain in as-produced DP steel [8].
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The relatively high elongation of DP steels when compared to
conventional steels of similar UTS is due to their initial high strain
hardening rate [7]. According to Considére’s criterion for plastic instability,

the onset of necking occurs when:

= OTrue

497rue (2-1)

derrye
where e is the true flow stress and &re is the true strain of the material,
and their derivative is the strain hardening rate. When the strain
hardening rate increases, higher flow stress is required for the onset of
plastic instability in a material. From this it follows that if two materials
with the same UTS are being compared, one with a low strain hardening
rate (material a from Figure 2-9) and one a high one (material b from
Figure 2-9), the material with the lower strain hardening rate will have a
uniform lower elongation, as its strain hardening rate will intersect with the
UTS at a lower elongation value than occurs for the material with the high

strain hardening rate (see Figure 2-9).

13
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Figure 2-9. Stress-strain curves of two materials with the same UTS but
different strain hardening rates.

During plastic flow in DP steels, the change in strain hardening rate
can be divided into three stages. Korzekwa et al. [8] showed these stages
by plotting the strain hardening rate against strain on a log-log scale (see
Figure 2-10). During Stage |, when yielding begins (0.001 to 0.005 strain),
residual compressive stresses are relieved and back stresses increase
due to the mismatch in YS between the ferrite and martensite
phases [4,12]. In Stage Il, at strains up to about 4%, dislocation density
predominately increases at the boundary between the ferrite and
martensite. This results in large dislocation gradients between the ferrite
centre and the edges that border martensite. During this stage, the rate of
decrease in strain hardening rate decreases significantly, allowing the

strain hardening rate to remain higher than would be seen in conventional

14
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steels at similar strain levels. Once the boundaries between the ferrite
and the martensite are saturated with dislocations, dislocations in the
centre of the ferrite grains interact, increasing dislocation density in this
area. This causes the strain hardening rate to decrease at a rate that is
similar to conventional steels [8]. The slowed decrease of strain
hardening rate in Stage Il is responsible for the initial high strain hardening
rate seen in DP steels (see Figure 2-11), leading to higher relative
elongation as compared to conventional steels with similar strength levels,

as seen in Figure 2-5.
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Figure 2-10. Log-log plot of strain hardening rate with increasing strain for
a DP steel [8].
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Figure 2-11. Comparison of the strain hardening rates of several steel
families [7].

2.2 Welding

Welding is one of the most common joining techniques that
automotive manufacturers use to connect steel parts. The vast majority of
this welding is done by one of three processes: resistance spot welding
(RSW), gas metal arc welding (GMAW), or laser beam welding (LBW).
Each of these welding techniques has its own unique applications.

RSW is the most commonly used process of the three, with the
average car having about 5000 spot welds [13]. Typically this process is
used for assembly welding of sheet steels. In RSW, welds are made by

overlapping the sheets of steel to be joined (typically two to four sheets) in

16
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a configuration known as a stack-up. The stack-up is then pinched
between two copper electrodes with about 2-4 kN of force. After which, a
current of 4-8 kA, depending on stack-up thickness and steel properties, is
passed between the electrodes, which resistively heats the material
between the electrodes. Heat is primarily generated at the sheet-to-sheet
interfaces, which melt, forming a molten nugget that is contained within
the stack-up. As the heat is generated by a point source between the
electrodes, these welds are circular and the weld heat radiates away from
the weld nugget (molten area of the weld pool), both through the sheet
thickness into the water cooled electrodes, and radially into the base
material sheet [14].

GMAW, also commonly known as metal inert gas (MIG) welding, is
a higher heat input non-autogenous (requires filler metal) welding process.
It is typically used to weld joints connecting higher thickness materials
such as those used for frames and axles. GMAW is an arc welding
process, where an electric arc is drawn between a consumable wire
electrode and the work piece. The heat of the arc melts a pool into the
work piece as well as the wire electrode, which incrementally melts and
drops into the weld pool, adding filler material to the joint. During GMAW,
the weld pool and molten droplets are shielded by a gas delivered co-
axially with the electrode. This process has a linear geometry so the heat

generated by the welding diffuses linearly away from the weld pool [15].

17
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LBW may be operated over a wide range of heat inputs [16] (the
energy imparted to the material to make the weld) in either autogenous or
non-autogenous modes [17]. It is typically used for welding laser welded
blanks (LWB) and roof ditch welds, however, it is being adopted for more
assembly welding applications [18]. Like GMAW, LBW has a linear weld
geometry. As LBW is very flexible with respect to heat input, it may be
autogenous and is especially well suited for examining temperature

dependent transformations during welding.

2.2.1 Laser Welding

Laser welding uses the energy of a laser to melt and fuse the
materials to be joined. Heat input during laser welding is between that of
RSW and GMAW. Typical cooling rates observed in laser welding range
from 200 to 6000C/s [16].

Lasers produce a monochromatic (single wavelength) and coherent
(low dispersion) beam of light. The monochromatic nature of the laser
allows it to be used to impart energy to a work-piece as its energy will not
change with time because it does not contain multiple frequencies of light
(as white light has for example) that may constructively and destructively
interfere with each other as a function of distance and time [19]. The
highly coherent nature of the laser means that it will have low dispersion

allowing it to be highly focused, increasing the power density of the laser.

18
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A laser beam is generated by energizing, or pumping, a lasing
media with an energy source. The specific lasing medium depends on the
type of laser. Examples of lasing media include: a CO,, He, N mix as in
the case of CO; lasers, a Nd:YAG crystal for Nd:YAG lasers, a Yb:YAG
fibre in the case of fibre lasers, or a p-n junction in the case of diode
lasers. When the lasing media is pumped (energized), the electrons
within the media move between their excited and unexcited states
releasing quanta of energy in the form of light when the electrons drop to
their unexcited state. This energy is trapped within the lasing media by
reflective ends forcing the energy to bounce back and forth within the laser
cavity. This energy, and the energy released from continued pumping
further energizes the electrons within the lasing medium until there is a
greater population of energized electrons than non-energized electrons.
When this occurs and the reflecting energy interacts with the atoms in the
lasing medium, all of the energized electrons fall to their natural energy
state at the same time, releasing their energy quanta in sync with each
other. This results in an amplified release of energy [19]. This amplified
light is then released as the laser beam.

When the beam impinges on the material surface, energy is
transferred to the material in one of two transfer modes. If the power
density is low and the imparted power is insufficient to increase the

material temperature above its vapourization temperature, the laser

19
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energy is only absorbed at the material surface and heat is transferred to
the rest of the material by conduction. In this case, the weld pool forms
radially out from the point of laser impingement and the efficiency of
energy transfer between the laser and the work piece is related to the
absorptivity of the material surface [17,19,20]. If the power density is
sufficient to heat the material temperature above its vapourization point,
then the laser will vapourize the material, forming a vapour filled cavity
surrounded by molten metal, known as a keyhole. In cases where the
keyhole does not penetrate through the workpiece, the beam is trapped
within the keyhole due internal reflections and the energy is absorbed
along the depth of the cavity and is transferred radially to the surrounding
material. In this welding mode nearly 100% of the laser energy is
absorbed by the material, making the work piece, in-effect, a black-
body [17,21]. However, at automotive sheet thicknesses (0.6-3.0 mm),
the process conditions are typically set to ensure that the keyhole
penetrates through sheet such that laser power is also lost by
transmission through the sheet, some portion of the laser energy will
escape through the bottom of the keyhole and will not be absorbed by the
work piece.

The ability to weld in both keyhole and conduction modes implies
that laser welds may be made with a wide variety of heat inputs. Welds

made in conduction mode will require a high heat input to be transferred to
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the work piece per linear length of weld because much of the heat will flow
away from the joint. This results in a very wide, semi-circular weld and
HAZ when viewed in the direction of laser beam travel (see Figure 2-12a).
Conversely, welds made in keyhole mode will require a very low heat input
per linear length of weld, as energy is being absorbed through the
thickness of the workpiece. Keyhole mode welding results in a very

narrow and deep weld and HAZ (see Figure 2-12D).

Lolten Pool

Figure 2-12. Schematic of weld pools formed from laser welding in a)
conduction and b) keyhole [20].

2.2.2 Welding Transformations

In the area surrounding all welds there is a non-uniform
temperature field. Every local area in the welded sample has its own
unique temperature history that is dependent on the heat input and the

material thermal properties. The fusion has the highest local peak
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temperature in the weld area (fusion zone and HAZ), and the local peak
temperature then drops with increasing distance from the fusion
boundary [22]. The temperature distribution surrounding a weld is
controlled by the heat imparted by the welding process and conductive,
convective and radiative heat transfer [23]. However, outside of the fusion
zone, heat transfer is dominated by conductive heat transfer from the weld
towards the colder base material [22]. As conductive heat transfer
dominates outside of the fusion zone, the temperature history in the HAZ
may be easily modelled analytically. This was first done by
Rosenthal [24,25], who derived the temperature field surrounding a line
heat source in thin plate, which is applicable to the problem of full
penetration welds in sheet steels. When rearranged by lon et al.[26], the
instantaneous temperature around the linear heat source (the laser, for

example) may be predicted as:

Qnet/vd

T—Ty=———exp
° pc(4nat)1/ 2

=) =

4at

where T is the instantaneous temperature, Ty the ambient temperature,
Qnet the net heat input, d the sheet thickness, v the welding speed, p the
density of the material, ¢ the material’'s specific heat capacity, A the
thermal conductivity, a is the thermal diffusivity (A/oc), r the distance from

the heat source, and t is the time after the heat source has passed. The
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value Qnet/vd is the thickness normalized energy per unit length being
transferred from the welding source to the material, normally referred to as
heat input [27]. From the above description of the temperature field, the
temperature surrounding the heat source rapidly increases in front of the
source and then exponentially decays after the heat source passes. The
heating and cooling rate during welding is the highest along the weld
centreline where the temperature gradients are the highest. The heating
and cooling rate then decreases with increasing distance from the weld
centreline because the local peak temperature decreasing, reducing the
temperature gradients during welding. An example of a Rosenthal-type
temperature field around a moving source may be seen in Figure 2-13. It
should be noted that as the Rosenthal Equation is purely based on
conductive heat transfer it cannot accurately predict the temperature in the
fusion zone where convection and fluid flow has a significant effect on the
temperature field. However, if only the HAZ is considered, the Rosenthal

Equation can accurately predict the temperature field.
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Figure 2-13. Temperature distribution of a Rosenthal type solution as
measured a) on the plate surface and b) along the weld centreline [28].

The increased temperature outside of the fusion zone may also
result in metallurgical transformations, depending on the local peak
temperature. The area where temperatures are high enough to result in
solid-state transformations is known as the heat-affected zone (HAZ) [22].

In steels, the peak temperature attained in the HAZ will result in
specific metallurgical transformations based on the local phase diagram.
As described above, the peak temperature is dependent on the distance
from the weld centreline. Furthest from the molten area of the weld,
where the peak temperature is between 250°C and the Ac; temperature is
the tempered area of the HAZ. Here, the base material is tempered and
any existing residual stress are relaxed [22]. Closer to the weld, where
the peak temperature reached is between the Ac; and Acz temperatures,
the microstructure partially transforms to austenite. This austenite, of
course, will transform to new low temperature phases when the weld

cools. This area of the HAZ is referred to as the partially transformed
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zone [22]. At temperatures just above the Acs; temperature, the local
microstructure is entirely austenitized, refining the grain structure. When
this area cools, it contains a refined grain structure of low temperature
phases. It is referred to as the recrystallized zone [22]. Closest to the
fusion boundary where the peak temperatures during welding were the
highest, the newly formed austenite grains can grow. When they
transform to low temperature phases on cooling, this area has an enlarged
grain structure. It is known as the grain growth zone [22]. A schematic of
how the final grain structure of these areas correlate to the peak
temperature during welding as well as the phase diagram may be seen in

Figure 2-14.
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Figure 2-14. Temperature distribution of a typical steel weld and its
correlation to the Fe-C phase diagram [22].
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2.3 Martensite Tempering

This thesis is concerned with transformations in the tempered area
of the HAZ and their effect on the local mechanical properties. Before the
effects of tempering on weldment properties are discussed, tempering
must be understood.

DP and martensitic steels contain martensite, which is a phase that
forms through a diffusionless transformation when austensite is cooled
below its martensitic start temperature [6,29]. Typically this is usually
done by rapid cooling to minimize the amount of austenite that transforms
to ferrite, pearlite and bainite at higher temperatures by diffusion driven
transformations. As martensite forms by a diffusionless transformation, it
is superstatured with C, where its carbon content is the same as the
parent austenite. Martensite has a body-centred tetragonal crystal
structure where the c/a ratio depends on its C content [30]. It is very hard
and has low ductility and toughness compared to pearlite-ferrite structures
and bainite of a similar C content [30]. When martensite is heated, the
carbon that is in excess of the solubility limit diffuses from the super-
saturated martensite and forms a mixture of ferrite and cementite, as
predicted by the phase diagram [31,32]. Figure 2-15 illustrates how the
lathe structure of the martensite transforms to a mixture of ferrite and

cementite when tempered.
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Figure 2-15. Micrographs of a) martensite and b) tempered martensite in
a 0.12 wt% C steel [31].

The processes of martensite decomposition, as well as its
decomposition products, are a function of both martensite C content and
tempering temperature. However, it should also be noted that as
tempering is a diffusion process, sufficient time must also pass at each
temperature for the transformation to occur. At temperatures between
25-200°C in martensite with less than 0.2% C, the carbon starts to migrate
to dislocation sites in the martensite. In higher C martensites these
dislocation sites become saturated with C and € carbides will start to
form [31]. At temperatures between 200-250°C rod shaped carbides start
to precipitate in martensite. Although, these carbides have been identified
as cementite[33], it has been suggested that this is the Hagg carbide, a
monoclinic carbide with stoichiometry FesC,, mistaken as cementite
because of their similar crystal structures [34]. At 250°C these rod-shaped
particles and the ¢ carbides transform into spherical cementite

(FesC) [31,35]. At temperatures above 600°C the cementite

27



Ph.D. Thesis - E. Biro
McMaster University — Materials Science and Engineering

coarsens [31]. Figure 2-16 summarizes the temperatures at which these

processes occur.
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Figure 2-16. Summary of Fe-C martensite decomposition processes as a
function of temperature during a one hour heat treatment [36].

At long tempering times there will be sufficient time for
substitutional elements such as Cr and Mo to move through the Fe lattice.
This will allow for the formation of more complex carbides that include Fe,
Mn, Cr and Mo. As such, the stoichiometry of these carbides may include
a combination of these elements. Common examples of these carbides
include: M,C (where M is a combination of Fe, Mn, Cr, or Mo) iron carbide
which has a hexagonal structure, which may also have a high Mo content,
M;Csz Cr rich carbides with a trigonal crystal structure, My3Cs Cr rich
carbides which has also been observed to contain Mo, V, and Ni, and

MsC, a Mo rich carbide that has an FCC structure [37].
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2.4 Softening in the HAZ of DP and Martensitic Weldments

As discussed earlier, temperatures in the outer region of the HAZ
are only sufficient to temper the martensite within the material structure.
In martensite-containing DP and martensitic steels, the hardness of the
tempered region HAZ will decrease below that of the base material, as the
martensite within the base material microstructure tempers. Martensite
tempering in the HAZ of DP weldments was first noticed in the late 1970’s
and early 1980’s when DP steels were proposed for flash welded wheel
rim applications [38-40]. It was observed that after welding these flash
welded DP steel joints were failing in the HAZ. These failures were
attributed to the observed softening of the HAZ to a hardness below that
of the base material hardness (see Figure 2-17), process was named HAZ
softening [39,40]. When the microstructure of the weldment was
analysed, it was noticed that the softened area of the HAZ corresponded
to the area where the martensite had tempered [39,40], as seen in Figure

2-18.
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Figure 2-17. Hardness profiles from four steels [39].
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Figure 2-18. DP600 Microstructure in a) the base metal showing ferrite
(grey phase) and martensite (white phase) b) and the tempered HAZ
showing ferrite and tempered martnsite (light grey speckled phase).

Etchant: LePera’s Tint [41].

2.4.1 Effect of HAZ softening on mechanical propert ies

Since HAZ softening was first discovered, studies have shown that
it has a profound influence the mechanical properties of the tempered
region of the HAZ. Tensile tested weld specimens have clearly shown
that strain localizes in the tempered HAZ [42]. This indicates that the

observed decrease in hardness below that of the base material
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corresponds to a decrease in local strength below that of the base metal.
These results drove further work where the softened HAZ was simulated
by tempering both cold rolled and hot dip galvanized DP steel samples
with a Gleeble. When the simulated HAZ samples were tensile tested, it
was found that they exhibited a lower YS and UTS than the base material.
However, the simulated HAZ samples also showed higher elongation
values than the as-produced material [43]. It was also seen that after
tempering, the samples exhibited yield point elongation (YPE), which as
discussed previously, does not occur in DP steels. An example of the

changes in stress-strain curves may be seen in Figure 2-19.
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Figure 2-19. Change in stress-strain curves from the simulated tempered
HAZ in DP780 [43].

A formability study on DP980 [44] showed that the decrease in
mechanical properties of the HAZ decreased the formability of the entire

weldment. This work showed that the limiting dome height (LDH) of a
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DP980 LWB decreased as HAZ hardness decreased due to strain

localization in the HAZ (see Figure 2-20).
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Figure 2-20. Limiting dome height of DP980 laser welded blanks made
with a range of heat inputs to generate various amounts of HAZ softening
[44].

2.4.2 Effect of martensite content on HAZ softening

It has long been acknowledged that different DP alloys exhibit
different levels of softening after welding [27,39,41]. For example, Xia et
al. [27] showed that softening increased in three DP steels with increasing
base material UTS when laser welded with the same welding parameters
(see Figure 2-21). However, these researchers then showed that
softening increased linearly with increasing base material martensite
volume fraction (see Figure 2-22). It was explained that the apparent
correlation between HAZ softening and steel UTS was due to the linear

increase UTS with martensite volume fraction [4,27]. This was further

reinforced by nano-hardness measurements, which showed that softening
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occurred in the martensite phase, whereas the ferrite hardness did not

change after welding [45].
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Figure 2-21. Hardness profiles through laser welds in three DP steels
[27].
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Figure 2-22. Correlation between HAZ softening and DP steel martensite
volume fraction [27].
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2.4.3 Effect of welding heat input on HAZ softening

Heat input also has a strong effect on HAZ softening. As
martensite tempering is a diffusion-driven process [30,46], the progress of
this process depends on how long the HAZ is at the tempering
temperature. The maximum HAZ softening during welding always occurs
at the area of the welding corresponding the Ac; isotherm where the local
peak temperatures are the highest without inducing an austenitic
transformation. When a weld is made with high heat input, it will slowly
heat up and cool and it will stay near the peak temperature for a relatively
long time compared to a weld made with low heat input, which will heat
and cool rapidly [24,25,27]. Therefore, the martensite within the DP
structure of a weld made with high heat input will have a longer time to

temper, increasing the measured HAZ softening (see Figure 2-23).
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Figure 2-23. HAZ softening observed in two DP600 steels as a function of
weld heat input [41].

2.4.4 Effect of DP steel chemistry on HAZ softening

DP and martensitic steels are often alloyed with elements such as
Si, Cr and Mo to delay the pearlitic and bainitic reaction when steels are
thermally processed using lower quenching rates (such as those during
continuous hot dip galvanizing) [41,43]. Cr and Mo are strong carbide
formers and Si has a low solubility in cementite, so when relatively high
amounts (Cr and Mo > 0.2 wt%, and Si > 0.5 wt%) of the elements are
alloyed with the steel, the martensite tempering reaction can be
delayed [6,47-49]. When DP steels alloyed with these elements (rich
chemistry DP steels) were welded, it was observed that these materials
exhibited less softening than DP steels without these alloying additions
(lean chemistry DP steels) when welded with similar heat input [41] (see

Figure 2-23).
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2.5 Martensite Tempering Models

As the understanding of the tempered martensite hardness is very
important for tool steel or quench and temper steel applications, much
work has been done to model martensite tempering. However, much of
this work was done for applications where large sections were heat
treated for one hour to change bulk properties. The findings and material
constants are not applicable to this work where the time scale of
tempering ranges from about 0.1-20 s. However, this being said, the
techniques used to model martensite tempering may be still be used to
understand tempering in the DP steel weldments.

The literature presents three basic approaches to modelling
microstructure and property evolution during tempering. The first
approach is modelling nucleation and growth of the carbides evolving from
the tempering reaction [50]. Secondly, there has been work done to
model tempering by curve fitting the resulting change in mechanical
properties [51]. Finally, there is a semi-empirical approach where the
change in properties is related to known chemical relationships between

the tempering time and temperature [52].

2.5.1 Carbide nucleation and growth models

Martensite tempering may be modelled purely as the nucleation of

carbides from the C supersaturated martensite and their subsequent
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growth. To do this, the nucleation and growth processes must be
separated. The carbide nucleation rate may be expressed using classical

nucleation theory [50]:

| = NV kBT GX{_(G* +Q* )j (2-3)

h KgT

where | is the nucleation rate, Ny the number of nucleation sites per unit
volume, kg the Boltzmann constant, h the Planck constant, G the
activation energy to form the smallest stable particle, Q" the energy barrier
for atoms to pass from the matrix to the particle and T is temperature.

Once the nucleation rate is known carbide growth must be
calculated. Carbides will grow by diffusion of C from the undecomposed
martensite until all of the martensite has decomposed, and thereafter
growth will occur by Ostwald ripening. This is driven by the difference in
local solute solubility at the carbide-martrix boundary due to differences in
the radii of the various carbides, as described by the Gibbs-Thomson

effect [53]. The difference in local solubility is given by:

a 2-4

CR = CO + — ( )
™

ZO_ST (2-5)
a= RT vCy

where Cg is the solute concentration in the matrix adjacent to the particle,

Co the equilibrium solute concentration of the matrix, R the universal gas
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constant, v the molar density of the carbide, r, the particle radius and ost
is the surface tension at the carbide/matrix interface. The small difference
in local solute contents produces a difference in chemical potentials
between the large and small carbides, resulting in solute diffusion from the
small to large carbides. This results in large carbides to growing at the
expense of the smaller ones. Lifshitz and Slyozov [54] described the

growth rate by:

3 =—Dat (2-6)

=i

where 7 is the average cementite particle radius and D is the coefficient of

diffusion. For simplicity, the above relation was expressed as the growth
from an arbitrary time ty as [55]:

73 =75 = ky(t — to) (2-7)

Where ky equals gDa and 7, is the average carbide diameter at tp.

However, it should be noted that the growth rate described by Eq. 2-6 only
relates to spherical particles growing by volumetric diffusion. If particles
are growing at grain boundaries they will exhibit cylindrical growth, and
growth will be controlled by grain boundary diffusion. In this case, 7*
increases linearly with time. Grain boundary cementite growth may then
be defined as [56,57]:

7 — 7o = kgp(t — to) (2-8)
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_ 8057 DgpCov?s
GB = 3k,RT

(2-9)

where Dgg is the grain boundary diffusion coefficient, & is the grain
boundary thickness, and k; is a geometrical constant. Lindsley and
Marder found that not all carbides within a structure will grow with the
same diffusion path. They found that some carbides grew by bulk
diffusion, while others will grow by grain boundary diffusion. To describe
these cases, Lindsley and Marder combined the growth rates into a single
equation relating the average radius to the cementite growth using both

mechanisms [55], as follows:

T (kvt3/3 + kgt /e + kpl-peﬁ/s)l/ 3 (2-10)
where Kkpipe is @ constant combining the metallurgical factors affecting pipe
diffusion along dislocations and is described in [55].

Although modelling the tempering reaction by modelling the
nucleation and growth of carbides will give some insight into the system, it
is very difficult to link to material properties. As it would be difficult to
understand how tempering affects steel physical properties using this
model, it is felt the use of this modelling technique is inappropriate to be
used to predict the change in properties measured during HAZ softening.
The difficulty in linking a nucleation and growth model to physical
properties resulted in studies to develop empirical and semi-empircal

techniques to model martensite tempering.
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2.5.2 Empircal methods modelling hardness changes f rom
martensite tempering

Empirical approaches have also been used to account for the use
of all typical elements in steel. Grange et al. [51] used this approach and
developed tempering diagrams for steels with C contents from
0.08-1.0 wt% 1 hour. They then developed diagrams to account for the
influence of typical steel alloying elements on the tempered hardness.

The final tempered hardness of the steel was calculated as:

H=Hc; +AH,, +AH, +AHg +AH +AH +AH,, +AH, (2-11)

where H is the tempered hardness and Hc 1 is the tempered hardness of
the steel of interest not accounting of the influence of non-carbon alloying
additions. Hct may be found on a master tempering diagram, which
accounts for steel carbon content and tempering temperature (see Figure
2-24a). The 4H terms account for the contribution of the non-carbon
alloying elements on the final tempered hardness. Each 4H term is a
function of tempering temperature [51]. Examples of these tempering
diagrams may be seen in Figure 2-24. This modelling technique is highly
inflexible as it may only be used to predict the hardness of steels
tempered for 1 hour, the time used to temper the steels in the dataset, and

may not be used to sum incremental temper damage as would be needed
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during the non-isothermal tempering that occurs during welding. For this
reason, this technique is inappropriate to model the process of HAZ

softening in welds in DP and martensitic steels.
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Figure 2-24. Tempering diagrams for a) carbon steel and b) the influence
of various alloying elements when tempering at 600°F [51].

2.5.3 Tempering Parameters

To address the complicated issues associated with modelling the
tempering process, Hollomon and Jaffe [52] developed a semi-empirical
method to predict softening in carbon steels. They proposed that
tempering temperature and tempering time may be combined into a single
parameter allowing them to define the tempering cycle by a single
parameter instead needing both time and temperature. This combined

temperature-time parameter was described as:
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T(cy—; + logt) (2-12)
where cy.; is a material constant related to martensite C content.
Hollomon and Jaffe then described the tempering characteristics of
several carbon steels by graphing the tempering hardness of each steel
against tempering parameter for several tempering cycles with
temperatures ranging from 100-700C and times ranging from 10 s to
24 hr on a single curve. These diagrams showed tempered hardness can
be described by a tempering parameter accounting for tempering time and
temperature if the tempering curve is known.

Using a tempering parameter approach has no physical basis in the
transformations that occur during tempering as it requires a material
specific tempering diagram to be generated before any modelling may be
done. This approach will not grant further understanding into the effect of

steel chemistry and microstructure on HAZ softening.

2.5.4 Johnson-Mehl-Avrami-Kolmogorov Transformation Model

The final widely used approach to model steel tempering is by
employing equations used to model phase transformations in materials
based on a semi-empirical modelling approach. This approach was first
developed independently by Johnson and Mehl, Avrami, and Kolmogorov
[58-62], who developed the equations to model time dependent increase

in the volume fraction of a daughter phase from its parent in a process
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involving nucleation and growth. They proposed that during a
transformation there will be three distinct times. First, when the volume is
almost entirely made up of the parent phase, there will be nucleation
events. At a future time, nucleation will continue and the previously
nucleated daughter phase will grow. Finally, after further time has passed
and much of the volume has transformed, grains of the daughter phase
will impinge on each other, slowing transformation. Figure 2-25 shows
these stages and how at long times the transformed product must be

accounted for to accurately track the transformed volume.
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Figure 2-25. Schematic of the nucleation and growth of a daughter phase
(B) from a parent phase at three points in time. At long times (t3) kinetic
models may over-predict the transformed volume if previously transformed
material is not accounted for [53].

To account for the previously transformed material, the nucleation
and growth rate of the daughter phase was scaled by the volume fraction
of the remaining untransformed parent phase to determine the actual

nucleation and growth in the system. This is expressed as follows:

VB
dvh = <1 - 7) dvf (2-13)

where dV” is the instantaneous volumetric increase in B phase formed, V
is the total volume, and dV¢” is the instantaneous volumetric increase in B

phase that would form without accounting for the already transformed

44



Ph.D. Thesis - E. Biro
McMaster University — Materials Science and Engineering

material. The progress of the reaction may then be calculated by

integrating Eq. 2-13:

V75 =1—exp <— %) (2-14)
where V7 is the volume of daughter phase formed. In the current work the
fraction VAV, the fraction of the reaction completed reaction, is referred to
as .

The expression, dVAV or the volume normalized transformation
rate from Eg. 2-13 depends on the specific system. Johnson and

Mehl [59] showed that for systems with spherical particles exhibiting

nucleation and growth, dV5/V was equal to EIGR%‘*, where Gg is the

particle growth rate. Similarly, Avrami [61] was able to derive that dV¢“/V
took on the general form x,1tG,2t*2, with the exact form depending on the
number of nucleation sites and particle geometry. In the above
generalization, x; was a geometry dependant constant and x, was 1 for
rod-like particles, 2 for plate-like particles and 3 for spherical particles.
From his generalization, he suggested that dV./V be replaced with kt"
where k represents the kinetics associated with growth and nucleation and
n varied depending on the number of nucleation sites and particle shape.

Avrami, therefore, concluded that n must either be 1, 2, 3, or 4 depending
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on the system. This led to the familiar form of the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) equation:
¢=1-e><p(- kt”) (2-15)
The form of the JMAK equation results in its sigmoidal shape (see
Figure 2-26). At short times the reaction is slow because transformation
only occurs by nucleation. At intermediate times, the transformation rate
increases as particles grow. At long times, the transformation rate slows
again, as there is little untransformed material remaining and most of the

daughter phase is impinging on itself.

Hardness Change/Phase
Transformed

Time
Figure 2-26. General shape of the JMAK equation.

Although developed to describe the kinetics of phase
transformations, the JMAK equation has been used by many researchers
to describe the progression of tempering [48,47,63-66], as it also
progresses in a sigmoidal fashion. However, since the transformations
involved in tempering are different that those described by Johnson, Mehl

and Avrami, it is expected that the time exponent n will also be different
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than those predicted by Avrami. In the case of high temperature
tempering, where the process starts by the nucleation of cementite, it is
expected that n will initially be /5, which was predicted by Harper [67]. As
the JMAK equation is both flexible and links the underlying metallurgy to
the tempering reaction, it is felt that it could be useful to model HAZ

softening.

2.5.5 Adaption of Models to Non-Isothermal Temperin g

All of the empirical and semi-empirical methods above were
designed to be applied to isothermal transformations. However, by its
nature, the temperature history during welding is non-isothermal. The
curve fitting modelling method presented by Grange et al. [51] cannot be
adapted to be used to predict non-isothermal temperature histories, but
both the Hollomon and Jaffe [52] and the JMAK equation may be modified
to predict tempering progression in non-isothermal heat treatments.

The Hollomon and Jaffe tempering parameter accounts for
temperature directly by including it in the parameter, which makes it easy
to understand how to account for various temperature heat treatments.
Accounting for temperature in the JMAK equation is not as obvious. As
the JMAK equation describes transformation kinetics, temperature must
be included in the kinetics term. For this reason, k from Eq. 2-15 is

usually expressed in the form of the Arrhenius equation [65,66] as follows:
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k=K, exp[—gj (2-16)
RT

where Q is the process activation energy, R the universal gas constant, T
the absolute temperature and ko a fitting parameter representing the
kinetics at an infinite temperature.

In  non-isothermal heat treatments, temperature, and k by
extension, is a function of time and is not constant. To determine
tempering progression correctly, the tempering model must be integrated
over the temperature history of the heat treatment [68]. The literature
discusses two methods: a time domain method, also known as the rule of
additivity [69], and a temperature domain method [70]. In the time domain
method, the non-isothermal heat treatment is divided into several smaller
isothermal heat treatments. The progression of the transformation is then
calculated for each isothermal heat treatment as [71]:

Gir1 =1 —exp[—ky1 (& + Atyy4)"] (2-17)
where @.; is the progression of the reaction at the end of the current
isothermal section, ki.; is k calculated for the current isothermal section,
Ati.1 is the duration of the current isothermal section and t; is the adjusted
time for the start of the current isothermal section, which is defined as

follows:

 In(1-¢)n (2-18)
tf=—— "
ki1
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where @ is the progression of the reaction at the beginning of the current
isothermal section. Using the time domain method, the total reaction
progression for any heat treatment may then be calculated by iteratively
summing the contributions from each isothermal heat treatment. This will
result in a final transformation progression curve similar to that seen in

Figure 2-27.

2-Step Growth
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Figure 2-27. lllustration of a JMAK curve calculated from a two-
temperature heat treatment using the additive method [72].

In the temperature domain method, the non-isothermal heat
treatment is transformed into an isothermal heat treatment at a
predetermined temperature. This is accomplished by breaking up the heat
treatment into isothermal sections. The duration of each section is

calculated so that the progression of the tempering process at the
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predetermined temperature is equal to the progression of the tempering
process at the original temperature [70]. After all of the section times are
calculated, they may be summed and the progression of the process may
be easily calculated as an equivalent isothermal transformation. An

illustration of this methodology may be seen in Figure 2-28.

;1o + 1b)

to Ll [ t's th t'h t

Figure 2-28. lllustration of a) general non-isothermal heat treatment and
b) the equivalent isothermal heat treatment calculated using the
temperature domain method [70].

Of the two methods the time domain method is significantly more
popular in the literature. However, in the case of the thermal histories
during welding the temperature domain method may be easier to apply.
To apply the time domain method, the tempering progression must be
recalculated for every case being examined. Conversely, the temperature
domain method may be applied by calculating the percentage difference
between the time of the isothermal tempering cycle and the welding cycle,
provided peak temperature and material constants are equal. This is true

because regardless of the heat input used to make a particular weld, the
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shape of any two weld thermal histories are similar if the peak
temperatures are the same [24,25]. As all of the softening predictions in
this thesis are done at the Ac; isotherm, the temperature domain method
was used to predict the tempering progression during welding, as this

reduced the number of calculations to be done.
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3.1 Abstract

Welds in dual-phase steels exhibit heat affected zone softening in
which the tempered or subcritical heat affected zone exhibits a lower
hardness versus that of the parent material. The rate of this softening
reaction with respect to welding heat input was determined for four dual-
phase steels by making several bead-on-plate laser welds using a variety
of heat inputs and measuring the resulting minimum hardness. The
reduction in hardness was then fit to the Avrami equation, enabling a
comparison of the relative heat needed to soften each steel. It was found
that the heat input required for heat affected zone softening decreased as
the C content of the martensite within the dual-phase structure increased.
However the presence of carbide forming alloying elements such as Cr

and Mo was able to increase resistance to softening.
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3.2 Introduction

With the implementation of legislation to increase automotive fuel
efficiency [1], automakers are seeking a variety of means to reduce
vehicle weight. One of the ways that this is being accomplished is by
replacing traditional steel grades with advanced high strength steels
(AHSS). This allows the steels to be down-gauged, thereby reducing
overall part weight [2]. Dual-phase (DP) steels are one of the commonly
used AHSS grades being adopted by automakers.

DP steels derive their strength from a composite microstructure
comprising ferrite, martensite and bainite. However, as martensite is a
thermally unstable phase it will tend to decompose in the heat-affect zone
(HAZ), resulting in softening of the local microstructure. This phenomenon
has long been recognized and is typically known as HAZ softening [3,4].
HAZ softening is unavoidable in DP steels and occurs in the tempered or
sub-critical HAZ where the temperatures experienced during welding do
not exceed the Ac: temperature of the material [4,5]. As martensite
tempering fundamentally changes the DP microstructure, the mechanical
properties of this area of the HAZ are characterized by a decrease in the

yield and ultimate tensile strength, an increasing in ductility and the return
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of yield point elongation [6]. HAZ softening may also lead to strain
localization and failure in the sub-critical HAZ at stresses below the base
material’s ultimate tensile strength [5,7].

As HAZ softening can have an adverse effect on weldment
strength, much work has been done to characterise this phenomenon. It
has been determined that HAZ softening is a very complex phenomenon
and is affected by: microstructure martensite content, steel chemistry, heat
input and prestrain [6-10]. The potential hardness difference between the
softened HAZ and the base material is proportional to the steel martensite
content [6,8]. Steel alloy content can decrease HAZ softening by impeding
the softening rate [9]. Increasing heat input (increasing ratio of welding
power to travel speed), increases HAZ softening as the local temperature
of the sub-critical HAZ is elevated for longer times, further advancing the
tempering reaction [7-10]. Finally prestrain has been seen to increase the
overall magnitude of HAZ softening while increasing the absolute
hardness of the softening region [6,9]. Although considerable work has
been done to characterise the effects of different material and processing
parameters on HAZ softening, there has been no systematic study
examining how the chemistry and microstructure of dual phase steels
affect martensite tempering reaction kinetics occurring during the short
time scales of welding. This study reports on how changing heat input

affected the HAZ softening in four DP steels: two DP600s and two
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DP780s. The resulting softening curves from welds in all four materials
were then compared by normalizing the softening data and the observed

softening kinetics are related to the steel metallurgy.

3.3 Methodology
3.3.1 Materials

Experiments were carried out on four industrially produced steels:
two DP600 steels and two DP780 steels. These steels were chosen as
their microstructures and chemistries were significantly different from each
other, allowing a determination of how these factors affected softening
kinetics. Both of the DP600s had relatively rich chemistries, being alloyed
with higher amounts of carbide stabilizing elements, with one alloyed with
Cr and the other alloyed with both Cr and Mo. The DP780s examined
represent both rich and lean chemistry philosophies. The rich chemistry
was alloyed with C, Mn, Si, Cr, and Mo, whereas the lean chemistry was
only alloyed with C, Mn, and Si.

All materials were produced via the conventional industrial
processing route of casting, hot rolling and pickling followed by cold
rolling. The two DP600 and rich DP780 materials were subsequently
processed through a continuous galvanizing line, in which the materials
were intercritically annealed, rapidly cooled and dipped in a conventional

high Al galvanizing bath. The lean DP780 was processed in a similar
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manner (intercritical annealing and rapid cooling) through a continuous
annealing line, but was not coated with zinc. Detailed characteristics of the
as-received (base) steels may be seen in Table 3-1 where the chemistries
of the steels are listed in weight percent with the atomic percent of the
alloying additions in brackets. Table 3-1 also includes a summary of the
microstructure of each base steel, where martensite volume percent and
the sum of the martensite and bainite volume percent are listed as fmart and
fua, respectively. Due to C partitioning during the creation of the DP
microstructure, the martensite and bainite C content was estimated
separately from the steel bulk C content. This was calculated by assuming
that the C content of the ferrite phase was 0.02 wt% with the remaining C
being partitioned equally between the martensite and bainite phases.
Finally the hardenability of the steels were compared using Yurioka’'s
carbon equivalent equation (CEy) [11]. The microstructures of the as-
received base materials are shown in Figure 3-1. It should be noted that
limited autotempering was seen in the martensite phase of all of the steels
examined (inset micrographs in Figure 3-1). This autotempering likely
arose from the lower cooling rates after final thermal processing. However,
significant volume fractions of untempered martensite was also present in

the microstructures of the DP600 steels (Figure 3-1a) and 3-1b)).
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Table 3-1. Details of Base Materials Used in Study. Steel Chemistries
Given in Wt Pct (At. Pct).

Grade DP600 DP600 DP780 DP780
Design €r Cr/Mo Rich Chemistry Lean Chemistry
Thickness (mm) 2.0 2.0 2.0 1.5

C 0.10 0.11 0.15 0.10

Mn 1.8 L6 1.9 1.8

Si 0.14 (0.29) 0.19 (0.38) 0.23 (0.45) 0.33 (0.64)
Cr 0.34 (0.36) 0.22 (0.23) 0.32 (0.35) 0.02 (0.02)
Mo 0.01 (0.00) 0.20 (0.12) 0.11 (0.06) 0.02 (0.01)
CEn 0.35 0.36 0.52 031

Imare (pet) 29 35 9.3 17.0

Tma (pet) 27.4 22.8 14.7 17.0

Base hardness (VHN) 194 214 243 249
Martensite C content (calculated wt pet) 0.31 0.41 0.90 049

Figure 3-1. Base material microstructures of (a) Cr DP600, (b) Cr/Mo
DP600, (c) rich chemistry DP780, and (d) lean chemistry DP780.
Increased magnification of autotempered martensite from indicated areas
are shown in the micrograph insets.
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3.3.2 Welding

All samples were laser welded in the bead-on-plate orientation.
High heat input welds (welds made with higher power per unit length)
were made using a 4 kW diode laser and low heat input welds were made
using an 8 kW CO:2 laser (operated at 80% power) in the case of the
DP600s and a 1 kW Yb fibre laser in the case of the DP780s. The
characteristics of all of the lasers may be seen in Table 3-2.

Table 3-2. Laser Characteristics Used for Welding.

Laser Machine Laser Source Wave Length (pm) Power (kW) Beam Size (mm)
Nuvonyx ISL-4000 Diode 0.81 4.0 0.9 x 12
[PG Photonics—YLR-1000 Ytterbium Fiber 1.07 1.0 0.6

Trumpf TFL Turbo 8000 CO, 10.6 6.4 0.6

3.3.3 Measuring Welding Heat Input

Although three lasers were used to create the welds used in this
study, the softening results for each experimental condition were
compared on the basis of welding heat input. To avoid determining the
influence of beam diameter, material absorptivity and welder efficiency,
heat input was calculated directly from the HAZ microstructure per the
methodology of Xia et al. [8]. This technique involves measuring the
distance from the weld centreline to both the fusion boundary and to the
edge of the intercritical zone, where the peak temperatures reached
during welding were the steel's melting point and Aci temperatures,

respectively (see Figure 3-2). Using these measurements, the heat input
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could be calculated using Rosenthal's 2-D solution for weld zone

temperature [8]:

1

Qnet — ILX:p(rAcl _rm)(zm)i

vd 1 1
TAcl -To T.-To

where Qpet is the welding power, v the welding speed, d the plate

(3-1)

thickness, the material density, cp the material specific heat capacity, and
Taci, Tm, and To are the Aci, melting and ambient temperatures

respectively.

Figure 3-2. Cross section of a typical weld showing the distance from the
centreline to the fusion boundary (r,,) and the edge of the intercritical zone
(rac1) (taken from Ref. 8).

To impart a physical meaning to the heat input, it was converted
into a time constant similar to that used by Ashby and Easterling [12]. In
the present case, the time constant represents the time to heat a point in
the weld HAZ from ambient temperature to its Ac; temperature. Therefore,
if a weld is made with a high heat input (slow welding speed) it will require

significant time for the HAZ to reach the Ac; temperature, resulting in a
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large time constant, and the opposite is true if a weld is made with a low

heat input. The time constant, as defined by Xia et al [8], is given by:

_ 1 [Qu/(d)f ]
T apc, (T, -T,f (3-2)

Acy
where 1 is the time constant and A the thermal conductivity of the

base material. Thus, weld heat input increases as the value of rincreases.

3.3.4 Sample Preparation

All samples for metallurgical analysis were similarly prepared.
Transverse cross-sections were cut from each weld well away from both
the weld start and crater. Samples were then hot-mounted and polished
using standard metallographic techniques to a 1 um diamond finish using
an automatic polishing system (Struers RotoPol-31, Struers RotoForce-4

and a Struers Multidoser, Ballerup, Denmark).

3.3.5 Microhardness

Microhardness measurements were carried out on etched
(2% nital) metallographic samples using a Vickers indenter with a 200g
load and a 15 s dwell time. All reported measurements are the average of
three points measured in the through-thickness direction of the sample
cross-section and base material measurements are an average of
9 measurements. The error bars represent one standard deviation of the

hardness readings. The trend lines presented are mathematical best fits.
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3.3.6 Electron Microscopy

Scanning electron microscopy (SEM) was used to characterise the
base material and identify the state of decomposition of the martensite
within the HAZ after welding. The microstructure of the materials was
revealed by etching the mounted and polished samples with 2% nital for
2 s. All SEM images were taken using a JEOL-7000F field emission SEM
with an acceleration voltage of 15 keV.

The decomposition products of the tempered martensite were
imaged and identified from extraction replicas with a Philips CM-12
transmission electron microscope (TEM) using an acceleration voltage of
120 keV. Replicas were prepared by etching the cross-sectioned and
polished samples with 2% nital for about 1 sec to reveal the weld
microstructure. After etching, all areas of the samples with the exception
of the sub-critical HAZ were masked with stop-off lacquer. The samples
were then carbon coated using vapor deposition. After coating the carbon
film was cut and then lifted from the sample surface by immersing the
sample in 5% nital. When the films floated from the sample surface they
were transferred to a dilute solution of methanol in water, where they were
picked up on a 200 mesh Cu TEM grid. All images were taken in bright
field mode. Select area diffraction (SAD) patterns were generated using a
beam diameter of 700 nm and various camera lengths depending on the

pattern. The camera constant may be found on each SAD pattern.
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3.4 Results
3.4.1 Softening in DP Steels

For all experimental welds, the minimum weldment hardness was
found to be significantly less than the base material hardness (see
Figures 3 and 4). The minimum weldment hardness was a function of weld
heat input, where softening increased as the time constant (7) increased
(i.e. higher heat input) until a minimum hardness was reached, which
matches with past work [8,9]. However, when the hardness/time constant
relation for each material pair were overlaid, it was difficult to compare the
heat needed to soften the steels as either the initial or the final hardness
observed for each material was different. This is to be expected, as all of
the materials in this study had different martensite contents, which
determines the maximum possible hardness drop [8]. However, if the rate
of reduction in hardness for the materials is to be compared, then the
curves must be normalized such that they represent the progress of the

softening reaction rather than reduction in material hardness.
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Figure 3-3. Minimum HAZ hardness vs time constant for DP600

materials. Note that weld heat input increases with increasing 7, per
Eq. [3-2].
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Figure 3-4. Minimum HAZ hardness vs time constant for DP780 materials

and the time constants of the welds examined in Fig. 5. Note that weld
heat input increases with increasing r.
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3.4.2 Decomposition Products in Low and High Heat I nput
Welds

Before a transformation may be applied to the hardness data, the
martensite decomposition products formed in the HAZ of the welds as a
function of weld heat input and alloy chemistry needs to be characterised
to determine if it was the same for all experimental conditions. Under SEM
imaging it was revealed that not all of the martensite decomposed
immediately. After welding with low heat input, a patchwork of martensite
decomposition was seen within some martensite grains (see Figure
3-5(a)). When the heat input was high enough, massive decomposition of

the martensite throughout the microstructure was observed (see Figure

3-5(b)).

Figure 3-5. Martensite phase found in the softened HAZ from a) low and
b) high heat input welds from the lean DP780 steel.

TEM examination of the decomposition products using extraction
replicas revealed that the martensite decomposition products from all
conditions were irregularly shaped (see Figure 3-6 and 3-7). In general,

the particles found in the HAZ of welds made with high heat input were
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significantly larger (via 95% confidence intervals of the image analysis
results) than those found in the HAZ of welds made with low heat input.
SAD patterns obtained from these particles revealed that the
decomposition products were cementite [13]. This matches results by
Jung et al. [14] who observed that during non-isothermal tempering of
martenistic steels, although € carbides formed at low temperature, only
cementite remained after tempering near the Aci temperature. From the
TEM observations of the replicas on the two DP780s and Jung et al.’s [14]
results, it is assumed that cementite will be the only martensite
decomposition product present in the subcritical HAZ of the DP600 welds
after welding, as the latter steels were similar to the rich DP780 steel in

alloying philosophy and similar to the lean DP780 in CEnp.
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Figure 3-6. TEM images of cementite particles found in the sub-critical
HAZ of the lean chemisty DP780 welded with a) low and b) high heat input
as well as examples of individual particles and their SAD patterns from the

welds made with c) low and d) high heat input.
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Figure 3-7. TEM images of cementite particles found in the sub-critical
HAZ of the rich chemisty DP780 welded with a) low and b) high heat input
as well as examples of individual particles and their SAD patterns from the
welds made with c) low and d) high heat input.

3.5 Discussion
3.5.1 Comparison of Softening Kinetics

The analysis of the softened HAZ revealed that the martensite
within the base material structure decomposed to cementite. Although it is

possible that € carbide formed during the initial stages of heating, they
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were not observed in the sub-critical HAZ after welding. This is consistent
with the work of Wang et al. [15] who modelled martensite decomposition
and found that € carbides grow and dissolve quickly and showed that
cemenite formation and growth may be modelled independently of
€ carbide. Furthermore, it was seen in the present results that the
martensite did not immediately decompose after the material reached the
Ac; temperature. Instead, when the material was tempered for short times
the martensite partially decomposed and this transformation progressed
as the time that the weld was held at the tempering temperature (7)
increased. Finally, after the carbide particles formed they grew with
increasing tempering time until the martensite was fully decomposed. This
pattern of local nucleation, growth and saturation of a transformation
product may be well described by the Avrami equation of
transformation [16]
p=1- exp(— kt“) (3-3)
where g@is volume fraction of martensite that has been transformed,
k is a fitting parameter representing the energy barrier to the tempering
transformation, t is the tempering time (t is used in this study), and n is a
fitting parameter related to the rate of the transformation.
To describe martensite decomposition using the Avrami equation, a
parameter gwas defined such that gequals zero when the material is in

its base state (i.e. the as-received base materials, as described in Figure
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3-1 and Table 3-1) and is defined as being equal to one when the material
has been fully tempered or is at its minimum hardness, as was done by
Mittemeijer et al. [17]. gwas calculated using the following equation:

H o — H
—=_ base == 3-4
pm = (3-4)

Base min

where Hgase IS the hardness of the base metal, Hpyi, is the minimum
hardness value measured in the HAZ for a given material, and H is the
sample hardness. The use of the @ parameter is based on the assumption
that the material hardness is an average of the hardness of the individual
phases weighted by their respective volume percentages in the steel
microstructure. Thus, the change in hardness observed in the sub-critical
HAZ is assumed to be due only to the changing volume percentages of
the martensite, ferrite, and tempered martensite phases as the material
tempers. However, it may also be possible that during tempering the high
internal stresses present in the DP steels are relieved. If this is the case,

then changes in internal stresses will also be incorporated into the @

parameter. This must be confirmed with further work.

3.5.2 Fitting Softening Kinetics to the Avrami Equa  tion

When all of the hardness data was transformed using Eq. [3-4], the
softening kinetics of the DP600 and DP780 steels could be readily fit to
the Avrami equation. The fits for all four steels were good, having adjusted

r? values ranging between 0.81-0.92 (see
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Table 3-3). It is also interesting to note that the n parameter that was fit to
the four materials was much lower than the range of 3 to 4 predicted by
Avrami for pure particle nucleation and growth of a polyhedral particle [16].
However, it should be noted that the value of the n parameters for the
DP780 materials were similar to those measured by Luppo and Ovejero-
Garcia [18] and Roberts et al. [19] who measured this parameter as 0.36
and 0.3, respectively. Roberts et al. [19] showed that if particle nucleation
does not occur as Avrami described, but instead if the martensite phase
decomposes as a receding front behind which the daughter products are
formed (low carbon martensite and € carbide in their case, and ferrite and
cementite in the present case) then the n parameter should be
approximately 0.5, which matches the value measured for the DP780
steels. This appears to correlate with the observations in this study, where
martensite decomposed in a patchwork instead of at random and evenly
distributed nucleation sites. However, in the case of the DP600 steels,
where the n parameter was measured to be 1.6 and 1.7, it is possible that
less of the martensite within these steels was autotempered, and there
were nucleation sites available for the formation of cementite in the
martensite within the as-received microstructure. So, cementite formed as
a result of both the recession of the martensite front and nucleation
created new cementite particles, resulting in an increase of the n

parameter from that of the DP780 steels.
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Table 3-3. Fitting constants for the Avrami Equation.

DP600 DP780

Cr Cr/Mo Lean Rich

k 0.14 0.20 1.23 0.91
n 1.60 1:73 0.42 0.58
Adjusted i~ 0.87 0.87 0.92 0.81

Now that the hardness data has been normalized with the ¢
parameter and fit to the Avrami equation, the progression of the tempering
reactions for the four steels may be compared. It may be seen that the
Cr/Mo DP600 softens at slightly shorter time constants than the Cr DP600
and the lean chemistry DP780 softens more rapidly than the rich
chemistry DP780 (see Figure 3-8 and 3-9). When the curves from both
steel grades are overlaid, general observations may be made on the
softening kinetics as a function of overall steel chemistry (see Figure
3-10). Although it has been suggested in the past that a high carbon
equivalent indicates resistance to softening [9], this was not observed in
the present case. Figure 3-10 shows that the lean DP780 chemistry had
the lowest resistance to softening, although its carbon equivalent was
similar to the two DP600s (see Table 3-1), and the rich chemistry DP780
softened at a rate between that of the lean DP780 and the DP600s
despite its CE being the highest of the materials examined (Table 3-1).
However, with the exception of the lean DP780, the resistance to

softening increased as the martensite C content decreased.
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Figure 3-8. Progression of martensite decomposition in DP600 steels with
increasing heat input.
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Figure 3-9. Progression of martensite decomposition in DP780 steels with
increasing heat input.
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Figure 3-10. Comparison between the softening kinetics of all steels

examined. The compositional information is the calculated martensite C
content, per Table 3-1.

The effect of steel chemistry on the rate of martensite
decomposition may be further illustrated using the k parameter from
Avrami equation (equation (3)), where it can be seen that an increase in k
results in a decrease in the time to initiate the tempering reaction. Thus, k
can be thought of as representing the energy barrier to initiate HAZ
softening, where higher values of k indicate a low energy barrier and
relatively easy initiation of HAZ softening and visa versa for lower values
of k.

When the k parameters for the steels were compared, it was seen
that k was proportional to the martensite C content for the three steels
alloyed with carbide forming elements, with the lean DP780 k value being

considerably above this curve (see Figure 3-11). This disagrees
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somewhat with the results of Roberts et al. [19] who showed that k is only
a function of martensite C content. However, in that study none of the
steels were alloyed with carbide forming elements. In the present case,
Figure 3-11 indicates that martensite decomposition is a function of both
martensite C content and alloying chemistry, unfortunately as only one
steel was alloyed without Cr and Mo we cannot know the relationship
between k and martensite C content for this steel family without testing

more materials.
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Figure 3-11. Avrami k parameter vs martensite C content for all
experimental steels.

It is logical that martensite C content controls the rate of the
tempering reaction, as tempering is a diffusion driven process where the C
within the martensite diffuses into the surrounding material. As the
martensite C content increases, the driving force for this reaction

increases, speeding the tempering transformation. It is thought that the
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lean chemistry DP780 does not fit this model because it was alloyed

without strong carbide formers such as Mo and Cr. These additions

stabilize the martensite [20] retarding the tempering reaction and resulting

in the lean DP780 tempering with much lower welding heat when

compared to materials with similar martensite carbon content.

3.6 Conclusions

Bead-on-plate welds were made on two DP600 and two DP780

steels with different chemistries. After welding, the hardness of the sub-

critical zone was measured and the following can be concluded about the

heat-affected zone (HAZ) softening observed:

1.

The minimum HAZ hardness for all of the steels decreased as heat
input increased until a minimum value was observed. Further
increases in heat input had no further effect on subcritical HAZ
hardness.

The martensite decomposition product in the sub-critical HAZ for all
welds was cementite.

Because HAZ softening by martensite tempering is a function of
cementite nucleation, growth and saturation, HAZ softening kinetics
could be fit to the Avrami equation.

The heat required for HAZ softening decreased as the martensite C

content increased in steels with similar amounts of carbide forming
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alloying additions (ie. Cr and Mo). This is consistent with diffusion
mechanism driving martensite decomposition.

5. The lean DP780 alloyed without Cr and Mo softened with lower heat
input than its martensite C content would suggest when compared to
the other steels. This was attributed to its lack of carbide forming
alloying elements that stabilized the martensite, thereby slowing the

tempering reaction.
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4.1 Abstract

To improve vehicle fuel economy and crash worthiness the
automotive industry has been redesigning parts from advanced high
strength steels such as dual-phase and martensitic steels. These steels
have high strengths with the higher formability characteristics when
compared to lower strength conventional steels of similar ductility. These
steels derive their unique properties from their complex microstructures
containing ferrite and martensite. During assembly welding, the
martensite within the sub-critical region of the heat-affected zone tempers,
which locally reduces mechanical properties. Although this phenomenon
is well studied, it has yet to be quantified. The present work proposes a
technigue to measure the softening kinetics of dual-phase and martensite

steels using rapid isothermal tempering. The resulting model was then
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validated by predicting the heat-affect zone softening that occurs in laser
and resistance spot welds as well as by comparing the microstructures of
the rapid tempered samples to the microstructures found in the sub-critical

heat-affected zone of welded samples.

Keywords: HAZ softening, laser welding, resistance spot welding,

JMAK Equation, Avrami Equation, dual-phase steel, martensite tempering

4.2 Introduction

With the environmental issues surrounding the build-up of
greenhouse gases and their contribution to global warming, new
standards are coming into force requiring the automotive industry to
improve the fuel economy of their vehicle fleets [1]. One of the means
being chosen by automotive manufacturers to fulfil these regulations is by
decreasing vehicle weight. To achieve the necessary weight reductions
without compromising passenger safety, conventional low C and high
strength low alloy (HSLA) steels commonly used in vehicles ten years ago
are being replaced with new higher strength, multiphase advanced high
strength steels (AHSS). One of the families of AHSS being adopted for
structural applications in significant quantities are the dual-phase (DP)

steels [2].
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DP steels have a composite microstructure comprising martensite
islands within a ferrite matrix, where the strength of the steel generally
increases with increasing volume fractions of martensite [3]. DP steels
derive their strength from the interactions between boundary dislocations
in the ferrite interacting with the martensite islands, which increases the
kinematic hardening contribution to the overall flow stress and their high
initial strain hardening rate [4]. This mechanism is one of the primary
contributors to the relatively high ultimate tensile strengths (UTS)
combined with reasonable uniform elongations characteristic of DP steels
as compared to low C and HSLA steels [5].

However, because the unique mechanical properties of DP steels
arise from a multi-phase microstructure containing significant volume
fractions of martensite, their mechanical properties will degrade when the
martensite is tempered [6], which occurs in the tempered area of a
weldment heat affected zone (HAZ). This phenomenon, known as HAZ
softening, was first reported when DP steels were flash butt welded for
wheel rim applications [7,8]. In these situations, it was reported that
failures were occurring in the softer tempered or sub-critical area of the
HAZ.

Since this phenomenon was first observed, some work has been
done to characterise it. Xia et al. showed that the softening measured

within the HAZ of a DP steel weld was a sigmoidal function of the welding
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heat input and the maximum possible HAZ softening was a linear function
of the steel martensite content [9]. Baltazar Hernandez et al. showed that
in welds exhibiting HAZ softening, only the martensite phase softened and
no significant decrease in hardness was observed in the ferrite phase [10],
implying that the observed HAZ softening was solely a product of
martensite decomposition. Although this work characterised the
mechanisms of HAZ softening in weldments, the kinetics were not
described.

Work has been done to quantify the martensite tempering rate in
DP steels using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation
for both long [11] and short tempering times, the latter using welding
data [12]. Both of these studies advanced the literature where the long
tempering time study was able to precisely characterise the activation
energy for all tempering stages and the welding study demonstrated that
the tempering rate increased with martensite C content and was retarded
by the presence of carbide-forming alloying elements. However, neither of
these approaches were able to provide data that could be used to model
HAZ softening. In particular, the long time tempering data did not reflect
the welding cycle time scale, where tempering occurs over 0.1-5 s and the
welding study did not decouple the effects of temperature and time,
meaning that data from this study could not be used to model a generic

welding cycle.
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The present study seeks to characterise the kinetics of HAZ
tempering during the welding cycle by carrying out a series of rapid iso-
thermal tempering heat treatments on several DP and martensitic steels.
This data will be used to characterise the alloy softening kinetics. This
approach will be validated by predicting the HAZ softening observed in
laser and resistance spot welds (RSW) made using a range of heat inputs,
as well as. showing that the microstructures of isothermally tempered DP

steels match those found in the non-isothermally tempered (welded) HAZ

4.3 Methodolgy

The study was carried out on seven steels. Four of these steels
had a DP microstructure and three were fully martensitic. All of the steels
were industrially produced using the following processing route: casting,
hot rolling, cold rolling, annealing and quenching. During the annealing
heat treatment, the DP steels were intercritically annealed while the
martensitic and hot stamped boron steels were fully austenitized and
water quenched. The steels used in this study represent a range of steel
chemistries and martensite contents. It should be noted that all of the
experimental DP steels had a ferrite-martensite microstructure as opposed
to a ferrite-martensite-bainite microstructure. Alloy chemistry, Yurioka
carbon equivalent (CEyn) [13], martensite volume fraction (fuart)

(determined by image analysis of scanning electron microscope (SEM)
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micrographs) and the as-received hardness for all experimental materials
may be found in Table 4-1.

Table 4-1. Details of experimental materials (chemistry listed in wt%)

Steel 'héi‘ﬁ“ C Ma P S Si C Mo CEy fisn(%) Tu(°C) Taa(°C) 5% I;IQ‘.'?““ I"ﬁ“?{“\‘;‘.}“e*
DP780 15 010 18 001 001 031 002 002 031 175 1516 713 215.0 158.0
DPO50-1 14 012 21 001 000 007 002 031 044 484 1516 702 307.0 190.0
DP950-2 14 016 19 002 000 023 019 000 050 569 1511 712 346.0 201.0
DP1180 15 015 19 002 000 023 020 000 046 765 1513 713 375.0 197.0
M190 18 018 04 001 000 019 0.03 000 026 1000 1517 724 408.0 195.0
M220 18 023 04 001 001 020 002 000 032 1000 1513 725 178.0 200.0
Hot Stamped Boron 2.0 023 12 001 000 028 020 000 043 1000 1508 721 4724 228.0

Material softening kinetics were characterised by rapid iso-thermal
tempering using a Gleeble 3500 (Dynamic Systems Inc., Poestenkill, NY,
USA). All samples were 100 mm x 12 mm with the rolling direction
parallel to the long side. During the tempering cycle, samples were
heated with average heating and cooling rates of 2190C/s and 4140%C/s,
respectively. Sample heating was more consistent than cooling, having
standard deviations of 250C/s and 3220C/s, respec tively. It should be
pointed out that the minimum cooling rate measured was 820C/s. It is
believed that these rates were sufficient to assume an isothermal
tempering kinetic. An example of a typical tempering cycle may be seen

in Figure 4-1.
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Figure 4-1. Typical Gleeble heat treatment cycle (taken from a 650C
peak annealing temperature cycle).

Samples were tempered for times ranging from 0.2 s to 10 s to
simulate typical times that the sub-critical HAZ would be at elevated
temperature during welding. All experimental tempering temperatures and
times are listed in Table 4-2. To determine the minimum tempered
hardness of each material, all steels were subjected to a 1 hr (3600 s)
furnace temper for all annealing temperatures listed in Table 4-2. After
furnace tempering, samples were immediately water quenched to prevent
further alterations to the microstructure.

Table 4-2. Tempering parameters for experimental steels.

Temperatures Times

400°C, 500°C, 600°C, 650°C 025,055, 15,25,55,105,3600s

Microhardness measurements were conducted to monitor the
softening of the experimental steels arising from the tempering trials. All

hardness measurements presented are the average of between 10-12
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measurements taken through the sheet thickness. The large number of
data points were intended to smooth the through-thickness hardness
variation commonly observed in DP steels [14]. All  hardness
measurements were performed per ASTM E384-11 [15] using a 500 g
load with a 15 s dwell time and were spaced more than 2.5 indentation
spacings apart. Error bars on the hardness plots represent the
95% confidence interval (Cl) of the average hardness value.

Welds were made using both laser and resistance spot welding.
Laser welding was carried out using a 4 kW Nd:YAG laser. The spot
diameter was approximately 400 um and welding speeds were varied
between 3-8 m/min. All laser welds were shielded with Ar gas flowing at
30 L/min. Spot welds were made using a 50 Hz AC pedestal welding
machine per ISO 18278-2 [16].

Heat input to the work piece from the laser welding process was
determined by the method of Xia et al. [9], who calculated it from
measurements taken from the weld cross-section using a modified version
of Rosenthal’'s equation for two dimensional heat transfer [17]. As spot
welds are axisymmetric, heat input for these welds could not be evaluated
using this equation. In this case, the heat input was calculated
numerically with SORPAS (SWANTEC Software and Engineering ApS,
Lyngby, Denmark) by matching the simulation results with the cross-

sectional weld geometry. Minimum hardness values for all welds were
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taken from hardness maps measured across the weldments. Each map
was separated into lines through the sheet thickness and the minimum
hardness value on each profile represented the minimum hardness value
at the specific depth the hardness profile was measured. All of the
hardness values selected (10-18 depending on sheet thickness) were then
averaged to determine the minimum hardness value of a particular weld.
Standard transmission electron microscopy (TEM) thin foils were
used to examine the microstructure of all samples except for those taken
from the low heat input laser weld, where the thin foils were prepared
using focused ion beam (FIB). Standard thin foils were ground to between
60-80 um using standard metallographic techniques, from which 3 mm
diameter TEM sample discs were punched. The samples were thinned by
electrolytic jet polishing using a 15C acetic acid solution with 5%
perchloric acid at 70 V with 60 mA. FIB thin foils were cut from a cross-
sectioned mount using Ga" ions. The thin foils were then attached to a Cu
grid, thinned using Ga' ions and cleaned with Ar. All samples were
viewed using a Philips CM12 TEM (Royal Philips Electronics, Amsterdam,
The Netherlands) at an acceleration voltage of 120 keV. The TEM images
presented below are representative of between 5 to 10 imaged areas,
depending on the sample, with the exception of the low heat input laser

weld where only two areas could be imaged due to the FIB preparation
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technique. All TEM samples examined were taken from the DP780 grade

listed in Table 4-1.

4.3.1 Softening Kinetics Model

Per the methodology of Biro et al. [12], material softening during
isothermal tempering was modelled using the Johnson-Mehl-Avrami-

Kolmogorov (JMAK) equation [18-21]:

gazl—exp(—kt”) (4-1)

where grepresents the fraction of the softening reaction completed,
t is time, n is a fitting parameter representing the reaction rate and k is a
fitting parameter characterizing the energy barrier to softening. As
softening in DP steels is due to martensite tempering [10,12,22], where
the tempering rate is temperature dependant, k was modelled using the

Arrhenius equation:

k=kg eXp(;{_Tj (4-2)

where ko is a fitting parameter, Q is the activation energy for
softening, R the universal gas constant and T the absolute temperature.
As mentioned above, reaction progress was monitored by changes in
material hardness. It is understood this may not be directly proportional to

the progress of the tempering reaction, but it is of interest when
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considering how post-welding HAZ mechanical properties differ from those
of the base material. The progress of the softening reaction (¢ was
defined as follows:

Hgy —H
Hem —He

(4-3)

where Hgy is the hardness of the base material, H the measured
hardness of the sample at the point of interest, and H. the minimum
hardness, defined in the present case as the hardness of the material after

tempering 1 hour (3600 s) at 650<C.

4.3.2 Modelling of Weld Temperature History

During welding the temperature history in the sub-critical HAZ was
assumed to be parabolic, per lon et al. [23]. This assumption greatly
simplified modelling the weld softening. Use of this assumption is
believed to be appropriate because the parabolic temperature profile fits
the actual welding temperature history very well near its peak
temperature, where the majority of the tempering occurs (see Figure 4-2).

The temperature history for each weld was defined as follows:

2
T=(Taa ‘To)[‘(tTrj ] +Taa (4-4)

where T is temperature, Tac: the alloy Aci, temperature and Ty the

ambient temperature. 7is a time constant, representing the time for the
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sub-critical HAZ to heat from ambient temperature to its peak temperature,
the Ac, temperature in this case (see Figure 2). For the laser welds in this

study, rwas calculated using the equation of Xia et al. [9]:

(]

) 4779,00p/] (TAcl _TO)Z

(4-5)

where Qe IS the heat input, v the welding speed, d the sheet
thickness, p the density of steel (7860 kg/m®), and cp and A the steel
constant pressure heat capacity (680J/Kg/K) and thermal conductivity
(30 W/m/K), respectively. The normalized heat input (Qne/vd) was
calculated by determining the heat input necessary to result in the
observed distance between the fusion boundary and boundary of the sub-

critical HAZ using the Rosenthal equation:

Qne/vd _ PCp (rAcl - rm)(ZHE)% (4-6)

1 1
TAq_TO Tm=To

where r, and rac; are the distances measured (taken from weld

cross-sections) from the weld centreline to the fusion boundary and the
isotherm corresponding to the Ac; temperature, respectively, and Ty, is the
melting temperature of the steel. It should be recalled that, because the
spot welds are axisymmetric, 7 for these welds was calculated using

SORPAS.
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Figure 4-2. Comparison between the exact temperature history during
welding and that of the parabolic temperature history for an arbitrary area
within the HAZ (taken from [Ref. 23]).

4.4 Results and Discussion
4.4.1 Tempering Kinetics Quantification

When the hardnesses of the tempered samples were plotted
against their respective tempering times, it was seen that hardness
decreased sigmoidally with time in all cases. Furthermore, as would be
expected, the hardness of the samples decreased as tempering
temperature increased for similar tempering times. Examples of these
general trends are shown for the dual phase DP780 and M220 martensitic
steels in Figure 4-3 and 4-4, respectively. It should be noted that the
increase in hardness above the base metal value seen at short tempering

times for the DP780 samples tempered at 400C was not seen in any of
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the other samples. As this was unique to the DP780 tempered at 400C
and did not change the sigmoidial nature of the hardness change with
tempering time it was not investigated further. When the hardness values
were converted to gusing Eq. 4-3 and plotted versus tempering time, the
softening results took on the classic JIMAK form (Figure 4-5 and 4-6). It
should be noted that only the samples tempered at 650°C approached 1

because of how gwas defined relative to the reference hardness, H..
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Figure 4-3. Hardness of tempered DP780 as a function of tempering time
and temperature.
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Figure 4-4. Hardness of tempered M220 as a function of tempering time
and temperature.
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Figure 4-5. Calculated fraction of softening completed for DP780 as a
function of tempering time and temperature.
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Figure 4-6. Calculated fraction of softening completed for M220 as a
function of tempering time and temperature.

All of the softening data were fit to the JMAK equation by standard
non-linear regression, the results of which are summarized in Table 4-3. It
should be noted that the general goodness-of-fit for the data, as
characterized using the adjusted R? parameter, exceeding 0.9 in all cases
except for the DP780 samples, where the R? value was 0.79 (see Table
4-3). Although the fits were generally very good, the errors associated
with the ko parameter values were high and in the case of the DP780

sample, the ko value was not significant (Table 4-3).

94



Ph.D. Thesis - E. Biro
McMaster University — Materials Science and Engineering

Table 4-3. JMAK fitting parameters and model goodness of fit
measurement for experimental steels.

Q (kJ/mol) ko n X
Steel Adj R-
Value 95% Cl|Value 95% Cl|Value 95% CI

DP780 62.8 1372 |700.7 1245.0/0.351 0.048 | 0.79
DP980-1 543 390 | 6133 320.3/0.189 0.012 | 093
DP980-2 394 210 | 1448  42.3|0.150 0.010 | 094
DP1180 39.2 202 |167.7 47.7(0.139 0.010 | 094
M190 479 2.6 | 687.0 254.2/0.151 0.0I13 | 095

M220 283 139 | 599 12.4(0.101 0.009 | 094

Hot Stamped Boron| 43.3 .84 | 4586 122.2]0.118 0.010 | 096

The values fit for Q and n (Table 4-3) were significantly different
from the typical values associated with martensite tempering using the
JMAK equation. In general, the literature reports much higher activation
energies (177 to 270 kd/mol [24-28]) for stage Ill tempering (i.e cementite
formation) for the temperature ranges tested in the present case, although
a value as low as 82 kJ/mol has been reported [29]. However, it should
be noted that the above literature measured the activation energy using
dilatometry, which is a more direct measurement of this transformation
than the hardness measurements used in this work. When the current
activation energies are compared to the results of work that measured
tempering progression using hardness measurements, the current results
are more comparable. For example, Takahashi and Bhadeshia [30]
measured an activation energy of 33.5 kJ/mol and Hollomon and Jaffe [31]

measured activation energies ranging from 50 to 209 kJ/mol, depending
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on the initial hardness of the martensite. It should be further noted that
the values of n from the present work do not match the classic JMAK
values of 3-4 for spherical particles [32]. However, it should be understood
that the use of the JMAK equation in the present case does not represent
the conditions under which it was derived, where a daughter phase was
nucleated into a parent phase and grew until their transformation was
complete. In the case of tempering, carbides are formed and grow until an
equilibrium size is reached. The results presented here are agree with
Takahashi and Bhadeshia [30], who also found that the value of n was
below 3-4, determining n to be 0.62. However, this value is approximately
2-6 times greater than the values measured in this study. The value of ko
was not compared to literature values because the units are dependent on
the value of n.

Although the JMAK parameters presented in this work agree with
the data presented from other studies where tempering kinetics were
evaluated using hardness measurements [30,31], it is believed that the
values derived for Q and n cannot give any specific insight into the
underlying mechanisms responsible for the observed softening. For
example, the observed softening can be attributed to a number of
processes occurring simultaneously during both the rapid heat treatment
and in the HAZ during welding thermal cycles, including martensite

tempering (including carbide growth, the effect of alloy chemistry on
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carbide growth and formation of new ferrite), relaxation of residual
stresses and the recovery and recrystallization of deformed grains with its
attendant reduction of dislocation density. Thus, it is believed that the
present values of the activation energy (Q) and time exponent (n) are
actually an apparent activation energy and time exponent which are
combinations of all of the above processes. Thus, the apparent
disagreement between the values of Q and n with the classic tempering
literature, which largely agree with the activation energy for C diffusion,
can only be resolved through de-convolution of the terms comprising the
derived apparent activation energies and time exponents. This exercise is
beyond the scope of the present study and will be addressed in a
subsequent contribution.

However, the evidence in Table 4-3 concerning the goodness of fit
parameter (adjusted R?) clearly indicates that the present form of the
JMAK equation is a convenient mathematical representation of the
combined mechanisms leading to the observed the HAZ softening.
Furthermore, it can be seen that this mathematical form can be applied
across a variety of chemistries and starting martensite contents across
this class of alloys and can be used as an empirical predictor of the

softening kinetics and material properties in the sub-critical HAZ.
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4.4.2 Using the JMAK equation to describe non-isoth  ermal
tempering during welding

To compare the hardness change during isothermal Gleeble
tempering to the non-isothermal tempering cycle found in welds, the
tempering damage over the entire welding cycle must be summed.
However, because of difficulties associated with integrating the nested
exponentials found within Eq 4-1 this is very difficult. To overcome this
issue, other researchers have changed Eq 4-1 such that the term within
the exponential became —(kt)" [25,26], which greatly simplifies the
integration. However, this approach was not followed here. Instead, it
was decided to convert the thermal history experienced during welding to
an equivalent isothermal temperature heat treatment with a tempering
temperature equal to the alloy Ac; temperature (Table 4-1). This was
done by equating Eq 4-1 evaluated at the alloy Ac; temperature to Eq 4-1
evaluated at the instantaneous HAZ temperature during the welding cycle
and integrating this expression from t=0 to t=27 (the time for the complete

weld cycle). This resulted in the following expression:

t=2
tAClz Jre)(pl:g[ 1 —EJ:|dt (4-7)

where tac; is the equivalent isothermal tempering time at the Ac; for
the subject welding cycle. Although this equation may applied to any

general welding cycle, in this study, the parabolic assumption from Figure
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4-2 was used. Once tac; was calculated, equivalent Tac; isothermal HAZ
softening may be predicted using Eq 4-1. It is understood that calculating
HAZ softening using the isothermal equivalent from Eq 4-7 assumes that
the final hardness for a tempered material will be temperature
independent for long tempering times. From Figure 4-3 and 4-4 this is not
certain. However, as Hollomon and Jaffe [31] showed that tempered
hardness is a function of a tempering parameter combining the effects of
temperature and time and not temperature alone, it is felt that the above
assumption is justified considering that tac; is effectively a tempering
parameter representing the equivalent tempering time for the welding

cycle if it was entirely carried out at the Ac; temperature.

4.4.3 Predicting the hardness of laser and spot wel dsatr s

With the conversion factor to compare the non-isothermal
temperature cycles of welding to the isothermal cycle needed for the
JMAK equation (Eq. 4-7), the hardness at rac; or minimum HAZ hardness
(H, Eq. 4-3) for a given set of welding conditions may be predicted by

rearranging Eq 4-3 such that:

H =Hgy ~¢(Hey ~He) (4-8)

To validate whether the proposed JMAK equation could be used to
predict the minimum HAZ hardness, a series of high and low heat input

laser and resistance spot welds were made from the materials examined
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in this study. The welding time constants, describing the thermal history of
each weld (from Eq 4-4. and 4-5), may be found in Table 4-4. Other
material properties used in these calculations (e.g. base material
hardness) can be found in Table 4-1. The minimum hardness values
measured in these welds were then compared to the minimum HAZ
hardness predicted using the isothermal Tac1 annealing time (tac1, EQ. 4-7).
When the predicted and measured hardness values were compared, it
was found that the average absolute error was 16.2+5.6 HV, which
translates to an error of 6.2+2.1% when normalized against the base
material hardness (see Figure 4-7). These hardness predictions were
then subtracted from the base material hardness to predict maximum

softening (Hgy —H ), where these results showed stronger agreement

with the measured values (Figure 4-8). It should also be noted that
although the absolute error from the hardness predictions appear large,
the predicted hardness values were within 10% of the measured hardness
values and are felt to be as accurate as may be reasonably expected
within the context of the process variations inherent in the welding
process. Thus, these results imply that the data generated through
isothermal annealing experiments can be successfully used to predict the
HAZ softening characteristics of DP and martensitic steels through proper

transformation of the non-isothermal temperature profiles characteristic of
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welding to the isothermal processes characteristic of those described
using the JMAK equation.

Table 4-4. Minimum hardness and time constants of weld samples to
validate JMAK softening model (Figs. 4-7 and 4-8).

Laser Welding Resistance Spot
Steel High Heat Input | Low Heat Input Welding

) HC[I'(EIIIGSS #() Han:lness £(s) Hardness

(HVs00¢) (HVs00¢) (HVs00g)
DP780 0.104 211 0.049 216 0.650 210
DP980-1 0.147 264 1 0.045 267 0.820 252
DP980-2 - — — — 0.640 277
DP1180 = = — = 0.640 275
M190 0.063 246 0.036 256 0.770 236
M220 0.058 235 0.032 262 0.770 238
Hot Stamped Boron| 0.031 251 0.040 261 0.770 282
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Figure 4-7. Comparison between the measured hardness and the
hardness predicted by the JIMAK equation using the parameters listed in
Table 4-3.
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Figure 4-8. Comparison between the measured HAZ softening and the
HAZ softening predicted by JMAK equation using the parameters listed in
Table 4-3.

4.4.4 Microstructural comparison of sub-critical we ld HAZ and
Gleeble samples

Microstructural analysis was carried out to verify that the isothermal
tempering treatments produced the same transformations in the
experimental steels as the non-isothermal welding tempering cycle which
occurs in the sub-critical HAZ. For this purpose, a TEM analysis
comparing the sub-critical HAZ of laser welded DP780 using high heat
input (r= 6.8 s and tac; =3.0 s) and low heat input (7= 0.045 s and
tacz = 0.020 s) to Gleeble samples tempered at 650C for 10 and 0.5 s was
carried out. The relative tac; and @ values for these samples may be

compared in Table 4-5. As part of this analysis, the as-received base
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material was examined, which revealed the expected mixture of ferrite and
martensite as well as the high dislocation density typically associated with
DP steel microstructures (Figure 4-9).

Table 4-5. Relative tac; and @values of samples used for TEM

examination.
Sample Licy (s) )
High Heat Input Weld 3.00 0.39
Long Isothermal Tempering Time 2.24 0.36
Low Heat Input Weld 0.02 0.08
Short Isothermal Tempering Time 0.11 0.10

\Martensite

PLath

\
'Area with

Dislocations

1 pm E
[ =

Figure 4-9. Structure of the as-received DP780 at (a) low and (b) high
magnification.

Figure 10 shows the microstructure of the DP780 sample welded
using high heat input (i.e. 7= 6.8 s). It can be clearly seen that the
martensite had decomposed to ferrite and carbides approximately 50 nm
in diameter. It can also be seen that the boundary of the original

martensite grain was still visible (Figure 4-10). When the Gleeble heat
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treated samples were viewed (Figure 4-11), the martensite laths could no
longer be discerned and some of the carbide particles had grown to
approximately 100 nm in diameter (Figure 4-11). This difference is not
surprising as the tempering time of the Gleeble tempered sample was
almost twice that of the tac; from the welded sample. However, the two
samples are similar enough that it may be said that their respective
decompositions followed a similar progression as the cementite particle
sizes seen in both sample are of the same order of magnitude and the
ferrite grains are lacking the dislocations seen in the base material

structure.

a)

Decomposed
Martensite ,~ =

Figure 4-10. Tempered HAZ of DP780 welded with high heat input
showing (a) the decomposed microstructure and (b) an area with large
carbides along with the SAD pattern of the carbides found in the
decomposed martensite.
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< \
Decomposed™ ~ =" =
Martensite -

0.2 pm

Figure 4-11. DP780 heat treated in the Gleeble at 650C for 10 s showing
(a) the decomposed microstructure and (b) the SAD pattern of the
carbides found in the decomposed martensite from the indicated area.

Although the higher heat input samples were similar, this was not
the case for the low heat input samples. The welded sample (Figure 4-12)
appears to be an early state of martensite decomposition. Although
decomposed martensite was found, non-decomposed martensite grains
were also seen. All of the cementite appears rod-like in shape whereas in
the Gleeble tempered sample (Figure 4-13), all of the martensite
decomposed with the cementite clearly forming on the lath boundaries.
Also it should be noted that the cementite in the Gleeble samples had
already spherodized contrary to what was seen in the welded sample
(Figure 4-12). The difference between the samples should not be
surprising considering that the tempering time of the Gleeble samples was

over an order or magnitude larger than the welded samples, which was
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unavoidable as the Gleeble was not capable of tempering samples as

quickly as could be done in the low heat input welds.

Partially I -

Decomposed * & .
Martensite |

-

Figure 4-12. Tempered HAZ of DP780 welded with low heat input
showing (a) the partially decomposed microstructure and (b) the SAD
pattern of the carbides found in the decomposed martensite.

Figure 4-13. DP780 heat treated in the Gleeble at 650C for 0.5 s
showing (a) the decomposed microstructure (b) an area with large
carbides along with the SAD pattern of the carbides found in the
decomposed martensite.

Although the Gleeble and weld tempered samples were not

comparable in all cases, it was still seen that the samples decomposed to
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the same products. Furthermore, if the samples are viewed in order of
increasing heat input, it may be seen that they all follow the same
tempering progression where the martensite decomposed to cementite
and ferrite, the cementite spherodized on lath boundaries and finally the
cementite coarsened and the underlying martensitic structure was
eliminated. These observations coincide with those of Baltazar et al. [22]
who saw similar changes in martensite and carbide morphology and
location as well as the observed changes in ferrite dislocation structure.
The microstructural analysis emphasised two conclusions. Primarily,
although the Gleeble was not fast enough to reproduce the tempering
response seen in welds made with very low heat input, it is believed that
all of the samples underwent the same reaction path, regardless of
whether tempering occurred during the isothermal Gleeble tempering or
during the non-isothermal welding cycle. Furthermore, the microstructural
changes reveal the complex metallurgical and mechanical changes
responsible for the observed softening. This reinforces the earlier
statement that the apparent activation energy and n parameters in the
present JMAK form describing the process kinetics are a combination of a
number of underlying processes. Thus, it should not be surprising that the

values for Q and n derived in the present work differ from those expected.
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4.5 Conclusions

Rapid isothermal tempering was performed on four dual-phase

(DP) and three martensitic steels to characterise their tempering

characteristics. The material’'s post-tempered hardness values were

measured and modelled with the JMAK equation. The results of the iso-

thermal tempering treatments were compared to hardness measurements

and microstructural observations from welds to determine if this technique

may be used to model the non-isothermal tempering that occurs in the

sub-critical weld HAZ. From this study the following conclusions were

drawn:

1.

Gleeble isothermal rapid tempering can produce a tempering
response that allows the effects of time and temperature on
tempering to be separated.

The change in hardness from rapid iso-thermal tempering could be
modelled using the JMAK equation with the effects of temperature
accounted for by the Arrhenius equation.

The activation energy for softening did not match the literature values
for stage lll tempering measured from dilatometry experiments, but
did match literature values from hardness experiments. It is
suspected that JMAK parameters derived from the changes in the

hardness after isothermal rapid tempering characterised several
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complex metallurgical and mechanical changes within the samples,
and could not be attributed to any single process.

4. The non-isothermal temperature history in welding can be converted
to an equivalent isothermal temperature history using the activation
energy derived from the isothermal tempering experiments.

5. The maximum HAZ softening in welds made under a variety of
conditions could be accurately predicted using the JMAK equation.

6. The microstructural changes of the Gleeble and weld tempered
samples followed the same progression and matched observations
seen in the literature. However, the Gleeble was not capable of the
very low heat input/high temperature tempering possible in welding.
Even though this low heat input regime could not be reproduced, it is
believed that the Gleeble can accurately reproduce the tempering

reaction seen in the sub-critical HAZ.
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5.1 Abstract

The increased adoption of martensite-containing advanced high
strength steels, such as martensitic and dual-phase steels, into
automotive applications has led to concerns among practitioners with
respect to softening during rapid tempering cycles, characteristic of
processes such as laser welding. Past studies on rapid tempering have
successfully modelled the rapid tempering process; however, the
activation energies and softening rates calculated did not match the

classic literature values associated with martensite tempering. The
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present study examined rapid tempering data for a martensitic steel and
separated the softening process into two stages: carbide nucleation and
carbide coarsening. The activation energies calculated for each process

matched classic values from the literature.

Keywords: Martensite, Tempering, Transformation Kkinetics,

Precipitation hardening, HAZ softening

5.2 Introduction

Automotive companies are widely required by legislation to improve
vehicle fuel economy [1]. One of the solutions being pursued is to reduce
the weight of vehicle structures by reducing the steel gauge. However, in
order to meet structural requirements while reducing material gauge,
automakers are replacing lower strength conventional steels with higher
strength advanced high strength steel (AHSS) grades such as martensitic,
dual-phase (DP) and transformation induced plasticity (TRIP) steels [2].

AHSS derive their high strengths from complex microstructures
comprising mixtures of various volume fractions of martensite, ferrite,
bainite and retained austenite [3,4]. Although these alloys all exhibit
excellent strength for their respective ductility, they all contain phases that
decompose at higher temperatures. In automotive assembly, this is
observed in the tempered area of weld heat affected zones (HAZ), where

the martensite and retained austenite typically decompose during welding
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and the local mechanical properties drop [4,6]. This phenomenon, known
as HAZ softening, was first observed in flash-butt wheel rim welding
applications [7,8]. Since its initial characterization, a number of authors
have investigated this phenomenon. Some initial studies concluded that
HAZ softening was a strong function of the length of time the material
temperature was elevated [9-11]. In these studies, HAZ softening was
reduced by increasing the cooling rate after welding, thereby reducing the
overall time the weldment was at an elevated temperature. Further work
into this phenomenon has shown that HAZ softening is also related to
material chemistry and initial microstructure. For example, the maximum
HAZ softening possible in DP steels has been shown to be linearly
dependant on martensite volume fraction [12] as the observed hardness
decrease was due to martensite decomposition whereas no significant
hardness changes were observed in the ferrite matrix [13]. Other authors
have shown that softening kinetics are affected by alloy chemistry. For
instance, increasing the martensite C content was found to increase the
softening rate due to the increased driving force for C diffusion arising
from the increased C potential between the tempered martensite and
surrounding ferrite [6]. Conversely, alloying with carbide forming elements
(e.g. Cr, Mo) has been shown to slow softening by either retarding
cementite precipitation or growth, thereby minimizing the size of the

cementite within the tempered martensite [6,14,15].
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Limited work has been done on quantifying the effects of thermal
history, microstructure and steel chemistry on martensite softening
kinetics [16-18]. These studies used a characteristic equation, such as the
Johnson-Mehl-Avarmi-Kolmogorov ~ (JMAK)  equation [19-22], to
characterise the softening kinetics. In these cases, the softening kinetics
were derived from a series of rapid isothermal tempering experiments
designed to allow for the calculation of the tempering activation energy
and rate exponent. Although these studies did show that transient
softening could be quantified and predicted, the derived tempering
activation energies and rate constants did not agree with those of the
classic martensite tempering literature [16]. As it has been widely reported
that martensite tempering is responsible for HAZ softening [6,7,9-
11,13,15,16,23], it was expected that the activation energy for the
softening process would be approximately 80-123 kJ/mol, the activation
energy for C diffusion in ferrite [24,25], and the JMAK exponent would be
approximately 0.67, the value associated with the precipitation of particles
on dislocations [26]. Instead, the activation energy and rate exponent
derived were approximately 28.3 kJ/mol and 0.10, respectively, for the
M220 alloy [16], both of which are significantly lower than the classic
literature values. Biro et al. [16] suggested that this disagreement was due
to several processes being combined within the rapid tempering data,

namely: martensite tempering, cementite precipitation and growth, ferrite
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recrystallization, and grain growth. Unfortunately, without a clear
understanding of the underlying processes responsible for HAZ softening,
it cannot be modelled or predicted phenomenologically. Thus, the current
study will re-examine the data of Biro et al. [16] and expand the previous
rapid tempering study of a fully martensitic steel in order to more fully
determine and decouple the metallurgical processes responsible for
softening during rapid tempering as applied to HAZ softening in advanced

steels.

5.3 Experimental Methods

All experiments were carried out using an industrially fabricated
1.8 mm thick M220 grade martensitic steel. The as-received
microstructure was produced using a continuous annealing line. The M220
chemical composition and as-received hardness can be found in Table

5-1.

Table 5-1. Chemistry (in wt%) and hardness of M220 experimental steel.

Base Hardness Min Hardness
(HV) (HV)
0.23 0.4 0.01 0.01 0.20 0.02 0.00 478.0 200.0

C Mn P S Si Cr Mo

All rapid tempering heat treatments were carried out using a

Gleeble 3500 (Dynamic Systems Inc., Poestenkill, NY, USA). Samples
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comprised 100mm x 12mm coupons with the rolling direction parallel to
the sample long axis. During tempering, average sample heating and
cooling rates were approximately 2200C/s and 4100° C/s, respectively.
These heating and cooling rates allowed the rapid tempering cycles to be
considered isothermal. Experimental tempering times and temperatures
are listed in Table 5-2. However, it should be noted that tempering times
of 20 s and 50 s were used only for tempering temperatures of 420°C or
less.

Table 5-2. Temperatures and times used for experimental rapid tempering
heat treatments.

Temperatures Times

360°C, 380°C, 400°C, 420°C, 0.2s, 0.5s, 1s, 2s,
500°C, 600°C, 650°C 5s, 10s, 20s, 50s

All microhardness measurements were made using a Vickers
indenter and a 500 gf load and 15 s dwell time. Indentations were
separated by at least three indentation widths in accordance with ASTM
E384-11 [27]. All microhardness data presented are the average of at
least ten measurements. Error bars on the microhardness measurements
represent the 95% confidence interval (Cl) of the average microhardness
value. In cases where data are presented without visible error bars, the
95% CI was smaller than the size of the plot symbol.

The microstructures of selected samples were examined using

optical (OM) and scanning electron microscopy (SEM). In all cases
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samples were sectioned, mounted, and polished using standard
metallographic methods. SEM samples were etched with 2% nital and
gold coated before imaging with a JEOL JSM-6460LV SEM (JEOL Ltd.,
Tokyo, Japan) using an acceleration voltage of 20 keV. Optical
microscopy samples were etched with Marshall’'s reagent. Grain size
measurements utilized the linear intercept method [28].

All carbide equivalent diameters were measured from carbon
replicas viewed in a transmission electron microscope (TEM). Replicas
were made using standard methods, as described in 6, and were
observed using a Philips CM12 TEM (Royal Philips Electronics,
Amsterdam, The Netherlands) at an acceleration voltage 120 keV.
Carbides were identified manually and their equivalent circular diameter
determined using Clemex Vision — Professional Edition ver. 5.0.008e
(Longueuil, Quebec, Canada) image analysis (IA) software. In this case,
the equivalent circular diameter is defined as the diameter of a circle with
the equivalent area of the measured carbide. The carbide size distribution
from each tempering cycle was fit to a log-normal distribution to determine
the average carbide diameter and sample standard deviation. A minimum
of nine fields were viewed per sample, with the number of carbides per

sample ranging between 1200-2500.

119



Ph.D. Thesis - E. Biro
McMaster University — Materials Science and Engineering

5.4 Johnson-Mehl-Avrami-Kolmogorov Softening Kinetics
Model

From past work it has been shown that softening in DP and
martensitic steels can be modelled using a sigmodal curve starting at the
as-received alloy hardness and transitioning to a minimum hardness as
heat input, temperature or tempering time increase [12]. By applying a
simple transformation to the hardness data, the softening progression, @
can be determined via [6,16]:

H,, —H
¢:L (5_1)
Hoy —H

0

where Hgy is the as-received (base material) alloy hardness, H is
the instantaneous measured hardness and H. is the minimum hardness,
defined as the alloy hardness after a 1 hr furnace heat treatment at 650C.
From this definition, gprogresses from 0 in the as-received condition with
no softening, to 1, the final hardness where tempering has been
completed. In this form, the softening progression may be modelled using

the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation [19-22]:

qozl—exp(—kt”) (5-2)

where t is time, n the reaction rate exponent and k the energy

barrier to softening as described by the Arrhenius equation:

k =k, exp(—%) (5-3)
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where Q is the activation energy for softening, R the universal gas
constant, T temperature, and ko a fitting parameter. Although the JMAK
equation was developed to describe the growth of a daughter phase within
a parent phase, it has been found to be suitable for the modeling of
softening data with some minor modification [16]. In the case of the M220
steel used in this study, the JMAK equation (equation (5-2)) was used
successfully by the present authors to model isothermal tempering
hardness data [16]. However, the JMAK kinetics derived by Biro et al. [16]
were not able to accurately predict the low temperature (i.e. T < 400°C)

data added to the data set (see Figure 5-1).

1.0 -
0.8 1
0.6 -
oS
0.4 1
& 650C [16]
A 600T [16]
0.2 . ] e 500C [16]
AR 5 ¢ 420C
5 4 ®  400C [16]
0.0- © A 380C
o 360C
I LA ELLLL | LA | LA | LI | LA ELLR |
0.1 1 10 100 1000 10000

Tempering Time (s)

Figure 5-1. Softening progress (¢ versus tempering time for experimental
M220 alloy.
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5.5 Results
5.5.1 Tempering Data Analysis

Although the JMAK equation was used previously by the present
authors to successfully model M220 softening data, two issues were
identified with respect to its use in modelling HAZ softening. First, the
values derived for Q and n (equations (5-2) and (5-3)) were 28.3 kJ/mol
and 0.10, respectively [16]; values significantly lower than the established
Q and n values of 80 — 123 kJ/mol [24] and 0.67 [26], respectively,
associated with martensite tempering in the classic ferrous metallurgy
literature. Second, the JMAK model was unable to adequately model the
low temperature softening data. It was advanced that these discrepancies
were due to multiple processes occurring during tempering [16].

In order to determine if multiple processes occurred during
softening, which would affect the derived Q and n values [16] and
accurate prediction of low temperature softening, the softening data were
re-plotted as In[-In(1- @] versus In(t) curves, as presented in Figure 5-2. By
transforming equation (5-2) in this manner, n and k may be calculated
directly from the slope and y-intercept of the In[-In(1-@] versus In(t) plot.
From this analysis, it can be seen that there are two distinct regions in the
softening data, as characterised by the significant change in the slope of
the curves of the 360°C — 420°C data, suggesting that two distinct

processes were operating for shorter and longer tempering times. These
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are referred to as Stage | and Stage Il softening in Figure 5-2 and in the
subsequent discussion. A more detailed examination of Figure 5-2 will
reveal that the slopes of the stage | portions of the curves are
approximately parallel as are the slopes of the curves for stage I,
indicating that similar processes are operating in both process regimes. In
addition, the transition from Stage | to Stage Il, as characterised by the
time of the curve knee points, decreases significantly with increasing
tempering temperature and could not be experimentally captured for
temperatures higher than 420°C. This latter is consistent with softening

being a thermally driven process.

Stage Il Softening

In[-In(1-¢)]

¢ 650C [16]
A 600TC [16]

Stage | Softening ¢ 5ooC [16]

& 420C

= 400T [16]

s 380TC

@)

360C

. . . —— ——
-3 -2 -1 0 1 2 3 4 5
In(t)

Figure 5-2. Transformed M220 softening data.
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To determine the relationship between the two process regimes
highlighted in Figure 5-2 and the microstructural evolution of the samples
as a function of tempering time, the microstructures of the as-received
material and samples tempered at 400C and 500C we re viewed via the
SEM. The as-received base material comprised both non-tempered and
tempered martensite grains, indicating that the as-received material had
undergone some degree of autotempering during thermal processing
(Figure 5-3a). When tempering at 400C for times of 1 s or less, the
microstructures were quite similar to that the base material, as can be
seen in Figures 5-3b and 5-3c. These observations, combined with the
kinetic data from Figure 5-2, imply that martensite tempering had not been
completed for these microstructures and that the tempering reaction was
on-going. In the classic tempering process sequence, this would
correspond to stage 3 of tempering [25]. At longer times and higher
temperatures (Figures 5-3c - 5-3g) the microstructures comprised
tempered martensite with a significant population of carbides. These
observations and the change in slope observed for the softening data in
Figure 5-2 suggest that nucleation was complete and that carbide
coarsening underway. This corresponds to stage 4 of the classic
tempering sequence [25]. The kinetics of each stage will be discussed

separately in the below text.
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Figure 5-3. SEM microstructures of the a) as-received M220 and after
tempering at 400°C for b) 0.2's, ¢) 1 s d) 2 s and at 500°C for e) 0.2 s,
fllsandg)?2s.

5.5.2 Stage | Softening — Carbide Nucleation

From the analysis of Figure 5-2, it was determined that the average
JMAK exponent (n) value for the 360°C — 420°C stage | softening data
was 0.659+0.003, which is in good agreement with the literature value for
particle nucleation on dislocations of 0.67 [26]. To determine the activation
energy for stage | softening, an Arrhenius plot (Figure 5-4) was
constructed using the k values derived from the 360°C — 420°C short-time
tempering data in Figure 5-2, from which an activation energy, Q, of 1137
kJ/mol was calculated. This value is in good agreement with the activation

energy of C diffusion in ferrite of 80 — 122 kJ/mol [24,25].
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Figure 5-4. Arrhenius plot of k verus 1/T for Stage | softening data (Figure
5-2) for samples tempered between 360-420°C.

It is interesting to note that the degree of softening (i.e. In[-In(1-9®)])
value for the samples tempered at 360-420C was app roximately -1.15,
corresponding to a gvalue of 0.27+£0.05 at the curve knee point in Figure
5-2. Using a simple regression model, it may be calculated that for
samples tempered at 500C, Stage | softening would be completed at
approximately 0.06 s (see Table 5-3). Timescales of this order are very
difficult to capture experimentally and explain the lack of a visible Stage |
softening stage from the experiments conducted with tempering

temperatures greater than 420°C (see Figure 5-2).
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Table 5-3. Time required to complete Stage | softening for tempering
temperatures between 360C-650C.

Temperature (°C) Tempering Time (s)

360 26
380 9
400 3.5
420 1.4
500 0.055
600 0.0023
650 0.0006

5.5.3 Ferrite Grain Size

After the carbide nucleation stage was completed, Figures 5-1 and
5-2 show that the steel continued to soften. This could be due to a
combination of any three mechanisms: ferrite recrystallization, grain
growth or softening associated with carbide growth. To investigate
whether ferrite grain recrystallization or grain growth were responsible for
further softening, samples tempered at 500T for 0. 2 s and 600<C for 10 s
were examined to determine if the grain structure changed during the
tempering heat treatments. These microstructures are presented in Figure
5-5. Both samples exhibited a fine-grained, equiaxed microstructure where
the average grain size for the samples tempered at 500C and 600C
were 3.1+0.1 pm and 2.5%£0.2 ym, respectively. The significantly smaller
ferrite grain size of the sample tempered at 600C may be attributed to
recrystallization, as reported by Speich [29]. However, it is believed that
this slight reduction in grain size is not sufficient to have contributed

significantly to the hardness changes observed in Figure 5-1.
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Figure 5-5. Optical microstructures of samples tempered at a) 500C for
0.2s and b) 600<C for 10s.
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5.5.4 Stage Il Softening — Carbide Coarsening

From the above, it can be concluded that changes in the ferrite
grain structure did not contribute significantly to Stage 1l softening (Figure
5-2). From Figure 5-3d-g and Figure 5-5, it may be seen that these
microstructures exhibited large populations of carbides. These carbides
can block dislocation movement through a precipitation hardening
mechanism [30], the effectiveness of which a function of particle size and
the inter-particle distance, as described by the Ashby-Orowan equation
[31].

The carbides observed in the tempered M220 were identified as
cementite for all TEM replicas examined [16]. Carbide size measurements
were taken from tempered samples produced at 500°C and 600°C and
their size and size distribution determined with the objective of deriving the
role they played in the softening process. This data is presented in Figure
5-6 as plots of average cementite equivalent diameter versus tempering
time and temperature. As would be expected, it can be seen that
cementite in samples tempered at 600C grew more rapidly than those

tempered at 500C.
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Figure 5-6. Average carbide equivalent diameter versus temping time for
samples tempered at 500C and 600C.

Cementite coarsening was consistent with the trends observed in
the hardness data (Figure 5-1), where particle size increased with
increasing time and temperature, thereby leading to a drop in precipitate
density and decreased hardness. The contribution of carbide coarsening
to the overall sample hardness can be calculated from this data using a
modified version of the Ashby-Orowan equation arising from Guo and Sha
[31]:

1.2GbM;  d,
=0.84—— "In-2 5-4
AH = 0.84 s 1n2b (5-4)
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where 4H is the change in hardness associated with precipitation
hardening, G the ferrite shear modulus (81 GPa, [31]), b the Burgers
vector (0.248 nm, [31]), Mt the Taylor factor (2.75, [31]), q the conversion
factor between Vickers hardness and yield strength (2.9 MPa/HV [32]), dp
the carbide equivalent diameter and L the inter-particle spacing. The
values of d, and L were taken directly from the carbide size
measurements and may be found in Table 5-4. The base hardness of the
microstructure was assumed to be 92 HV from the hardness of ferrite plus
contributions from solution strengthening alloying elements [33,34].

Table 5-4. Cementite equivalent diameter and densities with associated
inter-particle distance and 4H from samples tempered at 500<C.

Tempering Diameter Particle Density Inter-Particle  Calculated

Time (s) (nm) (1/nm?) Distance (nm)  AH (HV)
0.2 2.97 1.72E-03 24.1 258
1 3.64 1.84E-03 23.3 309
2 5.00 6.13E-04 40.4 200
5 6.04 3.69E-04 52.0 166
10 7.23 3.68E-04 52.1 182

The influence of cementite particle size on hardness was calculated
using equation (5-4) for samples tempered at 500C as the carbide size
data for samples tempered at 600C was too noisy for a confident
evaluation of its effect (Figure 5-6). When the calculated hardness due to
carbide coarsening was compared to the measured hardness values for
samples tempered at 500°C, it can be seen that predictions followed the

softening trend reasonably well (Figure 5-7). The average error from this
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prediction was 11%, which is reasonable considering the wide size
distribution of the particles measured. The agreement between the
precipitation hardening model and the measured hardness values

suggests that carbide coarsening dominated Stage Il softening.

450 -
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425 o Predicted Hardness
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» 350 ?
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Figure 5-7. Comparison between the measured hardness from samples
tempered at 500C and the hardness predicted by the modified Ashby-
Orowan model [31].

Although Stage Il softening largely arises from interactions between
the ferritic matrix and carbide coarsening during tempering, the kinetic
parameters k and n may still used to characterise the softening
progression (Figure 5-2). Using the analysis employed for Stage |
softening, the average n value for carbide coarsening was determined to

be 0.108+0.001. Using the Stage Il k data from Figure 5-2 and the
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Arrhenius plot presented in Figure 5-8, it was determined that the
activation energy for the carbide growth process was 35+4 kJ/mol. These
values are in reasonable agreement with the values previously calculated
for the entire softening process (28.3 kJ/mol and 0.10 [16]), which is not
surprising as the majority of the data used to fit the JMAK parameters

in [16] originated from the carbide coarsening stage of softening.
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Figure 5-8. Arrhenius plot of k verus 1/T for Stage Il softening data (Figure
5-2).

5.6 Discussion

Decoupling the carbide nucleation and coarsening processes from
the overall softening process revealed the reasons for the activation
energy (Q) and JMAK exponent (n) of the combined softening processes

in [16] not agreeing with the classic literature values for martensite
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tempering. As was shown in Figures 5-2 — 5-4, when the carbide
nucleation process (Stage | in Figure 5-2) was separated from the overall
softening process, the calculated activation energy (113 kJ/mol) and
JMAK exponent (0.67) agreed well with the classic tempering literature
values. From this, it can be concluded that Stage | softening of the present
martensitic steel can be characterized as being equivalent to stage 3 (i.e.
replacement of transition e-carbides by cementite) of the well-established
martensite tempering process [25].

A similar procedure applied to the Stage Il portion of the tempering
data in Figure 5-2 determined that the activation energy (Figure 5-8) and
JMAK exponent for the carbide growth process was 35+4 kJ/mol and
0.108+0.001, respectively. However, it must be acknowledged that an
inspection of these values would seem to be at odds with the rate
controlling processes for carbide growth, in this case the diffusion of C. To
resolve this seeming inconsistency, cementite growth kinetics need to be
established.

Particle growth kinetics have been modelled by Lindsley and
Marder [35] such that:

d, = kpt™ (5-5)
where d, is the particle equivalent diameter, kp a diffusion
dependant constant and m the coarsening exponent, which depends on

the dominant coarsening mechanism (i.e. 0.2 for dislocation pipe diffusion,
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0.25 for grain boundary diffusion and 0.33 for volumetric diffusion). By
applying equation (5-5) to the particle growth data in Figure 5-6, it was
observed that the dominant diffusion mechanism changed between
samples tempered at 500°C and 600°C. When tempering at 500C, m was
found to be 0.25+0.02, indicating that grain boundary diffusion was the
dominant cementite growth mechanism. However, at 600C m was
determined to be 0.29+0.05, indicating that cementite growth was due to a
combination of grain boundary and volumetric diffusion. This agrees with
the results of Bannyh et al. [36], who also observed a progression from
grain boundary to volumetric controlled diffusion with increasing tempering
temperature.

Volumetric diffusion controlled particle coarsening kinetics have

described by Lifshitz and Slyozov per [37]:

g 64y Dy, C,V,
P 7po 9RT

(t —to) (5-6)

where dp is the particle diameter at time t, dyo the particle diameter
at time to, ythe surface free energy of the precipitate per unit area of
precipitate-matrix interface, Co the equilibrium concentration of solute
atoms in the matrix, Vp, the molar volume of the precipitate and D, the

volumetric diffusion coefficient. From Lindsley and Marder [35], grain

boundary diffusion controlled particle growth can be described by:

64yDgpCoVi26
YPY6BloVm (t - ty) (5-7)

4y = dpo = —31.RT
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where Dy, is the grain boundary diffusion coefficient, dthe grain boundary
thickness and k; a geometric constant.

It is well known that diffusion coefficients in equations (5-6) and
(5-7) have an Arrhenius form and are an exponential function of activation
energy and temperature. However, the cubic and quartic forms of
equations (5-6) and (5-7), respectively, will result in a lower apparent
activation energy for the carbide coarsening processes with respect to the
particle diameter (d). By taking the 3™ and 4™ roots of equations (5-6) and
(5-7), respectively, it can be determined that the apparent activation
energy for coarsening are 1/3 and 1/4 the values of the process activation
energy, respectively. Applying this transformation to the experimentally
derived activation energy for Stage | softening of 113 kJ/mol, the apparent
activation energies for volumetric diffusion controlled carbide coarsening
(equation (5-6)) and grain boundary diffusion controlled carbide
coarsening (equations (5-7)) were be calculated to be 37 kJ/mol and
28 kJ/mol, respectively. These activation energies agree remarkably well
with the activation energy calculated for the carbide coarsening process of
35%4 kJ/mol, suggesting that this process is also controlled by C diffusion
in ferrite.

The correlation between the JMAK exponent, n (equation (5-2)),
and the time exponent for particle coarsening, m (equation (5-5)) is less

clear. To determine this relationship, it must first be understood how the
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softening progress (¢ varies with particle diameter (d), after which
equations (5-2), (5-4), and (5-5) may be used to relate n to m. As equation
(5-4) is quite complex, relating hardness both to Ind and the reciprocal of
L, which increases as d, decreases, it was decided that a more direct
correlation between ¢ and d could be obtained by plotting these two
parameters versus one another, as shown in Figure 5-9. From this, it can
be seen that @increases as a power function of particle diameter such
that, in the present case:
¢ = 0.39d92 (5-8)
By substituting the appropriate form of d from equation (5-5) for the
500°C and 600°C particle data into equation (5-8), the @time exponent
would be 0.065 for the samples tempered at 500C and 0.075 for the
600C samples. However, in case of the JIMAK equatio n (equation (5-2)),
time is an exponential variable and is not easily isolated analytically. Thus,
equations (5-2) and (5-8) were equated and n determined using non-linear
regression. This technique yielded a JMAK equation n value 0.112+0.001.
This agrees well with the value of the JIMAK exponent calculated from the
hardness data during carbide coarsening (i.e. 0.108+£0.001) and shows
how the non-linear relation between gand d, as well as the exponential
form of the JMAK equation changes the rate constants from those

expected from equation (5-5).
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Figure 5-9. Softening progress (¢ versus cementite particle diameter for

The overall conclusion of this study is that decoupling the short-
time/lower temperature (i.e. Stage |, Figure 5-2) carbide nucleation
process from the longer-time/higher temperature carbide coarsening
process (i.e. Stage II, Figure 5-2) allowed for the derivation of JMAK
parameters for rapid martensite softening consistent with the existing
classic literature C-diffusion controlled models for martensite tempering.
However, in most practical cases of rapid high temperature tempering,
such as weld heat affected zone softening, the softening process can be
efficiently modelled using kinetic parameters derived from the coupled
process due to the dominant role carbide coarsening plays in this

processes. However, it should be noted, that in cases where rapid
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samples tempered at 500<C.
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tempering takes place at low temperatures (i.e. T < 400%C) for short times,
carbide nucleation stage must be taken into account in the softening
model because this will occur over a significant portion of the tempering
cycle when tempering on the order of seconds or tens of seconds. This

explains the poor fit between the predicted and actual ¢ values for the

softening data in Figure 5-1 for tempering temperatures of 400°C or lower.

5.7 Conclusions

This study examined the softening observed in a martensitic M220
steel during rapid tempering to resolve the disagreement between the
activation energy and time exponent calculated by Biro et al. [16] with the
classic C-diffusion controlled literature associated with martensite
tempering. It was found that:

1. The softening process could be broken into two sub-processes:
carbide nucleation and carbide coarsening. These processes were
separated within the overall softening data by transforming the
softening versus time data.

2. The carbide nucleation stage occurred very quickly and was
experimentally observed only for relatively short tempering times and
tempering temperatures of less than 420C. The acti vation energy and
time exponent for carbide nucleation, calculated from hardness data,

were determined to be 113+7 kJ/mol and 0.659+0.003, respectively,
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matching the classic literature values for the activation energy for C
diffusion in ferrite (80 — 120 kJ/mol) and particle growth on dislocations
(0.67).

. The apparent activation energy and time exponent calculated for the
carbide coarsening stage of softening were 354 kJ/mol and
0.108+0.001, respectively.

. The apparent activation energy associated with the carbide coarsening
stage was determined to be an artefact of the non-linear relationship
between the particle diameter growth kinetics and the diffusion mode
of C for growth. When the activation energy for the linear cementite
diameter growth was determined, it agreed well with the classic
literature values for the diffusion controlled growth of C in ferrite.

. The low time exponent associated with the carbide coarsening stage
was due to the non-linear relation between the softening parameter (¢,
cementite particle diameter and the exponential form of the JMAK
equation.

. Although this work revealed that there are two separate processes
occurring when softening during rapid tempering, it is believed that in
most cases softening during rapid tempering may be modelled using a
kinetic model dominated by the carbide coarsening process. However,

in the case of short-time tempering at temperatures of 400°C or less,
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the carbide nucleation stage must be taken into account in order to

predict softening.
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5.9 Nomenclature

b: Burger’s vector length
Co: initial concentration of solute atoms in the matrix
dp:  particle diameter

deo:  particle diameter at initial time t,

Dgo:  grain boundary diffusion coefficient

Dyv:  volumetric diffusion coefficient

G: shear modulus

Hgm: as-received base material hardness

H: instantaneous material hardness

He minimum material hardness

AH:  change in material hardness due to particle coarsening

k: energy barrier to material softening (JMAK equation)
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kp:  diffusion dependant constant
Ko: fitting parameter for k
Ky: geometric constant for grain boundary particle growth
L: inter-particle spacing
m: coarsening rate exponent
Mr:  Taylor factor
n: JMAK rate exponent
conversion factor from Vickers hardness to yield strength
Q: activation energy

universal gas constant

t: time
to: initial time for particle coarsening equation
T: temperature

Vm:  particle molar volume
o grain boundary width
% particle surface energy per unit area of interface with matrix

@ softening parameter
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6 Discussion

Chapters 3-5 sought to understand the kinetics of HAZ softening in
DP and martensitic steels. These studies focused on the processes that
led to softening during welding and rapid tempering, the kinetics of the
softening process, quantifying softening kinetics and prediction of HAZ
softening. When viewed as a whole, Chapters 3-5 sought to understand
and model the change in hardness and the process kinetics associated

HAZ softening during rapid tempering experienced in the welding HAZ.

6.1 Processes Responsible for softening

As presented in Chapter 5, HAZ softening occurs in two stages:
carbide nucleation, where martensite decomposes to ferrite and
cementite, and carbide coarsening, where the cementite that formed
during nucleation grows, reducing the ability of the cementite particles to
block dislocation movement in the ferrite matrix. However it should be
also noted cementite growth will also occur during the carbide nucleation
stage where C from the decomposing martensite will grow existing
cementite as well as nucleating new particles.

The two softening stages may be clearly seen by the change in
slope of the In[-In(1-@] vs In(t) plot that was created by the logarithmic
transformation of the softening progression plot (see Figure 6-1). The

nucleation stage or Stage | of the softening process corresponds to the
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region on the graph occurring at short tempering times at temperatures
below 420°C with a steeper slope. The steep slope of this stage indicates
that the transformation rate was more rapid than Stage Il softening. Stage
Il softening, with the shallower slope, describes the change in hardness
resulting from the reduction in the ability of the carbides to precipitation

harden the matrix as they coarsen.
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Figure 6-1. Transformed softening data for M220 steel (copied from
Figure 5-2).

In the M220 steel, the nucleation stage (Stage 1) was responsible
for approximately 27% of the total reduction in hardness with the
remainder being associated with the coarsening stage (Stage Il). This is

more subtle than what has been reported in the literature, where the entire

147



Ph.D. Thesis - E. Biro
McMaster University — Materials Science and Engineering

softening reaction has been generalized as tempering without
distinguishing any specific tempering stages [39,40]. However, as most
rapid tempering heat treatments in the literature occurred at high
temperatures [73,74], carbide coarsening dominated the softening process
and, therefore, the process could be modelled without accounting for the
carbide nucleation stage. When tempering at or below 400C at
tempering times of less than 20 s, however, the carbide nucleation stage
comprised a significant part of the softening process (see Figure 6-2).
From this analysis, it can be concluded that when tempering at these low
temperatures and short times, the carbide nucleation stage cannot be
ignored when predicting softening. If the carbide nucleation stage

(Stage I) was not accounted for in these cases, softening will be over-

predicted.
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Figure 6-2. Time to complete carbide nucleation stage during rapid
tempering of M220 (data taken from Table 5-3).
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The separation of the processes responsible for softening also
clarifies the role that alloying elements such as Cr, Mo, and Si play in
retarding softening. It has been reported in the literature that these alloy
additions slow cementite growth by changing the Ilimiting diffusion
mechanism responsible for cementite growth from interstitial diffusion of
carbon to substitutional diffusion of these alloying additions [75-77] without
affecting cementite nucleation. Due to this, carbide forming elements only
slow Stage Il of the softening process without affecting Stage |.

As carbide coarsening (Stage Il) dominates the softening process
during typical welding and rapid tempering heat treatments, softening may
be modelled as a single process. If tempering is carried out at
temperatures below 400 or if areas of the weld zo ne further from the
fusion boundary are being examined where the peak temperature is low
then carbide nucleation (Stage I) must also be account for in a predictive
model. Furthermore, during tempering at lower temperatures, carbide
forming elements will not strongly retard softening as carbide coarsening

will be a smaller portion of the overall softening process.

6.2 Softening Kinetics

When softening is viewed as a single process, it was seen that the
change in hardness progressed sigmoidally with heat input (see Figure
6-3). This softening progression was well described by the JMAK

equation. The heat required to soften the material was highly affected by
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martensite chemistry. Figure 6-3 shows how increasing the martensite C
content decreased the heat input required to induce a given degree of
softening for low and moderate degrees of softening (¢ < 0.8), whereas
alloying with carbide forming alloying elements such as Cr and Mo make
the material more resistant to softening, again at low and moderate
degrees of softening. These effects are related to the processes
responsible for softening. Increasing the martensite carbon content
increased the C concentration gradient between the un-decomposed
martensite and the surrounding ferrite, which increased the rate of C
diffusion from the martensite, thereby increasing the rate of martensite
decomposition [78]. Increasing carbide forming alloy content slowed
cementite growth, decreasing the softening rate during the coarsening

stage (Stage Il) of softening [75].

150



Ph.D. Thesis - E. Biro
McMaster University — Materials Science and Engineering

1.0
0.8 1 s
............././ ............................
~ f
.

0.6 e y Cr/Mo DP600
= s 0.41 wt% C
s | oo ssmm— AN Y o SO
o Lean DP780 // /

0.4 0.49wWt% C - e

e Ve
< Ve
// T,
// -
024 _—~ _~Rich DP780 Cr DP600
_ """ 090W%C 0.39 wi% C
0.0
001 002 005 01 02 05 1 2 5 10 20

Time Constant 1 (s)

Figure 6-3. Comparison between the softening kinetics of four steels with
various martensite volume fractions and alloying additions, per Table 3-1
(copied from Figure 3-10).

The effect of martensite C content on the softening rate may be
directly examined by comparing the softening progression of the M190
and M220 steels from Chapter 4. The softening progression, which was
examined for each tempering temperature in Figure 4-6, may be
transformed to a single softening progression by calculating an effective
tempering time at 650C using EqQ.4-7. This allows the softening
progressions from both materials to be directly compared. When overlaid
in Figure 6-4, it may be seen that at early times, during the nucleation
stage (Stage | of softening), the softening process progressed significantly
more rapidly for the M220 than it did for the M190. This resulted in higher

softening throughout most of the softening process. The increased rate of

softening for M220 continued until the softening process was almost
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complete, at an effective tempering time of approximately 1 s, when there
was no significant difference between the softening measured from both
materials. When the data was logarithmically transformed (Figure 6-5), it
may be seen that the y-intercept of the M220 data is greater for both the
nucleation stage and for the beginning of the coarsening stage than that of
the M190. This indicates that the JMAK k value (from Eg. 4-1) in both
Stage | and Il will be higher for the M220 than it will be for the M190,
which implies that the M220 will have a lower activation energy, Q (from
Eqg. 4-2), than the M190 during both Stage | and Il of the softening
process. This agrees with the activation energies from Table 6-1, which is
reflective of the activation energies of Stage Il softening. From Figure 6-5,
it may also be seen that M190 steel exhibited less of overall softening
progression in Stage | as compared to the M220 steel. This is believed to
be due to the M190’s lower C content (0.18 wt% compared to 0.23 wt%).
This would result in fewer carbides precipitating during the nucleation
(Stage 1), resulting in a lower hardness of the tempered martensite (at the
end of Stage 1), therefore a greater proportion of the overall softening
would occur in Stage Il, carbide coarsening. This resulted in the slope of
the data corresponding to Stage Il softening for the M190 being steeper
than that of the M220 data, indicating that the time exponent, n, of the
M190 steel should be greater than that of the M220 steel. Again, this

agrees with the data from Table 6-1. From the comparison between the
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softening process in the M190 and M220, it was seen that martensite C
content has a significant effect increasing the softening rate by lowering
the activation energy for the process. From Figure 6-3, it was seen that Cr
and Mo retarded the Stage Il of the softening process, however, as this
data was taken from welded samples no conclusions may be drawn on the
effect of carbide forming elements on Stage | softening. Unfortunately
there were no materials in the data set with similar C contents, but
different levels of carbide forming alloying additions to allow the analysis
from Figures 6-4 and 6-5 to be repeated to understand the role of Cr and

Mo on the softening progression.
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Figure 6-4. Softening (¢) of M190 and M220 versus effective tempering
times at 650C.
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Figure 6-5. Logarithmic transformation of the M190 and M220 softening
data adjusted to 650C.

Table 6-1. JMAK fitting parameters and model goodness of fit
measurement for experimental steels (copied from Table 4-3).

Q (kJ/mol) ko n X
Steel Adj R-
Value 95% Cl|Value 95% Cl|Value 95% CI

DP780 62.8 1372 |700.7 1245.0/0.351 0.048 | 0.79
DP980-1 543 390 | 6133 320.3/0.189 0.012 | 093
DP980-2 394 210 | 1448  42.3|0.150 0.010 | 094
DP1180 39.2 202 |167.7 47.7(0.139 0.010 | 094
M190 479 2.6 | 687.0 254.2/0.151 0.0I13 | 095

M220 283 139 | 599 12.4(0.101 0.009 | 094

(Y

Hot Stamped Boron| 43.3 .84 | 4586 122.2]0.118 0.010 | 096

6.3 Predicting softening in welds

Softening during welding may be predicted because it can be
modelled as a single process using the JMAK equation. However, as
shown in Chapter 5, this assumption does not reflect the actual processes

occurring in the system. For this reason, the JMAK triplet (Q, n and ko)
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may not be predicted from metallurgical theory and must be derived

experimentally.

It has been shown in this thesis that this may be

accomplished by running a series of rapid tempering experiments at

various temperatures and times to generate the data needed to calculate

the JMAK triplet for each material using standard statistical methods.

Once the Q, n, and kp values were empirically defined for a given steel,

the final tempered hardness resulting from any general tempering heat

treatment may be calculated if the time/temperature history is known (see

Figure 6-6).
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Figure 6-6. Comparison between the measured HAZ softening and the
HAZ softening predicted by the JMAK equation using the parameters

listed Table 4-3 (copied from Figure 4-8).
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7 Conclusions and Future Work

7.1 Conclusions

This thesis sought to understand the kinetics and operative

mechanisms in the HAZ softening of DP and martensitic steel weldments.

From this work the follow conclusions were drawn:

1.

Softening kinetics of martensitic and dual-phase steels with
ferrite/martensite microstructures could be modelled using a novel
technique, where steel samples were isothermally tempered with
various time and temperature combinations below their Ac;
temperature using a Gleeble. The change in hardness resulting
from the various heat treatments was modelled as a single process
using the JMAK equation, with the effect of temperature accounted
for by the Arrhenius equation.
The softening kinetics measured using the isothermal tempering
could be used to predict the maximum decrease in hardness
measured in a weld HAZ if the thermal history of the weld was
known.
The softening process occurs in two stages: carbide nucleation and
coarsening.
a. The carbide nucleation stage was completed at very short
times, so it may only be measured at temperatures up to 420C,

above which it could not be experimentally measured. The
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activation energy and time exponent for the carbide nucleation
stage were 113 kJ/mol and 0.659, respectively, matching classic
literature values for martensite tempering in low C steels.

b. Carbide nucleation occurs very rapidly at higher temperatures,
so this process dominates during the HAZ softening process
where the steel is near its Ac; temperature. During the carbide
coarsening stage, carbides that formed during the nucleation
stage grew with an associated increase in carbide spacing.
This reduced their ability to reinforce the material by
precipitation hardening. The relation between carbide
coarsening and change in hardness was non-linear so the
activation energy measured from hardness data during stage of
softening did not match the classical literature associated with C
diffusion.

Although carbide nucleation and coarsening are responsible for

softening, in most rapid tempering applications softening may be

accurately predicted by modelling only the coarsening stage.

However, when tempering for short times (£ 20 s) and at low

temperatures (< 400C), the nucleation stage must be accounted

for, otherwise softening will be over-predicted.
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7.2 Future Work

This work successfully clarified the processes responsible for
softening and developed a technique to model this process. More work
needs to be done to improve the industrial utility of this work and increase
the understanding of the processes responsible for softening.

Using techniques developed in this work, softening may be
predicted if the JMAK constants Q, n and ko are known. These may now
only be found empirically by fitting experimental data. The experiments
needed to generate this data are both time consuming and require
specialized equipment. To improve the usability of the techniques
described in this work, a greater number of chemistry variants must be
tested allowing Q, n and ko to be directly correlated to martensite
chemistry. This will allow for the prediction of softening without the need
for isothermal tempering experiments as long as the chemistries chosen
for the isothermal tempering experiments are wide enough to encompass
the steel chemistries being used for tempering applications .

This work also leaves some fundamental questions about the
growth kinetics of cementite during tempering. It was shown that
chemistry plays an integral role in determining the rate of softening;
however, this work was only able to describe how C affects the softening
rate. To gain a better understanding of the role that substitutional alloying

elements such as Si, Cr, and Mo have on softening, more work needs to
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be done comparing steels of like chemistries where these elements are
varied and observing how these elements affect carbide nucleation and
growth.

Finally this thesis focused on how tempering and microstructural
changes affect the post-tempered hardness. However, no attention was
given to how microstructural changes affect the local tensile properties.
Even though local hardness may be easily measured, it is the local tensile
properties that govern how the HAZ will behave when stressed after
welding. To fully understand post-welded properties, work must be
pursued to determine how local tensile properties change in the sub-

critical HAZ due to welding.
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