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Abstract 

The objective of this thesis is two-fold: to study the relationship between microstructural 

parameters and the work hardening and back-stress that develops in dual-phase (DP) steels 

using an in-plane shear test, and to use tools such as micro-computed X-ray tomography and 

scanning electron micrography (SEM) to examine the potential effect of damage on back-stress 

at higher pre-strains. Five microstructural variants were prepared using various thermo-

mechanical processing methods and inter-critical (IC) annealing. These variants were then 

subjected to uniaxial tension until failure to measure work-hardening behaviour, and to 

forward-reverse in-plane shear tests to measure the back-stresses at varying shear pre-strains. 

The high-volume fraction of martensite in the DP steel microstructures meant that all 

variants exhibited continuous yielding in both uniaxial tension and in in-plane shear. 

Microstructures with uniform distributions of martensite particles exhibited the most uniform 

elongation, while higher strengths were observed when a mixture of large and small martensite 

particles was present.  Similarly, the highest back-stress was observed in microstructures with 

mixtures of large and small martensite particles. In all microstructures, back-stress initially 

increased with increasing shear pre-strain. At higher shear pre-strains the rate of increase 

decreased until a plateau was reached. Historically, this saturation can be attributed to void 

damage in the microstructure, the annihilation of GNDs around the hard martensite particles, 

and plastic deformation of the martensite.   

When examined with micro-CT imaging, no voids could be resolved in the deformed 

samples of the microstructures; hence, SEM imaging was conducted. While some voids were 

observed in all the microstructures, they were too few and too small to fully account for the 

saturation of the back-stress at high pre-strains. Furthermore, plastic deformation of 

martensite particles was not observed.  
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1 Introduction 

1.1 Motivation 

Automotive manufacturers are striving to meet the demand for vehicles that satisfy 

stricter safety and environmental regulatory standards demanded by consumers. Difficulties 

arise when the solutions to these problems conflict with each other. Reducing the weight of a 

vehicle is associated with improved fuel economy and reduced carbon footprint from 

manufacturing.  However, weight cannot simply be removed without impact on the safety 

performance of the vehicle.  

Many new light-weight, high-strength, materials have been proposed as solutions to 

these conflicting problems. Dual-phase (DP) steels are one of these materials and have recently 

become an integral material in many structural components of a vehicle [1], [2]. Continued use 

of steels in automobiles is desirable because the technology and equipment for fabricating 

components is already well implemented in the industry. Consisting of a hard martensite phase 

embedded in a soft ferrite matrix, DP steels offer high strength and excellent formability 

compared to older steel variants. This allows components to meet structural specifications 

while being constructed from thinner gauges of material.   

The desirable mechanical behaviour of DP steels has been shown to be a result of the 

interaction of the hard martensite and soft ferrite. The different hardness of the two phases 

causes plastic incompatibility that work hardens the material through the introduction of a 

long-range internal back-stress and geometrically necessary dislocations (GNDs) into the ferrite 
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matrix [3]. The impact of these phenomena is known to be a function of the martensite volume 

fraction, f, and the size, d, of the martensite particles. Studies completed by Seyedrezai [4]-[6] 

were some of the first to examine the effects of the size, morphology, and spatial distribution 

of the martensite on the work-hardening behaviour of DP steel, including measurements of 

back-stress using a custom designed in-plane shear fixture capable of preforming forward-

reverse tests.  

1.2 Research Objectives 

The present work builds upon the work completed by Seyedrezai [4]ς[6], utilizing the same pre-

treatments to create a similar set of DP steel microstructures, and the same in-plane shear 

strain apparatus to conduct forward-reverse shear tests. The research objectives of the present 

investigation are as follows: 

1. Study the impact of increased martensite content on the microstructure created using 

the five combinations of pre-treatments, cold-rolling, and IC annealing used by 

Seyedrezai [4]-[6], but with a target martensite volume fraction of 40% to eliminate any 

confounding effects from discontinuous yielding.  

2. Examine the relationship between the work-hardening behaviour and the martensite 

morphology and spatial distribution in the five microstructural variants.  

3. Measure the back-stress in DP steel microstructures having a martensite volume 

fraction of 40% using forward-reverse in-plane shear experiments and compare to 

measurements of similar DP steels with 15% martensite [4]. Furthermore, the back-
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stress of the five variants will be related to the differences in martensite morphology 

and spatial distribution.  

4. Use techniques such as micro-computed X-ray tomography and scanning electron 

micrography (SEM) to characterize the potential effect of void damage on the back-

stress behaviour.  
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2 Literature Review 

2.1 Processing of Dual-Phase (DP) Steels 

DP steels have similar tensile strength to traditional high-strength low-alloy (HSLA) steels 

while also exhibiting higher formability, higher initial work-hardening, and continuous yielding. 

These desirable properties are a result of the dual-phase microstructure consisting of non-

ferritic phase, usually martensite, distributed in a ferrite matrix. DP steels typically contain a 

low carbon content of about 0.1wt.% and other alloying elements such as molybdenum, 

manganese, chromium, and silicon.   

On the commercial scale, the final fabrication step for automotive DP steels involves 

passing the cold-rolled sheet through a continuous galvanizing/galvannealing line [7], [8]. The 

starting cold rolled material contains a mixture of ferrite and pearlite. Austenite nucleates and 

grows while the material is soaked at the inter-critical (IC) annealing temperature for 2-5 

minutes. It is then cooled at a controlled rate while passing through the remainder of the 

galvannealing process. The combination of carbon and manganese is important to control the 

hardenability of the steel [7]. In small-scale research applications, the DP microstructure can be 

produced simply by IC annealing the starting material and quenching in water. This method is 

preferable for researchers because no bainite is formed; therefore, the impact of the DP 

microstructure on the mechanical properties can be more easily examined.  
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2.1.1 Inter-Critical (IC) Annealing 

IC annealing followed by quenching is the key step in producing a DP steel 

microstructure. It involves heating the material to the two-phase austenite-ferrite region and 

holding for a short time to allow austenite to form. The transformation from ferrite to austenite 

is diffusion controlled, occurring through nucleation and growth, and is limited by the 

availability of nucleation sites and the local carbon content [9], [10].  

2.1.1.1 Nucleation of Austenite  

Austenite nucleates at locations with high surface or interfacial energies where the 

activation energy of the transformation, ЎὋᶻ, is reduced. Since austenite is carbon-rich, the 

nucleation sites must be near sources of carbon for further growth to occur. When IC annealing 

is completed within the temperature range of the two-phase austenite-ferrite region, the 

morphology and distribution of martensite particles in the final microstructure after quenching 

can be related to the initial microstructure of the material. Many studies have aimed to create 

the optimal final DP steel microstructure by using pre-treatments to modify the morphology 

and spatial distribution of the constituents in the initial microstructure before IC annealing [4]-

[6], [11]ς[13].  

In a starting microstructure with fully recrystallized ferrite grains, the boundaries 

between adjacent ferrite grains, between ferrite and cementite within pearlite colonies, and 

the grain boundaries of ferrite and martensite act as the high-energy interfaces. Austenite 

nucleates preferentially at cementite particles located along ferrite grain boundaries and at 

ferrite-cementite interfaces within pearlite, as these areas have the lowest transformation 
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activation energy, ЎὋᶻ [9], [10]. Cementite particles that are located within ferrite grains can 

remain intact through the IC annealing process because there is not enough interfacial energy 

to cause austenite nucleation [9], [10], [14]. However, austenite nucleation at cementite 

particles within ferrite grains has been observed in microstructures that have been deformed 

prior to IC annealing. Austenite nucleates at cementite particles located at sub-grain boundaries 

in unrecrystallized ferrite grains. These locations have sufficient stored interfacial energy to 

reduce the activation energy of austenite nucleation [9], [10], [15]. The resulting 

microstructures consist of a refined ferrite grain size and a more uniform distribution of 

martensite [16]ς[20]. A high heating rate is required to preserve the unrecrystallized ferrite 

grains in the microstructure during IC annealing [21]. The nucleation of austenite and the 

recrystallization of ferrite are competing processes. The nucleation of austenite causes partial 

relaxation of the high strain energies of deformed ferrite, reducing the driving force for 

recrystallization, while also pinning the ferrite grain boundaries [22]. Therefore, it is possible for 

unrecrystallized ferrite to remain in the final DP microstructure after quenching.  

2.1.1.2 Growth of Austenite 

After nucleation, austenite growth occurs in three distinct stages [23]ς[25]: 

1) Austenite rapidly transforms from pearlite or bainite. The austenite produced from this 

stage has a high carbon content. The transformation is controlled by the diffusion of 

carbon, which can occur quickly because the diffusion distances are small; roughly equal 

to the interlamellar spacing. This stage has been shown to occur in about 15 seconds at 

a temperature of 780°C [23]. 
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2) Austenite grows into ferrite. At lower IC annealing temperatures (<~745°C) this process 

is controlled by carbon diffusion. At higher temperatures, it is controlled by manganese 

diffusion. This stage takes hours to reach completion [23], [24]. 

3) Manganese redistribution in the austenite to eliminate concentration gradients. This 

process occurs very slowly due to the low rate of Mn diffusion in austenite. This stage 

requires 24 or more hours to reach completion [23].  

These stages can be accelerated in microstructures where the ferrite is not fully 

recrystallized when the IC annealing temperature is reached. The rate of diffusion of carbon or 

other elements is improved because it can occur along the ferrite grain sub boundaries [15], 

[26]. 

2.1.1.3 Formation of Martensite  

Austenite transforms to martensite during the quenching of a DP steel after IC 

annealing. In addition to the effects of the initial microstructure, the volume fraction, size and 

strength of martensite in the final DP microstructure is also dependent on the IC annealing 

temperature and time. Higher temperatures and longer IC annealing times results in a larger 

volume fraction of martensite in accordance with the Fe-C phase diagram and continuous 

cooling transformation (CCT) curves, while the size and morphology of the particles is 

controlled by the prior microstructure, the heating rate, and the IC annealing treatment length 

[23].  The material must be quenched following the IC annealing temperature to ensure that 

the cooling rate is fast enough to suppress diffusional transformations. If the material cools too 

slowly, bainite and epitaxial ferrite can form. Bainite reduces the initial work hardening rate of 
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the material. Conversely, epitaxial ferrite improves the work hardening. Both constituents 

cause a reduction in strength of the material [27]ς[29]. 

2.1.2 Pre-Intercritical Annealing Heat Treatments of Seyedrezai [4]-[6] 

Seyedrazai [4]-[6] developed a set of DP steel treatment processes utilizing a combination of 

pre-IC-annealing treatments, cold rolling, and IC annealing to create microstructural variants 

with distinct differences in the size, morphology and spatial distribution of both constituent 

phases. These processes were applied to either of two DP780 grade steels: 0.95mm thick 750-

CR cold-rolled sheet, and 3.12mm thick hot-rolled sheet. The cold-rolled material was first heat 

treated to create the desired pre-IC-annealing microstructure, then IC-annealed. The hot-band 

material was treated with the same pre-IC-annealing treatments but was cold-rolled to 80% 

thickness before IC annealing. Micrographs of the two as pre-treated microstructures are 

shown in Figure 2.1, where the pre-IC-annealing treatments were: 

¶ Austemper (AT):  This treatment produces a bainitic structure through full 

austenitization at 920°C for 30 minutes, followed by air cooling to 500°C and then 

holding for 20 minutes before water quenching to produce bainite. The microstructure 

consists of a mixture of upper bainite (UB), granular bainite (GB), and some retained 

austenite and/or martensite grains.   

¶ Quench and Temper (QT): This treatment produces a tempered martensite, which is 

accomplished through full austenitzation at 970°C for 30 minutes, water quenching, and 

then tempering at 600°C for one hour. The microstructure consists of tempered 
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martensite with a uniform distribution of fine carbide particles located at prior austenite 

or martensite lath boundaries.  
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(a) 

 
(b) 

Figure 2.1: SEM micrographs of DP780-CR after undergoing the one of the pre-treatments: (a) 
Austemper (AT) and, (b) Quench and Temper (QT) [4],[5].  
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The pre-treated hot-band material was then cold-rolled on a laboratory rolling mill to 

80% reduction in about 20 passes. The final DP microstructures were realized after IC annealing 

in salt at 715-755°C and water quenched. IC annealing temperatures were selected so that each 

variant had about 15% martensite by volume. Micrographs of the final microstructures are 

shown in Figure 2.2, and measurements of their constituents summarized in Table 2.1. 

Seyedrezai [4]-[6] made the following observations about the microstructures: 

¶ CR+IC: This microstructure consists of a fully recrystalized ferrite matrix with a bimodal 

combination of large and small grains. The small grains are equiaxed and form at prior 

pearlite locations, whereas the larger grains grew from previous ferrite grains. The 

martensite particles are aligned along the rolling direction. The martensite and ferrite 

grains are the largest of the three cold-rolled microstructures.  

¶ AT+IC: This microstructure consists of uniformly distributed martensite particles of two 

sizes. The larger particles are elongated and located at prior bainite lath boundaries and 

the smaller martensite particles are equiaxed and located at prior austenite grain 

boundaries. The smaller martensite particles and the ferrite grains are the same sizes as 

those seen in the CR+IC microstructure.  

¶ QT+IC: In this microstructure the martensite particles are the largest of all the 

microstructures and located at the grain boundaries of prior austenite grains. Since few 

martensite grains grow from prior martensite boundaries, there are large martensite-

free ferrite grains. Some of the large ferrite grains are divided into multiple sub-grains.  
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¶ AT+CR+IC: This microstructure consists of a ferrite matrix made up of small, equiaxed 

grains that are fully recrystallized and a uniform distribution of equiaxed martensite 

particles.  

¶ QT+CR+IC:  This treatment series produces a microstructure with martensite grains that 

are similar in size and distribution to the CR+IC. The martensite grains are located at 

ferrite boundaries and aligned with the rolling direction. However, the ferrite matrix 

consists of a mixture of elongated large recrystallized grains, small recrystalized grains, 

and bands of small un-recrystalized ferrite grains aligned along the rolling direction. The 

average size of these ferrite grains is larger than the AT+CR+IC microstructure.    
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(a) 

 
(b) 

Figure 2.2: SEM micrographs of the five microstructural variants; (a) CR+IC, (b) CR+AT+IC, (c) 
CR+QT+IC, (d) HB+CR+AT+IC, (e) HB+CR+QT+IC  [4]-[6]. 
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(c) 

 
(d) 

Figure 2.2: Continued  
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(e) 

Figure 2.2: Continued  
 

Table 2.1: Martensite and ferrite measurements of the five DP steel microstructures created by 
Seyedrezai [4]-[6]. 

 

2.2 Mechanical Behaviour 

DP steels are known for their continuous yielding, high initial work hardening rate, slower 

hardening at high strains and low yield-to-tensile strength ratio. The continuous yielding 

behaviour of DP steels has been attributed to the volume expansion of martensite during 

quenching from IC annealing [23], [30]ς[35]. The volume expansion of martensite is about 3-


















































































































































