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Abstract

Bead-on-plate laser welds were made on an industrially produced DP780
steel to determine the effect of normalized welding heat input on the
microstructure and mechanical properties within the weld fusion zone (FZ) and
heat affected zone (HAZ) with reference to the base material (BM) mechanical
properties. Normalized welding heat input was calculated using an established
model from the literature utilizing measurements from the weld cross-section
microstructures along with known materials properties. Microhardness profiles
and optical microscopy were employed to evaluate materials properties and
microstructural changes across the various microstructural zones of each weld.
The mechanical properties of the welds were evaluated globally through standard
ASTM tensile specimens as well as through a series of specialized mechanical
testing sample geometries which examined the properties of individual
microstructural zones. These specialized sample geometries included non-standard
uniaxial and plain strain tension where effective stress and effective strains were
used to compare the mechanical properties across samples.

It was determined that there was a good correlation between ASTM
standard samples and the specialized sample geometries employed in this study
and that the UTS and YS values obtained in both cases were comparable.

Sigmoidal decay behaviour was observed in the UTS and YS with increasing heat



M.A.Sc. Thesis - H. Smith; McMaster University - Materials Science & Engineering

input for both the FZ and HAZ of all welds. It was found that welds with heat
inputs greater than 60 J/mm? had both a UTS and YS which were significantly
depressed in the FZ and HAZ when compared to the base material values.
Conversely, welds with heat inputs below 36.3 J/mm?*were found to have a UTS
and YS in both the FZ and HAZ microstructural zones which were above the
values determined for the BM. When global weld properties were tested, it was
found that welds with a heat input greater than 60.0 J/mm? failed within the
HAZ while welds with heat inputs below 36.3 J/mm? failed within the BM. It
has been shown that there is a significant correlation between the heat inputs of
laser welded DP steels and both the mechanical properties and microstructural
features of the various microstructural zones as well as the location of failure
during weld tensile testing. It has also been demonstrated that the mechanical
properties of weld microstructural zones can be qualitatively evaluated using

specialized tensile testing geometries.
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CHAPTER 1 Introduction

1.1 Background and Motivation

The ongoing need to increase vehicle fuel efficiency, driven by both
legislation and consumer demand, has led to investigating means to decrease the
weight of vehicles while maintaining or improving safety. One way of
accomplishing this is through the use of advanced high strength steels (AHSS).
Dual phase (DP) steels are currently the most widely employed AHSS by
automakers. DP steels exhibit an excellent strength/ductility balance and high
work hardening rate as a result of a composite microstructure which includes
ferrite, martensite and (sometimes) bainite. In order to employ any material in
industry, it is important to consider the welding of said material and how its
properties are affected by joining. A popular joining method for dual phase steels
in the automotive industry is laser welding; however, due to the thermal
instability of martensite, the microstructure and, therefore, the mechanical
properties of the material when welded are deleteriously affected.

One of the main ways that the microstructure of dual phase steels is
negatively impacted during welding is through softening of the heat affected zone,
which results in lower mechanical properties and an unpredictable failure location
for the welds. This occurs through the tempering of the martensite phase within

the dual phase microstructure. In order to properly understand the effects on the
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microstructure and in turn the mechanical properties it is important to study the
underlying mechanisms to the softening behavior, determine actual normalized
heat input to welds, study the decomposition products and finally characterize
the kinetics of the softening behavior relative to the changes in the mechanical

properties of each microstructural zone.

1.2 Thesis Outline

Chapter 2 of this thesis will be a survey of the literature, as it pertains to the
present study. The fundamentals of DP steels, martensite and bainite will be
discussed, including production routes and mechanisms of both bainite and
martensite formation. Martensite tempering will also be discussed in the context
of both as-quenched, fully hard martensite as well as within a DP steel. The
fundamentals of laser welding including method of calculating heat input used in
this work are also reviewed. The applications of digital image correlation (DIC) to
the measurement of strain will be examined. Finally, the current literature on
the effects of laser welding on the microstructure of both the fusion and heat-
affected zones of DP steels will be analyzed including the current gaps in
knowledge. Chapter 3 outlines the research objectives of the present study. In
Chapter 4 an overview of the experimental methods employed in this study will
be presented. The techniques used included optical microscopy, microhardness
profiling as well as a variety of mechanical testing geometries. The results of the
characterization and mechanical testing experiments are summarized in Chapter 5

2
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and discussion of these results and how they fit within the context of the
literature are presented in Chapter 6. Finally the major conclusions drawn from
the results of this study along with the suggested future work are presented in

Chapter 7.
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CHAPTER 2 Literature Review

2.1 Dual Phase Steels

2.1.1 Definition of DP Steels

Dual phase (DP) steels are amongst the class of advanced high strength
steels (AHSS) which are being used in significant quantities in the automotive
industry for the light weighting of vehicles [1]. DP steels consist of a ferrite
matrix with varying volume fractions of martensite, lower bainite or bainitic
ferrite and retained austenite as second phases. Contrary to what the name
would suggest, DP steels often consist of more than two phases [1], [2]. The steel
examined in the present work, however, consists of a ferritic matrix with a second
phase of martensite.

The dual phase microstructure is generally obtained through thermo-
mechanical treatments. Continuous annealing, batch annealing and hot rolling
processes can be used to obtain the DP microstructure [2]. For example hot and
cold rolling can be used on as-cast structures followed by annealing to obtain the
desired ferrite/pearlite grain size. Finally, the alloy can be heat treated at a
temperature in the intercritical o + v phase field (shaded region of Figure 2.1) for
this specific chemistry, or just above the AC3 temperature for approximately 1-2

minutes followed by rapid cooling to obtain a mixed ferrite/martensite
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microstructure [2], [3]. The specific time and temperature selected will control

the amount of martensite found in the final microstructure of the alloy.

900

800

TEMPERATURE °C

700

| Il | 1 | L
i 4 .6 8

WT % CARBON

N

O F=——= = T~

Figure 2.1: Computed equilibrium phase diagram for a Fe-1 wt% Mn-C alloy [3].

The current conventional industrial route for producing dual phase steels
involves casting, hot rolling and pickling followed by cold rolling. Subsequently
the steels are intercritically annealed; per the shaded area in Figure 2.1, and
rapidly cooled to obtain the desired volume fraction of the martensite phase.
Some steels are also continuously galvanized in order to coat them with zinc for
corrosion protection, following a thermal cycle similar to that described above to

obtain the desired microstructure. [4], [5].

2.1.2 Mechanical Properties

In Figure 2.2 below, the mechanical properties of several types of advanced

high strength steels (AHSS) are compared to low strength steels as well as other
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high strength steels [6]. Improving the tensile strength of materials while
maintaining or improving the total elongation is very important for automotive
applications as these materials need to be strong in structural components but

also need to be able to absorb energy to maintain crashworthiness [6].

80
70
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s 6o Stainless
EE = lF (Annealed)
o
2 a0 mild IF-HS ,)‘ao
o BH
c .
S 30 C"’, X ib Q,,’w” Jl‘q Ge,
w20 % K : . e \a'" Gey, ~4~s
344, & T cm\ > 4’(9& §
10 Ms
. ~ MnB+HF
0 200 500 800 1100 1400 1700 2000 d

Tensile Strength (MPa)
Figure 2.2: Total elongation versus tensile strength bubble plot for various steels
in use in the automotive industry [6].

The excellent mechanical properties of DP steels can be attributed to the
mixing of a ductile ferrite phase with the stronger more brittle martensite phase
to achieve properties taking advantage of the best of both phases [1], [3] The
mechanical properties of DP steels have been shown to be dependent on both the
grain size of the ferrite and the volume fraction of martensite within the
microstructure, with the latter roughly obeying a rule of mixtures formalism [1],
[3], [7]. It has been reported that the composition and hardness of the martensite
phase within the microstructure does not significantly affect the overall
mechanical properties of the material [3]. The relationship of yield strength (YS)

and ultimate tensile strength (UTS) with martensite fraction for several DP steels
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is seen in Figure 2.3 and UTS versus martensite fraction for a 1.5 % Mn DP steel

IS seen in Figure 2.4.
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Figure 2.3: Tensile strength and flow stress at ¢=0.002 (yield strength) plotted
against fraction martensite for several DP steels [3].
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2.2 Laser Welding

The ability to join materials together is important for manufacturing,
particularly in the automotive industry. Many methods exist to join materials
which can be broken into physical and metallurgical joints; however, metallurgical
joining is generally preferred as it results in the formation of chemical bonds and
an overall stronger joint. One type of metallurgical joining is laser welding,
which was first used in the 1970’s. Figure 2.5 shows a general schematic of the
laser welding set up for a butt weld [8]. Laser welding has many advantages
including its high power density (~10° W/cm?), which results in smaller weld
fusion zones (FZ) and smaller heat affected zones (HAZ) as well as high joint
efficiency. Welding speeds can also be much higher and the precision and ability
to automate is much better with laser welding over other types of fusion joining.
It is also a very diverse process which can be used on a variety of materials and
can be combined with other processes to form more effective hybrid joining

methods. [9], [10]

Figure 2.5: Laser welding schematic for a butt weld [8].
9
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Laser welding is performed in either conduction or keyhole welding mode.
In conduction mode the laser beam is the heat source which melts the work pieces
locally and allows them to join upon solidification, however the energy density is
not sufficient to cause boiling and no keyhole is formed. While in keyhole mode,
the power density is such that evaporation can occur and a small stable hole is
developed within the molten pool, known as the keyhole. The keyhole allows for
a very high percentage of the beam energy to be absorbed by the material and
thus increases the efficiency and the depth of penetration of the weld [9]. A wide
variety of laser types are used in laser welding including CO,, Nd:YAG, diode and

fibre; this work will focus on diode and fibre welds.

2.2.1 Heat Input

There are several methods of calculating the heat input to a weld;
however, the direct measurement of this parameter is quite difficult. A variety of
numerical models and analytical solutions have been proposed to estimate
parameters and calculate weld heat input [11-13]. One such model was developed
by Xia et al. [13] and is based on the Rosenthal formulation for a fast moving
power source on a thin plate as discussed by Ashby and Easterling and lon et al.,
respectively [14], [15].

The temperature profile in the HAZ can be described by equation (2.1),

where T, is the ambient temperature, Q,., is the net laser power, v is the welding

10
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speed, d is the sheet thickness, ¢ is the density of the steel, c is the specific heat
capacity of the steel, A is thermal conductivity, a is the thermal diffusivity, t is
time, and r is the distance from the weld centreline in the transverse direction
[13]. The peak temperature within the heat-affected zone (HAZ) of the weld was
calculated by Ashby and Easterling [14] using equation (2.2). By rearranging

equation (2.2) for Q. /vd and knowing that the peak temperature within the

HAZ is the AC, as well as the temperature at the edge of the fusion zone being
the melting temperature, equation (2.3) was obtained. This allows for the use of
measurements from the microstructure of weld cross sections and known material
temperatures (r,c; and r,, are the isotherm positions which correspond to the AC,
and melting temperatures respectively.) [13]. Figure 2.6 shows the location of

these isotherms for a real weld cross-section.

o7, = Qu/(vd) exp[ rzj (2.1)

T pC(47rat)% 4t
T _To — Qnet/Vd (22)
pCF(Zﬂe)%
%
(\?/ndet _ pc(r;cl_rm)(zfe) (2.3)
(TAcl _To _Tm _Toj
/(v
_ 1 [Qnet (V );I <24>

Ameipc (T,,-T))

Acl
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Figure 2.6 Weld cross section showing the measured values for the heat input
calculation.[13]

A second parameter, T or the time constant, is determined by taking the
time derivative of equation (2.3), which results in equation (2.4). This time
constant represents the tempering time of each weld. Thus, a higher T means the
material in the HAZ experienced temperatures sufficient to temper for longer
times [13]. Both of these parameters will be used in this work to compare welds

made using different lasers, laser powers and welding speeds.

2.3 Martensite

2.3.1 Structure and Formation

Martensite is a hard microstructural constituent found in quenched carbon
steels [16]. For plain carbon steels containing less than 0.4 wt%C, martensite is
produced through a diffusionless process whereby the parent fcc austenite (v)

transforms to bct martensite («’) during rapid cooling through a defined shear
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with an orientation relationship between the parent austenite and martensite
phases defined by the so-called Kurdjumov-Sachs relationship such that [16]:
(111)y I (Oll)a,
[L01]p[121]

Lath martensite is the most common structural form of martensite and is

(2.5)

typical of low and medium carbon martensites while higher carbon steels
generally exhibit plate like martensite [17]. An example of both lath and plate

martensites are seen in Figure 2.7.

Figure 2.7: Example microstructures of (a) lath martensite in a 0.02% C and 2%
Mn steel and (b) plate martensite in a 1.2% C steel [17].
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2.3.2 Martensite Tempering

Martensite tempering is one of the most common heat treatments used on
steels and is generally carried out in the range of 150 — 700°C. The basic process
involves the rejection of carbon from the highly supersaturated martensite solid
solution, which ultimately forms a fine dispersion of carbides in a ferrite matrix.
There are four overlapping stages of martensite tempering for plain carbon steels.
Stage 1 occurs up to 250°C, stage 2 between 200 and 300°C, stage 3 between 200
and 350°C and finally stage 4 above 350°C. In medium and high carbon steels the
martensite present is not stable at room temperature, this instability increases up
to 250°C [17]-[19].

During stage 1 hexagonal close packed epsilon carbide is precipitated into
the martensite structure. Lower carbon steels do not precipitate epsilon carbides
and in all cases the martensite remains tetragonal at the end of stage 1. In the
second stage of tempering, any retained austenite in the material is decomposed.
Some evidence indicates that the austenite is decomposed into bainite, ferrite and
cementite. The third stage of tempering results in the loss of tetragonality of the
martensite and the appearance of cementite as a Widmanstatten distribution of
plates. At the end of this stage, what is left is essentially ferrite that is not
supersaturated with carbon and particles of cementite which have undergone
Oswald ripening. The fourth stage of martensite tempering can be characterized

by the coarsening and spherodizing of the cementite particles as well as the
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recrystallization of the ferrite grains which results in a more equiaxed grain
structure of the ferrite matrix. [17]-[19]

The process as outlined above is primarily for plain carbon steels which are
fully martensitic and the introduction of alloying elements as well as having
multiple phases present can change the progression of the tempering process [18],
[19]. The dual phase microstructure of the steels in question also plays a role in
the way that the martensite tempers. Work has been done by Baltazar et al.

[20] on both the isothermal and non-isothermal tempering of martensite in dual

phase steels. To compare the differences in isothermal and non-isothermal
tempering of the martensite in dual phase steels, heating to 923 K for varying
holding times as well as non-isothermal holding in the form of resistance spot

welding was performed. The temperature profiles of the two procedures used are

seen below in Figure 2.8.
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Figure 2.8 Temperature profiles of the isothermal and non-isothermal tempering
used in [20].
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The DP steels which were tempered isothermally were found to have
undergone complete recovery and the cementite particles observed had coarsened.
On the other hand, non-isothermally tempered samples demonstrated only partial
recovery and very fine cementite particles were observed with different
morphologies depending on if they were inter- or intra-lath. A schematic
demonstrating the differences in the isothermal and non-isothermal tempering of
the martensite islands is seen in Figure 2.9. The authors determined that the fine
cementite structure of the non-isothermally tempered steels was due to the higher
heating rate, which delayed cementite precipitation and provided insufficient time
for significant carbon diffusion [20]. Together these factors retarded the third
stage of tempering, i.e. cementite coarsening and spherodization [20].

isothermal tempering

Spheroidized
cementite

Complete
Recovery

BM
Martensite island

Block boundary

Prior austcnite
grain boundary

non-isothermal tempering

Interlath
Martensite Lath

cementite
boundary v

Partial
recovery

Intralath
cementite

Figure 2.9: Schematic of the differences between isothermal and non-isothermal
tempering [20].
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Waterschoot et al. [21] also studied the tempering of the martensitic phase
within DP steels. The DP steel studied contained 0.08 wt% C and had 12 vol%
martensite. They also examined a carbon enriched martensite with 0.72 wt% C
and 88 vol% martensite, representative of the martensite phase seen in the DP
steel [21]. They found that the DP steel exhibited the same five stages of
tempering as did the quenched martensitic steel. The first stage involved the
redistribution of carbon atoms at temperatures below 120 °C. The activation
energy associated with the first stage was found to be 98.9 -100.6 kJ/mol and
corresponded to the activation energy for the bulk diffusion of carbon [21]. The
second stage consisted of the precipitation of n- or e-carbides in the temperature
range of 120 — 200°C and had an activation energy of 121.6 — 123.8 kJ/mol, which
suggests that the rate was controlled by the diffusion of iron. The third stage
was observed in the temperature range of 200 — 300°C and comprised Hagg-
carbide precipitation. Stage four occurred in the range of 250 — 350°C and
involved the decomposition of retained austenite. Finally, all transition carbides
were transformed into cementite in the temperature range of 290 — 390C. [21]

The tempering of martensite is an important phenomenon which has a
significant effect on the mechanical behavior of the final product. It has been
shown in the literature that the martensite phase within DP steels responds in a
similar manner to tempering as do quenched martensitic steels [21]. Isothermal

and non-isothermal tempering, however can result in differing morphology of the
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final tempered structure [20]. It has been shown in the literature that complete
recovery and coarsening of the cementite particles has not been observed in non-
isothermal tempering which results in a less severe degradation of mechanical

properties as compared to isothermally tempered samples [20].

2.4 Bainite

2.4.1 Structure

There are several definitions and understandings of the microstructure
referred to as bainite. According to Aaronson et al. [22] there are three
definitions of bainite. The first is a general description and describes bainite as
the product of the competitive mechanism of eutectoid decomposition [22], [23].
The second is an overall reaction kinetics definition which considers that bainite
has a separate C curve on the TTT diagram which lies below the pearlite curve
but above the martensite transformation temperatures [16], [22]-[24]. The third
is the surface relief definition and advocates that the ferrite plates result in a
relief effect on a polished surface [22], [24]. In medium- and high-carbon steels
the microstructure consists of a mixture of ferrite and cementite, similar to
pearlite, however in bainite the two phases are in non-lamellar arrays [16]. In
high- and medium-carbon steels two separate morphologies of bainite have been
identified which occur in two temperature ranges; upper bainite and lower bainite

[16]. In low-carbon steels there are six recognized morphologies of bainite by
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Reynolds et al. [24], the most common of which are upper and lower bainite.

Schematics of the six morphologies are seen in Figure 2.10.
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Figure 2.10: Schematic illustrations of various bainite morphologies defined by
Reynolds et al. [24]. (a) Nodular bainite, (b) Columnar bainite, (c) Upper bainite,
(d) Lower bainite, () Grain boundary allotromorphic bainite, (f) Inverse bainite.

2.4.2 Formation

Due to the non-lamellar distribution of cementite within the bainite
structure, carbon diffusion is required at some point during the formation of
bainite, however the relatively low temperatures at which the transformation
occurs restricts iron diffusion [16]. As such, two distinct theories on the
formation of ferrite within bainite are prevalent in the literature [16], [25]. The
displacive or shear mechanism, supported by Bhadeshia, Edmonds, and Christian
[26]-[29] states that bainitic ferrite grows as discrete martensite sub units, the

aggregate of these subunits forms the classic sheaf of bainite [27]. The bainitic
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ferrite is said to be nucleated with a super saturation of carbon where this carbon
IS segregated to the residual austenite immediately upon formation [27]. The
reconstructive or diffusional mechanism, supported by Reynolds, Spanos,
Aaronson, Kinsman, Purdy and Hillert [24], [30]-[34] states that the bainitic
ferrite grows as ledges where there is short-range iron atom rearrangement at the
ferrite-austenite interfaces of the ledges [16]. The shear growth mechanism allows
for phase transformation despite the absence of significant thermal activations
[35]. This mechanism also results in each atom from the parent matrix having a
predestined site within the product phase and requires glide to accomplish growth
much like the formation of martensite [35]. The diffusional mechanism on the
other hand, is essentially an uncoordinated jumping of atoms either towards or
away from the advancing interface between phases [35]. This results in the ledges
during growth due to the difficulty of inserting substitutional atoms into
interstital sites causing displacement in these areas [35].

A full literature search will show that a large amount of work has been
done on the mechanism of the bainite transformation; however, there is still not a
single unified theory on the subject. Distinction between the two proposed
mechanisms is difficult and will require significant further work to determine

which is responsible for the formation of bainite in steels.
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2.5 Strain Measurement by Digital Image Correlation (DIC)

In order to measure strain in very small mechanical testing specimen as
well as to calculate local strain maps using standard tensile specimens it is
necessary to use a digital image correlation (DIC) system. The system used in
this work was the ARAMIS system. The configuration of the system setup can
be seen in Figure 2.11. A pattern of random dots was applied to each sample
using spray paint and images were taken at 1 second intervals during the test.
The pattern of random dots deforms with the material during the test and allows

for the calculation of strain within the sample [36].
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Figure 2.11: DIC system setup [36].

To calculate the strain in the sample, a virtual grid is placed over the
region of interest and the deformation vectors at each point are calculated.
Figure 2.12 shows a schematic of the displacement vector for a single pixel in the
virtual grid [36]. Each of the pixels are tracked through the deformation process

and pixels from each image are matched to the pixel they are closest to in the
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previous image to calculate the local strain which results in the development of a

strain map for the sample at each time step during deformation [36].
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Figure 2.12: Schematic illustration of a reference square subset before deformation
and a target (or deformed) subset after deformation [36].

2.6 Effect of Welding on DP Steels — Fusion Zone

The local melting of the work piece during welding means that the
microstructure of the fusion zone of laser welded DP steels is formed upon the
solidification of the molten weld pool. As such, the final microstructure can be
predicted by continuous cooling transformation (CCT) curves as well as the
relevant phase diagram for the steel chemistry [16]. An experimentally measured
CCT curve for the steel examined in the present study is presented in Figure 2.13
[37]. From this curve, it can be seen that, depending on the local cooling rate
within the fusion zone, ferrite, bainite or martensite can be obtained. Figure 2.13
shows that when cooling rates are above 100 °C/s martensite with a small volume

fraction of ferrite is produced, while cooling rates between 10 and 100 °C/s will
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allow for the formation of ferrite and martensite, and finally if cooling rates are

below 10 °C/s bainitic ferrite is able to form alongside the ferrite.

AT=760 C

Temperature (C)

g

100

100/ 300 100 30 10/ 03 041 [Cis

01 1 10 100 1000 10000
Time (s)

Figure 2.13: CCT curve for DP780 steel with cooling curves superimposed[37].

0

2.7 Effect of Welding on DP Steels - HAZ

Tempering of the martensite within the HAZ of the weld has been shown
to cause a depression of the hardness (and strength) of this microstructural zone
which is known as HAZ softening [4], [5], [13], [20], [38]. The current research on
this phenomenon is discussed in section 2.7.1 below. As well, the bulk mechanical
properties including tensile and fatigue strength of laser welded DP steels have
been studied using a variety of DP steels and welding conditions [39]-[43]. The

formability of laser welded DP steels has also been investigated [44]-[46]. Both
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the bulk mechanical properties and the formability of laser welded DP steels are

further discussed in section 2.7.2 of this chapter.

2.7.1 Softening Kinetics

The kinetics of the softening process have been studied by a number of
researchers [4], [5], [13], [21], [38]. As mentioned in section 2.2.1, Xia et al.
developed a method of normalizing the heat input of welds which allows for the
comparison of welds made under varied conditions [44]. This technique has been
used by several authors to investigate the kinetics of the HAZ softening process.

The study by Biro et al. [4] employed a parameter, ¢ (per equation (2.6)), which

represents the normalized hardness change arising from martensite tempering,
where the parameter is zero when the material is in its as received state and is
equal to one when the material has been fully tempered; this parameter was also
used by Mittemeijer et al. [47]. This parameter is calculated per equation (2.6),
where Hg,. is the hardness of the base material, H,,, is the minimum hardness
value for a given material in the fully tempered state and H is the hardness of the

evaluated sample [4]. They found that when the ¢ parameter was plotted

against the time constant (see section 2.2.1), sigmoidal behaviour was observed as
can be seen in Figure 2.14 [4]. This behaviour was then fitted to the Avrami
equation [48]-[50] of transformation (equation (2.7)), where k is a fitting
parameter representing the activation energy, t is the tempering time, and n is a
fitting parameter related to the rate of transformation [4].
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Figure 2.14: Comparison of HAZ softening kinetics, phi versus time constant of
all experimental steels examined by Biro et al. [4].

Biro et al. also found that the n-parameter fitted to each of the curves was
much lower than what would be predicted by Avrami for pure particle nucleation
and growth [4]. Instead the values calculated for the DP780 steels used
(approximately 0.5) were representative of the martensite decomposing as a
receding front [4]. The DP600 steels had n parameters of 1.6 and 1.7 suggesting
that there was less autotempering of the martensite and, therefore, the
decomposition of the martensite occurred as both a receding front and nucleation

of new cementite particles which increased the n parameter [4].
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In another study, Biro et al. [5] examined the short time tempering of DP
steels using a Gleeble in order to predict the softening behaviour of the HAZ of
welds made in these materials. Four DP and three fully martensitic steels were
examined by tempering for times ranging from 0.2 s to 10 s, which is
representative of the times which the sub-critical HAZ is at elevated temperature
during welding [5]. The model used previously [4], was used to model the
kinetics with the Johnson-Mehl-Avrami-Kolomogorov (JMAK) equation. The k
fitting parameter in equation (2.7) was modeled using equation (2.8), where k, is
a fitting parameter, Q is the activation energy for softening, R is the universal

gas constant and T is the absolute temperature [5].

k =k, exp| — (2.8)
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Figure 2.15: DP780 data from Biro et al. [5] (a) hardness plotted versus
tempering time and (b) transformed data to phi (fraction of completed softening)
versus tempering time.

Figure 2.15(a) shows the hardness data for the DP780 steel examined

plotted against the tempering time. It is seen that at a given tempering
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temperature the hardness decreased sigmoidally with tempering time and that the
hardness decreased with increasing temperature [5]. The transformed data is seen
in Figure 2.15(b), where the phi parameter versus tempering time shows the
classic IMAK form. Using equation (2.8) Q, k, and n values were calculated for
all experimental steels, the values fitted for activation energy (Q) and n were
significantly different from typical values associated with martensite tempering
using the JMAK equation [5]. The activation energies reported for the seven
experimental steels were between 28.3 — 62.8 kJ/mol [5]; generally the literature
reports higher values for the activation energies (176.1 — 203 kJ/mol) [21], [51]-
[53] for stage three tempering although in these studies the activation energy was
measured in a more direct way through dilatometry as opposed to through the
hardness measurements used in the work of Biro et al. [5]. Other researchers who
measured the activation energy of this process in a similar manner (through
hardness measurements) report values which were more similar, 33.5 — 209
kJ/mol [54], [55]. As with the previously mentioned work [4], the fitted values of
n also did not correspond with classic JMAK values for spherical particles. In
order to validate this model using the JMAK equation, hardness values measured
from actual weld heat-affected zone were compared with the values predicted
using the model in Figure 2.16(a) and then the HAZ softening was calculated in
both cases and the measured and predicted values compared as shown in Figure

2.16(b). It is seen that both the absolute hardness values and HAZ softening
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values were accurately predicted through short hold time isothermal tempering

experiments.
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Figure 2.16: Validation of the softening model (a) comparison of measured
hardness and the hardness predicted by the JMAK model and (b) comparison of
the measure HAZ softening and the HAZ softening predicted by the IMAK model

[5].

Due to the discrepancies between the values of Q and n which were
calculated by Biro et al. [5] and the typical values reported for stage Il
martensite tempering, a logarithmic transformation of the softening data was
performed [38]. This transformation allowed the n and k values to be determined
directly from the plot (Figure 2.17) as the slope and the y-intercept, respectively.
From Figure 2.17, two distinct stages of HAZ softening are visible [38]. The n
and Q values for stage | softening were found to be 0.659 and 113 kJ/mol
respectively [38]. These values are in good agreement with the accepted values of
n and k for carbon diffusion in ferrite from the literature of 0.67 and 80 — 122
kJ/mol, which is the dominant process in the initial stages of martensite

tempering. Thus, the stage | softening was determined to be equivalent to stage
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3 of martensite tempering [38]. For stage Il softening, the n and k values were
calculated to be 0.108 and 35 kJ/mol, respectively, and are representative of the

carbide growth phase of HAZ softening [38].
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Figure 2.17: Logarithmic transformation of M220 softening data from [38].

Overall the kinetics of HAZ softening have been found in the literature to
be sigmoidal and well modelled by the JMAK equation [4], [5], [13], [38]. It has
been shown that short time isothermal tempering experiments can accurately
predict the absolute hardness and softening of DP and martensitic steel weld
heat-affected zones using the JMAK equation [4, 5]. Finally, two stages of HAZ
softening were found through the logarithmic transformation of the softening data

which correspond to carbide nucleation and growth respectively [38].
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2.7.2 Bulk Mechanical Properties

The mechanical properties of laser welds are generally evaluated by pulling
the weld in tension using an ASTM standard sample with the weld centred in the
gauge and the weld centreline perpendicular to the tensile direction. Stress —
strain curves are often calculated, however, there are multiple materials within
the gauge making standard stress calculations inaccurate. The failure location is
also documented and generally, if the weld fails within the base material, weld
design can be done based on BM mechanical properties; however, this is not
always the case. A variety of bulk mechanical property investigations on laser
welded DP steels can be found in the literature including, tensile, fatigue and
forming studies [39]-[43], [45], [46], [56][59].

A number of studies have shown that the tensile properties of DP steels
are negatively impacted by welding. UTS, YS and uniform elongation have been
shown to decrease in welded samples as compared with the BM, the type of laser
used, and thus the heat input to the welded sample has also been shown to have

an affect [39]-[41], [43], [56].

30



M.A.Sc. Thesis - H. Smith; McMaster University - Materials Science & Engineering

1200

©

o

o
1

Engineering stress, MPa
(o)}
o
o
|

- = BM DPS80
300 A -+ DLW DP980
-+ =FLW DP980-S
—FLW DP980-M
0 T T T T T
0 1 2 3 < 5 6

Engineering strain, %

Figure 2.18: Representative stress-strain curves for DP980, BM, diode laser welds,
single pass fibre laser welds, and multiple fibre laser welds from Xu et al. [41].

Figure 2.18 from Xu et al. shows the effect of fibre laser and diode laser
welding on a DP980 steel. It is seen that the diode welding process had a much
more significant impact on the mechanical properties of the joint [41]. In all
cases, however there was a depression of the UTS, YS and uniform elongation of

the welded joint as compared to the base material [41].
The effects of laser welding on the formability of DP steels has also been
studied, through limiting dome height (LDH) testing [44]-[46], [58]. Figure 2.19
shows the LDH measured for both BM and welded materials from which it is seen

that the LDH of welded DP steels is generally lower than the LDH of the

corresponding BM.
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Figure 2.19: Comparison of LDH of parent material with tailor welded blanks
(TWB) of different material combinations from Panda et al. [46].

Overall, mechanical testing of welded DP steels has been limited to bulk
property evaluation by means of uniaxial tensile, fatigue and LDH testing and the
mechanical properties of individual weld zones have not been widely investigated
in the literature [60]. This is an area of importance as we continue to drive down
vehicle weight for increased fuel efficiency as passage safety is still of extreme
importance. As such, the ability to model the properties of welds through finite
element simulations and to fully understand the behaviour of each component of
the weld (microstructural zones) becomes key to predicting weld failure locations
and the strengths and performance of structural components. This fundamental
understanding of mechanical behaviour is currently lacking in the literature.
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CHAPTER 3 Research Objectives

It has been shown in the previous chapter that there has been substantial
research into the effects of laser welding on DP steels; this work tends to focus on
the kinetics of the tempering process which causes the HAZ softening as well as
examining the bulk properties of welded samples. There is, however, a lack of
understanding and data on the mechanical properties of each of the individual
microstructural zones of laser welded DP steels. To this end, the objectives of
the present study are to examine laser welds made in DP 780 steel by studying
the microstructure and mechanical properties of the welded steel sheet.
Specifically, the research objectives of this study are:

1. Characterization of the microstructure across welds made with varying
heat input in a DP780 steel.

2. Determine the mechanical properties of the microstructural zones of
each weld through the development and testing of non-standard testing
geometries.

3. Compare the mechanical properties of each weld with respect to heat
input.

4.  Determine the location of failure in welds with varied heat input
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CHAPTER 4 Experimental Methods

4.1 Materials

This study employed an industrially produced 1.5 mm thick dual phase
steel (DP780) produced by ArcelorMittal (Dofasco), whose chemistry is given in
Table 4.1. Mechanical tests and characterization were carried out on the as-
received cold rolled steel sheet.

Table 4.1: Chemical Composition of DP780 Steel
C Mn P S Si Al Ti

wt%  0.100 1.75 0.014 0.005 0.310 0.050 0.003

The microstructure of the as-received materials was characterized using
optical microscopy following standard metallographic preparation and etching
using 2% nital. Samples were observed both parallel and perpendicular to the
rolling direction. The base material microstructure is pictured in Figure 4.1,
where it can be seen that the as-received microstructure consisted of martensite
islands within a ferritic matrix.

The Vickers hardness of the as-received material was measured using both
a 200 g and 500 g load. The Vickers hardness of the base materials was measured
as 252 =+ 6.2 gf/um? and 236 =+ 4.0 gf/um? at 200 g and 500 g loads respectively.

Details concerning the microhardness measurement procedure are provided below.
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Figure 4.1: Base material micrstructure; dark regions represent martensite while
the light regions are the ferrite matrix.

4.2 Welding Conditions

Bead-on-plate welds were made in the DP780 steel using two different
laser systems with varied laser power and welding speed. The various lasers and
welding parameters used are given in Table 4.2. All welds were fully penetrating

and the welding direction was parallel to the rolling direction of the sheet steel in

all cases.
Table 4.2: Laser Parameters for Welding of DP780.
Diode Laser Welds Fibre Laser Welds

Power(W) 4000 4000, 6000
Shielding gas Argon Argon
Focal length (mm) 80 200
Beam Size (mm) 0.9 x12 0.6
Welding Speeds (m/min) 0.8, 1.0, 1.2 2,4
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4.3 Weldment Characterization

Optical microscopy was employed to qualitatively evaluate the changes in
microstructure across the welded joints. To compare the joints, normalized heat
input was calculated for each of the weldments. Microhardness profiles were also
used to determine quantitatively the changes in the properties across each of the
welds. Finally, various mechanical testing geometries were employed to determine

the stress-strain behaviour of each weldment microstructural zone.

4.3.1 Microscopy

Transverse cross-sections of each weldment were prepared using standard
metallographic procedures and etched using 2% nital. A Nikon Eclipse LV100

optical microscope was used to observe the samples.

4.3.2 Heat Input

In order to compare welds made with different lasers and power levels, a
normalized heat input for each weld was calculated. The heat input was
calculated using the method developed by Xia et al. [13] based on the Rosenthal
equation. This method is described in more detail in Section 2.2.1 . The distance
from the centerline to the edge of the fusion zone and to the Acl isotherm were

measured as is seen in Figure 4.2 and these values were used in equation (4.1) [13]

to calculate the normalized heat input (Q“%j of each weldment, where p is the
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density of steel (7860 kg/m®), c is the specific heat capacity of steel (680 J/kg/K)
T, is the initial temperature, about 293 K, and r,, and r, are the isotherm
positions corresponding to the T, and T,, (melting temperature) respectively.
The time constant (z) of each weld was then calculated using equation (4.2) [13],
where A is the steel thermal conductivity (30 W/m-K).

Qnet — pc(ﬂ-rACl B I’m)(27re)%

vd 1 1
TAC1 _To Tm _To

1 [Quivd)]
4elpc (TAC1 -7, )2

(4.1)

250 pm

Weld Centreline | AC, Line

racy

1
Figure 4.2: Cross section of a weld showing the boundaries for heat input
calculations.

4.3.3 Microhardness Profiles

Microhardness was measured across each of the weldments using a Clemex

CMT.HD microhardness tester. A 200 g and 500 g load, with a 10 s dwell time,
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were used for the fibre and diode welds respectively and indents were placed at
least 2.5 diameters from one another to ensure that the strain fields from
neighbouring indents did not affect the measurement[61]. In order to achieve
adequate spacing as well as adequate spacial resolution, indents were staggered
vertically in the region near the weld bead for the fibre welds. This vertical
staggering allowed for the resolution of the very small softened region in the fibre
welds. Each profile presented is an average of three measurements and the error
bars shown represent the 95% confidence interval of the mean reading, defined as:

S

H=X=x tN—1,95% W (4-3)

where p is the true value of the measurement, X and s are the sample mean and

standard deviation, respectively, t the value of the student t-distribution at

N—-1,95%
degrees of freedom N-1 evaluated at the 95% level (i.e. 0.95) and N the number

of samples.

4.4 Mechanical Testing

To test the mechanical properties of the base material, ASTM E8 [62]
standard sub size tensile samples were used to determine stress-strain curves in
both the rolling and transverse directions. ASTM standard sub-size samples were
also pulled for each welding condition, with the weld centred vertically within the
gauge and the tensile direction perpendicular to the welding direction. Each of

the across weld tests were repeated twice. All samples were pulled using an
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Instron 5566 tensile frame in combination with an ARAMIS DIC system to
calculate strain. Unless otherwise noted, a constant cross-head speed of 1
mm/min was used.

To test the mechanical properties of the smaller weld microstructural zones
of the diode welds, miniature tensile samples were designed such that the entire
gauge consisted of only fusion zone or heat-affected zone material. The

dimensions and general design of these specimens are shown in Figure 4.3.

!

Figure 4.3: Geometry of miniature tensile mechanical testing sample (all
dimensions in mm).

To test the mechanical properties of the diode weld zones in the transverse
direction as well as the fibre weld microstructural zones, which were too small for
the miniature tensile specimens, a plane strain specimen geometry was used. The
dimensions and general design of the specimens for the diode welds are shown in
Figure 4.4. The region between the notches in these samples consisted entirely of

fusion or heat-affected zone material.
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!

Figure 4.4. Geometry of a plane strain sample for mechanical testing of diode
weld microstructural zones (all dimensions in mm).

The size of the fibre welds did not allow for the fabrication of miniature
tensile specimens or the plane strain specimens shown in Figure 4.3 and Figure
4.4, respectively. Instead a much smaller notch and gauge section were used to
ensure that fracture localization was within the desired microstructural region.
The dimensions and design of these specimens are seen in Figure 4.5. A constant
cross head speed of 0.5 mm/min was used in these cases in order to capture the
stress-strain curve for the smaller sample geometry.

For each testing geometry, six samples were pulled per welding condition
for both the heat-affected zone and the fusion zone. For yield strength and
ultimate tensile strength, a 95% confidence interval was used for error

calculations per equation (4.3).
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Figure 4.5: Geometry of plane strain sample for mechanical testing of fibre weld
microstructural zones (all dimensions in mm).

4.4.1 Effective Stress- Effective Strain Calculation

In order to directly compare the mechanical testing results irrespective of
the sample geometry and strain path, effective stress and effective strain were
used throughout this study. For the ASTM standard and miniature uniaxial
tensile samples the effective stress and effective strain were equal to the true

stress and true strain based on the Von Mises criterion. The Von Mises equation

for effective stress (o, ) is given in equation (4.4) [63], where for uniaxial tension

o, =0, =0 [63] and the effective stress is simply the true stress in the tensile (01)

direction.

o =\/%[(01—02)24-(62—0'3)2+(03—(71)2i| (4.4)
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The equation used to calculate true stress from engineering stress in the

case of uniaxial tension is shown in equation (4.5) [63].
Oigse = Orng (1+ Eung ) (4.5)
The Von Mises equation for effective strain is shown in equation (4.6) [63].
Using equation (4.7) (conservation of volume) and knowing that for uniaxial
tension ¢, = ¢, for an isotropic material [63] we can determine that the effective

strain is simply the true strain in the tensile direction in the case of uniaxial

tension.

Eqy 2\/2(812 +e&, +532) (4.6)

§+¢&,+&=0 (4.7)

The notched specimens, however, follow a different strain path. According

to Wagoner and Chenot [64] , if |¢,/&] is less than 0.2 then the region is

considered to be in plane strain.  Performing these calculations for each of the
notched specimens showed that samples were in plane strain (see APPENDIX A).
Using the Von Mises equation for effective strain in equation (4.6) and equation
(4.7) where for plane strain, &, =0 [63] it is found that the effective strain for the
plane strain geometry is given by equation (4.8).

_2 (4.8)

Sett = ﬁ &
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To calculate the effective stress for the plane strain samples equation(4.4),

the Von Mises effective stress, is once again employed. For plane strain we

assume that o, =0 [63] and if we let the ratio 2 =4 and the ratio 2= -0
O, &
(ref), we can express the effective stress as equation (4.9). From flow rules [63]

. . : : 1 .
we can also write equation(4.10), which gives « :E and, thus, the effective stress

Is given by equation(4.11).

1
Oy = \/z[(xz +1+(1—05)2}0l (4.9)
& _ 2071 g, (4.10)
g 22—«
o zgq (4.11)
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CHAPTER 5 Results

The results of the present study are presented in the following chapter.
The first part of the chapter will examine the variations in microhardness across
each of the weldments and discuss the various microstructural regions which were
observed. In the next section, the microstructures of each of these zones will be
presented through optical micrographs. Finally, the mechanical behaviour of the
base material, overall weldments and the individual microstructural zones will be
presented. The nomenclature for each sample presented in the subsequent text
are summarize in Table 5.1.

Table 5.1: Sample nomenclature.

Power Speed
Weld Name Laser (KW) (m/min)
4kw (D) 0.8 Diode 4 0.8
4kw (D) 1.0 Diode 4 1.0
4kW (D) 1.2 Diode 4 1.2
4kW (F) 2.0 Fibre 4 2.0
4kW (F) 4.0 Fibre 4 4.0
6kW (F) 2.0 Fibre 6 2.0
6kW (F) 4.0 Fibre 6 4.0

5.1 Microhardness Profiles

5.1.1 Diode Welds

A typical hardness profile for a 4kW (D) 0.8 weld is given in Figure 5.1. It
is seen that the hardness in the fusion zone (FZ) was elevated compared to that

of the base material (as reported in Section 4.1 and Figure 5.1). The hardness
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was also non-uniform across the fusion zone. A softened region was observed in
the region adjacent to the fusion zone (FZ); this is known as the sub-critical heat-
affected zone (referred to as heat-affected zone or HAZ in the subsequent text).
The average value for the hardness of the FZ was found to be 257 gf/pm? and the

minimum hardness observed in the HAZ was found to be 184 gf/um? (see Table

5.2).

Table 5.2: Summary of diode weld hardness measurements.
Welding Speed Average FZ Minimum HAZ HAZ Softening
(m/min) Hardness Hardness versus BM
0.8 257 £ 4.0 184 + 1.4 64.4+24
1.0 280 £ 6.4 185 + 2.1 615+ 4.1
1.2 298 = 5.7 192 £ 1.2 545 x 2.7
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Figure 5.1: Typical microhardness profile of a 4 kw (D) 0.8 weld, where BM is
the base material, HAZ is the heat-affected zone and FZ is the fusion zone.
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A typical hardness profile for a 4kw (D) 1.0 weld is presented in Figure
5.2. The softened HAZ was observed adjacent to the fusion zone. It can also be
seen that the hardness of the FZ was elevated compared to the base material (as
reported in Section 4.1 and Figure 5.2) and that there was a more pronounced
variation in the hardness across the FZ. In this case, the average FZ hardness
value was found to be 280 gf/um? while the minimum hardness of the HAZ was

found to be 185 gf/um? (see Table 5.2).
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Figure 5.2: Typical microhardness profile of a 4 kW (D) 1.0 weld.
Finally, a typical hardness profile of a 4 kW (D) 1.2 weld is presented in
Figure 5.3. A further elevated hardness compared to the base material (average
value of 298 gf/um?, see Table 5.2) with very pronounced hardness variations was

observed in the FZ of this weld. This likely indicates a larger volume fraction of
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martensite and increased strength in this microstructural zone of the weld.
Softening of the HAZ was again observed, although to a lesser extent than with
the other two diode welds (minimum hardness value of 192 gf/um? see Table
5.2).

In all cases, an important similarity of the hardness profiles was the large
range in hardness values obtained across the width of the welds. This indicates
that there was a significant contrast in microstructure and, very likely,

mechanical properties, across each of the diode welds.
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Figure 5.3: Typical microhardness profile of a 4 kW (D) 1.2 weld.
Figure 5.4 shows the hardness profiles of the three diode welds

superimposed. From this plot it can be seen that FZ hardness increased with

increasing welding speed (i.e. decreasing weld heat input) and also that the
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widths of both the fusion and heat-affected zones decreased with increasing
welding speed. There was no significant difference in the HAZ softening
(difference between base material and minimum HAZ hardness) between the 4kW
(D) 0.8 and 4kw (D) 1.0 welds and only a small decrease in the HAZ softening
versus the BM for the 4kW (D) 1.2 weld. This hardness decrease is not likely to

result in a visible difference in microstructure using optical microscopy.
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Figure 5.4. Composite plot of microhardness profiles for high heat input diode
welds.

5.1.2 Fibre Welds

A typical hardness profile for a 4kw (F) 2 weld is given in Figure 5.5.
The softened HAZ was observed adjacent to the fusion zone as with the diode
welds; however the contrast in mechanical properties between the BM and the

HAZ was not as severe as was observed in the diode welds. The minimum
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hardness observed in the HAZ was found to be 199.3 gf/um? (see Table 5.3). It is
also seen that the hardness of the FZ (351.8 gf/um?®) was further elevated relative
to the base material, as compared to the diode welds (see Table 5.2 and Table
5.3). This suggests a larger volume fraction of martensite in the FZ as compared

to the diode welds and will likely result in elevated strength as well.

Table 5.3: Summary of fibre weld hardness measurements.

IID_c?vszrr Welding Speed  Average FZ Minimum HAZ HAZ Softening
(KW) (m/min) Hardness Hardness versus BM
4 2 351875 199.3 £ 1.3 50.2 £ 4.1
4 4 388.4 £ 54 209 + 3.1 328 +6.4
6 2 381.8 + 4.3 205.7 £ 0.3 41.7 £ 2.7
6 4 397.1 £ 3.9 212 £ 45 282+ 7.0
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Figure 5.5: Typical hardness profile for a 4kwW (F) 2 weld.
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Figure 5.6 shows a typical hardness profile for a 4kW (F) 4 weld. It can
be seen that the FZ hardness was more uniform and also further elevated (388.4
gf/um?, see Table 5.3) as compared with the 4kW (F) 2 weld.

A typical hardness profile of a 6kW (F) 2 weld is given in Figure 5.7. It
can be seen that the hardness across the FZ was uniform and that the softened
HAZ region was once again present. The uniformity, as well as the average

hardness value of the FZ (381.8 +

4.3, see Table 5.3) suggests that the

microstructure was predominately martensite.
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Figure 5.6: Typical hardness profile of a 4kW (F) 4 weld.
Finally, a typical hardness profile for a 6kW (F) 4 weld is presented in

Figure 5.8, where a less pronounced softened HAZ region and a quite uniform FZ

were observed. The average hardness value of the FZ was 397.1 = 3.9 (see Table
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5.3), which suggests that the microstructure was predominately martensite and

will likely result in the highest strength of all weld FZ.
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Figure 5.7: Typical microhardness profile of a 6 kW (F) 2 weld.
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Figure 5.8: Typical microhardness profile of a 6 kW (F) 4 weld.
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Figure 5.9: Composite plot of microhardness profiles for low heat input fibre

welds.
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Figure 5.9 shows the hardness profiles of the four fibre welds
superimposed. All welds showed a relatively uniform hardness across the FZ
which suggests that the microstructures of these zones were predominately
martensite with little to no bainitic ferrite. This was expected as with the lower
heat input, as compared to the diode welds, the cooling rate within the FZ was
higher, which translates to a lower volume fraction of bainitic ferrite per CCT
curve behaviour. It can be seen that the hardness and width of the FZ varied
with welding speed and power (see Table 5.3). It is also seen that the minimum
hardness of each weld varied depending on laser power and welding speed;
however this difference in the tempered martensite may still not be visible at the
length scales available through optical microscopy. The trend with welding speed
was not well defined as the laser power was also varied, the trends for these welds
will be further discussed in the next chapter with respect to the heat input of

each weld.

5.2 Weldment Microstructures

5.2.1 Diode Welds

Micrographs from the diode weld fusion and heat-affected zones are
presented below. The microstructures of the heat-affected zones of for each of the
diode welds were indistinguishable from one another at the length scales available

to optical microscopy; this was to be expected as comparable hardness values
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were reported for the welding speeds listed in Table 5.2. As such, the
microstructure of the 4 kw (D) 0.8 weld is presented in Figure 5.10 as being
typical of all diode welds (see APPENDIX A for other weld microstructures). It
can be seen that the formerly island martensitic microstructure of the base
material (see Figure 4.1) was no longer present in the HAZ of the diode welds

and instead tempered martensite within a ferritic matrix was observed.

Tempered Martensite

Tempered Martensite

&)

Tempered Martensite

, 25 pm |

Figure 5.10: 4 kW, 0.8 m/min diode weld HAZ microstructure.

While each of the diode welds fusion zones present microstructures which
were significantly different from the base material, there were differences which
can account for the variations in hardness observed as a function of welding speed
in Table 5.2. The FZ microstructure of a 4 kw (D) 0.8 weld is shown in Figure
5.11(a), where martensite as well as bainitic ferrite can be observed. The variety
of microstructural features observed within the fusion zone can explain the

variations in hardness observed across this weld’s fusion zone.
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A similar microstructure was observed in the fusion zone of a 4 kW (D) 1.0
weld (Figure 5.11(b); however, there appeared to be more martensite and less
bainite than in the 4kw (D) 0.8 weld (see Figure 5.11(a)). This increase in
martensite content is consistent with the observed increase in average hardness
value across the fusion zone, reported in Table 5.2. This is also to be expected as
the higher welding speed of the 4kw (D) 1.0 weld (lower heat input) resulted in
higher cooling rates in the FZ as well; this translates to a lower volume fraction

of bainitic ferrite per CCT curve behaviour (see Figure 5.12).
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Figure 5.11: FZ microstructure of (a) 4kw (D) 0.8 weld (b) 4kwW (D) 1.0 weld
and (c) 4kwW (D) 1.2 weld.
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Finally, the microstructure of a 4 kW (D) 1.2 weld FZ is presented in
Figure 5.11(c). Significantly more martensite was observed in this microstructure
versus the 4 kw (D) 0.8 and 4 kW (D) 1.0 welds; however a small fraction of
bainitic ferrite was still present. This is again consistent with the increased
welding speed (decreased heat input) resulting in a higher cooling rate within the
FZ and thus only a small amount of bainitic ferrite was produced. The
microstructures observed in these diode welds was not consistent with the

microstructures predicted by the CCT curves in Figure 5.12.
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Figure 5.12: CCT curve for DP780 steel with cooling curves superimposed [37].
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5.2.2 Fibre Welds

The microstructures of all fibre weld heat-affected zones are presented in
Figure 5.13. Tempered martensite was observed in all cases; however there
tended to be more untempered martensite with increasing weld speed for a given
laser power. This is consistent with the hardness values reported in Table 5.3
and with the variations in widths of the HAZ microstructural zone as seen in

Figure 5.5 - Figure 5.8.

Figure 5.13: HAZ microstructures of (a) 4 kW (F) 2 weld (b) 4 kW (F) 4 weld
(c) 6 kW (F) 2 weld and (d) 6 kW (F) 4 weld.
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The microstructures of all fibre weld FZ are presented in Figure 5.14. All
weld FZ consisted of a martensitic structure with no significant bainitic ferrite
being observed. This was likely due to the increased cooling rates of these welds
as compared to the diode welds, which resulted in reduced bainitic ferrite

transformation per the CCT curve behavior (see Figure 5.12).

Figure 5.14: FZ microstructures of (a) 4 kW (F) 2 weld (b) 4 kW (F) 4 weld (c)
6kW (F) 2 weld and (d) 6kW (F) 4 weld.

59



M.A.Sc. Thesis - H. Smith; McMaster University - Materials Science & Engineering

5.3 Mechanical Testing

5.3.1 Base Material

The effective stress — effective strain tensile curves for the base material for
all testing geometries described in CHAPTER 4 (see Figure 4.3, Figure 4.4, and
Figure 4.5) are shown in Figure 5.15. Triplicates of each test geometry were
performed and representative curves are presented. It can be seen that the
miniature tensile and ASTM standard sub-size samples produced effective stress —
effective strain curves which were insignificantly different from one another. The
plane strain curves were also comparable to the ASTM curves; however, slight
differences in yield strength and elongation were observed. The differences in
elongation were due to the well-established effect of differences in strain path [63].
For example, it is well known that the failure strains in plane strain are lower
than those for uniaxial tension when forming reasonable isotropic metallic

materials.
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Figure 5.15: Base material effective stress - effective strain curves as a function of
sample geometry and strain path.

The yield strength and UTS measured for each of the testing geometries
are plotted in Figure 5.16. From this figure, it can be seen that both the yield
strength and UTS were insignificantly different across all three testing geometries.
There were no significant differences observed between the yield strength and the
UTS in the rolling and transverse direction (RD and TD respectively), indicating

that the base material exhibited isotropic behaviour.
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Figure 5.16: Yield strength and UTS measured from all BM testing geometries in
both the rolling (RD) and transverse (TD) directions.

5.3.2 Across Weld Tensile Testing

The results of the ASTM standard samples pulled with the weld bead
centered in the gauge and the welding direction perpendicular to the tensile
direction are presented in the following section. Strain maps immediately before
fracture as well as a plot of section length versus strain for the 4 kW (D) 0.8 weld
are shown in Figure 5.17. These plots are representative of all of the diode welds;
the strain maps of the 4kW (D) 1.0 and 4kW (D) 1.2 welds can be seen in
APPENDIX C. For all strain maps presented, red indicates regions of high strain
while dark blue are regions of low strain. Figure 5.17 shows that two necks
formed (the red/orange and green region), which grew until one neck prevailed.
The fatal neck was located in the orange/red region of Figure 5.17. For all

experimental diode weld speeds, these necks, and ultimately the location of
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failure, were within the HAZ. This is consistent with the relatively low hardness
values versus the other microstructural zones observed (see Figure 5.4). It can
also be seen that the strain was very low within the fusion zone in all cases,
consistent with the high hardness values observed in this microstructural zone

(see Figure 5.4).
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Figure 5.17: Strain map and strain versus section length plot for a 4kw (D) 0.8
weld.

Strain maps immediately before fracture as well as a plot of section length
versus strain for the 4 kW (F) 2 weld are shown in Figure 5.18. A similar
phenomenon as with the diode welds was observed for the 4 kW (D) 0.8 weld,
where two necks form (red and green regions) and grew with ultimately one neck
(red region) being the location of fracture. In this case, the necks and fracture
location occurred within the BM just adjacent to the HAZ. This behaviour was
also observed for the 4 kW (F) 4 and 6 kW (F) 2 welds (see APPENDIX C).
The fracture localization within the BM was likely due to a less significant
mechanical property contrast across the BM and the HAZ (see Table 5.3).
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Figure 5.18: Strain }hwé-p;'and strain versus section length plot for a 4kW (F) 2
weld.

Strain maps immediately before fracture as well as a plot of section length
versus strain for the 6 kW (F) 4 weld are shown in Figure 5.19. In this case, a
single neck was formed and the location of fracture was well within the BM, not
the HAZ. This is likely because the width of the softened HAZ region was very
small as compared to the other microstructural zones and the contrast in
mechanical properties was not as severe as with the other welds (see Table 5.3).
The reduced area and less significant difference between the BM and HAZ

properties did not constrain the HAZ as severely from the BM side which

ultimately resulted in fracture of the BM.
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Figure 5.19: Straln map and strain versus section length plot for a 6kW (F) 4
weld.
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5.3.3 Specialized Geometries - Diode Welds

For each of the specialized geometries, five tensile samples were tested; in
each case a representative effective stress — effective strain curve is shown. The
effective stress — effective strain curves for a 4 kW (D) 0.8 weld for all testing
geometries are presented in Figure 5.20. It can be seen that the yield strength
and UTS for both the heat-affected and fusion zones were depressed compared to
the base material values (see Figure 5.15 and Figure 5.16). The HAZ exhibited
lower UTS and vyield strength as compared to the FZ; however, the uniform

elongation was significantly larger for the HAZ as compared to the FZ.
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Figure 5.20: Effective stress - effective strain curves for a 4kw (D) 0.8 weld.

The effective stress — effective strain curves for a 4 kW (D) 1.0 weld for all
testing geometries are presented in Figure 5.21. It can be seen that the yield
strength and UTS for the HAZ were depressed as compared to the base material
values (see Figure 5.15 and Figure 5.16). The UTS of the FZ was also observed
to be lower than the base material value. The FZ yield strength, however, was
elevated as compared to the base material. There was also very good correlation
between the curves produced from the miniature tensile samples and the plane
strain samples in the case of both the fusion and heat-affected zones.

The effective stress — effective strain curves for a 4 kw (D) 1.2 weld for all
testing geometries are presented in Figure 5.22. It can be seen that the UTS for
the HAZ was depressed compared to the base material values (see Figure 5.15

and Figure 5.16). The yield strength of the heat-affected zone as well as the UTS
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of the fusion zone were, in this case, comparable to that of the base material. It
can also be seen that for the fusion zone, the yield strength was further elevated

versus the base material.
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Figure 5.21: Effective stress - effective strain curves for a 4kw (D) 1.0 weld.

The changes in the mechanical properties for each of the weld zones with
changing welding speeds is summarized in Figure 5.23 and Figure 5.24 for the
fusion zones and heat-affected zones, respectively, with reference data for the base
material included. It can be seen that for the FZ, the general trend with
increasing welding speed (decreasing heat input) was towards recovery of the
UTS relative to that of the base material, while the yield strength continued to
increase as compared to the base material. This trend is consistent with the
hardness measurements of each of the welds. From Figure 5.4 and Table 5.2 it

can be seen that with increasing welding speed (or decreasing heat input) the
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fusion zone hardness increased. Figure 5.11, shows that this trend is also
consistent with the observed FZ microstructures, where with increasing welding
speed (decreasing heat input) the volume fraction of martensite tended to
increase. From Figure 5.23, it can also be seen that there was no significant
difference between the yield strength or the UTS of the fusion zone at higher
welding speeds (lower heat input) which is not consistent with the hardness data
in Table 5.2, where there was a significant difference in average hardness across
the fusion zones of those two welding conditions. It is also observed in Figure
5.23 that the UTS of the fusion zone was completely recovered to the base

material value at the highest welding speeds (lowest heat input).
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Figure 5.22: Effective stress - effective strain curves for a 4kwW (D) 1.2 weld.
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For the heat-affected zones, it can be seen that the yield strength tended
to recover towards the base material value with increasing welding speed
(decreasing heat input) and while the UTS also increased with increasing welding
speed, it did not recover to the base material properties in the tested welding
conditions. There was also no significant difference observed in Figure 5.24
between the yield strength and the UTS of the HAZ for the lowest two welding
speeds (higher heat input). This is consistent with the hardness data reported in
Table 5.2, where there was no significant difference in the minimum hardness
values for these two welding conditions. It is also observed in Figure 5.24 that
the yield strength of the HAZ was completely recovered to the base material

value for the highest welding speed (lowest heat input).

850 ~
800 mmmmmmmmmmmem—m—————- ;
750 a ' + ‘
700 » [ Yield Strength

= UTS

e - --BMYS
600 - ; -—‘BMUTS

550 - ‘ i

500 -

Effective Stress (MPa)
-

450

400

350 " T v T T T
Welding Speed (m/s)

Figure 5.23: Comparison of mechanical properties for the diode weld fusion zones
versus the base material (BM).
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Figure 5.24: Comparison of mechanical properties for the diode weld heat-affected
zones versus the BM.

5.3.4 Specialized Geometries - Fibre Welds

The effective stress — effective strain curves for a 4 kW (F) 2 and a 4 kW
(F) 4 weld are presented in Figure 5.25. It can be seen that for both welds that
the FZ had a higher UTS and yield strength than the HAZ (see Table 5.4 for
values.) It is also seen that both the UTS and yield strength for both welds and
both microstructural zones were elevated as compared to the base material values
(see Figure 5.15 and Figure 5.16.) This was expected for the FZ where both the
hardness values (see Table 5.3) and the microstructure (see Figure 5.14) suggest
that it was stronger than the base material. The HAZ, however demonstrated a
lower hardness value (see Table 5.3) and a tempered martensite microstructure

(see Figure 5.13) which would suggest depressed strength compared to the base
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material. It can also be seen in Figure 5.25 that the faster welding speed (lower

heat input) weld at the same laser power resulted in a high UTS and yield

strength.
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Figure 5.25: Effective stress — effective strain curves for a 4 kW (F) 2 and a 4 kW
(F) 4 weld.

Table 5.4: Summary of fibre weld mechanical properties.

4AKW([F)2 4kWF)4 6kKW(F)2 6KkW(F) 4

£z UTS (MPa) 1139 + 119 1247 = 130 1248 + 33 1222 + 21

YS (MPa) 995 + 57 995 + 59 963 + 38 930 + 86
HAZ UTS (MPa) 949 +53 925 + 40 1077 = 8.6 976 +97
YS (MPa) 678 + 49 731 + 20 763 * 46 669 +94

The effective stress — effective strain curves for a 6 kW (F) 2 and 6 kW
(F) 4 weld are presented in Figure 5.26. A similar trend to the 4 kW (F) welds

was observed in this case with the FZ exhibiting higher UTS and yield strength
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than the HAZ in both cases (see Table 5.4 for values.) As well, the HAZ
exhibited higher strength than would be predicted from the hardness values (see
Table 5.3) and microstructure (see Figure 5.13.) The 6 kW (F) welds showed that
with higher welding speed (lower heat input) the UTS and yield strength of both

microstructural zones decreased.
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Figure 5.26: Effective stress - effective strain curves for a 6 KW (F) 2 and a 6 kW
(F) 4 weld.

5.4 Results Summary

This study examined the microstructure, microhardness and mechanical
properties of a variety of fibre (low heat input) and diode (high heat input) laser
welds. The fibre (lower heat input) welds exhibited higher FZ hardness and pure

martensitic FZ microstructure while the diode (lower heat input) welds showed
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FZ microstructures consisting of both martensite and bainitic ferrite with lower
hardness values being reported as compared to the fibre welds. This is consistent
with the weld bead (FZ) size and the width of the HAZ which were narrower in
the case of the fibre welds as compared to the diode welds due to smaller beam
geometry and lower heat input. Mechanical testing showed that the fusion zones
of the diode welds (high heat input) had lower UTS and yield strength than base
material values, while the fibre weld fusion zones exhibited UTS and Yyield
strengths which were significantly elevated when compared to the base material.
The HAZ of all experimental welds presented a tempered martensite
microstructure and a drop in hardness relative to the base material. The
minimum hardness observed was dependent on the welding speed as well as the
laser power, this will be further discussed in the next chapter. Mechanical testing
of the HAZ showed a depression in yield strength and UTS for the diode (high
heat input) welds while these properties were significantly increased in the fibre
weld (low heat input) cases. Finally, across weld tensile testing showed that all
diode welded samples failed within the HAZ while all fibre welded samples failed
within the base material. All of the above results and trends will be discussed in

the following chapter.
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CHAPTER 6 Discussion

6.1 Heat Input Normalization

In order to properly compare all welds regardless of the type of laser, laser
power or welding speed it is necessary to normalize the welds based on heat
input. The normalization technique used was developed by Xia et al. [13] and is
discussed in detail in Chapters 2.2.1 and 4.3.2. The heat input and time constants
were calculated using Equations (4.1) and (4.2), respectively, and the results are
shown in Table 6.1 (see APPENDIX D for detailed calculations). It is seen that
the highest heat input weld was the 4 kW (D) weld and with increasing welding

speeds for a given laser power and type the heat input decreased.

Table 6.1: Heat input and time constants for all welding conditions.

Speed (M/min) 0.8 1.0 1.2 2 4 2 4
Laser Power 4 kW 4KkW 4KkW 4kwWw 4kW 6kW 6 kW
Laser Type D D D F F F F

Heat Input (J/mm*) 848 622 594  36.8 12.4 15.0 11.0
Time Constant (s) 2.77 1.50 1.36 0.52 0.06 0.09 0.05

HAZ softening, defined as the difference in hardness between the BM and
the minimum HAZ hardness value, is plotted versus heat input for all
experimental welds in Figure 6.1. It is seen that all samples, regardless of laser
type or power, fell onto a single line with an R? value of 0.92, indicating a good

linear correlation between heat input and softening of the HAZ. It was difficult
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to compare the data plotted in this manner to the published literature as most
authors plot HAZ softening or hardness versus the time constant. As such,
Figure 6.2 shows the minimum HAZ hardness and Figure 6.3 the HAZ softening
plotted against the time constant for data from the present study as well as data
from Biro et al. [5] for a similar DP780 steel. The behaviour can be described as
a sigmoidal decay with respect to the time constant and if higher time constant
samples were examined the true value of the lower plateau would be evident in
both cases. These curves are consistent with what has been reported in the
literature for similar steels [4], [13], [38]. While the hardness values reported by
Biro et al [4] were consistently higher than those reported in the present study for
the same time constant, the trends observed are consistent across both data sets.
The difference in reported hardness values can be attributed to different hardness
testing machines used. As the diamond indenter ages, the size of the indent in
the same material will become smaller due to wear of the indenter resulting in the
reporting of a higher hardness value. This upward bias in hardness is consistent

with the values reported in Figure 6.2.
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Figure 6.1: Delta hardness (difference in hardness from the BM to the minimum
HAZ value) versus heat input.
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Figure 6.2: HAZ minimum hardness versus time constant for present study and
data from Biro et al. [4].
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Figure 6.3: HAZ softening versus time constant for present study and data from
Biro et al. [4].

6.2 Cooling Rates and the Fusion Zone

After normalizing the welding parameters using heat input in section 6.1,
the yield strength and UTS of the FZ were plotted against heat input. These
values for the diode welds are plotted in Figure 6.4. It is seen that the UTS was
depressed compared to the BM value while the yield strength was higher than
BM values in all cases.

The UTS and yield strength values for the fibre welds are plotted versus
heat input in Figure 6.5. It can be seen that both the UTS and the yield strength
are higher than the base material values for all experimental fibre welding
conditions. It is also seen that there was no significant effect of heat input on the

the yield strength and the UTS for all heat inputs tested.
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Figure 6.4: Stress versus heat input for the diode weld fusion zones.
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Figure 6.5: Stress versus heat input for fibre weld fusion zones.
To compare the FZ of all experimental welds, the UTS and yield strengths

were plotted versus heat input as shown in Figure 6.6. It is seen that in both
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cases, the stress behaviour showed a sigmoidal decay with respect to heat input
with good fit in both cases (adjusted R*=0.99 for both data sets). This sharp
change in mechanical properties above a certain heat input can be explained by
the formation (or lack thereof) of bainitic ferrite within the FZ. With increasing
heat input there was a decrease in the cooling rate within the fusion zone. There
would also be a larger gradient of cooling rates as the fusion zone was physically
wider in the higher heat input welds. The kinetics of bainite formation were
discussed in detail in section 2.4. With the increased cooling rates it was possible
to miss the bainite nose on a CCT curve (see Figure 5.12), resulting in a purely
martensitic microstructure as was observed in the fusion zone of all fibre welds
(see Figure 5.14) which have lower heat input. The higher heat input diode welds
demonstrated microstructures of mixed bainitic ferrite and martensite (see Figure
5.11) and from the microhardness profiles (see Figure 5.4) there was a variation
in hardness across the fusion zone. This is consistent with the higher heat input
welds having lower cooling rates within the fusion zone, resulting in a mixture of
bainite and martensite, with the lowest cooling rate being along the centreline
and the rates increasing towards the outer edges of the fusion zone, allowing a
larger fraction of bainite to form near the centreline resulting in lower hardness
values. The observed microstructures were however not consistent with the CCT
curves for this steel (see Figure 5.12). This is also observed in the UTS and yield
strength of the fusion zones, where the low heat input welds exhibited values

which were elevated compared to the base material and past a critical heat input,
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the UTS and yield strength dropped to values near or just below the BM

mechanical properties (see Figure 6.6).
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Figure 6.6: Stress versus heat input for all experimental weld fusion zones.

6.3 Thermal Activation of HAZ Martensite Tempering

The diode weld UTS and vyield strengths were plotted versus heat input
and are shown in Figure 6.7. It can be seen that the UTS was significantly
depressed compared to the BM values. The yield strength, however was slightly
depressed and, with error and especially in the lowest heat input case, the values
are comparable to those of the BM.

The yield strength and UTS for all fibre welds are plotted against heat
input in Figure 6.8. It can be seen that for all fibre welds, the heat-affected zone
mechanical properties were higher than the base material values. While there

was greater variation in the properties with heat input than was seen with the FZ
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(see Figure 6.5), there is was significant difference observed in the mechanical

properties of the fibre welds as a function of heat input.
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Figure 6.7: Stress versus heat input for the diode weld heat-affected zones.
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Figure 6.8: Stress versus heat input for fibre weld heat-affected zones.
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To compare the mechanical properties of all experimental weld heat-
affected zones, the UTS and yield strength for all welding cases were plotted with
respect to heat input in Figure 6.9. It is seen that the behaviour of both
mechanical properties is sigmoidal as a function of heat input, with good fit
(adjusted R>=0.91 and 0.98 for UTS and YS respectively). This behaviour can be
attributed to the tempering of martensite within the HAZ of the weld which is
the origin of the property changes within this zone. Martensite tempering was
discussed in detail in section 2.3.2 and is a thermally activated process which has
been shown in the literature to exhibit sigmoidal behaviour with tempering time
(time constant or heat input in this case), whereby a certain amount of energy is
required before the various stages of tempering can occur [1, 3, 4]. Waterschoot
et al. [21] performed isothermal tempering of a DP steel and found a sigmoidal
relationship between fraction of material transformed and tempering time which
was fit to the IMAK equation. Similar results were seen in welded samples in the
study of Biro et al. [4] where a phi parameter representing the fraction of
martensite transformed was found to be related to tempering time (time
constant) through the JMAK equation. Finally, Xia et al. [13] also observed
sigmoidal behaviour between both the minimum hardness and HAZ softening and
the time constant.

As the depression of mechanical properties is associated with the
tempering of the martensite phase, this can explain the sigmoidal behaviour of

the yield strength and UTS of the HAZ with respect to heat input. Higher
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strengths were observed for the lower heat input welds as the martensite in the
dual phase microstructure had not been fully tempered and the ferrite grain size
has been (possibly) refined leading to higher strength than were seen in the BM.
Once a critical heat input was reached, the martensite is able to fully temper in
the HAZ resulting in a significant drop in both the UTS and yield strength. This
is consistent with the behaviour seen in Figure 6.2, where the minimum hardness
of the HAZ decreases with increasing time constant (heat input). While there
was no significant differences observed in the optical micrographs of all
experimental weld HAZ, this is due to the length scales available with optical
microscopy and there was likely varying degrees of martensite tempering within
the experimental weld heat-affected zones.
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Figure 6.9: Stress versus heat input for all experimental weld heat-affected zones.

84



M.A.Sc. Thesis - H. Smith; McMaster University - Materials Science & Engineering

6.4 Weld Failure Localization

The across weld tensile testing results presented in section 5.3.2 showed
that the fracture localization, when pulling the entire weld perpendicular to the
tensile direction, was dependant on the welding conditions (see Figure 5.17 —
Figure 5.19). To visualize the dependence of failure location on heat input, the
best fit curve of the yield strength for all weld heat-affected zones is plotted
versus heat input in Figure 6.10 and the failure locations noted. It can be seen
that the 6 kW (F) 4 weld with a heat input of 10.6 J/mm? showed failure within
the base material. Welds 4 kW (F) 4, 6 kW (F) 2 and 4 kW (F) 2 (heat inputs
of 13.9, 15.8 and 36.3 J/mm? respectively) showed failure within the base
material, near the border with the HAZ. Finally, the three diode welds, 4 kW
(D) 0.8, 1.0 and 1.2 (heat inputs of 60.0, 61.8, and 85.7 J/mm? respectively) all
failed in the HAZ. In all cases, the yield strength of the microstructural zone
where failure occurred was lower than all other microstructural zones. While only
the HAZ mechanical properties are shown, by comparing Figure 6.6 and Figure
6.9, it can be seen that for all welding conditions, the FZ yield strength was
higher than that of the HAZ, thus the failure location would always be in either
the BM or the HAZ and not the FZ. Based on this, one would expect that if the
HAZ vyield strength was higher than that of the BM failure would occur in the
BM. From Figure 6.10, this would imply welds with heat inputs below

approximately 45 J/mm? would fail in the base material, as was generally
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observed. However, further testing would be required to find the exact transition
heat input from HAZ to BM failure. In the case of the present study, welds with

heat inputs below 36.3 J/mm? failed in the BM rather than the HAZ.
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Figure 6.10: Yield strength versus heat input for all HAZ showing the failure
location of across weld samples.

6.5 Summary

The heat input and time constant of all experimental welds were
calculated using the methods described by Xia et al. [13] and discussed in
CHAPTER 2 of this thesis. The HAZ hardness and the softening of the HAZ
were plotted against both time constant and heat input and compared with the
literature, with the general result that similar trends were observed in the current

data as had been seen in the literature.
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The mechanical properties (UTS and YS) of the FZ were plotted against
the calculated heat input and a sigmoidal decay was observed with respect to
heat input in both cases. This behaviour is attributed to the formation of
untempered martensite within the low heat input weld fusion zones while both
bainite and martensite were formed in the higher heat input weld fusion zones.

The mechanical properties (UTS and YS) of the HAZ showed a similar
sigmoidal decay as the FZ properties with respect to heat input. This behaviour
can be ascribed to the tempering of the martensite phase in the higher heat input
welds resulting in lower mechanical properties. Conversely, the martensite in the
lower heat input welds was not fully tempered which resulted in the higher
mechanical properties observed in these cases versus the higher heat input welds.

Finally, the across weld testing of all experimental welds revealed that
welds with a heat input below 36.3 J/mm? failed within the BM while welds with
a heat input above 60.0 J/mm? failed within the HAZ when the tensile direction
was perpendicular to the welding direction. Moreover, when the YS behaviour of
the HAZ was plotted relative to the base material YS data, welds with the HAZ
yield strength values below the BM values failed within the HAZ while, welds
with HAZ yield strength values above the BM values fail within the BM. All of

the above trends will be summarized in the following chapter.
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CHAPTER 7 Conclusions and Future Work

7.1 Conclusions

A DP780 steel sheet laser welded using either a fibre or diode laser was
examined in the present study. The microstructure, microhardness, macroscopic
weld tensile performance, and individual weld zone mechanical properties were
studied. From the present work the following conclusions were made:

1. Correlation between ASTM standard subsize samples and the specialized
testing geometries of this study are very good and both returned
comparable values for the UTS and YS in both base material and diode
weld samples.

2. Welds with heat inputs greater than 60.0 J/mm? displayed vyield strengths
and UTS in both the fusion and heat-affected zones which were
significantly depressed compared to the base material properties.

3. Welds with heat inputs of less than 36.3 J/mm? exhibited UTS and vyield
strengths for both the fusion and heat-affected zones which were
significantly elevated compared to base material properties.

4. The vyield strength and UTS of the weld fusion zones exhibited a
sigmoidal decay behaviour with increasing heat input due to the presence

of bainite observed with lower cooling rates in the fusion zone.
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5. The UTS and yield strength of the weld heat affected zones exhibited a
sigmoidal decay behaviour with increasing weld heat input due to the
thermal activation of martensite tempering.

6. For welds made with a heat input greater than 60.0 J/mm?, tensile failure
occurred in the heat-affected zone.

7. For welds made with a heat input less than 36.3 J/mm?, tensile failure

occurred in the base material.

7.2 Future Work

Further work is required to fully understand the effects of laser welding on
the mechanical properties of the individual microstructural zones of DP steels.
Specifically as extensions of the present study, the following are suggested:

1. Perform a TEM study of one high and one low heat input weld to verify

that the degree of tempering in each sample is what is expected.

2. Welds with heat inputs in the range of 35 J/mm? to 60 J/mm? should be
made and tested to better understand the behaviour of the sigmoidal
decay curves in this region.

3. Welds made in the same material but using different types of lasers
should be made at overlapping heat inputs, to ensure that the sigmoidal
decay behaviour of the mechanical properties observed is independent of

laser type.
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APPENDIX A Plane Strain Criteria

As mentioned in Chapter 4.4.1, according to Wagoner and Chenot [64], a
sample can be consider to be in plane strain if |&,/&| is less than 0.2. |¢,/¢,| was

calculated at each time step for a given test and then an average over the entire

test was calculated. It can be seen by the values in Table A.1, that all welding
conditions both HAZ and FZ show |, /&, values which are below the prescribed

0.2 indicating that all samples were in plane strain.

Table A.1: Plane strain criteria for mechanical testing samples.

Sample ID  Average |¢,/¢| for HAZ  Average |¢,/¢| for FZ

4 KW (D) 0.8 0.18 0.09
4 KW (D) 0.8 0.17 0.13
4 KW (D) 0.8 0.14 0.10
4 KW (F) 2 0.14 0.15
4 KW (F) 4 0.08 0.08
6 KW (F) 2 0.08 0.15
6 KW (F) 4 0.11 0.08
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APPENDIX B Microstructure

Figure B.1: 4 kW, 1.0 m/min diode weld HAZ microstructure

Figure B.2: 4 kW, 1.2 m/min diode weld HAZ microstructure.

98



M.A.Sc. Thesis - H. Smith; McMaster University - Materials Science & Engineering

APPENDIX C Strain Maps

Q.200

Q cag

D.L50

0.130

0.110

0.090

0.070

Epsilon Y [log]

7 Stage 255

0.29%4
0.270

0,240
0210
0.180
0,150
0.120
0.09%
0.060
0.030

0.001

80 100 120 KO0

Section length [mm)

map and strain versus section length plot for 1.0 m/min diode

Epsilon ¥ [log)

0.042 Siage 278

weld.

0222
0200+
0.180-
0.160
0.140
01204
0.100
0.080
0,060
0.040
0020 ==

0.000
0.00

150

300 450 600 750 900 105 1RO00 1350 154

Secson length [mm)

Figure C.2: Strain map and strain versus section length plot for a 4kw (F) 4

weld.
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Figure C.3: Strain map and strain versus section length plot for 1.2 m/min diode

weld.
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APPENDIX D Heat Input Calculations

Table D.1: Materials properties used in Equation (1) and(2).
Material Property  Value

o (kg/m3) 7860
¢ (3/kg/K) 680
Taa (K) 9868
T, (K) 293
T (K) 1789.2
) (W/m/K) 30

Weld Centreline AC, Line

ﬂ
Figure D.1: Weld cross-section, showing the weld centreline, fusion zone boundary
and AC1 isotherm.

Qnet _ pc(rA01 —In )(272'6)%

= 1
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The values in Table D.1 were used in equations (1) and (2) along with the
measured radii of isotherm positions from the weld cross-sections. These isotherm
radii were measured four times and an average value was used in the heat input
calculations (see Table D.2). The final calculated heat input and time constant
values are given in Table 6.1.

Table D.2: Average HAZ and FZ radii measured from weld cross-sections.

Sample ID Average r,, (mm) Average r,, (mm)
4 kW (D) 0.8 1.8 4.8
4 kKW (D) 0.8 1.5 3.7
4 kW (D) 0.8 1.1 3.2
4 kW (F) 2 0.8 1.3
4 kW (F) 4 0.5 0.8
6 kW (F) 2 0.9 2.2
6 kW (F) 4 0.7 1.2
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