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ABSTRACT

Third-generation advanced high strength steels (AHSS) are a new class of steels that offer superior functional

properties and signi�cant weight savings in the body-in-white (BIW) structure of a car. Weight savings di-

rectly translate to reduced CO 2 emissions from cars which aids automotive manufactures to meet the vehicle

emission guidelines put forth by regulatory bodies around the world. Further increase in weight savings and

productivity can be realised when BIW components are fabricated using laser beam welding (LBW). However,

the phenomenon of solidi�cation cracking of AHSS during LBW poses challenges to not only its application in

the automotive industry, but also in the production lines of steel manufacturers. From the body of literature

pertaining to solidi�cation cracking two fundamental conditions can be identi�ed that result in solidi�cation

cracking in alloys. First is the development of thermo-mechanical stresses/strains during liquid melt solidi-

�cation and second, is the formation of a crack susceptible microstructure. In addition to this, the welding

conditions can in�uence the susceptibility of alloys to solidi�cation cracking. The objective of the present

study is to understand the in�uence of variable processing conditions during LBW on solidi�cation crack-

ing tendency of AHSS and how to control these conditions to minimise it. In particular, an attempt is made

to understand the effect of keyhole con�guration, welding speed and laser beam spot size on solidi�cation

cracking. Furthermore, �nite element analysis is used to predict the size and shape of the weld pool during

LBW, and to determine the net process ef�ciency which in turn is compared with the calculated process ef�-

ciency from the existing analytical model.

Bead-on-plate LBW following the testing procedure of the VDEh (German Steel Institute) standard hot crack-

ing test was performed on three third-generation AHSS at two LBW facilities with different beam quality. Due

to this, the keyhole during the tests at the two facilities was identi�ed to exist in the closed keyhole con�g-

uration and more towards the open keyhole con�guration. The susceptibility to solidi�cation cracking was

found to increase when the keyhole prevailed in the closed keyhole con�guration during LBW. The keyhole

con�guration was varied by altering the process parameters (welding speed and spot size of the laser beam)

in comparison to the parameters corresponding to the closed keyhole con�guration. Reducing the welding

speed, while keeping the laser power and spot size constant, resulted in the open keyhole con�guration and

subsequent reduction in the solidi�cation cracking tendency but, until a limit. Similarly, reducing the spot

size, while keeping the welding speed and laser power constant, also reduced the solidi�cation cracking ten-

dency as the open keyhole con�guration was enforced. The macroscopic area of the fusion zone (weld size)

was found to corroborate with the solidi�cation cracking tendency of the alloys. Consequently, the spot size

of the laser beam was varied to determine the critical spot size which resulted in a critical weld size at which

solidi�cation cracking did not occur. Corresponding to this, the critical process ef�ciency was determined

which is representative of the critical heat input above which solidi�cation cracking occurs. However, the

magnitude of the critical spot size, weld size and process ef�ciency is dependent on the solidi�cation crack-

ing susceptibility of the alloy in question.
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1
I NTRODUCTION

1.1 I NTRODUCTION

The steel industry has experienced tremendous growth over the last few decades [1]. Higher production rates,

improved material properties and performance are direct results of this growth. Naturally, the automotive

sector is at the forefront of utilising and promoting the growth to their bene�t. The automotive industry ac-

counts for almost 12% of the total world steel consumption and Fig. 1.1 shows the use of steel among other

materials in the body-in-white (BIW) structure of a car [2]. Modern materials and advanced fabrication tech-

niques has made it possible to increase the added product value in cars through incorporating features such

as aesthetics, occupant safety, durability and dynamics. A deeper understanding of materials science has al-

lowed for generation of complex microstructures resulting in thinner gauge steels with superior performance

in terms of strength, ductility and toughness. Therefore, the demands and needs of automotive industry are

a priority for steel manufacturers around the world.

At the core of automotive engineering lies a challenging task of maximising fuel ef�ciency. Automobiles with

internal-combustion engines employ fuels derived from a �nite supply of fossils, which release CO 2 as a

by-product during the combustion stage. The adverse effects of CO 2 on the surrounding environment are

witnessed through increasing ambient temperatures triggered by globally rising CO 2 levels, as shown in Fig.

1.2. Therefore, improving vehicle fuel ef�ciency is not only important from an engineering viewpoint but

also from a socio-environmental standpoint. With the aim to tackle increasing CO 2 levels, regulatory bodies

around the world have laid down strict directives to control carbon emissions from vehicles. The european

union regulation on CO 2 emission sets the target to 95 g CO 2/km for 2021, to be phased in from 2020 [5].

A direct approach to tackle increasing emissions is to reduce vehicle weight; a 5.5% improvement in fuel

economy can be achieved by a 10% reduction in weight [2]. To counter increasing vehicle emissions and

considering the �nite supply of fossil fuels, 35 steel producers from 18 different countries jointly conducted

the Ultra-Light Steel Auto Body (ULSAB) project. The study concluded with a body structure weighing 25

% less compared to the existing benchmarked structure [4]. One of the key materials in the ULSAB project

were Advanced High Strength Automotive Steels (AHSS) and from there on this new class of steels have been

extensively incorporated in automobiles owing to their superior strength and formability [5]. In addition to

1



2 1. INTRODUCTION

Figure 1.1: Materials used in Audi A4 body-in-white components [3]

the superior mechanical properties, weldability of the newly developed AHSS is also important. The ULSAB

project had over 18 m of laser welded seams [6]. Furthermore, modern day BIW parts comprise of laser-

welded blanks (LWBs) to maximise cost savings, weight reduction and part integration [7]. However, the

weldability of certain AHSS is of concern as they are rendered susceptible to solidi�cation cracking, owing to

thermo-mechanical and metallurgical interactions during welding.

Solidi�cation cracking is often reported by steel manufacturers (entry and exit coil joining in rolling mills)

and automotive industry (fabrication of sheet metal components for body structure) using laser welding.

Therefore, to minimise production downtimes and produce weldable steels it is important to develop a fun-

damental understanding of solidi�cation cracking.

Figure 1.2: Atmospheric CO 2 levels corrected for seasonal variations [8].
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1.2 RESEARCH GOALS

The application of certain AHSS to automobiles can sometimes be limited due to their low weldability. As

mentioned earlier, solidi�cation cracking is encountered during welding of AHSS if the right conditions for

cracking persist. Based on literature, two fundamental conditions can be identi�ed which are necessary for

solidi�cation cracking to occur. First, is the development of transient stresses/strains due to mechanical and

thermal contraction/expansion of a material on welding, which can further be in�uenced by the externally

imposed restraint through the use of �xtures/clamps. Second, is the formation of a crack susceptible mi-

crostructure. The above two conditions are generally referred to as the thermo-mechanical and metallurgical

factors, respectively. In addition to these factors, during full penetration laser welding of steel sheets pro-

cess related conditions (laser spot size, heat input and keyhole con�guration) can in�uence the solidi�cation

cracking tendency of materials.

In the present study, three AHSS are analysed using experimental and numerical tools. Of the three AHSS,

two are dual-phase steels (DP steel) and one is a transformation-induced plasticity steel (TRIP steel). The

materials are ranked for their solidi�cation cracking tendency using the VDEh (German Steel Institute) stan-

dard hot cracking test for thin steel sheets during laser welding. Tests are conducted for various processing

conditions (welding speed, spot size and multiple laser beam welding facilities) to understand its in�uence

on cracking. An attempt is made to identify the factors that promote cracking. Microstructural features were

analysed to gain insight on the identi�ed factors. To further build upon the understanding of process related

factors a �nite element heat transfer model was utilised to calculate the net process ef�ciency of bead-on-

plate laser welding. The possibility to avoid cracking or improve the weldability of steels by adjusting the

process parameters was also explored.

The main objectives of this study are:

“Understanding the in�uence of processing conditions on solidi�cation cracking ”

-Laser beam spot size

-Laser beam characteristics

-Welding speed

-Laser beam de-focusing manner

“Developing a set of safe process parameters to improve the weldability of AHSS”

1.3 OUTLINE OF THE REPORT

In Chapter 2, the requisite theoretical background of laser beam welding (LBW), AHSS, solidi�cation cracking

and weldability testing is provided. A description of the experimental setup, process parameters, character-

isation tools and modelling approach is given in Chapter 3. In Chapter 4, results of the VDEh standard hot

cracking tests for the three alloys used in this study and corresponding microstructural evaluation using char-

acterisation tools are described. In Chapter 5, the numerically and analytically calculated process ef�ciency

for bead-on-late laser welding is presented. In Chapter 6, the results obtained from the study are discussed.

Finally, in Chapter 7 the report is concluded with recommendations for future work.





2
THEORETICAL BACKGROUND

This chapter deals with the requisite theoretical background needed to gain a more comprehensive under-

standing of the contents of this study. An introduction to the laser welding process and the corresponding

microstructural features of a weld joint is provided followed by an overview of AHSS with a description of the

steels used in the present study. Finally, the phenomenon of solidi�cation cracking and the factors contribut-

ing to it are discussed.

2.1 LASER BEAM WELDING

Laser beam welding is a joining technique that utilises a laser to generate a highly collimated, coherent and

monochromatic light beam. Using an optical system, the resulting light beam can be focused to a tiny spot

(typically 0.2-0.6 mm in diameter) which is used to create a weld joint. Commonly used industrial lasers can

be classi�ed as solid-state or gas lasers. CO 2 laser is an example of a classic gas laser that generates a light

beam with an infrared wavelength of 10.6 &m. Whereas, Nd:YAG- disk and Yb:YAG- disk are examples of solid-

state lasers that operate at wavelengths of 1.030-1.064 &m [9][10]. The laser beam absorption by a material

depends on the wavelength of the beam which is derived from the active material in the laser. Therefore an

array of materials can be processed using LBW.

Due to multiple advantages of LBW, it is becoming increasingly popular in the automotive industry. In recent

years the advent of weldable AHSS, has made it possible to achieve signi�cant reductions in vehicle weight

thereby limiting CO 2 emissions. Thinner gauge sheet metal parts can be produced with superior mechani-

cal properties and increasing weight savings. Extensive use of laser beam welding for producing tailor welded

blanks, body-in-white applications and gear components is recognised by the automobile industry [11]. High

production rates due to higher welding speeds, large degree of process automation, low heat application to

the workpiece and small heat-affected zone are a few of the many merits offered by laser beam welding over

more conventional arc welding methods [9][12][13].

Furthermore, the process is gaining precedence over more commonly used resistance spot welding as a re-

cent study conducted by Klinger showed a weight saving of 12.2 kg in BIW by switching from a spot welded

5
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Figure 2.1: A schematic of the common operational modes of laser beam welding (a), conduction mode and (b), keyhole mode [12].

structure to a laser welded structure [13]. Therefore, laser beam welding is an interesting joining technique

for automotive manufacturers around the world.

2.1.1 L ASER BEAM WELDING OPERATION MODES

Laser beam welding can be performed in two fundamentally distinct modes, namely, conduction mode and

keyhole mode. Fig. 2.1 provides a schematic overview of the two modes. The two modes are brie�y described

below.

Conduction mode - In conduction mode, the power density is low- typically below 10 5 W¢cm -2 [9][12]. Only

part of the laser beam is absorbed at the surface and the rest re�ected (via direct Fresnel absorption/re�ec-

tion). The absorbed beam is utilised to melt the material, resulting in a weld. The welds formed in conduction

mode have a high width to depth ratio [14].

Keyhole mode - During keyhole mode laser welding the power density is in the order of 10 6 W¢cm -2 or even

larger [13]. The larger power density not only melts the material, but also vaporises it and results in the for-

mation of a cavity, so-called keyhole. The metal vapour �lled cavity further refracts the laser beam passing

through it and causes multiple re�ections of the laser beam at the keyhole walls. Therefore, the energy ab-

sorption in the case of keyhole mode is larger which results in deep narrow welds with a high depth to width

ratio [14]. Welding in keyhole mode requires a certain minimum power level to be met (high power density

for keyhole formation). Factors such as welding speed, material composition, plate thickness, focal plane

position, beam pro�le and shielding conditions in�uence the minimum power level for the onset of keyhole

mode welding.

Other phenomena that occur during full penetration keyhole mode welding is the formation of either an open

keyhole (OK) or a closed keyhole (CK) con�guration [15][16]. Fig. 2.2 illustrates both phenomena schemat-

ically. During laser welding of thin steel sheets in keyhole mode an open keyhole (OK) con�guration exists

when the keyhole is open at both top and bottom surface of the workpiece. As shown in Fig. 2.2 a, the open-

ings act as escape routes (from re�ection/scattering within the keyhole) for the incident laser beam. Welding

in OK con�guration during keyhole mode is possible until a certain maximum power level while keeping the

welding speed and spot size constant. Any further increase in the power (maintaining other factors constant)
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(a) (b)

Figure 2.2: Keyhole con�gurations during LBW (a), OK con�guration and (b),CK con�guration [15].

enforces a cutting action rather than welding. Whereas, in a closed keyhole (CK) con�guration, the keyhole

is open only at the top surface of the workpiece. Therefore, the incident laser beam can only escape from the

top surface as the molten metal at the root closes the keyhole and acts as a barrier for the beam to escape from

the bottom as shown in Fig. 2.2 b. Welding in CK con�guration is only possible in a narrow range of process

parameters (laser power and welding speed). Also, CK con�guration is sensitive to �uctuations of the inci-

dent power and external mechanical vibrations that tend to shift the welding con�guration while welding in

CK con�guration to either OK con�guration or partial penetration welding. A simple way to identify whether

a weld is made in an OK or CK con�guration is by visual inspection of the welded workpiece. Opening of the

keyhole on the bottom surface of the workpiece allows for the vaporised metal from the keyhole to escape. As

the vapor is warmer than the surrounding air it rises and condenses on the bottom surface of workpiece. The

condensed gas leaves a dark residue on the bottom surface of the sheet when welded in OK con�guration,

which is not observed in welds made in CK con�guration.

Additionally, the extra opening in an OK con�guration translates to increased energy losses from the work-

piece, thereby dropping the ef�ciency of the process when compared to welding in a CK con�guration. There-

fore, the resulting size and shape of the weld can differ signi�cantly for the two welding con�gurations.

2.1.2 L ASER BEAM SPOT SIZE ADJUSTMENT

An industrial laser welding machine consists of high precision optics (collimator lens and an objective lens)

that can focus the laser beam to an extremely small diameter spot, for example, 0.2 mm. Fig.2.3 illustrates

one of the two ways in which the focused spot position can be adjusted to suit the needs of a user by adjusting

the distance between an assembly of a collimator and an objective lens.

In Fig. 2.3 b, the collimator lens generates a nearly perfect parallel laser beam which is incident on the objec-

tive lens resulting in the smallest possible spot size of the laser beam on the top surface of the workpiece. Or,

in other words, the focal plane of the objective lens coincides with the top surface of the workpiece. When the

collimator lens is moved downwards, positive direction in Fig. 2.3 b, the beam incident on the objective lens

becomes convergent. As a result, the objective lens generates a focused laser beam spot above the workpiece

surface as shown in Fig. 2.3 a. In the other case, by moving the collimator lens upwards, negative direction in

Fig. 2.3 b, causes a divergent beam to be incident on the objective lens which, generates a focused spot below

the workpiece as shown in Fig. 2.3 c. Another possibility exists for users with a laser assembly mounted on a

3-axis servo-controlled positioning system. Using the positioning system the entire optical assembly or the

laser head marked as 3 in Fig. 2.3 b can be moved in either direction. This results in the placement of the

focused spot at different positions with regards to the workpiece in a similar manner as described previously.
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Figure 2.3: A schematic demonstrating laser beam focusing in (a), above the workpiece surface (b), on the workpiece surface ( focus spot
of laser beam) and c) below the workpiece. Switching between the three possibilities by varying the distance between the collimator lens
(1) and the objective lens (2) or by moving the laser head (3).

The difference between the two lies in the movement of the collimator lens for the former and the vertical

movement of the entire laser head for the latter.

2.1.3 FEATURES OF THE WELDMENT

Weld zones- A weld can be characterised into three distinct regions: fusion zone (FZ), heat-affected zone

(HAZ) and the unaffected base metal (BM) [17]. The FZ experiences complete melting and solidi�cation,

whereas HAZ and BM are the parts of the weld where no melting occurs. Additionally, in alloys a partially

melted zone (PMZ) also exists between HAZ and FZ. The FZ experiences the highest temperature owing to

complete melting, followed by HAZ and BM, respectively. As heat is conducted away from the FZ and into the

material, a HAZ develops whose extent depends on the material composition and thermodynamics. Further

conduction of heat from HAZ into the material results in a temperature �eld which is not signi�cant to cause

any microstructural changes and forms the BM whose microstructure is identical to the material prior to

welding. The above mentioned weld zones are shown in a schematic manner in Fig. 2.4.

Weld pool shape - Factors pertaining to the process (laser power, welding speed, voltage and current (in arc

welding)) and material (physical properties, composition) determine the shape and size of the weld pool.

Generally, teardrop and elliptical shape of a weld pool are observed during welding as shown in Fig. 2.5 [19].

Materials with high thermal conductivity and welding at lower speed favour the formation of an elliptical

weld pool. In an elliptical weld pool, the direction of the maximum thermal gradient (G L in Fig. 2.5) changes

continuously over the trailing edge of the weld pool or the rear solid-liquid interface. Due to the continuously

changing direction, grains start to solidify from the fusion lines and bend towards the trailing edge of the

weld pool (in the direction of maximum thermal gradient) as shown in Fig. 2.5 a. When welding at higher

speeds, a teardrop shaped weld pool forms as shown in Fig. 2.5 b. In this case, the direction of the maximum
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Figure 2.4: Schematic of the zones that develop as a result of fusion welding [18].

(a) (b)

Figure 2.5: A schematic diagram showing commonly observed weld pool shapes during welding (a), elliptical pool and (b) teardrop pool
[20].

thermal gradient does not change and remains nearly perpendicular to the trailing edge of the weld pool.

Therefore, grains developing in a teardrop weld pool tend to grow straight from the fusion lines towards the

rear solid-liquid interface and impinging at the weld centre-line.

2.2 ADVANCED HIGH STRENGTH STEELS

Dual-Phase (DP steels), Transformation Induced Plasticity (TRIP steels), Complex Phase (CP steels) and Marten-

sitic (MART steels) steels form the pool of AHSS [21]. The standard naming practice for AHSS follows, XX

aaa/bbb notation, where, XX states the type of steel, aaa is minimum yield strength and bbb is minimum

tensile strength, both in MPa [21]. Typical yield strength and tensile strength for AHSS lie upwards of 300 and

550-600 MPa, respectively [21][22] . Superior properties of AHSS validate their use in automotive components

which are a result of complex multi-phase microstuctures obtained through carefully controlled metallurgy

[23]. The general classi�cation of AHSS is shown in Fig. 2.6. Three distinct classes can be identi�ed, namely-

1. First generation AHSS

2. Second generation AHSS

3. Third Generation AHSS.
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Figure 2.6: Schematic of different steel grades in an elongation vs. tensile strength map [24].

2.2.1 FIRST GENERATION AHSS

First generation AHSS comprises of DP, TRIP, MART and CP steels. TS-E1 product (tensile strength-per cent

elongation) for this category falls under 25,000 MPa % [25]. Microstructure comprises of a ferrite-based ma-

trix along with a second phase (martensite, retained austenite, bainite). Mechanical properties are derived

from the constituent phase distribution, volume fraction, composition and grain size [21][22]. This class of

steels provide higher strength than conventional steels. DP steels contain martensite (hard phase) within the

ferrite (soft phase) based matrix. The amount of martensite determines the strength of the �nal product.

Typical tensile strength range varies from 450-1200 MPa depending on the microstructure [26]. The volume

fraction of martensite can range from 5-50 %, with a possibility of 100% martensite as well [27]. In the latter

case, martensitic islands are lined with the soft ferrite phase [27]. Multiple advantages offered by DP steels

justi�es its use in automobiles. Higher strengths can be achieved by controlling the microstructure and with

bake hardening during the paint baking step. DP steels offer good weldability, provided carbon contents are

low [25]. DP steels also happen to be the most used steels in automotives from the pool of AHSS [26].

2.2.2 SECOND GENERATION AHSS

Twinning induced plasticity (TWIP), lightweight induced plasticity (L-IP) and shear band induced plasticity

(SIP) constitute second-generation AHSS [28]. This class of steel has a TS-E1 product over 50,000 MPa % and

is also referred to as Ultra AHSS [22][25]. As shown in Fig. 2.6, these steels are austenitic- gamma phase in

iron which is stable at high temperatures (above 720 °C). An ample amount of alloying elements (Ni, Mn, Co)

are used to stabilise austenite at room temperature in these steels and addition of such elements comes at an

expense. Thus, rendering the second generation of AHSS as relatively expensive but, with a superior strength

and ductility combination when compared to �rst-generation AHSS, as shown in Fig. 2.7. However, the ad-

ditional costs and processing dif�culties have pushed researchers to explore newer possibilities, resulting in

the third-generation of AHSS [25][28].
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Figure 2.7: tensile curve of 980TWIP compared to �rst generation AHSS [25].

2.2.3 THIRD GENERATION AHSS

To produce cost-effective steels with superior formability, third-generation or Extra AHSS are being tested

and developed for commercial use. The idea is to enhance the properties of �rst- generation AHSS and gener-

ate desired microstructure (ultra-�ne ferrite, retained austenite, carbide free bainite, martensite) by utilizing

Q&P technique, TRIP, TWIP effect and micro-alloying [28] [29] . The TS-E1 product for this class of materials

is intermediate to that of �rst and second-generation AHSS. Use of alternative processing techniques, grain

re�nement and multi-phase microstructure allows for developing third-generation AHSS with signi�cantly

better properties than �rst-generation AHSS while keeping them economically cost-effective by maintaining

lean compositions when compared to second-generation AHSS [28]. Three types of third-generation AHSSs

are used in the present study, two are DP steels and one is a TRIP steel, which are brie�y described below.

DP Steel- As explained in section 2.2.1, DP steels comprise of a soft ferrite matrix with a distribution of sec-

ondary phase martensitic islands. The processing technique employs heat treatment cycle to obtain the dual

phase microstructure as shown in 2.8. The �rst step of the heat treatment cycle involves heating the material

to reach a temperature within the intercritical region (between Ac 1 and Ac3 temperature) where a ferrite-

austenite structure prevails. During the annealing step austenite is enriched with carbon as a result of carbon

diffusion. Annealing is followed by quenching to a temperature below the martensite start where the material

is held isothermally for the transformation of austenite to martensite. Finally, cooling to room temperature

to obtain the dual-phase ferrite-martensite microstructure. Owing to their superior mechanical properties

(toughness and fatigue strength) and formability, cold rolled DP steels are vastly used for producing automo-

tive components. [30][31].

TRIP steel - TRIP steels have a high energy absorption capacity, good drawability and formability which makes
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Figure 2.8: A schematic of the heat treatment cycle for DP steel [17].

Figure 2.9: A schematic of the heat treatment cycle for TRIP steel [17].

them suitable for automobile applications. The TRIP effect was �rst observed by Schielin in 1930s and later in

1980s, Matsumura et al. were able to demonstrate the TRIP effect in low alloy steels comprising of 0.2–0.4 wt.

% C, 1–2 wt. % Mn, and 1–2 wt. % S [32]. Since then the TRIP phenomena has remained a topic of interest for

both researchers and industry. The subsequent understanding of the microstructural evolution of TRIP steels

using modern processing techniques has made it possible to produce alloys with lean compositions thereby

making the production and use �nancially feasible. The multi-phase microstructure is obtained through a

carefully controlled heat treatment cycle as shown in Fig. 2.9. The �rst step of the heat treatment cycle is

analogous to the one followed for DP steel. Thereafter, intercritical annealing is followed by fast cooling to an

intermediate temperature (above the M s temperature) which is maintained for bainite formation. This step

is known as isothermal bainitic formation. Formation of other phases like pearlite and cementite is inhib-

ited by addition of alloying elements like Al, P and S. The �nal microstructure comprises of ferrite, retained

austenite-through addition of austenite stabilisers like Mn and a fast cooling rate, bainite and a possibility of

some amount of martensite. The TRIP effect is primarily obtained from transformation of retained austenite

to martensite during loading.
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