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1 Abstract 

In this work, the influence of different cooling rates (5, 20, 50 and 100 °C/s) on the microstructure and mechanical 

properties of Laser Metal Wire Deposited (LMwD) Ti-6Al-4V was investigated, this was done using a thermal-

mechanical physical simulation system (Gleeble 3800, DSI). Two different soak times above β transus (held at 1100 

°C), 5 and 40 s, were used and after cooling to 150 °C, the samples were tensile tested. The samples were 

characterized with optical microscopy (OM) and scanning electron microscopy (SEM) and hardness testing. The 

results were then compared, both with each other and with two reference samples, that were only heated to 150 °C 

and then tensile tested. It was found that for the lowest cooling rate, 5 °C/s, the microstructure had transformed from 

a basketweave α microstructure to a colony α microstructure in the center of the specimen waist where heating was 

most efficient. Ultimate tensile strength (UTS) was found to be in the range of 858 – 977 MPa, with the highest 

average being recorded for the reference samples, similar results were noted for the strain, with a range of  ⁓5 – 14 

%, where the highest recorded average was for the reference samples. However, the extensometer used was not 

optimized for this kind of test, therefore percent reduction of area (RA) measurements were performed. The RA 

measurements produced a significantly different result than that obtained from the testing, a large scatter in the 

ductility was found, possibly due to thermal instability that occurred during testing. Overall, the microstructure 

appears to be relatively stable over the cooling range of 20 - 100 °C/s, no major differences were observed, the 

microstructure consisted of a homogeneous basketweave α microstructure, with little to no change in the measured 

average α lath thickness. 
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2 Introduction 

Mechanical testing has been implemented for a long time to evaluate material properties, enable comparison and for 

gathering information regarding the fracture/failure mode of tested materials. Thermal testing on the other hand, 

gives important information regarding changes in plasticity, thermal expansion, phase changes and numerous other 

properties. Combining mechanical testing with thermal testing, thermomechanical testing, allows one to observe the 

effect of coupling these two stress types. This is something especially interesting for certain alloys/material types 

that are considered for high temperature applications where they are required to maintain certain mechanical 

properties even at high working temperatures. By employing the Gleeble 3800, a thermal-mechanical physical 

simulation system, it is possible to perform complex thermal cycles, rapid heating/cooling and mechanical testing at 

elevated temperatures. This enables users to perform physical process simulations that can give valuable information 

on the effect of varying the process parameters (e.g. soak temperature, soak time, heating rate, quenching rate, etc.) 

on the tested sample. This is can be a cheap and efficient way to conduct process optimization/evaluation as opposed 

to performing on-site testing. By using this type of system, simulation of the in-situ quenching that occurs during 

Laser Metal Wire Deposition (LMwD) manufacturing can be performed, and it is therefore possible to investigate 

the effect of different cooling rates on the obtained post-processing microstructure and mechanical behaviour [1].  

3 Aim and Scope 

The aim of the current work was to evaluate the effect that different cooling rates from above β transus (single phase 

field), with respect to α phase morphology and α feature size (α lath thickness). The influence of two different soak 

times above β transus and how this pertains to recrystallization and subsequent phase transformation after the soak 

period was also investigated. 

 

4 Titanium 

Titanium which exhibits excellent specific mechanical properties as well as good corrosive properties, has been of 

great interest to the aerospace industry for decades, due to the ability to reduce weight of certain vital components 

previously manufactured using less weight efficient alloys [2], [3]. It it especially beneficial to reduce the weight of 

components for aerospace applications due the “snow ball” effect it carries. Weight reduction in one section reduces 

the requirements for others (landing gear, size of fuel tank etc..) this can in turn lead to less power being required to 

propel an airplane, smaller engines could be effectively used. This means that any reduction in weight is amplified 

by how it will alter the requirements of other parts and by that a modest weight reduction in a component can have a 

significant impact on the overall weight of the structure [3]. Another sector where titanium has emerged as an 

attractive material is in the biomedical field, here the good biocompatibility, specific strength and corrosion 

resistance is the main driver for using titanium alloys [4]. However, one of the main hurdles with using titanium is 

the difficulty to refine the naturally occurring Ti-containing ores, this due to their high reactivity with both oxygen 

and nitrogen. This leads to the processes required to extract titanium being expensive [5], making it a significantly 

much more expensive metal than those that otherwise could be used. A comparison of some commonly employed 

structural alloys is provided in Table 1. 

Table 1. Comparison of properties of an arbitrary titanium alloy with some commonly used structural Fe-,Ni- and 

Al-based alloys [2].   

 Ti Fe Ni Al 

Melting Temperature (°C) 1670 1538 1455 660 

Allotropic Transformation (°C) 𝛽
882
→ 𝛼 𝛾

912
→ 𝛼 - - 

Crystal Structure BCC→HCP FCC→BCC FCC FCC 

Room Temperature E (GPa) 115 215 200 72 

Yield Stress (MPa) 1000 1000 1000 500 

Density (g/cm³) 4.5 7.9 8.9 2.7 

Relative Corrosion Resistance Very High Low Medium High 

Relative Reactivity with Oxygen Very High Low Low High 
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From Table 1, if minimizing weight while maintaining good mechanical properties is a driving factor when deciding 

which structural alloy to employ, titanium-based ones are favorable for the most cases, especially if the operating 

conditions are corrosive. This holds true even though the Al-based alloys have lower density, their specific strength 

is still lower than that of Ti-based alloys: 185 MPa * cm3 * g-1 compared to 185 MPa * cm3 * g-1.  The same property 

that makes processing of the raw ore expensive, reactivity with oxygen, is also what makes it so good at 

withstanding corrosion. 

Although titanium exists in single phase α (hexagonal close packed structure) at room temperature if commercially 

pure (CP), it is allotropic, meaning it can change crystal structure depending on temperature and alloying elements. 

This other phase, β (body centred cubic structure), is most commonly found at elevated temperatures (above the 

allotropic transformation temperature) [6]. Depending on alloying elements, which can act as either α- or β-

stabilizers, the temperature of where β phase is stable can be tailored. Al, O, N and C are common α-stabilizers 

while V, Mo, Nb, Ta and Fe are β-stabilizers. This has led to three groups of titanium alloys: α alloys, α+β alloys 

(alloyed with stabilizers of both types), and β alloys, all having distinct properties. α-alloys are known for their high 

creep resistance and good corrosion resistance, which makes them useful for high temperature applications. α+β 

alloys exhibit a highly favourable combination of strength and ductility making them versatile and applicable in a 

variety of fields, the corrosion resistance of the α+β alloys is also good although inferior compared to that of the CP 

titanium and α alloys. β alloys have relatively high fatigue strength and good biocompatibility, Young’s modulus is 

however comparatively low [2]. 

 

 

4.1 Crystal Structure of Titanium 

The hexagonal close packed (HCP) and body centred cubic (BCC) configuration of atoms is illustrated in Figure 1, 

also highlighting the planes with highest density. The HCP structure is by nature anisotropic, i.e. there is directional 

dependence of the structure’s properties. The planes with highest density (along which slip is preferred) are the basal 

plane (0001), the prismatic planes {101̅0} and the pyramidal planes {1̅011}. The direction of slip (close packed 

direction) for these planes is in < 112̅0 >. This leads to the Young’s modulus being a function of the angle of 

applied stress relative to the “c”-direction shown in Figure 1. The lowest modulus is obtained for the angle 90° 

where stress is parallel to the basal plane. Although this relationship is present for both single- and poly-crystalline 

samples, it is more apparent for single crystals. This means that there is a relationship between texture and 

mechanical properties associated with the HCP phase, which is important to consider during any type of processing 

involving titanium with α phase present [2].  

 

Figure 1. Unit cells of HCP (left) and BCC (right) crystal structure [6]. 

It has been observed that during β→α transformation in titanium, the system strives to minimize the associated 

interfacial energy with the transition, which is possible for the best degree of coherency (best lattice fit) [7]. The best 

lattice fit is obtained when the Burgers orientation relationship (BOR) is satisfied (illustrated in Figure 2), which 

states that [8]: 
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{0001}𝛼 ∥ {110}𝛽  

 < 112̅0 >𝛼 ∥ < 111 >𝛽 

What this effectively means is that there are 12 variants of the HCP structure that are possible transformation 

products from the β phase, each with a distinct orientation relative to the parent. Regardless of the nature of the 

transformation (diffusion-less or diffusion based) this relationship is obeyed [2]. Another effect of titanium obeying 

the BOR is that this also facilitates slip across α-β interphase interfaces due to the resulting energy barrier being low 

[7]. 

 

Figure 2. Schematic illustration of BOR for β- to α-phase transition in titanium [9]. 

 

4.2 Ti-6Al-4V: Properties and Microstructure 

Ti-6Al-4V which is an α+β alloy, has for the long time been the workhorse of the titanium alloys, almost 50% of the 

titanium market is occupied by it. It exhibits good mechanical properties, high workability, corrosion resistance and 

can be employed for working temperatures up to approximately 400 °C [10]. It is also one of the most commonly 

used titanium alloys for aerospace applications, and the different obtainable microstructures through processing are 

vital to the mechanical behaviour of the alloy [11]. A continuous cooling transformation (CCT) diagram for Ti-6Al-

4V, Figure 3, illustrates the resulting microstructures that are obtainable with different cooling rates from β transus 

to room temperature. 
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Figure 3. CCT diagram for Ti-6Al-4V, showing the different cooling regimes and their effect on microstructure. For 

cooling rates higher than 410 °C/s hexagonal martensite (𝛼′) forms, while massive α (𝛼𝑚)  appears between 410-

20 °C/s. Lastly, Colony/Widmanstätten α forms when cooling is less than 20 °C/s [12]. 

The cooling rate from β-phase is paramount since it dictates the characteristic features of the obtained 

microstructure, including the α lath and colony size, as well as the resulting thickness of the grain boundary α at 

prior beta grain boundaries [2]. For very high cooling rates (>525°C/s), acicular martensite (𝛼′) forms, this 

diffusion-less transformation results in clusters of distinctive α laths fulfilling different variants of the BOR. 

Temperatures between 410-20 °C/s, result in massive α (𝛼𝑚) forming as thin α laths in large areas, with small 

differences in alignment (close to parallel) [2]. 𝛼𝑚 has been reported to conform to the BOR, the main difference 

compared to the more commonly observed colony α is that it consists of ultra-fine laths [13].  The α colony laths 

that form when cooling rate is below 20°C/s  have the same orientation, this enables anisotropic plasticity for some 

slip system, reducing the size is therefore crucial for Ti-6Al-4V due to previous research linking improvements 

regarding yield stress, ductility, low- and high-cycle fatigue (HCF) strength with the decreased effective slip length 

it would bring [11]. However a finer microstructure has been linked with lower crack propagation resistance in low 

cycle fatigue (LCF), the finer microstructure favours a flatter crack propagation path, increasing the growth rate 

[14]. The grain boundary α at prior beta (𝛼𝐺𝐵) which grows with decreasing cooling temperature has been linked 

with reduced tensile ductility [11], it has also been hypothesized that 𝛼𝐺𝐵, which is a relatively soft phase could be 

an accelerant with respect to crack growth [14]. If cooling is higher than that for effective growth of colony α, but 

below that for massive/acicular α, what is known as basketweave α will appear. This happens so that the system can 

minimize the elastic strains present, α nucleates on wide faces of already present α laths and subsequent growth is in 

an orientation close to perpendicular relative to the phase it nucleates on [2].  During heat treatment, if it is carried 

out below β-transus, any significant change in β grain morphology does not occur, the main change that will be 

observed is that colony α laths will coarsen. If heating above β-transus is carried out, β grains will experience 

growth, and begin to change into an equiaxed morphology [15]. The mentioned microstructural features are 

presented in Figure 4-6.  
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Figure 4. Examples of a) colony α microstructure, b) basketweave α microstructure, c) 𝛼𝐺𝐵 at prior beta [16]. 

 

Figure 5. Right angle grid in (α+β) lamellar phase which indicates presence of 𝛼′ [17].  
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Figure 6. Massive alpha in Ti-6Al-4V [13]. 

 

4.3 Additive Manufacturing 

Additive manufacturing (AM) is an umbrella term housing numerous processes, by ASTM defined as “a process of 

joining materials to make objects from 3D model data, usually layer upon layer, as opposed to subtractive 

manufacturing methodologies” [18]. AM processes that are being used for titanium and titanium alloys include but 

are not limited to: Laser Metal Wire Deposition (LMwD), Direct Metal Deposition (DMD), Laser Engineered Net 

Shaping (LENS), Direct Manufacturing (DM), Shaped Metal Deposition (SMD), Wire and Arc Additive 

Manufacturing (WAAM), Selective Laser Sintering/Melting (SLS/SLM) and Electron Beam Melting (EBM) [19]–

[21].  

Due to price being a deterrent when considering using titanium alloys, efforts have been, and continue to be made 

trying to decrease the costs associated with using it. By using a more material-effective processing route, expenses 

can be greatly reduced. Replacing conventional manufacturing methods for titanium with AM has proved to be 

economically favorable even though the cost associated with AM is high. Implementing AM for titanium 

components in aerospace has been reported to produce a specific component at half the cost compared to that of the 

conventionally manufactured counterpart (wrought), the reason being the much lower material waste: slightly over 

1:1 ratio for AM compared to 33:1 for the conventionally manufactured [19].  This has led to AM becoming a highly 

researched topic, investigating the available processes and the properties of the produced alloys due to the much 

more effective material usage as compared to conventional manufacturing methods [19]. AM is separated into two 

categories: Powder Bed Fusion (PBF) and Direct Energy Deposition (DED), this review will focus on the latter 

since the current work will focus on a sample made with LMwD which falls under the DED category. DED is 

defined by ASTM as: “an additive manufacturing process in which focused thermal energy is used to fuse materials 

by melting as they are being deposited” [18]. The differences that exist for the DED processes are mainly feed type 

(powder or wire) which has its own benefits and drawbacks, as well as the energy source (e.g. Laser, electron beam, 

arc).  When comparing powder or wire feed, powder has the benefit of high precision, ability to create complex 

structures and that it does not transfer as much energy during the process, which leads to less impact to the substrate 

material, that could potentially alter its microstructure/properties. What has also been reported for DED that uses 

powder, is the ability to in-situ tailor the chemical composition of the deposited track by changing the composition 

of the blown powder, either by changing feed rates or powder employed [22]. However, wire does have a faster 
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deposition rate coupled with less material waste and a reported higher purity of the manufactured part, which 

increases production capabilities while material waste can be minimized [20], [23]. When considering laser-DED 

processes, powder feed has been the primary research interest of many researchers, one of the plausible reasons for 

this is the fact that by using powder, more complex builds can be realized. However, this has started to slightly shift, 

since the use of wire feed-stock opens up for building larger, purer components and it enables serial production of 

laser-DED components [23], [24]. 

4.4 Laser Metal Wire Deposition 

Due to the benefits listed in the previous section, wire fed AM processes have become an interesting research topic, 

a faster build rate makes larger components feasible to manufacture with AM. One of these processes, LMwD is 

shown in Figure 7, highlighting some of the most important build parameters. This process builds a component by 

scanning the substrate surface in a pre-determined pattern with a laser while material is continuously wire-fed 

towards the centre of the laser spot. When the first layer has been deposited, the laser is displaced in the building 

direction so that suitable layer thickness and fusion occurs when the next layer is added. Layer by layer this creates a 

3D component from stacks of “2D” depositions. An inert atmosphere is used to avoid contamination/ reactions with 

oxygen of the material. Parameters such as laser power, scan speed, and the ratio between scan speed and the rate at 

which the wire is fed have been shown to have a large impact on the results of these types of builds [25].  

 

Figure 7. Schematic illustration of a typical LMwD process [17]. 

 

 

4.5 Thermal History: Effect on Microstructure  

It is important to gather information regarding the effect of thermal history on the resulting microstructure to be able 

to predict mechanical responses. The specimens created by AM exhibit mechanical properties that differentiates 

them from those conventionally manufactured, they are anisotropic. The anisotropy associated with the AM 

processes is due to the nature of the energy input, a small area is quickly heated while the surface is traversed by the 

focused energy source, continuously moving the highest temperature along the scanning direction, this will create 

large thermal gradients that will in turn promote growth in specific directions during processing, creating textured 

material [17], [26]. It has been shown that for the same processing parameters, a key factor in the obtained 

microstructure of DED manufactured components is the rate of which mass is deposited since this in turn influences 

the thermal gradient, depth of penetration as well as sites for heterogeneous nucleation. Low mass deposition rates 

have been found to promote columnar grain formation while high mass deposition rates generally results in fine near 

equiaxed grains [27].   
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Extensive research into Ti-6Al-4V and its response to thermal treatment, cooling rates and deformation has been 

carried out over decades with little left to explore, this is however only the case for conventionally manufactured 

titanium alloys, and with the emergence of AM, the situation has become increasingly complex. Different AM 

processes does not yield identical results with respect to microstructure and mechanical properties when compared, 

due to differences in heating and dissipation of heat [19]. The bulk of research done on AM Ti-6Al-4V using laser as 

the energy source has been for powder feed and powder bed systems [14], [28]–[30], while wire feed based have not 

been studied as intensely, However, there is some research that has focused on this, investigating the obtained 

microstructure, defects and mechanical properties [16], [31], [32]. 

The microstructure of Ti-6Al-4V, obtained via LMwD has been reported to consist of large columnar prior β grains 

that grow epitaxially through several deposited layers, parallel to the building direction due to the thermal gradient 

introduced by subsequent layers being added [32]. Along the prior β grain boundary (GB), 𝛼𝐺𝐵, is found while 

inside the prior β grains, α phase is present, generally in the form of colony α, or basketweave α  [16]. Depending on 

the cooling rates resulting from chosen processing parameters, acicular martensite (𝛼′) can also be present if cooling 

rate is very high (Figure 3), and it has been found by some researchers [32].  

 

Figure 8. Thermal cycle of a single layer in arbitrary AM process for Ti-6Al-4V [20]. 

 

Something that has been sighted when investigating the microstructure of AM Ti-6Al-4V, for both feed types (wire 

and powder), are parallel bands relative to the scanning direction that are evenly spaced out, disappearing for the last 

layers [16], [33], [34]. One theory is that they are caused by reheating the previously deposited track with each new 

track added, this leads to subjecting the layers to several heating cycles where they will reach a temperature greater 

than the β transus temperature multiple times, this thermal cycling of a deposited track is illustrated in Figure 8. Due 

to the reheating, and subsequent change of cooling rate, there will be some part of the track that re-melts, with the 

rest reaching temperatures exceeding that of β transus followed by fast cooling. The two following tracks will also 

be able to heat part of the initial layer to the β phase field, how much of the layer affected reduced by each layer. 

What this does is that for each layer added, the cooling rate from β→(α+β) will be reduced, changing the 
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microstructure and coarsening of α laths in what can be observed as parallel bands in layer “n” when layers up to 

“n+3” subsequently has been deposited [33]. One group was able to observe that for two batches, where one of them 

had been built without any intermediate cooling stage between layer deposition and the other with air cooling for 2-3 

minutes before each additional layer was deposited, the parallel bands were present only for the latter [16]. Figure 9-

10 provides examples of microstructure of as-LMwD Ti-6Al-4V. 

 

Figure 9. Morphology viewed in y-z plane (scan direction x) showing layer bands & columnar prior β in LMwD Ti-

6Al-4V [32]. 

 

Figure 10. Example of microstructure obtained with LMwD of Ti-6Al-4V featuring the characteristic columnar 

prior β and basketweave α, as well as the acicular α (α’) phase  [32].   

  

4.6 Mechanical properties of LMwD Ti-6Al-4V 

The mechanical properties of LMwD Ti-6Al-4V have been investigated in comparative studies with cast and 

wrought samples, these tests are generally carried out on heat treated LMwD components due to the ductility of as-

manufactured AM material generally being low, this does however normally negatively affects the strength making 

it a trade-off in properties [29]. It has been found that LMwD Ti-6Al-4V can have as good or better mechanical 

properties compared to cast material. One group was able to produce specimens with LMwD, post-heat treatment at 

600°C for 4 hours, that had YS, UTS and elongation up to par with the specifications that exist for wrought material, 

when testing parallel to the scan direction [17]. The results of another group, where microstructure and mechanical 

properties of LMwD was evaluated showed similar results. In this second study, anisotropy was evaluated, after 

comparing results of specimens oriented parallel and perpendicular to the scanning direction, the specimens that 
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were parallel had 2-5 % higher YS and 4% UTS. However, samples perpendicular to the scanning direction were 

more ductile, 25-33% higher elongation was observed during tensile testing [16]. Some researchers believe that the 

cause of the lower ductility parallel to the scanning direction is due to the columnar prior β that is orientated in the 

build direction causing 𝛼𝐺𝐵 to be put under an opening mode of failure which is detrimental to the ductility [35]. 

When comparing the HCF of LMwD Ti-6Al-4V with cast and wrought material, the dynamic strength of LMwD 

samples outperformed both conventional manufacturing methods [24].   Even though many of the tests carried out 

showed that the LMwD manufactured material was as good, or better than its cast counterpart, the scatter leads to 

some specimens not being able to fulfil these requirements. The major problem from these studies seem to lie with 

obtaining a sufficient ductility since this was what caused most of the failures in meeting mechanical requirements 

[17]. 

4.7 Powder based laser DED 

Powder based laser DED Ti-6Al-4V has showed similar results as the ones discussed for wire, simple builds have 

been carried out and the resulting components have been able to compete with both cast and wrought material [29]. 

However, what should be noted, is that this is mostly true for the case of simple geometries and does not accurately 

describe the situation for more complex builds. High aspect ratios coupled with hundreds of layers being deposited 

leads to consequences such as grain coarsening and embrittlement due to accumulation of heat during the build. One 

group has been able to produce high aspect ratio cylindrical components, that have as-built mechanical properties 

comparable to those of wrought material. This was done by optimizing the build-up strategy, finding the best 

cooling periods between layer deposition and strategic placing of start and finish points for the individual scans [28]. 

When evaluating the same anisotropic mechanical properties that were found for the LMwD Ti-6Al-4V, a higher 

tensile strength of samples that were extracted parallel to the scanning direction compared to those transverse, some 

researchers attributes the significance of the orientation to the higher boundary strengthening effect from prior β 

since the number of intercepts is larger due to the characteristic orientation of prior β in AM builds (columnar grains 

parallel to build direction) [36].  

4.8 Post processing heat treatment 

To relieve residual stress created in a Ti-6Al-4V component manufactured with AM, as well as to tailor the 

properties of the resulting material, post processing heat treatments (e.g. annealing, aging) are generally applied 

[20], [37]. The annealing process is commonly divided into two subdivisions: β and α+ β annealing, depending on if 

it is performed above or below β transus (⁓1000 °C). When heating above β transus as opposed to below, the soak 

time has a large influence on the microstructural coarsening since the β phase can grow unhindered by the presence 

of a competitive growth from the α phase that would be present if heat treatment was carried out in the α+ β phase 

field. Conversely, soak time during annealing in the α+ β phase field does not have a major impact on the 

microstructural coarsening when compared to the temperatures above β transus, although the effect of soak time will 

increase with decreasing α phase fraction (increasing temperature) [38].  By performing sub β transus heat treatment 

it is possible to relieve residual stress from manufacturing, hot isostatic pressing (HIP) can also be used to reduce 

porosity and microcracking in the material, this will lead to more ductile materials at the expense of strength. 

Another important aspect is that it is possible to reduce, albeit not eliminate the anisotropy of the material caused by 

the manufacturing process [39]. 

4.9 Author´s Perspectives   

From the literature that has been reviewed for this study into AM Ti-6Al-4V and its microstructure, it has become 

evident that the complexity of the subject requires its key elements to be studied separately. The host of parameters 

that play a role in the quality, morphology, microstructure and resulting mechanical behaviour of the manufactured 

component makes it hard to get conclusive information regarding what specific parameter when acting alone causes 

what change. The large effect of cooling rate from β transus in Ti-6Al-4V is widely known, what exactly this 

translates into for the microstructure for AM in general and LMwD especially, is however not as intensely studied, 

and by investigating this it could be possible to predict the mechanical behaviour of components manufactured with 

this technique more reliably.  

 

 



12 

 

5 Materials and Method 

5.1 Material and sample geometry 

 

Figure 11. Ti-6Al-4V LMwD flange as received from GKN Aerospace. 

The LMwD Ti-6Al-4V used in this study was supplied by GKN Aerospace in the form of a section of a flange 

(Figure 11), the samples were cut from this using wire-cut electric discharge machining (w-EDM) at the in-house 

mechanical shop at Luleå University of Technology (LTU). W-EDM was used to avoid heat transfer to the 

workpiece/samples which could have a negative effect on the quality of the later testing and analysis, the high 

precision of the machining also has benefits in that it does not need any coarse finishing.   

Numerous standards exist for sample geometries, which is also the case for tensile testing samples. However, since 

the testing carried out in this study is thermomechanical, with the heating being supplied by joule heating, many of 

the conventional samples reviewed were unsuitable for the task, mainly due to requirements on minimum cross-

sectional area at the waist to ensure satisfactory heating and heat stability during the testing while still staying within 

the limitations set by the available grips (maximum thickness of 2.25 mm). Discussions with technicians at Gleeble 

(manufacturers of the thermal-mechanical physical simulation system) to come up with an appropriate geometry for 

the task and alloy at hand helped in this process. ASTM standard E8/E8M was also consulted. The test geometry 

that was eventually chosen can be seen in Figure 12, which is an example geometry provided by Gleeble.  
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Figure 12. Illustration of specimen geometry (with dimensions) used for tensile testing in the Gleeble 3800, 

thickness T was set to 2.25 mm). 

 

5.2 Thermomechanical testing: Setup 

The thermal-physical simulation system used to perform the thermomechanical testing can be seen in Figure 13, and 

the samples position in the grips, with the thermocouples welded on is showed in Figure 14. To be able to cool the 

specimens fast enough, the machine was equipped with a gas quenching system, which was used with Argon to 

enable the cooling rates present in the test matrix (Figure 15). 

 

Figure 13. The Gleeble 3800, used for thermomechanical testing. 
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Figure 14. Sample after thermomechanical testing showing the position of the thermocouples and general setup for 

testing. 

 

Figure 15. Grips with gas quench nozzles installed for better control of cooling rates. 
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5.2.1  Soak time: Determination 

To broaden the scope of testing, two different soak times were used. One to emulate the actual heating condition 

during manufacturing for the LMwD flange used, the other to investigate the effect of recrystallization on the 

resulting microstructure after cooling from β transus. 

Finding a suitable soak time to imitate the build process was done by looking at temperature versus time graphs 

constructed in a simulation by a fellow researcher at Material Mechanics at LTU. These simulations showed that it is 

expected that the material will experience temperatures above 1100 °C for approximately 3 seconds during 

subsequent building. Since the peak temperature is well above 1100 °C it was decided that a reasonable comparison 

could be obtained by soaking at 1100 °C for 5 seconds. 

For the longer soak time, to evaluate the obtained microstructure and mechanical properties when the material has a 

higher α→β transformation fraction literature was consulted. Based on these findings [40], [41], coupled with an 

experiment where samples with similar geometry to the parallel waist of the tensile test geometry were inserted into 

a traditional furnace (Nabertherm, Germany) kept at 1100 °C and soaked for 40, 60 and 80 s and then characterized. 

The finds from this experiment showed that recrystallization had occurred near the surface for all three soak times, 

which led to the conclusion that a soak time of 40 s should be sufficient to be able to observe the effect of a higher β 

phase content prior to cooling below β transus.  

An overview of the test matrix can be seen in Table 2.  

 

Table 2. Test matrix: sample cooling rate, soak temperature, soak time and tensile test temperature. 

Cooling rate (°C/s) Soak temperature (°C) Soak time (s) Test temperature (°C) No. of samples 

N/A N/A N/A 150 2 

5 1100 5 150 2 

20 1100 5 150 2 

50 1100 5 150 2 

100 1100 5 150 2 

5 1100 40 150 2 

20 1100 40 150 2 

50 1100 40 150 2 

100 1100 40 150 2 

 

The samples are denoted based on their order (1 or 2, since there are two samples for each test), followed by their 

cooling rate and lastly, their soak temperature. Example: the first sample tested that had a soak time of 5 seconds 

and a cooling rate of 5 °C/s is denoted “155”, whereas the second one tested with the same parameters would be 

“255”. The two samples that were not heated above 150 °C are the reference samples and will be called “Ref 1” and 

“Ref 2”. This nomenclature will be used throughout the thesis. 

5.2.2  Thermomechanical testing 

The heating was set to 10 °C/s for all samples, and the thermocouples used were S-type (Platinum Rhodium 10% / 

Platinum). The S-type were chosen based on manufacturers suggestions and spot welded (30V) with a thermocouple 

welder (DSI).  

 

For the tensile test, a strain-controlled approach was chosen, and the strain rate was set to 0.05mm/mm min-1 with a 

test time of 10 minutes. The slow strain rate was used to have a controlled deformation in the material and to ensure 

a relatively even average temperature, since the heating is done by joule heating which can cause some temperature 

spikes (especially if thermocouple connection is flawed) when the temperature drops lower than allowed, and by 

having the test running over a longer period, the average temperature should be closer to the sought after 

temperature during the actual elongation. 
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Prior to testing, the surface of the waist centre was hand polished using P600 and P1200 paper, and then cleaned 

with ethanol before being dried, this was done to get an as good a weld as possible with the spot welder used for 

fixating the thermocouples prior to testing. 30 V was found to be the ideal voltage to get a relatively durable weld, 

allowing the thermocouples to be handled in such a way that they would remain attached during the entirety of the 

tensile test.  

 

5.3 Sample preparation & Etching  

After the tensile testing had been carried out, one half of each sample was cut at the start of the curvature before the 

waist on the specimens using an E281 Secotom-10, this was done in order to reduce the size of each sample for the 

polishing step, while retaining an as large as possible area where the change is likely to have occurred during the 

heating and deformation. The samples were hot mounted in pairs using a Simplimet 1000 (Buehler) and the resin 

used was PhenoCure (Buehler). Polishing was done manually using a MetaServ 250 grinder-polisher (Buehler), the 

papers used were CarbiMet (Buehler) with coarseness from P240 up to P4000, lastly, colloidal silica polishing 

suspension was used to obtain a mirrorlike finish on the surfaces. Swab etching was performed using Kroll’s reagent 

(2 ml Hydrofluoric acid, 10 ml Nitric acid and 88 ml of distilled water) and a cotton swab to reveal the 

microstructure, the reagent was allowed to react with the surface for approximately 10 seconds before it was 

submerged in water and then rinsed in ethanol to remove any residual etchant.   

 

5.4 Microscopy 

5.4.1 Optical Microscopy 

To be able to get a good overview of the samples and their microstructures, optical microscopy (OM) was used as an 

initial characterization method. Although OM is not ideal for exact measurements due to the very fine 

microstructural features, it is an expeditious way of obtaining some information prior to performing more detailed 

analysis using scanning electron microscopy (SEM). Micrographs were acquired at magnifications ranging between 

25X and 1000X using a Nikon Eclipse MA200, at different sites (near the fracture cross section, centre of sample, 

and near the bottom (furthest away from heating during testing)) to illuminate any changes stemming from the 

distance from the heated and deformed zone.  

 

5.4.2 Scanning Electron Microscopy (SEM) 

Due to the sub-micron microstructural feature size, the SEM imaging was necessary to obtain high enough 

resolution to perform reliable measurements of the microstructure (chiefly alpha lath thickness). The SEM imaging 

was carried out in both secondary electron imaging (SEI) and backscatter electron imaging (BEI) mode on a JEOL 

JSM-IT300.  

 

5.5 Measurement of alpha laths 

The software Fiji (ImageJ) was used to gather data on the alpha lath size in the heat-treated samples. Obtaining the 

correct scale for the measurements was done by measuring the scale bar that was inserted by the OM software when 

acquiring the images and then relating that length to pixels.  To try to avoid biased choices regarding which lath to 

measure a right-angle grid was added on top of the image with a size that produced 48 intersections between 

horizontal and vertical lines. The alpha lath that had its centre closest to the intersection was measured (Figure 16). 

Three micrographs for each sample was analysed using this technique to produce 144 measurements. Once the data 

had been collected, it was compiled and evaluated using Excel (Microsoft 2016) by calculating mean alpha lath 

thickness and standard deviation.   
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Figure 16. Grid used as support for alpha lath measurements (LHS), example of measurement (RHS). 

 

 

 

5.6 Microhardness measurement 

To further evaluate the impact of microstructure on mechanical properties, microhardness testing was carried out. 

When the mean microhardness of the samples has been found, it can provide an insight into the mechanical response 

of the material due to its linear correlation with both yield and tensile strength [42]. The machine used for this was a 

MXT-α Microhardness tester (Matsuzawa), the load was set to 500g the hold time used was 15s. 10 indents were 

made on each sample type (5 from sample “1” and 5 from sample “2”) and an average microhardness and standard 

deviation was calculated from the obtained data.  

6 Results & Discussion 

6.1 Thermomechanical testing  

6.1.1 Thermal cycle and thermal stability 

During the thermomechanical testing, once the reference samples had been run, a slight delay was observed for the 

155 and 255 samples, they could not keep up the 5 °C/s cooling from 1100 °C all the way to the temperature at 

which the tensile test was performed (150 °C). Therefore, an additional cooling step was introduced for the 

subsequent testing, where the correct cooling rate was only held between 1100 °C and 700 °C and then the cooling 

rate was reduced down to 2.5 °C/s for the temperature range 700 °C – 150 °C. Initially, only the internal cooling 

system was used, which consists of water cooling through the grips, but it was observed that it was insufficient for 

the chosen cooling rates and the current sample geometry. Obtaining more accurate cooling was done by 

incorporating a gas quench nozzle (argon), which provided a higher capability for cooling, and the system could (if 

required) compensate for a too fast cooling by adding a small current to get a balanced cooling according to the 

thermal schedule.  

  
Figure 17. Comparison between the softwares programmed heating/cooling cycle (LHS) compared to the actual 

measured thermal cycle (RHS) for S110040. 
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 Figure 17, illustrates the effectiveness of partitioning the steep cooling section of the cycle, and by doing this, it was 

possible to maintain the correct cooling rate throughout the testing. This was important since for some samples 

tensile testing initiated before the correct temperature had been reached (the section of the curve in which this delay 

could be observed is highlighted with a red circle in Figure 16 RHS). Maintaining the correct cooling rate is 

detrimental to the accuracy of the experiment. The samples that started tensile testing before reaching the correct 

temperature were S155, S255 and S1205 (the slope was gradually decrased which meant the delay got shorter and 

shorter, ⁓40s for S155 down to a couple of seconds).  

 

A number of the experiments had trouble with heat stability, where the temperature would fluctuate greatly during 

the thermal cycle and subsequent tensile testing. An example of the thermal instability can be observed in Figure 17, 

which also shows the effect it has on the mechanical properties. This issue was remaining throughout the testing and 

it can possible be due to faulty welding of the thermocouple or residual dirt on the surface, another possibility is 

oxidation of the surface when applying the weld, which would also degrade the weld quality. 

 

  
Figure 18. Example of thermal fluctuation during testing (LHS) and the resulting stress-strain curve (RHS). 

 

When comparing the graphs from Figure 18, with those in Figure 19, the latter which is a test where we had much 

lower temperature fluctuation during the tensile test, the difference is apparent. By having this thermal cycling 

behaviour at the test temperature (150 °C), increasing the average temperature considerably, we get a large impact 

on the resulting mechanical behaviour, following the thermal cycles. 

 

For the faster cooling rates, either due to the thermal shock, or the shock occurring right as the samples fractured, the 

quartz rods used to fixate the extensometer broke quite regularly. All breaks seemed to occur right as the specimen 

snapped, with most of the breaks happening when the specimen fracture was in close proximity to the location of the 

quartz rod. It was also something that became a problem after the argon gas quench was introduced. This is 

something that should be addressed, and when looking into, it was found that there are better suited rods for this, 

which unfortunately were unavailable at the time of testing. 

 

 



19 

 

 

 
Figure 19. Example of test where temperature was stable (LHS) and the corresponding stress-strain curve (RHS). 

 

All the stress-strain curves obtained during testing with their corresponding temperature over time plots can be 

found in the appendix. 

 

 

6.1.2 Measured UTS and Strain 
Based on the UTS results plotted in Figure 20, it can be seen that the reference samples performed (on average) the 

best in this regard. Closest to the reference samples, we have the 505 samples ⁓15 MPa lower. When looking at the 

overall appearance, a similar trend for the both types of samples (5 versus 40 s soak at 1100 °C) can be observed, 

with an increasingly strong material from the lowest cooling rate up to a cooling rate of 50 °C/s. In both cases, the 

UTS of the samples cooled at 100 °C/s is significantly lower than the previous cooling step. According to the ASTM 

F136 standard, the lowest acceptable UTS is 860 MPa, which if we look at Figure 20, only one sample falls short of 

(S1540, 857.8 MPa), However, it should be noted that F136 standard values are given for a material in its annealed 

state, which is only true in this case for the reference samples. 

 

 
Figure 20. Ultimate tensile strength for all tested samples. 

 

 

Comparing the obtained strain values from tensile testing (⁓5% - 14%) with literature, showed that the obtained 

values seem plausible [16], [43], the higher ductility is reported for samples machined parallel to the scanning 

direction, and the lower for the ones machined perpendicular to the scanning direction (the samples tested in this 

study are machined parallel to the scanning direction). For the material to fulfil the requirements of the ASTM F136 
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standard, the elongation needs to be above 10%, which only 11 out of 18 specimens reaches, however this is the 

requirements for the annealed samples, a heat treatment that has not been carried out for any samples post-testing. 

 

 

 

Figure 21. Strain comparison for all tested samples. 

Looking at the obtained data of strain for the samples during testing, found in Figure 21, it can be seen that for some 

of the tests, the pairs (sample 1 and 2 using the same parameters) are quite similar, with some samples being far 

from similar with a difference of more than 50 %. Going into the project there were some questions regarding the 

functionality of the extensometer used for testing, since previous groups had discovered a discrepancy between what 

the actual strain had been and what the extensometer had registered. The values presented in Figure 20-21 have been 

tabulated and are available in the appendix (Appendix, Table 1). 
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6.3 Material Characterization 

 

 
Figure 22. Etched cross section of LMwD-Cold flange wall heat treated at 704°C, columnar prior β grains (A in 

figure) and curved layer bands (B in figure) are clearly visible. 

 

Some of the microstructural features of the as-received flange, LMwD-Cold, can be clearly seen at low 

magnification, which is illustrated in Figure 22. The etching revealed large columnar prior β grains (see arrow “A” 

in figure) which are characteristic for this type of build which is what the succeeding α will orient itself relative to 

according to the BOR during cooling from β transus. Layer bands caused by the thermal cycling occurring during 

manufacturing are also observable (see arrow “B” in figure), they are curved when looking in this direction (YZ-

plane, scanning direction) but would look like parallel bands if observing a surface prepared perpendicular to this 

(XZ-plane). The darker horizontal lines present are remnants from stitching multiple images with slightly different 

brightness together. 

 

6.3.1 Microscopy 

6.3.1.1 Optical microscopy 

The OM micrographs obtained were used to get an overview of the microstructures present post-testing. By 

capturing large areas at low magnification, changes stemming from the heat cycle and deformation at different sites 

in the test specimens may be observed. What this observation also allowed was to investigate how much of the 

microstructure had undergone the allotropic α→β transformation during the soak time at 1100 °C prior to the 

controlled cooling was carried out, at a larger scale than feasible while using the SEM.  For most of the samples, i.e. 

the ones that were subjected to a cooling rate higher than 5 °C/s, the difference between the observed sites (near the 

fracture surface, centre of waist and bottom of waist) was minor. The similar microstructure and feature size 

observed for these samples meant that using these micrographs when trying to dicern the extent of α→β 

transformation would be yieldless. However, the samples that had been cooled with 5 °C/s showed significant 

difference with respect to microstructure when comparing the different sites throughout the specimen waist. This 

was a crucial finding since this is an assurance that the two soak times chosen (5 and 40 s) were sufficient to 
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transform a significant fraction of the α→β before cooling ensued. The difference seen for the samples cooled with 5 

°C/s also enabled the comparison between the impact of the two different soak times used, where both samples 

exhibited a colony α microstructure post-testing, to a varying degree. However, what should be mentioned is that 

this difference is quite subtle, and might not be a solid enough find to draw any major conclusion with regard to the 

effectiveness of each of the soak times used. Images showing this altered microstructure that was encountered for 

the 55 (5°C/s, 5s) and 540 (5°C/s, 40s) samples is provided in Figure 23-24. 

 

Figure 23. Mixed microstructure consisting of colony α with basketweave islands (sample 255 captured near 

fracture surface). 

 

Figure 24. Homogeneous colony α microstructure of sample 2540 (captured near fracture surface). 

The presence of grain boundary α was also investigated using the OM. Grain boundary α could be observed for all 

samples in the study, although to a varying degree. The samples cooled at 5 °C/s had the thickest layer at the prior β 

grain boundaries, where it also was mostly continuous, while the other samples had decreasingly thick layers with 

increasing cooling rate all the way up to 100 °C/s, also becoming more and more irregular. Fine, sporadic grain 

boundary α was also found in both of the reference samples. 
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6.3.1.2 Scanning electron microscopy 

For the SEM micrography, images were collected near the fracture surface (waist centre) which is also where the 

most heat has effected the sample, and near the bottom of the sample waist (waist bottom), this was done in order to 

observe any change that has occurred due to the heat cycle and subsequent deformation that the material has been 

subjected to. Since the samples had been mounted and were therefore insulated, they were sputter-coated with 20 nm 

of platinum and silver paint was used to create good electrical contact with the base plate in the SEM prior to 

characterization.  

  
Figure 25a. Ref 1 waist centre Figure 26a. Ref 2 waist centre 

  
Figure 25b. Ref 1 waist bottom Figure 26b. Ref 2 waist bottom 

 

From Figure 25-26 we can see a fine basketweave microstructure for both the waist centre and bottom section, both 

have what appear to be sub-micron α features which are quite homogeneous throughout the sample. In the 

micrographs of the waist centres, areas near prior β grain boundaries had some sites where colony α could be found.   
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Figure 27a. S155 waist centre Figure 28a. S1540 waist centre 

  
Figure 27b. S155 waist bottom Figure 28b. S1540 waist bottom 

 

Figure 27-28 shows that for the 55 and 540 samples, which are the samples subjected to the slowest cooling to 

150 °C, we can observe a fine columnar microstructure near the waist centre, whereas the microstructure in the 

bottom section of the waists of the same samples have retained the basketweave α microstructure. The fine 

microstructure for these samples is something that could be anticipated, even though columnar α might normally be 

coarser, the cooling rate of 5°C/s is a relatively high cooling rate for colony α and should produce a very fine 

microstructure [2]. The waist bottom has not reached the β transus temperature so that it will only have experienced 

negligible growth during the heat cycle without any phase transformation like that which has occurred for the waist 

centre. 
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Figure 29a. S2205 waist centre Figure 30a. S22040 waist centre 

  
Figure 29b. S2205 waist bottom Figure 30b. S22040 waist bottom 

 

What we see when observing the micrographs for the 205 and 2040 samples, Figure 29-30, is that both in the zone 

that experienced the highest temperature (the waist centre) and the lowest (waist bottom), the difference in 

microstructure and α feature size is small. Both sites show a fine basketweave α microstructure.  

 

  
Figure 31a. S1505 waist centre Figure 32a. S15040 waist centre 
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Figure 31b. S1505 waist bottom Figure 32b. S15040 waist bottom 

 

As with the 205 and 2040 samples discussed above, we see little difference in the microstructure when comparing 

the waist centre to bottom of the 505 and 540 samples seen in Figure 31-32. There is a little dirt at some sites, and 

there are a couple of observable defects (recesses) spread out over the captured surfaces. 

  
Figure 33a. S11005 waist centre Figure 34a. S210040 waist centre 

  
Figure 33b. S11005 waist bottom Figure 34b. S210040 waist bottom 

 

 

The 1005 and 10040 microstructures shown in Figure 33-34 are very similar to both the microstructure found for the 

samples cooled at 20 and 50 °C/s. There is a basketweave α microstructure with very little to no noticeable change 

throughout the samples. 
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Something that was found on quite a few of the samples were small white particles, rather evenly distributed over 

the surfaces, this is believed to be particles left from the final polishing step, when colloidal silica was used (⁓0.06 

µm), and not something that should be a result of the thermomechanical testing. Another feature that was found on 

many of the samples was small cavities on the prepared surfaces, this is most likely from the sample preparation 

steps. Overall, there wasn’t any major difference between the samples held for 5s at 1100 °C to those held for 40s, 

they all shared the same type of microstructure regardless of soak time, with the only change in morphology 

occurring for the samples cooled with 5 °C/s which changed it from basketweave α into colony α. 

  

6.3.2 Measurement of alpha lath thickness 

α lath thickness was manually measured according to the technique described in section 4.5 on three micrographs for 

each sample acquired using the SEM, from the waist section near the fracture surface. 

There were no major difficulties in obtaining these, although some surfaces were harder than others, when it came to 

gathering high quality SEM micrographs that would be usable for the measurements. The results from the α lath 

thickness measurements are available in Figure 35 and Figure 36.  

 

 

Figure 35. Graph of alpha lath thickness versus cooling rate for the samples with 5s soak at 1100 °C. 

 

The results regarding α lath thickness for the samples held for 5s at 1100 °C (Figure 35) showed that the largest 

average α lath size was found when applying the lowest cooling rate (5 °C/s) and it also produced the highest 

standard deviation. Surprisingly, the finest microstructure was obtained when cooling with 50 °C/s although the 

difference between the final alpha lath thickness for cooling rates 20, 50 and 100 °C/s was miniscule. However, 

there is a discernible difference when comparing the colony α microstructure (5 °C/s cooling) with those that have a 

basketweave α microstructure (20,50 and 100 °C/s cooling as well as the reference sample). 
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Figure 36. Graph of alpha lath thickness versus cooling rate for the samples with 40s soak time at 1100 °C. 

 

The samples held for 40s at 1100 °C (Figure 36) produced a similar result as the samples held for 5s. A slightly 

larger average α lath thickness was observed for the samples that experienced the slowest cooling down to the test 

temperature (5 °C/s). The standard deviation was also the largest for the samples cooled with 5 °C/s. 

 

Once the average α lath thickness had been calculated, the UTS was plotted against its reciprocal, which produced 

the graph shown in Figure 37. This is a reasonable result based on the knowledge that there should be a positive 

relationship between UTS and decreasing α lath thickness [11]. The outliers (coloured red) present in Figure 37 are 

the reference samples, which exhibit a higher than expected UTS based on this relationship, although this is 

probably just due to the limited sample size and low range with regard to both UTS and average α lath thickness. 

 

Figure 37. UTS plotted against the reciprocal of average alpha lath thickness. 

6.3.3 Microhardness 

Microhardness testing was done as a complement to the thermomechanical testing to investigate if the trend 

regarding strength that was observed during that stage could be confirmed. Once the 10 indents per test type had 

been collected, average microhardness was calculated, this can be overviewed in Figure 38. The average 

microhardness was also plotted against average α lath size (Figure 39) to see if it exhibited the expected relationship, 

where an increased average α lath size should result in a lower hardness [11].  
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Figure 38. Average microhardness for the samples subjected to different cooling schemes. 

 

 

Figure 39. Average microhardness plotted versus average α lath thickness. 

Microhardness versus average α lath size seems to be relatively accurate if the peak at 0.44 µm (coloured red) is 

ignored, this peak represents the reference samples. For those samples, the cooling rate from β transus is unknown 

and a post processing heat treatment (stress relief annealing) has been carried out, which may influence the resulting 

microhardness. For the other samples, it´s possible to discern a trend, expectedly, that with the decrease of average α 

lath size, the average microhardness increases.  

6.3.4 Percent reduction of area calculation 

Prior to testing there were some doubts whether the extensometer used for the mechanical testing was sufficiently 

accurate, stemming from previous testing which produced unreliable results. Therefore, percent reduction of area 

(RA) calculations were performed manually to get an overview of the plastic behaviour of the tested samples, so that 

the results were not only based on the input of the extensometer during testing. The calculation for RA is done by 

using equation 2, where Ainitial  is the initial cross-sectional area and Afinal is the final area after testing (micrographs 

for measuring the final area were obtained using the SEM at low magnification, see Figure 40). 
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Figure 40. Low magnification SEM micrograph of fracture surface for RA measurement. 

 

 

 

 

𝑅𝐴 = 100(%) ∗  
(𝐴𝑖𝑛𝑖𝑡𝑎𝑙−𝐴𝑓𝑖𝑛𝑎𝑙)

𝐴𝑖𝑛𝑖𝑡𝑎𝑙
    (2) 

 

 

 
Figure 41. Percent reduction of area for all tested samples. 
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From Figure 41, values of RA ranging from 2.41% for sample 110040, up to 29.46% for the reference 2 sample are 

shown.  It is also evident that the values can drastically vary between the samples, even when parameters are 

identical. This may partly be due to the unstable cooling prior to pulling or the subsequent heating that the samples 

were subjected to during the tensile testing, another possibility is that there were some defects present in the 

specimens, either in the base material or something that has occurred during the geometry machining (although not 

observed during microscopy).  It is noteworthy that we have a large difference between the 55 samples and 540 

samples when it comes to RA, this, even though they share the same type of microstructure (colony α) and have 

similar feature sizes (⁓0.54 ± 0.18 µm for the 55 samples and  ⁓0.53 ± 0.14 µm for the 540 samples). A likely 

explanation is that the heating was much more stable for the 55 samples than for the 540 samples (see appendix for 

comparison), which effectively means that the average temperature at which the tensile testing was carried out was 

significantly higher for the samples which exhibit a higher RA.  Comparing the obtained values for RA with the 

minimum requirements found in ASTM standard F136 (in the annealed state) of 25%, this expulses all tested 

samples if looking at the two sample averages, even the reference samples which are in the annealed state and never 

went above β transus. 

 

Once the RA values had been calculated they were compared with the already obtained strain data and compiled into 

Table 3. When looking at the values side by side it becomes apparent that we have large deviations, although they 

are different measurements of the plasticity, they should have a direct positive relationship, i.e. the samples with the 

highest strain should also be the ones that have the largest reduction of area. There are a couple of potential reasons 

for this discrepancy, it could be user errors when performing the measurements of the deformed cross-sections of the 

tested samples, though this is unlikely to be the sole reason for the large difference observed. A possibly more 

reasonable explanation is that the information given beforehand regarding the inadequate accuracy of the 

extensometer used for testing was correct. 

 

Table 3. Strain (%) versus RA (%) for all tested samples. 

Sample Strain (%) RA (%) 

Ref 1 14.1 10.34 

Ref 2 14.2 29.46 

S155 10.351 3.32 

S255 12.785 5.99 

S1205 10.069 10.97 

S2205 10.976 6.23 

S1505 8.061 6.09 

S2505 8.777 3.87 

S11005 6.809 6.79 

S21005 11.101 2.65 

S1540 13.659 20.92 

S2540 10.744 23.32 

S12040 4.95 9.57 

S22040 10.447 6.71 

S15040 5.867 8.25 

S25040 10.838 12.88 

S110040 6.783 2.41 

S210040 6.926 7.3 
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7 Conclusions 
 

Overall, what could be concluded once testing and characterization had been carried out, was that the thermal-

mechanical physical simulation system used (Gleeble 3800, DSI) was able to quite accurately perform the thermal 

cycle required for the study (and subsequent tensile testing). The thermal lag initially observed when comparing the 

software’s cooling cycle with the temperature measured using thermocouples could effectively be countered by 

using the quench nozzle, complementing the grip cooling (water) with the gas cooling (Argon). Another major find 

was the apparent stability of the microstructure in the cooling range 20 – 100 °C/s that was observed during this 

project, which perhaps suggests that this specific parameter is quite robust, this could enable a slightly larger 

allowance during different heating schemes.  

The main findings of this master thesis will be divided into separate points and discussed below: 

• When taking both ductility and UTS into account, the reference samples outperform all other tested 

samples, they exhibit the best balance between ductility and strength. However, it is important to keep in 

mind that these were also the only samples that did not have their annealing treatment negated by heating 

over β transus and cooling. 

 

• Both UTS and microhardness showed a slight positive correlation with the reciprocal average α lath 

thickness, thus being in accordance with literature, the only real outliers found here were in both cases the 

reference samples, showing a higher than expected value with respect to their average α lath thickness. 

 

•  A large fraction of α→β phase transformation during both soak times (5 and 40 s) could be verified by the 

emerging microstructure observed during both OM and SEM imaging, where the prior basketweave α 

microstructure had transformed into a colony α microstructure for the samples cooled with 5 °C/s. 

 

• The average α lath thicknesses were quite uniform with only small differences, this was true for both soak 

times and the measurements were in the range 0.35 ± 0.08 to 0.54 ± 0.18 µm. The thickest α laths were 

found for the lowest cooling rate (5 °C/s) while the thinnest were found in the samples cooled with 50 °C/s. 

 

• In all samples where the cooling rate was sufficient to form basketweave α (20 – 100 °C/s), no discernible 

differences were found with regard to the microstructure when observing the specimens in the SEM and 

comparing them to the reference samples.  

 

• Optical microscopy of three different sections in the sample waists (near fracture surface, centre of waist 

and bottom of waist) did not show any significant difference for the samples cooled at 20 – 100 °C/s. 

However, a microstructural change was observed for the samples cooled with 5 °C/s, here the 

microstructure gradually changed from a colony α microstructure near the fracture surface, going down the 

waist to approximately the centre, before changing to the basketweave α microstructure that was present 

throughout the entire sample prior to any heat treatment.  

 

• The RA calculations showed a large scatter in the ductility of the samples, even for the samples subjected 

to identical test conditions, some of this might be explained by the instability of heating that occurred for a 

number of samples. 

 

• The presence of grain boundary α was recorded for all samples, with decreasing continuity when the 

cooling rate increased, the reference samples also had very fine discontinuous grain boundary α. 
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8 Further work 
 

Since the changes occurring for the majority of cooling rates with respect to morphology and feature size were 

small, it could be interesting to investigate a broader group of cooling rates, to see at what intervals major changes 

will occur. Increasing the sample size for each test type would be beneficial in that it would provide a more reliable 

average than that obtained in this study, with just two samples it is hard to make any definite conclusions. It would 

be good to use an image analysis software (e.g. MIPAR), since this would be enable larger data sets to be used for 

calculating the average feature sizes investigated in the project, it would also remove much of the bias of the user 

that otherwise would manually select which α laths to measure. The grips used for the thermomechanical tensile test 

had limitations of the maximum thickness of specimens used (2.25 mm), this led to the forced usage of a slightly 

under-dimensioned cross-sectional area which may have played a part in the less than ideal heating observed for a 

number of the tested specimens, by being able to increase this area it may be possible to reduce the instability of 

heating. Overall it would be beneficial to be able to perform more tests with the Gleeble 3800 so that the optimal 

running parameters can be acquired (gas flow, settings for current, thermocouple parameters etc..).  Lastly, maybe 

most importantly, it would be good to be able to re-do the performed tests with an extensometer which can measure 

reliably in both the elastic and plastic portion of the stress-strain curve (available at LTU now) which is not believed 

to have been the case for the one that was used in the current work. 
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11. Appendix 
 

 
Figure 1. Stress versus strain for reference 1. 

 

 
Figure 2. Temperature over time for reference 1. 



39 

 

 
Figure 3. Stress versus strain for reference 2. 

 
Figure 4. Temperature over time for reference 2. 
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Figure 5. Stress versus strain for sample 155. 

 
Figure 6. Temperature over time for sample 155. 
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Figure 7. Stress versus strain for sample 255. 

 
Figure 8. Temperature over time for sample 255. 
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Figure 9. Stress versus strain for sample 1205. 

 
Figure 10. Temperature over time for sample 1205. 
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Figure 11. Stress versus strain for sample 2205. 

 

 
Figure 12. Temperature over time for sample 2205. 
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Figure 13. Stress versus strain for sample 1505. 

 

Figure 14. Temperature over time for sample 1505. 
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Figure 15. Stress versus strain for sample 2505. 

 

Figure 16. Temperature over time for sample 2505. 
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Figure 17. Stress versus strain for sample 11005. 

 

Figure 18.  Temperature over time for sample 11005. 
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Figure 19. Stress versus strain for sample 21005. 

 

Figure 20. Temperature over time for sample 21005. 
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Figure 21. Stress versus strain for sample 1540. 

 

Figure 22. Temperature over time for sample 1540. 
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Figure 23. Stress versus strain for sample 2540. 

 

Figure 24. Temperature over time for sample 2540. 
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Figure 25. Stress versus strain for sample 12040. 

 

Figure 26. Temperature over time for sample 12040. 
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Figure 27. Stress versus strain for sample 22040. 

 

Figure 28. Temperature over time for sample 22040. 
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Figure 29. Stress versus strain for sample 15040. 

 

Figure 30. Temperature over time for sample 15040. 



53 

 

 

Figure 31.  Stress versus strain for sample 25040. 

 

Figure 32. Temperature over time for sample 25040. 
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Figure 33. Stress versus strain for sample 110040. 

 

Figure 34. Temperature over time for sample 110040. 
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Figure 35. Stress versus strain for sample 210040. 

 

Figure 36. Temperature over time for sample 210040.  
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Table 1. Values of strain and UTS measured during Gleeble-testing for all samples. 

Sample Strain UTS 

Ref 1 0,141 976,65 

Ref 2 0,142 952,97 

S155 0,10351 882,13 

S255 0,12785 905,7 

S1205 0,10069 929,33 

S2205 0,10976 926,89 

S1505 0,08061 941,11 

S2505 0,08777 956,53 

S11005 0,06809 931,64 

S21005 0,11101 916,14 

S1540 0,13659 857,78 

S2540 0,10744 875,85 

S12040 0,0495 882,84 

S22040 0,10447 907,91 

S15040 0,05867 931,43 

S25040 0,10838 929,17 

S110040 0,06783 918,67 

S210040 0,06926 908,43 

 


