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Abstract 

Advanced grid stiffened structures (AGS) are lightweight structures with a high strength to 

weight ratio, originally developed for the aerospace industry. Isogrid is a type of AGS which 

has been employed in a number of high-profile projects from Atlas rockets to the recent 

James Webb space telescope. The utilisation of AGS structures throughout wider industry is 

an opportunity to reduce the demand for raw materials and their associated environmental 

impact; however, the conventional method of AGS production by computer numerically 

controlled (CNC) milling is time consuming, costly, and creates a high level of material waste. 

To address this, a modified rolling process was conceived to manufacture Isogrid which is 

faster with low material waste. 

This thesis records the experimental development of the novel rolling method and reports 

the body of scientific data generated during the microstructural and mechanical assessment 

of its output. The microstructural evolution during this novel rolling process was 

characterised via a combination of optical microscopy, electron backscatter diffraction and 

microhardness measurement. The varying degrees of deformation required to form the 

Isogrid geometry produced areas of greater and lesser cold work, with commensurate levels 

of hardness. Rolling Isogrid’s asymmetrical geometry also generated shear deformation 

textures alongside standard rolling textures.  

Mechanical testing in tension and bending was performed to explore the impact of the 

microstructural findings. This work demonstrated that rolled Isogrid is stronger than its CNC 

milled equivalent in tension and bending and stronger than its billet material in bending. 

Rolled Isogrid was found to be isotropic in the thickness direction for out of plane loading 

and more isotropic than the CNC milled Isogrid for in plane loading. Comparisons of both 

sample groups in their as produced and post-annealed condition revealed the degree to 

which cold work had strengthened each sample. Fatigue testing was performed to assess the 

influence of rolled Isogrid’s microstructural features on its fatigue performance. Rolled 

Isogrid performed poorly in comparison to CNC milled Isogrid under fatigue loading. The 

rolled Isogrid performed poorly in fatigue relative to CNC Isogrid, which was attributed to 

microstructural inhomogeneity after SEM fractography and supplementary fatigue testing of 

rolled specimens in the post-annealed condition.  
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Structure of the thesis 

This thesis is structured to report each stage in the development and characterisation of the 

novel Isogrid rolling method in the following manner.  

Rather than one literature review, each results chapter begins with an overview of the theory 

and recent work relevant to its content. Chapter 1 introduces the origins and theory of grid 

stiffened lightweight materials to provide context to the aims and motivation of this thesis. 

Chapter 2 reports previously implemented and conventional methods for the production of 

Isogrid, discussing their advantages and disadvantages to give insight into the current state 

of Isogrid manufacturing. Chapter 3 details the materials and methods used throughout this 

work. Chapter 4 reports the design process and implementation of the Isogrid rolling 

concept, with some preliminary findings on the resultant Isogrid.  

Chapter 5 details the microstructural characterisation of rolled Isogrid and CNC milled Isogrid 

in their as produced and post-annealed conditions. All sample types were sectioned and 

etched to examine the microstructural evolution which takes place during the novel rolling 

process and related microhardness maps are provided. Analysis on microstructural texture, 

and the size and aspect ratio of grains was enabled via electron backscatter diffraction.  

The mechanical behaviour of rolled and CNC milled Isogrid is reported in Chapter 6, through 

tensile and bending tests performed on the same sample groups from Chapter 5. These tests 

were performed in various orientations to ascertain the isotropy of each sample group. The 

contribution of cold work to mechanical properties was determined by comparing the results 

of samples in their as produced and post-annealed conditions.  

The fatigue performance of rolled Isogrid and CNC Isogrid is examined and compared in 

Chapter 7. To this end, samples were subjects to cyclical loading, and failures were analysed 

via SEM fractography, and S-N curves were plotted. The discussion of fatigue incorporates 

the results reported within previous chapters, and the differences between rolled Isogrid in 

its cold worked and post-annealed conditions are explored. 

Chapter 8 summarises the major contributions to science throughout each chapter with 

reference to any relevant results in other chapters, provides concluding comments on the 

thesis, and details potential directions of future work. 
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1 Advanced grid stiffened structures and Isogrid 

1.1 Lightweight materials and the origins of Isogrid and advanced grid 

stiffened structures  

1.1.1 Material selection, lightweight materials, and shape 

Material selection within engineering design is often based on the trade-off between 

conflicting aims [1.1,1.2]. In structural applications, materials must withstand the weight of 

the overall structure as well as applied loads [1.3]. In the automotive [1.4,1.5] and aerospace 

sectors [1.6,1.7], materials must also withstand dynamic loading; however, increasing the 

overall mass of the vehicle increases dynamic loads, reduces fuel efficiency, and requires 

more power generation to achieve the same acceleration. The same type of trade-off can be 

applied to what percentage of a freight ship is cargo and what percentage comprises the 

containers and structure of the vessel itself [1.8]. In these examples, the mass of the material 

itself counteracts its function. A popular example of this issue is in the design of a space 

tether, or elevator, where a structure orbiting in space is connected to the ground by means 

of a cable to facilitate improved access to space [1.9]. An obstacle limiting the development 

of such technology is that traditional lightweight materials, including non-metallic materials, 

are still too dense to produce such a structure, since it would collapse under its own weight 

[1.10,1.11].  

It follows from the above examples that the performance of a lightweight material can be 

expressed as a ratio of some desired functional property divided by its density (this is then 

known as a specific property such as specific stiffness, or specific strength) [1.12–1.14]. This 

is an underpinning concept of the work conducted by Ashby [1.15–1.17] on materials choice 

and the categorisation and ranking of materials within a materials property space. Using this 

method, the relative merits of a material for a given application can be obtained by graphing 

a key property on the y axis (often a mechanical property such as Young’s modulus or yield 

strength) and density on the x axis (Figure 1.1). This type of plot was named an Ashby 

diagram, and the conceptual domain of properties graphed is referred to in the literature as 

materials property space [1.18,1.19]. The various regions of the graph show families of 
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materials which exhibit very similar properties and behaviours, and therefore facilitates quick 

and intuitive comparisons. Graphing a line with a gradient of 1 onto the materials space 

shown in Figure 1.1 creates a contour of materials which have the same specific stiffness. 

Any materials above this line have a higher specific stiffness than materials below it, which is 

a useful result for components in plain tension.  

 

Figure 1.1 An Ashby diagram plotting Young’s modulus against density. The dotted lines are contours 
of equal specific stiffness and material indices for minimal mass design. [1.20]. 

Using this method, the best possible materials available can be determined for a given 

purpose [1.17]; however, selecting the optimal material using only one metric is not always 

appropriate. Other considerations must be taken into account including cost, environmental 

impact, material availability, and processability [1.17].  

Mass efficient design and the use of lightweight materials are environmentally beneficial via 

the reduction in consumption of raw materials they deliver. Metal production is a large 

consumer of energy and a significant contributor of CO2 according to environmental impact 
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reviews of the minerals and mining processing industry [1.21,1.22]. Farjana et al. [1.21,1.22] 

found that the production of aluminium releases 12kg of CO2 per kilogramme of aluminium 

produced. Aluminium was the material with the greatest energy cost identified by Dixit 

[1.23], as the energy required to electrolyse aluminium from primary ores is high. Engineers 

and designers are increasingly encouraged by policymakers to consider the ecological impact 

of their work through the lens of embodied energy [1.24–1.26], which is a measure of the 

energy required to manufacture a component per unit mass of that component [1.23]. 

Mitigations such as sourcing carbon neutral energy for production processes and recycling 

existing aluminium go some way towards reducing this embodied energy; however, the total 

energy expended, and environmental impact can be directly improved by reducing the 

overall mass of a component [1.27,1.28]. This line of reasoning was fully explored by Allwood 

and Cullen [1.29] who support lightweight design and topological optimisation as standard 

practice for reduced environmental impact.  

The areas of material property space in which no materials exist are referred to as holes. 

These holes represent combinations of material properties which do not currently exist for 

use within engineering design. The space tether is an excellent example, as it is still a subject 

of research whether a material exists which could support such an application [1.10,1.11]. 

There are many such holes where combinations of properties exist capable of enabling future 

technologies and improving the efficiency and effectiveness of existing processes 

[1.18,1.19,1.30]. These holes (Figure 1.1) exist between many sets of material properties, 

especially where one property tends to negate the other, such as ductility and hardness 

[1.30]. Bulk materials are no longer making significant progress on filling these holes in 

materials space, so research has shifted towards other methods of tailoring material 

properties [1.13,1.14,1.20,1.31].  

Foams, lattices, hybrid materials and hierarchically designed structures offer the opportunity 

to develop materials which fill these holes in material property space [1.12,1.18,1.19,1.30]. 

A review performed by Evans [1.32] gave insight into this progress on these materials, 

describing the theory underlying their design and their place in the materials property space. 

This was also demonstrated by Jia et al. [1.30] in their work on the design of hierarchical 

structures which employed biomimicry to create hybrid materials that exhibit unusual 

pairings of properties such as “strong and tough “ or “stiff and dissipative”.  These materials 



 

 

Chapter 1 – Introduction   16 

take full advantage of the shape factor effect, which is a measure of the topological 

optimisation within a structure relative to some loading regime [1.17]. Ashby [1.17] stated 

that high strength to mass ratios can be achieved using the shape factor effect regardless of 

intrinsic properties like yield strength and Young’s modulus. I-beams are an example of this 

concept, as the flanges of an I-beam in bending have been distanced from the neutral axis by 

the web hence they provide disproportionate bending resistance relative to their weight 

[1.17]. Shape optimisation has continued to be an effective lightweighting strategy as hybrid 

materials such as grid stiffened structures and low-density core sandwich panels have 

consistently performed well and integrated well with novel material technologies 

[1.12,1.18,1.19,1.30,1.32].   

1.1.2 Grid stiffened structures 

Grid stiffened structures are a family of hybrid materials composed of a lattice which 

reinforces an outer shell [1.33]. They utilise the shape factor effect to maximise their strength 

to mass ratio as a lightweight material in bending as the lattice component creates a high 

second moment of area [1.34]. This is a design which emulates nature as implementations of 

the concept can be seen in a diverse array of situations: from the leaves of the Victoria 

Amazonica or “Amazonian Lilypad” (Figure 1.2-A), which utilises a lattice of turgid water 

channels to create a stiff floating leaf, to architectural landmarks such as the Crystal palace 

(Figure 1.2-B) [1.35].  

 

Figure 1.2 Structural ribs on the underside of an Amazonian Lilypad (left) [1.36] and the Crystal palace 

(right) [1.37] which it inspired. 
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Grid stiffened structures were introduced as a lightweight design choice for fuselage 

construction during the rapid development of aerospace vehicles in the 20th century 

[1.38,1.39]. During World War 2, materials shortages and the need for high performance 

aircraft gave rise to grid stiffened designs such as the frame of the Vickers Wellington (Figure 

1.3-A) [1.40]. Its construction shows that the core concept of skin and stiffened structures 

was already being considered. In this instance, the fuselages were constructed from many 

reinforcing elements fastened into a frame, onto which the skin was attached. 

 

Figure 1.3 The Vickers Wellington, an iconic geodesic fuselage design [1.41]. The Shukhov tower, a 

precursor to lattice and grid stiffened structures design in Russia [1.42]. 

The high demand for reliable, lightweight sheet materials for the space industry later in the 

20th century coupled with the advent of numerically controlled machining led to the 

development of “Advanced Grid Stiffened structures” (AGS) or “Integrally stiffened 

structures” [1.43–1.45]. These materials combined the entire skin and rib structure in one 

construction with no fasteners or rivets, by machining pockets from thick stock material to 

produce a thin-walled rib and skin structure [1.46]. These integrally stiffened plate structures, 

which were initially developed for use in the booster stages of rockets, found usage across 

multiple aerospace applications in launch vehicles and space structures [1.34,1.47]. While 

the manufacturing process for the generation of AGS structures was expensive, the 

reductions in payload related to cost was high enough for viability in these niche aerospace 

applications [1.34,1.46–1.49]. Vasiliev et al. [1.50] describes a parallel route to the 
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development of AGS and grid structures citing the Moscow radio tower designed by Shukhov 

[1.42] (Figure 1.3-B) built in 1921 as an early example of lattice style construction. 

Grid stiffened structures are particularly optimal for use in bending applications 

[1.34,1.48,1.51,1.52], where their increased section height has a profound impact on the 

second moment of area. This is a characteristic shared with cellular materials such as foams 

and lattices, which often tend to have lower density [1.18,1.53–1.55]. This realisation led to 

the creation of low density core sandwich panels, with cores made from metallic foams or 

honeycomb structures. Like I-beams, grid stiffened structures and sandwich panels are both 

optimised to resist bending loads by placement of the outer skin away from the neutral axis 

of bending. This takes full advantage of the shape factor effect, removing the concentration 

of mass from an area where it isn’t being loaded effectively [1.4,1.18,1.52,1.56–1.59]. 

Grid stiffened structures were also developed within civil engineering for large steel and 

concrete structures [1.60]. Troitsky [1.60] states that this method of construction was 

developed in lieu of a materials shortage, and that it then gained popularity due to its 

economic advantages and structural performance. This development took place as a method 

of conserving available materials, and has remained in usage after the shortages came to an 

end. 

1.1.3 Isogrid 

Isogrid is a special case within the family of advanced grid stiffened structures which  the 

Isogrid design handbook defines as “a lattice of intersecting ribs forming an array of 

equilateral triangles” [1.34]. This lattice of ribs is usually – but not always – attached to a skin 

section as in other integrally stiffened structures. It has many unique properties which make 

it attractive compared to other grid stiffened structures, and is instantly recognisably by its 

triangular pattern as seen in Figure 1.4. The handbook [1.34] provides a comprehensive 

summary and overview of Isogrid, analyses of its mechanical properties and design 

data/equations with worked examples for specific use cases.  

Isogrid was developed at McDonnel Douglas for the National Aeronautics and Space 

administration (NASA) as a lightweight material for use within the US space industry 

[1.34,1.46,1.49,1.61]. NASA had sought to improve on its existing stiffening methodologies 
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which primarily employed square patterns or squares rotated through 45°, often referred to 

as Orthogrid due to the orthogonal arrangement of its structural members [1.56,1.57,1.62]. 

Orthogrid performed poorly against in-plane loading due to the statically underdeterminate 

nature of a quadrangular lattice (the skin section is all that prevents the lattice folding like a 

scissor mechanism or four bar linkage). This was solved using an equilateral triangular lattice, 

Isogrid, which performed better than orthogrid in both in-plane and out-of-plane loading due 

to its statically determinate nature.  

Slysh et al. [1.49,1.61] described the benefits, properties and potential usage cases for 

aluminium Isogrid structures. Isogrid was proposed as the structural component of rocket 

fairings and adapters as it offered a 37% reduction in weight with a 10% reduction in cost 

compared to existing methods. The strength of Isogrid in bending, compression and torsion 

is highly disproportionate to its mass, with one optimised design reported to increase the 

bending stiffness of the underlying skin 192 times by adding only the skin’s weight in ribs 

[1.34]. These factors made it a clear choice for development and inclusion in several high-

profile space industry programs such as Thor-Delta [1.63], Boeing Starliner [1.64] and Skylab 

[1.34,1.65]. While early development of Isogrid was driven by the need for lightweight 

materials in the construction of launch vehicles [1.34,1.46,1.61,1.66], other applications 

quickly became apparent such as fortified military components [1.61] and aircraft fuselages 

[1.38,1.67]. Greathouse et al. [1.68] used Isogrid as the main structural component for the 

development of a small Satellite called “Isosat” [1.68]. According to the same report [1.68], 

Isogrid was also used within the engine shrouds of the Boeing 777.  More recently, 

the Advanced Lattice Structures for Composite Airframes (ALaSCA) project focused on 

developing an AGS fuselage for aircraft structures [1.69]. The project succeeded in the design 

of two such concepts, one with the skin on the outside of the plane, the other with the ribs 

on the exterior covered by a secondary aerodynamic skin.  

Secondary benefits of the Isogrid design are its isotropic mechanical properties and high 

degree of damage resilience [1.34]. Isotropic properties are properties which do not depend 

on direction [1.70]. The triangular Isogrid lattice displays isotropic mechanical properties 

which allow the entire lattice to be represented as an equivalent flat layer. This reduces the 

computational cost of its analysis and optimisation, since it can be represented as a simplified 

structure. This was attractive given the computational power available during its early 
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development [1.34,1.66]. This is also the origin of Isogrid’s name, which came from “Isotropic 

grid”. Further analysis and development of grid stiffened structures has discredited Isogrid 

as a fully Isotropic material [1.52,1.71], as directionality in properties develop during extreme 

out of plane deformations and failure modes leading the literature to begin describing it as 

“quasi isotropic”.  

 

Figure 1.4 Isogrid panels used on the Boeing CST-100 Starliner [1.64]. 

There is a high degree of redundancy in the loading paths of the Isogrid lattice which makes 

it very resilient to cut-outs and localised damage [1.34,1.72]. The addition of design features 

such as doors and bulkheads was easy as the lattice could be reinforced in the area close to 

the feature. The triangular unit cell of Isogrid lattices fits the circular or arc based geometry 

which portholes and doors/bulkheads on spacecraft designs often require for strength 

[1.34,1.48,1.73]. The use of Isogrid reduced the number of components and required section 

depth in a vessels structural design with comparison to a stringer-skin style construction, 

while also providing mounting points for instrumentation and secondary systems via blind 

holes at the nodes [1.34,1.46].  
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Isogrid continues to see usage in the space industry as a key structural component for the 

Titan, Atlas and Delta launch vehicles [1.56] with research ongoing for its use in many other 

projects. The James Webb space telescope is a recent example which employed Isogrid 

machined from 1.6m panels of isostatically pressed beryllium  [1.74–1.78]. Despite the 

relative age of the technology, technical reports and design studies still recommend the 

implementation of Isogrid as an advanced material architecture throughout NASA’s publicly 

available documentation [1.74–1.81].  

The success of Isogrid within the aerospace industry is in stark contrast to its adoption within 

other industries. This can mainly be attributed to the cost of manufacturing associated with 

the methods which have been developed for Isogrid, rather than the utility and merits of the 

material itself [1.82,1.83]. 

1.1.4 Computer numerically controlled milling 

Computer numerically controlled (CNC) milling was the obvious choice of process for 

manufacturing integrally stiffened structures such as Isogrid at its inception (Figure 1.5), as it 

removes the triangular recessed areas of the geometry through a process known as pocket 

milling. Figure 1.5 shows the advantageous adaptability of CNC milling for Isogrid production, 

as the method readily creates the change in the rib geometry at the edge of the lattice to a 

rectangular layout . This may be a reinforced section, or the edge of a component where it 

must join to a straight edge. This fits very well with the cut-out and reinforcement 

modifications mentioned in section 2.1.3.  

This method is costly due to the large volume of material which must be machined away 

relative to the remaining structure. A study performed by Tayon et al. [1.82] places this waste 

volume at 90% of the initial material, incurring a loss of $8 million per tank for the space 

shuttle program. Other costs must also be considered, including the capital cost for a large 

custom CNC mill gantry, the time taken to remove >90% of the stock material through 

machining and the physical space and personnel to process materials in this manner. This 

combined cost (time, material, energy and machinery) present a barrier for many 

applications which would benefit from grid stiffened structures. 



 

 

Chapter 1 – Introduction   22 

The primary challenge to reduce the cost of manufacturing Isogrid is to develop a 

manufacturing method which will facilitate high-volume production [1.84]. CNC machining is 

an excellent solution for the low volume, high performance rib geometries required within 

aerospace applications; however, it is not a cost-effective solution for the mass-manufacture 

of grid stiffened structures which would have potential ecological and performance benefits 

for many applications at a lower price point [1.85].  

 

Figure 1.5 Isogrid being machined in a CNC mill [1.86]. 

1.1.5 Rolling mills 

Rolling is a common high-volume manufacturing technique in which a billet is deformed 

between two metal rollers to reduce its thickness [1.87]. It is highly suited to mass 

manufacturing of metallic products [1.87,1.88] and is most often employed to produce sheet 

metal, as it can reliably produce continuous flat sheets with consistent and precise 

dimensions.  
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A key characteristic of the rolling process is that the material between the rollers is subjected 

to 2D stresses in a plane strain deformation mechanism [1.87–1.89]. Material preferentially 

deforms in the rolling direction and there is minimal lateral material flow [1.90]. As such, the 

rolling process is often reduced to a 2D simplification for the purposes of analysis, as any 

cross section taken along the roll gap is experiencing identical conditions [1.87,1.89]. This 

simplification is practical for calculating forces on the rolling mill, but it breaks down when 

analysing the rolling process at a more detailed level [1.90,1.91]; for example, forces along 

the roll gap induce bending into the rollers which must be taken into account for precision 

rolling. This can lead to the billet exiting the gap with a thickened centre and thinned edges. 

Several methods have been devised to mitigate this effect, such as roller crowning in which 

the profile of the roller is reinforced along its length [1.91–1.94] and multi-stand rolling mills 

in which backup rollers support the primary roller throughout its rotation [1.87,1.93,1.94].  

Rolling mills can also be employed to produce other cross-sectional geometries, including 

structural members (I beams/columns/angle iron), rail tracks, and seamless pipes [1.95–

1.97]. These geometries are more complex than the rectangular cross section of sheet metal, 

so they employ multiple rollers to generate the target cross section. I-beams and railway 

tracks are rolled using 4-roller mills operating in 2 axes whilst seamless pipes are 

manufactured using 3 rollers at helical angles to one another, with a trapped mandrel 

generating the inner diameter [1.95–1.97].  

Primary metal production processes are often conducted using both hot and cold rolling 

depending on the condition of the cast ingot or continuously cast slab. Hot rolling facilitates 

large deformation and refinement without cracking of the material, whereas cold rolling is 

utilised where the initial thickness of the cast slab/ingot is closer to the desired output 

dimension [1.87,1.91].  

Further processing can also be performed using rolling mills to harden metallic materials or 

emboss patterns into them. During cold rolling, the grains of the feed material are deformed, 

leading to a change in microstructure and material properties [1.98,1.99]. This is often 

implemented for work hardenable aluminium alloys, which exhibit superior mechanical 

properties, such as tensile strength, stiffness, and hardness, due to the cold work imparted 

into their grain structure via cold rolling [1.100,1.101]. Treadplate is a sheet material covered 



 

 

Chapter 1 – Introduction   24 

in embossed diamond or chequer patterns for increased surface roughness. These surface 

properties are designed to facilitate its usage for flooring within industrial contexts and 

beyond, providing additional grip where there is the potential for slippery conditions. In 

comparison to grid stiffened structures, treadplate has a shallow surface pattern when 

compared to the overall thickness of the plate.  

Based on the above discussed ability of rolling mills to create patterned materials, this project 

adapted the rolling process for the production of Isogrid patterns in aluminium plate. The 

development of such a process for flat sheet materials offers the potential for mass-

manufacture of Isogrid sheets within the full context of industrial rolling mill technologies 

and infrastructure. Flat sheet materials have been the focus of the work conducted during 

this project; however, the aforementioned alternative applications (rail, structural members, 

pipe) would benefit from this work.  

1.1.6 Motivation, aim and scope of thesis 

AGS structures offer excellent mechanical properties and function well as a lightweighting 

strategy which expands the usable domain of material property space 

[1.14,1.20,1.50,1.52,1.72]. These structures, such as Isogrid, have been limited to the 

aerospace industry due to the prohibitive costs for mass production, despite the benefits 

previously discussed. Isogrid currently excels in bespoke, small-batch applications which 

value performance above all else, despite the cost [1.74–1.81].  

This thesis proposes that a mass production method for Isogrid structures is required for its 

widespread environmental, economic and performance benefits to be realised outwith the 

Aerospace industry. For this purpose, the production of Isogrid via a rolling mill method has 

been investigated, as it is a continuous process, capable of significantly faster production. 

The impression of ribs to the required depth during a rolling process to produce Isogrid 

structures is new ground, and the process requires trial and characterisation of its outputs to 

explore its full potential. An experimental implementation of the process was designed and 

rolled Isogrid samples were manufactured for mechanical and microstructural comparison to 

its machined counterpart.  
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This thesis studies the output of the prototype Isogrid rolling process, in relation to an 

equivalent CNC milled geometry. The comparison of the two structures across multiple 

characteristics, such as microstructure, mechanical behaviour and fatigue performance, will 

facilitate a scientific evaluation of the potential merit of this novel, high-volume 

manufacturing process.  

The aim of this thesis is to assess the viability of the proposed rolling method as a process for 

the industrial mass production of Isogrid and other advanced grid stiffened structures. To 

achieve this aim, the following objectives have been identified: 

• Selection of an appropriate material for experimental proof of concept trials. 

• Design and implementation of the rolling process in the laboratory setting. 

• Creation of Isogrid samples using the proof of concept rolling mill and conventional 

CNC milling methods for comparison. 

• Microstructural characterisation of the Isogrid specimens using standard 

metallographic techniques . 

• Mechanical property assessment of the Isogrid specimens in terms of tensile 

strength, bending strength and fatigue performance. 

Modelling approaches to this work would allow exploration and optimisation of the proposed 

process; however, physical results are more pertinent to the initial assessment of this 

process. Simulating the large deformations proposed would require bespoke commercial FEA 

software such as Forge or DEFORM. These software packages represent a large investment 

in expertise and cost; therefore, strong justification is required for their usage (such as 

physical results). This work will be done through purely experimental methodologies to 

provide a clear proof of concept for this process. 
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2 Production methods of Isogrid  

This chapter is a review of the available scientific and technical literature on current 

manufacturing methods for Isogrid structures and other AGS structures, providing context 

for informed evaluation of the Isogrid rolling technique with conventional CNC milling 

methods in later chapters.  

2.1 Existing literature reviews on the manufacturing of Isogrid 

The development of manufacturing methods for Isogrid has been driven by the persistent 

high cost of its production processes as discussed in chapter 1 [2.1,2.2]. Huybrechts et al. 

[2.1,2.3–2.5] extensively researched the origins, fabrication techniques and properties of 

advanced grid stiffened structures. Their body of work discusses the initial implementations 

of Isogrid, based primarily in metals for aerospace and military applications, but focuses on 

future developments for the technology in the space industry. Huybrechts et al. [2.1] state 

that although aluminium Isogrid is a proven and reliable structure, its mass efficiency and 

cost of production make it undesirable in comparison to composite grid stiffened structures.  

However, recent developments in forming, welding and additive manufacturing have led to 

a revived interest in metal-based lattice materials [2.6–2.13]. 

Vasiliev et al. [2.14,2.15] conducted a survey of the development of Anisogrid, which is an 

Isogrid derivative. Anisogrid structures are identical to Isogrid structures in their definition 

except that the rib lattice does not contain nodes where all 3 rib orientations intersect 

[2.11,2.13–2.15]. Instead, the ribs are offset as seen in Figure 2.1. Vasiliev et al. [2.14] 

concluded that Anisogrid lattice structures had potential for usage outside the space 

industry, citing aircraft components and structural elements of civil engineering installations 

as suitable applications. However, the proprietary and often classified nature of Isogrid’s 

origins had prevented international cooperation in the development of this technology 

[2.14]. For this reason, it was noted that the review by Huybrechts et al. [2.1]  was an 

incomplete record of technological progress to date [2.14]. To the same end, it should be 

considered that there may still be classified documents relevant to this body of work.  
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Figure 2.1 Anisogrid structure [2.14] 

2.2 Milling 

The original manufacturing method for metallic Isogrid and other AGS structures as discussed 

in chapter 1 was manual milling [2.16]. These machines were operated by skilled machinists 

to remove material in a time-consuming and high material waste process with a rotating 

cutter on an XYZ gantry. The time taken to produce 10 Isogrid components (approximately 

150x150x15mm) in this manner was calculated by Schultz [2.16] as 712 operator-hours (30 

days). In the same article [2.16], numerically controlled (NC) milling was shown to take 332 

hours (14 days), which was 2.15 times faster due to automation [2.16]. The material waste 

of milling Isogrid is up to 90% of the base material [2.2,2.17,2.18].  

The time taken to manufacture Isogrid via milling is compounded by post processing 

requirements [2.19]. To obtain a usable final geometry for applications such as structural 

rocket panels, the milled Isogrid sheets are formed into cylindrical sections using rollers or a 

break press [2.17,2.19]. Figure 2.2 shows all the steps in an extended Isogrid manufacturing 
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process, where computer numerically controlled (CNC) milling was used to create the initial 

Isogrid structure. Complex curvature was difficult to obtain using these post-processing 

methods, so components using Isogrid were restricted to cylindrical or conical forms 

[2.17,2.19–2.22]. Slysh [2.19] described a wide range of processes to achieve more advanced 

geometries. These include explosive forming [2.19] (Figure 2.2), hydrostatic pressing [2.19] 

and creep age forming [2.19,2.23]. Further levels of automation, notably CNC milling, have 

since improved the efficiency of Isogrid milling [2.9,2.16,2.19] and it is currently effective for 

low-volume, bespoke components as required for aerospace applications. Multi axis CNC 

milling has developed to the extent AGS structures can be machined into the faces of objects 

with complex curvature (Figure 2.3) [2.9]. The mechanical performance of milled Isogrid can 

also be configured by engineers during the design stage, as parameters such as rib height to 

skin thickness are not limited by the process. Despite these benefits, Isogrid milling is largely 

inappropriate for large production volumes due to high production times, material waste and 

post-processing requirements [2.2,2.22]. 
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Figure 2.2 Example of Isogrid manufacturing process [2.19] 
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Figure 2.3 Integrally stiffened structure milling on a non-flat surface with multi-axis mill [2.9]. 

2.3 Chemical and abrasive milling 

Slysh et al. [2.2,2.22] proposed chemical milling as a potential manufacturing method for 

Isogrid. This technique employs a corrosive etchant to chemically dissolve stock material with 

which it comes into contact [2.24]. Material is selectively removed by employing a masking 

layer to protect the rib lattice from the material removal process. This method is effective for 

thin structures; however, its slow rate of milling (13-33µm/min) and safety concerns 

surrounding chemical handling are key disadvantages. Taller Isogrid structures require longer 

exposure to the etchant to remove sufficient depth from the stock material; however, long 

milling times increase the incidence of defects such as undercut, and deeper cuts suffer poor 

surface finishes [2.24]. The etchant needs to be renewed after saturation with the base 

material [2.24], limiting the mass of material which can be milled away efficiently. This 

restricts chemical milling to a small batch process, and it is therefore not suitable for 
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industrial production [2.25,2.26]. The efficiency of Isogrid is a function of the relative height 

of the rib lattice [2.17], putting chemically milled structures at a performance disadvantage. 

 

Figure 2.4 A- Abrasive waterjet milling process[2.27] B- Sample section of abrasive waterjet 
milled Isogrid [2.28] 

A waterjet milling method was proposed by Hashish et al. [2.27] in which a high-pressure jet 

of water carrying abrasive media performs material removal (Figure 2.4-A). Like chemical 

milling, a steel mask covers areas of the billet which are not to be removed, leaving a rib 

lattice in the case of Isogrid (Figure 2.4-B). The waterjet milling method can remove material 

more rapidly than chemical milling; however, the time taken was still relatively high at 4.5 

hours for an Isogrid structure made from 1220mmx305mm of aluminium plate [2.27]. 

Waterjet milling is capable of removing deeper pockets than chemical milling to create a 

greater range of efficient geometries; however, the steel masks erode rapidly and require 

replacement regularly [2.27].  

2.4 Near net shape forming 

Near-net shape forming (NNSF) is a process which aims to reduce machining time, cost and 

waste material by forming a geometric approximation of the final part, then post processing 

with a combination of additive and subtractive manufacturing methods to achieve the 

desired geometry [2.29–2.32]. NNSF was reviewed as a promising technique for the 

production of Isogrid and other AGS structures  [2.29,2.32]. Ivanco et al. [2.32] states that a 

cost saving of 50% could be made by employing near net shape production methods, and 
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that this was largely attributable to a reduction in labour required for machining, welding, 

and inspection. 

 

Figure 2.5 A – C, Near net shape forming process of a longitudinally stiffened cylinder on a slotted 
mandrel, D- Cross section of resultant longitudinally stiffened cylinder [2.33] 

Wagner et al. [2.34] proposed a related forming method which details how integrally 

stiffened cylinders can be formed on a slotted mandrel via a process called spin forming 

[2.29,2.32,2.34]. This method yields cylinders with one direction of reinforcing ribs (Figure 

2.5) which provide excellent compressive performance and reduce the welding and joining 

required for use as the structural component of rockets [2.35]. Ivanco et al. [2.32] considered 

spin forming in a cost-benefit study as a method for producing integrally stiffened cylinders 

and found it to represent a significant reduction in cost compared to conventional metallic  

production methods. Further studies [2.29,2.34,2.35] developed this method to produce a 

structure with one orientation of stiffening ribs to which other ribs could be welded in post-

processing to create an Isogrid AGS cylinder. A recent article has explored spin forming for 

the production of AGS structures with two orientations of helical ribs [2.36]. Initial trials of 

flow forming helical AGS structures produced good results in line with predictions from finite 
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element simulation of the process; however, further refinement is required to reduce minor 

geometric defects present in the formed stiffeners [2.36]. 

Ivanco et al. [2.29,2.32] concluded that a weight and cost saving was associated with spin 

forming as an NNSF method when compared to conventional (CNC) methods of producing 

aluminium Isogrid. The NNSF method discussed by Wagner et al. was also found to be 35-

58% cheaper than an equivalent composite structure [2.32]. However, forming methods are 

limited in their output geometries [2.37], and highly efficient rib to skin ratios may require 

intensive post-processing. 

2.5 Incremental forming 

Incremental forming is a manufacturing method in which a sheet metal part is formed in 

incremental steps using progressive dies or a single point tool [2.38]. Incremental forming 

has successfully produced grid stiffened sheet geometries [2.39–2.43], and is effective for 

the testing and development of stiffened components because the single point incremental 

forming (SPIF) method does not require unique tooling for each component. Incremental 

forming is capable of generating larger deformations in plate structures than stamping due 

to shear deformation mechanisms which has been shown to increase the forming limits of 

aluminium [2.44]. Further development of incremental forming for AGS structures has 

potential for the production of specific grid-stiffened components; however, the output 

cannot be classified as an integrally stiffened structure since the stiffening ribs are hollow. As 

such, incrementally formed Isogrid structures would not exhibit damage resistance or quasi-

isotropy as expected [2.17]. 

2.6 Additive manufacturing 

The development of additive manufacturing (AM) has facilitated a series of research articles 

on topological optimisation of lattice structures such as Isogrid, because the creation of 

complex geometries has become affordable for low production volumes [2.45–2.52]. These 

studies use numerical tools like finite element analysis to explore the mechanical properties 

and behaviours of lattice materials, 3D infill lattices, metamaterials and auxetic structures; 

then, the results are validated experimentally using 3D printed samples. The polymer-based 

3D printing techniques seen throughout these studies are a more mature technology than 
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the additive manufacturing of metals; however, recent reviews suggest that AM metallic 

lattice structures are becoming more common [2.53,2.54]. Figure 2.6 shows a nozzle which 

has been additively manufactured using directed energy deposition sintering, which sinters 

metal powder together in layers to form a component [2.55]. Wire Arc Additive 

Manufacturing (WAAM) also deposits sequential layers of material to build up components 

using well established arc welding technologies [2.56,2.57]. Isogrid structures have been 

successfully manufactured by Shi et al. [2.58] using WAAM. AM can produce complex and 

optimised structures such as Isogrid without the high material loss or extensive post 

processing seen throughout the subtractive manufacturing methods discussed so far [2.59]. 

However, there are serious disadvantages to the use of metallic additive manufacturing. The 

production time required for AM components is high, and the equipment and consumable 

materials (such as feedstock powder and shielding gases) are expensive [2.59,2.60]. Further 

disadvantages can also be seen in the properties of the resultant AM structure, such as poor 

surface quality [2.60], high risk of porosity and microcracking [2.61], and scatter in the 

mechanical properties of the produced structure [2.62]. As such, the use of AM for high-

volume production of Isogrid structures is unlikely. 

 

Figure 2.6 Additively manufactured Isogrid nozzle [2.63] 
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2.7 Fibre reinforced composite methods 

Both Huybrechts et al. [2.1,2.3–2.5,2.64] and Vasiliev et al. [2.14] agreed that fibre reinforced 

composites were more promising materials for the ongoing development of grid stiffened 

structures. Fibre reinforced composites are anisotropically strong in the fibre direction. As 

such, an increase in lattice efficiency can be achieved by aligning the fibres of a composite 

material with the rib directions of an Isogrid structure [2.4,2.65–2.68]. This strengthening 

mechanism is unavailable to lattices composed of metals, and a subsequent preference for 

composite Isogrid structures within Aerospace applications has become apparent in the 

literature [2.4,2.26,2.66,2.67,2.69–2.76].  

Composite Isogrid structures have been shown to exhibit damage tolerance [2.77]; however, 

free edge effects increase interlaminar stresses significantly and create a risk of 

delamination, ply failure and matrix cracking which serve as initiation sites for further 

damage to the structure [2.78]. Bellini et al. [2.79] compared identical structures made from 

a carbon fibre reinforced polymer (CFRP) and Titanium Ti6Al4V. The CFRP Isogrid cylinder 

provided an almost identical stiffness to the titanium alloy while weighing 66% less.  

The manufacturing methods for composite structures are generally expensive, involving 

manual steps and large specialised equipment. Composite Isogrid structures are primarily 

produced by either layup methods, in which the fibres are placed manually into moulds 

[2.77,2.80], or by filament winding, in which fibres are wound onto a mould using a robotic 

arm and a spool [2.13,2.66,2.72,2.75,2.79,2.81–2.83]. The automated filament winding 

methods have been found to produce better mechanical properties and higher quality 

finishes than hand layup samples [2.72,2.75]. However, thermally expanding mould blocks 

have been developed within layup methods which deliver improved rib density and 

mechanical properties [2.3,2.5,2.84]. The methods for producing composite Isogrid 

structures are effective and well established for the production of highly optimised 

structures, but the cost of materials, manufacturing time and batch processing methods they 

employ are best suited to application specific production [2.1,2.14,2.84]. 
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2.8 Summary of manufacturing methods 

Isogrid has proven to be a reliable and effective lightweight structure, which explains its 

persistent usage throughout the aerospace industry despite its high cost of production [2.85–

2.89]. This cost stems from various process parameters associated with the permutations of 

machining, forming, joining, and additive manufacturing discussed in this chapter which are 

used to produce Isogrid [2.2,2.22,2.58,2.90]. The available manufacturing methods for 

Isogrid structures have been developed over time to minimise these issues, automating 

manual processes and optimising material usage; however, a fully continuous process for 

high volume production of Isogrid has not been developed. 

Composite Isogrid structures have superior mechanical properties, and are likely to continue 

as the focus of performance driven research in stiffened structural materials for aerospace 

applications. CNC milled Isogrid is a proven, effective structure for the space industry, which 

has already developed the infrastructure to support the production volumes of Isogrid it 

requires. Additive manufacturing is likely to play a central role in the development of novel 

frontiers for lightweight topologies and stiffened components. However, none of these 

methods are suitable for high-volume production. This gap exists because the intended 

application for each method discussed in this chapter has required very high performance 

for a limited number of components. In other words, Isogrid structures have always been 

constructed for a specific purpose, and never produced generally to be used as a stock 

material for unspecified applications. 

This body of work aims to prove the concept of Isogrid rolling to address the mass-

producibility gap in Isogrid manufacturing. As discussed in chapter 1, rolling is an established, 

scalable method of production, which is already utilised to produce the sheet metal products 

and structural sections which are used ubiquitously throughout industry. By combining these 

concepts, the beneficial aspects of grid stiffened structures may be applied to existing stock 

products such as sheet metal for use throughout wider industry. 
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3 Materials and Methods 

3.1 Commercially pure aluminium  

Aluminium alloy AA1050 was chosen as the billet material for Isogrid rolling for its low 

hardness and excellent formability. AA1050 (composition in Table 3.1) is classified as a 

wrought, or non-heat-treatable alloy, which indicates that it cannot be strengthened via heat 

treatment or “aging” like some aluminium alloys [3.1]. Such heat treatments rely on alloying 

elements to form precipitates which improve the mechanical characteristics of heat treatable 

alloys.  

Table 3.1 Elemental composition of AA1050 [3.2,3.3] 

Element % Composition 

Aluminium, Al  ≥ 99.50 % 

Copper, Cu  ≤ 00.05 % 

Iron, Fe  ≤ 00.40 % 

Magnesium, Mg  ≤ 00.05 % 

Manganese, Mn  ≤ 00.05 % 

Other, each  ≤ 00.03 % 

Silicon, Si  ≤ 00.25 % 

Titanium, Ti  ≤ 00.03 % 

Vanadium, V  ≤ 00.05 % 

Zinc, Zn  ≤ 00.05 % 

AA1050 is at least 99.5% pure aluminium and does not contain alloying elements to a degree 

suitable for aging. Non heat treatable aluminium alloys are instead strengthened via the 

introduction of cold work, which refines the grain structure of the material, increasing 

strength and hardness. It is available commercially in various temper states, such as -H18 

(rolled to full hardness), -H14 (rolled to half hardness) and -O (annealed), which describe the 

degree to which it has been cold-worked [3.3,3.4]. The required stress applied to AA1050 for 

plastic deformation (flow stress) is presented in Figure 3.1 [3.5] as a function of strain. 



 
 

Chapter 3 – Materials and methods   59 

 

Figure 3.1 Flow stress of AA1050 in the annealed condition (adapted from [3.5]) 

AA1050 was sourced in the -H14 condition as a billet material for rolling. Its hardness was 

measured to be 41Hv, and after annealing at 535°C for a duration of 1 hour to the -O 

condition, the hardness was measured at 20Hv.  

3.2 Methods of sample production – Rolling 

Rolled Isogrid samples were manufactured in a customised Durston D158 rolling mill. The 

design and implementation of this process, and target Isogrid geometry are covered in 

Chapter 4.  

3.3 Methods of sample production - CNC Isogrid milling 

Isogrid samples were machined in a HAAS VF6 CNC mill to provide a control group of 

traditionally produced Isogrid for comparison. The rib geometry of the CNC milled Isogrid was 

chosen to be identical to the rolled Isogrid to provide a fair comparison. Plates of 3mm 

AA1050-H14 were clamped into the HAAS VF6 CNC mill and the Isogrid geometry was 

machined using a combination of: pocket milling operations with endmill bits, and profile 

milling with 30° V bits. Figure 3.2 shows a side-by-side comparison of the Isogrid 

manufactured by rolling and CNC milling.  
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Figure 3.2 Produced Isogrid samples: A- Rolled, B- CNC milled 

3.3.1 Specimen creation - CNC waterjet cutting 

A waterjet abrasive cutting machine was used to produce billets for rolling and generate 

specimen geometries from the produced sheets of Isogrid for tensile, bending and fatigue 

tests. The waterjet cutter fires abrasive particles at the workpiece via an accurate high-

pressure jet of water and is operated via computer control on an XY gantry, which allows the 

nozzle to follow a toolpath generated in a CAD package. This cutting method has a kerf of 

3mm, which is effectively the width of the cut. The Isogrid plates were held in place on rigid 

compressed wooden boards using double sided tape. This abrasive cutting method does not 

deform the material surrounding the cut, thereby avoiding the introduction of cold work into 

the specimen hence alteration of its microstructural and mechanical properties. 

3.3.2 Sample sectioning 

Samples for metallographic preparation and analysis were sectioned using an abrasive 

cutting wheel enclosed in an ATA Brillant 230 metallographic cut off saw machine. Abrasive 

cutting in this manner imparts minimal strain into the surface of the cut samples which can 

then be ground away in the following preparation stages. The cutting assembly and sample 

are continuously cooled with a cutting fluid while in operation to prevent thermal build-up 

A B
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in the sample which may alter its properties. The samples were clamped in place using the 

built-in vice. 

3.4 Metallographic methods and microstructural characterisation 

3.4.1 Sample mounting 

After sectioning, samples were mounted in cylindrical plastic mounts to facilitate grinding, 

polishing and further metallographic analysis methods. Hot mounting methods encased the 

samples in Bakelite mounts (Figure 3.3-A). Hot mounting presses heat the sample and 

Bakelite powder to 200°C for 15 minutes, while applying constant pressure to compact and 

set the thermoplastic. Cold metallographic mounting method used 2-part Epofix Epoxy which 

was mixed and cast into a mould with the sectioned specimen to encase the sample and 

allowed to set (Figure 3.3-B).  

 

 

Figure 3.3 Samples mounted in: A-30mm Bakelite mount; B-30mm Epoxy mount 

3.4.2 Sample polishing 

Samples were ground and polished to remove surface strains from cutting processes and 

achieve an appropriate surface quality for further analyses. This was performed using a 

A B
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Struers Rotoforce metallographic rotary grinding and polishing machine (Figure 3.4-A). All 

grinding operations started with a 500 grit Silicon Carbide abrasive paper, under wet grinding 

conditions for 2 minutes. Contrary rotation was chosen to remove material more effectively 

at 300rpm with 100N of force applied to a sample holder containing 3 samples. The same 

conditions were then repeated for 800, 1200, and 2000 grit papers. 

The polishing stages were completed with diamond suspensions of 6µm and 3µm on 

polishing pads, then finished with an oxide polishing suspension (OPS) of colloidal silica which 

is equivalent to 0.05µm grit on a neoprene polishing wheel. Polishing times were 2 minutes 

per stage, with sympathetic rotation at 150rpm and an individual force of 30N applied to 

individual samples. The final stage using OPS is a combined chemical/mechanical polishing 

process which is effective for removing scratches and providing high quality surface finishes 

[3.6]. 

For the even finer surface finishes, the samples were put through an extra polishing stage 

with the OPS suspension in a vibratory polishing machine. The ATA Saphir Vibro vibratory 

polishing machine (Figure 3.4-B) induced an 85Hz vibration on its polishing plate covered with 

a soft cloth and pool of colloidal silica suspension. The vibration caused samples to travel 

across the cloth surface while submerged in the colloidal silica for combined 

mechanical/chemical attack. Weights were placed onto the samples according to their 

surface area and the process was run for a duration of 90 minutes.  

 

Figure 3.4 A- Struers Rotoforce grinding and polishing machine, B – ATA Saphir Vibro vibration polisher  
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3.4.3 Sample etching 

A Barker’s microstructural electrolytic etch was used to reveal grain structure in the AA1050 

samples [3.6]. Samples for etching were sectioned (section 4.1.1) and mounted in epoxy 

(section 4.3.3). A hole was bored into the back of each mount up to the sample and a copper 

electrode probe inserted to make electrical contact with the back of the sample. This sample 

assembly was placed in a glass beaker containing Barker’s reagent as seen in Figure 3.5. The 

2.5% Barker’s reagent was mixed from 4.5ml of Fluoroboric acid (HBF) with 200ml of 

deionised water. The sample to be etched was connected to the power supply as the anode 

of the electrolytic circuit which was set to 20V DC for 150 seconds, then the sample was 

removed and thoroughly rinsed. A stirring rod was used to agitate the volume of reagent and 

reduce incidence of bubble artefacts on the surface of the etched samples (Figure 3.6). 

 

Figure 3.5 Diagram of the electrolytic etching process 

DC Power supply
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Barker’s reagent

Cathode
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Epoxy mount
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Figure 3.6 Etched micrographs of AA1050 showing A- etching without agitation and B- Etching with 
agitation 

3.4.4 Hardness measurement 

Vickers hardness was measured by applying a load to a pyramid shaped indentation tool over 

a set period of time then measuring the resultant indent. Macrohardness was measured 

using a Vickers hardness tester (Figure 3.7-A), applying a load of 500g for a dwell time of 10 

seconds. Microhardness was measured on mounted and polished samples with a Qatia Qness 

automated microhardness tester (Figure 3.7-B), with a load of 100g for a dwell time of 10 

seconds.  

 

Figure 3.7 A- Vickers Hardness tester and B- Qatia Qness automated microhardness tester 

A B
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3.4.5 Optical Microscopy 

Etched samples were inspected on an Olympus GX-51 inverted metallographic microscope 

(Figure 3.8) under polarised light crossed to extinction to reveal the grain structure of the 

samples [3.6]. 

 
Figure 3.8 Olympus GX-51 inverted metallographic microscope 

Images were taken at magnifications of x50, x100, x200 and x500. Stitched images were 

created for features which were larger than the available imaging space on the lowest 

magnification. The stage was manually manoeuvrable in X and Y via positioning knobs, and 

movements between images for stitching included a ~10% overlap to allow image processing 

software (Adobe Photoshop) to stitch the micrographs. 

3.4.6 SEM microscopy 

Fractography and investigations of surface quality (Figure 3.10-A) were performed using a 

Hitachi S3700-N scanning electron microscope (SEM) (Figure 3.10-A), which performed high 

magnification imaging of the sample surface using a focused beam of electrons. Samples 

were mounted onto a 2” sample holder using conductive adhesive tape to make an electrical 

connection to the stage and prevent build-up of static charge which impedes focusing. The 

SEM was set to an accelerating voltage of 15kV, and the working distance varied between 
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10-20mm due to the non-planar nature of the specimens. Images of fracture surfaces from 

mechanical testing were taken at x200, x500 and x1000 magnification to allow identification 

of smaller features and their location in the context of the larger fracture surface. 

3.4.7 EBSD analysis 

Electron backscatter diffraction (EBSD) is a method of analysing the crystal structure of 

metals. Electrons are accelerated at a point on an inclined sample surface in a field emission 

scanning electron microscope (FE-SEM). The underlying lattice reflects electrons which strike 

a phosphor screen creating a backscatter Kikuchi pattern (BKP) (Figure 3.9). A camera 

captures the image of the BKP which corresponds to an orientation of the underlying crystal 

structure. A large matrix of points is sampled which allows the creation of grain orientation 

maps and related statistical data. The morphology of a specimen’s grain structure can be 

inferred from the maps of grain orientation created using EBSD, and the microstructural 

texture can be determined by plotting distributions of grain orientation on diagrams known 

as pole figures and orientation distribution functions (ODF).  

 

 

Figure 3.9 Diagram of EBSD technique [3.6] 

Samples for EBSD analysis were mounted in epoxy, ground, polished and vibratory polished 

to achieve the very high surface quality required for EBSD. The samples were then broken 
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out of these epoxy mounts mechanically and mounted in the Hitachi SU6600 FE-SEM (Figure 

3.10-B) at 70° to the detector. The accelerating voltage of the FE-SEM was set to 20kV, and 

the detector was focused at x50 magnification on the sample surface, at a working distance 

of 20.5mm. The step size between sampled points was set to 1µm, and each point was 

exposed to the electron beam for 0.7s. The sensor captured the Kikuchi pattern using a 2x2 

binning. EBSD data was processed in AZteC Crystal by Oxford instruments, to plot pole 

figures, ODFs and measure the size and aspect ratio of grains. 

 

Figure 3.10 Scanning Electron Microscopes: A- Hitachi S3700-N W-SEM, B- Hitachi SU6600 FE-SEM  

3.5 Methods of mechanical Testing 

3.5.1 Tensile Testing 

Tensile testing was conducted to assess the in-plane mechanical performance of rolled and 

CNC Isogrid, using Instron 100kN and 250kN universal testing machines according to 

international standards [3.7]. The samples were secured in the grips of the universal testing 

machine (Figure 3.11) and subjected to uniaxial tension as the grips moved apart at a rate of 

1mm/minute, increasing to 5mm/minute after 5 minutes for highly ductile samples. 

Tensile specimens were cut from rolled and CNC sheets of Isogrid at both 0° and 90° to the 

rolling direction. The specimen geometry was limited by the size of rolled Isogrid sheet which 

could be produced, so a suitable variation of specimen type 3 from annex B was chosen from 

BS ISO 6892 [3.7]. This sample geometry for flat specimens uses a gauge width of 25mm, with 

A B
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a minimum gauge length of 50mm. The maximum length of sample which could be achieved 

at 90° to the roll direction after being cut from the sheet was 70mm. Rolled and CNC Isogrid 

were tested at 0° and 90° in both the annealed and cold worked condition, with 3 samples 

per permutation of these parameters. The Instron’s inbuilt stress calculation functionality 

was not utilised due to the irregular cross section of the Isogrid specimens, and the data was 

processed manually to ascertain key results such as yield strength, ultimate tensile strength 

(UTS) and ductility. 

 

Figure 3.11 Instron 250kN  universal mechanical testing machine 

The tensile stress for Isogrid samples during testing was calculated using the following 

equation [3.8]: 

𝜎 =
𝐹
𝐴
=
𝐹
𝑏�̅�

 (3.1) 

�̅� is an equivalent mass thickness defined as: 

𝑚 = 𝑉𝜌 = 𝑏�̅�𝐿𝜌, �̅� =
𝑚
𝑏𝐿𝜌

 (3.2, 3.3) 
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𝜎 =
𝐹
𝑏�̅�

=
𝐹𝑏𝐿𝜌
𝑏𝑚

=
𝐹𝐿𝜌
𝑚

 (3.4) 

Where: 𝜎 is tensile stress (Pa); 𝐹 is applied load (N); �̅� is the equivalent mass thickness as 

defined in 1.3; 	𝑏 is sample width (m); 𝐿 is sample length;  𝑚 is sample mass (kg); and 𝜌 is 

material density (kg/m³). 

3.5.2 Bend Testing 

Bend testing was performed to quantify the bending strength of the billet material, rolled 

Isogrid, and CNC milled Isogrid. Plain strips of AA1050-O, AA1050-H14, and strips of rolled 

Isogrid in the as rolled state and annealed state were tested to explore this relationship. 

Samples were sectioned using cooled abrasive disks into strips and finished with sandpaper. 

Full-U, support and former, three-point bend testing was performed using the Instron 

universal testing machine (Figure 3.12) as described in international standards [3.9].  

For the initial tests comparing rolled Isogrid to flat plate, the strips were cut to the width of 

two unit cells of the Isogrid pattern (34±1mm). The distance, 𝑙, between the formers was set 

to 18mm as per the standard for samples of this thickness [3.9]. The test was repeated 5 

times for each sample group. For subsequent tests comparing rolled Isogrid to CNC Isogrid, 

the sample geometry was kept consistent with the tensile sample geometry at 25mm x 

70mm, with 3 samples per group over the same 8 groups as described for tensile testing. 

 

Figure 3.12 Diagram of bend test set up [3.9] 
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The sample dimensions, b (width) and d (height) were used to establish the bending stress of 

each sample from the measured data using the following equation: 

𝑀
𝐼
=
𝜎
𝑌
=
𝐸
𝑅
	⇒ 𝜎 =

𝑀𝑌
𝐼

 (3.5) 

The bending stress values were then divided by the mass per square meter to compare these 

values as “specific bending strength”. This accounted for the difference in mass as the Isogrid 

samples were significantly lighter than the plate samples due to extension in the rolling 

process. This produced the following relation which was used to find the specific bending 

strength of the samples from the experimental data:  

𝜎 =
𝑀𝑌
𝐼
×
�̅�
𝜌

 (3.6) 

Where, 

𝑀 =
𝐹
2
×
𝑙
2
, 𝑌 =

𝑑
2
, 𝐼 =

𝑏𝑑!

12
 (3.7, 3.8, 3.9) 

F is the force measured by the load cell, l is the distance between supports, b and d are the 

width and thickness of the test samples respectively. As Isogrid does not have a constant 

thickness, d, a conversion factor developed in The Isogrid Design Handbook [3.10] was used 

to calculate its second moment of area. This expression uses non-dimensional geometric 

parameters from the rib structure to modify the second moment of area of the Isogrid skin 

section (equations from [3.10]): 

𝐼 =
𝑏𝑑!

12
×

𝛽"

1 + 𝛼
 (3.10) 

Where the following non-dimensional factors are defined as:  

𝛼 =
(𝑎𝑣𝑒𝑟𝑎𝑔𝑒)	𝑟𝑖𝑏	𝑤𝑖𝑑𝑡ℎ	 × 𝑟𝑖𝑏	ℎ𝑒𝑖𝑔ℎ𝑡
𝑠𝑘𝑖𝑛	𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 × 𝑠𝑘𝑖𝑛	ℎ𝑒𝑖𝑔ℎ𝑡

 (3.11) 

𝛿 =
𝑟𝑖𝑏	ℎ𝑒𝑖𝑔ℎ𝑡

𝑠𝑘𝑖𝑛	𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
 (3.12) 
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𝛽 = 	K3𝛼(1 + 𝛿)" + (1 + 𝛼)(1 + 𝛼𝛿)" (3.13) 

Using these equations and the standard geometric parameters defined in 3.2, the following 

values were calculated: 

𝛼 = 0.1255, 𝛿 = 0.7083, 𝛽 = 1.515 (3.14) 

Therefore, the conversion factor in (2.5) was calculated to be:  

𝛽"

1 + 𝛼
= 2.04 (3.15) 

3.5.3 Fatigue Testing 

Fatigue tests were performed in tension on the Instron 100kN and 250kN universal 

mechanical testing machines according to international standards [3.11]. The fatigue cycles 

were carried out between a nominal minimum load of 0N and a specified load at 10Hz, until 

the specimen failed, or the sample ran out at 3 x 106 cycles. This represents a pulsating 

tension or unidirectional stress testing regime, with an R value of 0.  

Fatigue testing is highly sensitive to small defects, cracks, and scratches, as these may form 

the initiation sites for fatigue mechanisms. As the specimens were manufactured using the 

waterjet cutter, the affected rough faces were sanded until a high-quality surface finish was 

achieved to remove any influence from production methods irrelevant to the results. The 

standards on fatigue testing require the surface roughness of these faces to be less than 

0.2Ra [3.11]. To ensure this requirement was met, the surface roughness of relevant fatigue 

specimen faces was measured using a Mitutoyo Surftest SV-2000 profilometer (Figure 3.13).  
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Figure 3.13 Profilometer, Mitutoyo Surftest SV-2000 

Fatigue testing is generally performed on specimens with constant cross sections. Isogrid has 

a non-constant cross section; such thickness variation on the free edge of the specimen may 

have acted as a stress raiser and initiated fatigue. This was avoided throughout the gauge 

length by setting the width of the sample in the gauge section to twice the cell height of the 

Isogrid lattice (13.6mm) and placing the edges of the gauge section along the middle of a rib. 

Using this gauge width and a thickness of 3mm, the specimen geometry (Figure 3.14) was 

calculated using the parameters set out in ISO 1099 for a flat specimen [3.11]. 

The maximum tensile load per sample was calculated as a percentage of yield. These yield 

values were obtained via a tensile test from each of the sample groups on an identical 

specimen for calibration. Samples of rolled and CNC Isogrid were fatigue tested at 60%, 70% 

and 80% of their respective yield stresses. A set of annealed rolled samples were also tested 

at 70% of yield. Samples of rolled and CNC milled Isogrid were tested in cyclic loading as per 

the procedure presented in Chapter 3, at 60%, 70% and 80% of their respective yield stress 

measured using the tensile testing procedure in Section 3.5.1.  An S-N plot of this data was 

generated, and the mean cycle count for each stress range was calculated [3.12,3.13]. A 

minimum of 5 fatigue samples were tested per group. After 3 consecutive runouts for any 

given sample group, no further tests were performed.  
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Figure 3.14 Fatigue sample schematic diagram 
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4 Rolling mill design and process development 

The Isogrid rolling process, as developed throughout this research, aims to produce 

Isogrid as described in the Isogrid design handbook [4.1], as a thin skin reinforced by 

a stiffening network of ribs in 3 directions, each at 60° to one another [4.1–4.4]. As 

such, the process includes one standard cylindrical roller to maintain a flat face and 

one modified roller to impart the rib lattice into the opposing surface. Similar 

processes using geometrically modified rollers in combination with plain rollers have 

historically been developed to produce sheet metal products with shallow patterns 

for either aesthetic purposes or functional applications, such as increased surface 

roughness [4.5,4.6]. Wang et al. [4.7–4.10] found that a modified roller with axially 

oriented corrugation in combination with a plain roller is effective for the cold roll 

bonding of dissimilar metals to create laminated structures.  

4.1 Process design 

To implement the proposed Isogrid rolling technique, a Durston D4 158 rolling mill 

(Figure 4.2) was modified with a prototype patterned roller containing grooves to 

imprint the desired Isogrid structure. This was designed by choosing the target Isogrid 

geometry and subtracting it from the cylindrical face of the roller. Corresponding to 

the rib lattice of the Isogrid structure, the face of the custom roller contains 3 

directions of grooves, each at a constant helix angle of 60° to the others. No such 

rolling method was found in the technical literature which could guide the design of 

the groove geometry. Therefore, the assumption was made that the billet would 

deform into the grooves but may not entirely fill the available volume. The aspect 

ratio of the patterned roller was considered sufficiently robust such that varying the 

radius over its length to account for bending due to rolling forces (crowning of the 

roller) was not necessary. Crowning or similar techniques should be considered to 

ensure dimensional tolerancing at an industrial scale [4.11]. One groove was aligned 
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with the roll direction (0°) to minimise variation in forces over a revolution of the 

roller, as seen in Figure 4.2-A. The pattern could be rotated on the cylindrical surface; 

 
Figure 4.1 Modified Durston rolling mill: A- Isogrid roller, B- Plain roller, C- roll gap adjustment 
mechanism, D- Crank handle 

however, if a groove were to be aligned axially along the roller (perpendicular to the 

roll direction, Figure 4.2-B), the roller would experience cyclic forces as this groove 

engaged and disengaged, which would reduce the service life of the equipment. 

These uneven rolling forces were reported by Li et al. [4.9] during a corrugated roll 
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bonding process. Figure 4.2-C represents a roller where the grooves are unaligned 

with any significant process direction.   

 
Figure 4.2 Front view of rollers showing A- rib lattice aligned with rib direction, B- rib lattice aligned 
with axial direction, C- rib lattice oriented at a 15° angle to the rolling direction 

The original Durston roller was 60mm in diameter by 158mm long on the roll face. 

Dimensions a and b, which define the repeating unit cell of the Isogrid geometry, are 

linked to the roller radius (Figure 4.3). The grooves over the roller face must be 

continuous, so that multiple revolutions can be made without introducing 

discontinuities to the rib lattice. The pattern nodes are located where all three rib 

directions intersect; an equal spacing of 12 helical grooves around the 60mm 

diameter roller resulted in a node spacing of a=15.7mm, and cell height of b=13.6mm 

(Figure 4.3- B). 

 
Figure 4.3 a) The target rib profile b) The target rib spacings 
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A draft angle of 30° was added to the rib profile (Figure 4.3-A) to facilitate the egress 

of the formed Isogrid from the roller. Each rib must mesh and unmesh with the roller 

during forming, as though it were part of a rack and pinion gear pair. Rack and pinion 

gear pairs employ involute gear tooth geometry to ensure that they do not bind 

[4.12]. An involute curve is approximately linear over the depth of the groove due to 

its shallow nature with respect to the full radius of the roller. Therefore, 30° was 

chosen as a linear draft angle to approximate an involute curve for a groove 1.5mm 

deep on a roller of radius 30mm. This straight-line approximation was tested against 

potential values of c and h in SolidWorks and was found to be suitable with no 

interference as the billet and roller profile moved relative to each other. 

Further refinement of the rib profile was conducted by using a volume relation 

(Equations 4.1-4.3) to define a groove geometry which can accommodate the 

equivalent mass thickness of a sheet, approximately 0.5mm thick. The cross-sectional 

area, thus volume of the grooves, was defined by the base width and maximum 

height of each rib, c and h, which were set to be 3mm and 1.5mm, respectively, for 

the target equivalent mass thickness (Figure 4.3-A).  

The following equations are derived based on a single equilateral triangular unit cell 

(Figure 4.4): 

𝑉𝑜𝑙𝑢𝑚𝑒!"#$%!& 	= 𝑉𝑜𝑙𝑢𝑚𝑒"'!( + 𝑉𝑜𝑙𝑢𝑚𝑒%!)" − 𝑉𝑜𝑙𝑢𝑚𝑒!(*+%"+,*!#( (4.1) 

𝑉(𝑎, 𝑏, 𝑐, 𝑑, ℎ, 𝑡, ) = 	
√3
4 𝑎-𝑡 +

3
2𝑎ℎ 8

𝑐 + 𝑑
2 9 − 3ℎ 8

𝑐 + 𝑑
2 9

-

× sin	(60°) 
(4.2) 

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡	𝑚𝑎𝑠𝑠	𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠	(𝑚𝑚) = �̅� =
𝑉𝑜𝑙𝑢𝑚𝑒!"#$%!& 	
𝐴𝑟𝑒𝑎"'!(

=
𝑉(𝑎, 𝑏, 𝑐, 𝑑, ℎ, 𝑡, )

√3
4 𝑎-

 

(4.3) 
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Figure 4.4 Diagram of segments of the unit cell used in calculation of Isogrid volume 

The Isogrid roller (Figure 4.5) was designed as seen in Figure 4.6 and manufactured 

by CNC milling. The roller was then mounted into the Durston mill (Figure 4.2). The 

material chosen for the roller was high strength AISI4140 steel, which is equivalent 

to EN19. The roller hardness was measured to be 270Hv in the as produced condition. 

The roller was left in its machinable state, as hardening may have created warping or 

embrittled the groove geometry, creating a risk of chipping. Machining marks from 

the CNC milling process used to manufacture the roller can be seen in Figure 4.7, the 

effects of which will be discussed in Chapter 7.  

 

Figure 4.5 The custom Isogrid roller as received 
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Figure 4.6 Custom roller manufacturing drawing 
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Figure 4.7 Close up of the roller showing the groove profile; the groove in the centre is in the 0°, or roll, 
direction 

4.2 Isogrid rolling 

Billets of AA1050 were sectioned from larger plates using either a guillotine or 

waterjet cutter. These billets were annealed prior to Isogrid rolling, to remove the 

cold work present from the H14 rolling to half hardness process. Annealing facilitated 

the introduction of greater deformation to the material without reaching the limit of 

its ductility and creating cracks. Billets of varying length, width and thickness were 

trialled; the maximum billet width and thickness compatible with the mill was 110mm 

and 4mm, respectively. No lubrication was added to the rollers.  

Initial rolling was performed using 1mm thick billets of AA1050, but the resultant 

Isogrid was shallow as the material deforms in the rolling direction preferentially to 

filling the grooves perpendicular to the rolling direction [4.13]. Elongation prevented 

the billet from being rolled through the patterning process a second time as the rib 

lattice did not match on re-rolling. Subsequently, samples of Isogrid were successfully 

rolled from 3mm aluminium AA1050-O sheet as seen in Figure 4.8-4.10. The rolled 

sheets were initially 110 x 110 x 3mm. The roll gap was set to 0.75mm (25% of original 

thickness) using a feeler gauge which was accurate to ±0.05mm. During the rolling 
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process, this gap expanded and settled at 1.3mm (43.33% of original thickness) 

[4.14]. 

 
Figure 4.8 The ribbed (A) and reverse (B) side of the rolled Isogrid 

Qualitative observations were made on the surface properties of the resultant 

Isogrid, as the sample plates were manufactured, which allowed further refinement 

of the technique. There was a tendency for the resultant structure to skew to one 

side if the billet entered at an angle. Curvature developed as the billet passed through 

the roll gap (Figure 4.8-4.9), as expected, due to the frictional and geometric 

asymmetry of the rollers which generates an imbalance in shear forces [4.15–4.17]. 

There are multiple potential methods to reduce this curling effect, such as using 

asymmetrically sized rollers; setting the rollers at different speeds during the process; 

implementing a post roll flattening stage; applying tension into the rolling process. 

Curling and flattening are intrinsic steps within industrial rolling processes, as sheet 

metal products are often coiled for transportation then flattened for usage [4.18].  

The scope of this project focuses on developing the Isogrid rolling concept and leaves 

the development of a flattening method and other tolerancing issues to industry. The 

work required to implement one of the suggested solutions above is equivalent to 

that of establishing tolerances and control systems for the process, and while useful, 

is not of immediate scientific priority. 
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Figure 4.9 The rolled sample plates and an initial billet showing the curvature of the rolled Isogrid 

As seen in Figure 4.10, the surface and morphology of the ribs varied depending on 

their direction. The 0° ribs (roll direction - Figure 4.10) were rounded and reduced in 

height in comparison to the ±60° ribs, which were taller and had flatter tops with 

sharper corners (Figure 4.10). A difference in formation between the rib directions 

can also be inferred by the texture of their surfaces; the ±60° ribs had filled more of 

the available volume in the groove resulting in a smooth top surface, whereas the 0° 

ribs were dimpled as they had not. This can be explained as the 0e° ribs were following 

the roll direction, and thus could elongate preferentially over extruding into the 

roller’s groove [4.13]. By contrast, the ±60° ribs were unable to extrude in the roll 

direction due to constriction by the groove geometry, which forced the material to 

fill the grooves. Microstructural evidence supporting these observations will be 

discussed further in section 5.5. 
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Rib formation defects were noted on the formed rib lattice, such as high points 

located approximately midway between nodes on the ±60° ribs (Figure 4.10-A), and 

rounded edges near the nodes on these same ribs (Figure 4.10-A). These issues are 

artefacts of material flow during the forming process and indicate that the groove 

geometry may need further optimisation to reduce inconsistencies. There was no 

evidence of cracking in the rolled Isogrid, despite the extensive deformation of the 

billet, and large strains imposed to reduce parts of the billet by 52% of the original 

thickness in one pass. On the reverse side of the plate, the position of the ribs can be 

seen by shallow recesses which formed along the rib directions (Figure 4.8 - B). These 

recesses are similar to “extrusion defects” as described by Sabroff et al. [4.13]. 

 
Figure 4.10 A perspective close up of the rolled Isogrid showing the variability in rolled ribs: A- 3mm 
billet, B- 4mm billet 
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The variation in rib geometry exhibited by the Isogrid rolled from 3mm billets created 

differences in cross sectional area across the final structure, which is a potential 

source of anisotropy. Improvements to these geometric variations in output (Figure 

4.10 – A) were made by using a 4mm billet (Figure 4.10 – A). The consistency of rib 

height and profile were much improved for the 0° ribs (Figure 4.10 – B). The ±60° ribs 

(Figure 4.10 – B) had uniform height and flat top faces, indicating that they have fully 

filled the available groove volume. Some artefacts can be seen in Figure 4.10 – B, 

which are the imprints of the CNC machining process used to manufacture the Isogrid 

roller. Surface defects and artefacts from rolling processes are reported in the 

literature as sites of fatigue crack initiation [4.19]. 

The experimental implementation of the proposed process successfully produced 

Isogrid structures from annealed AA1050 billets. Iterative improvements were made 

to the process as billet thickness was altered, resulting in the production of more 

consistent rib lattices with minimal geometric inconsistencies. The microstructural 

properties and mechanical behaviour of these rolled Isogrid specimens will be 

examined in chapters 5 through 7, and compared to Isogrid manufactured through 

conventional CNC milling.  
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5 Microstructural comparison of Rolled and CNC Isogrid 

5.1 Microstructure and manufacturing 

Commercially pure aluminium (AA1050) is a polycrystalline material, with a face centred 

cubic (FCC) crystalline structure [5.1]. As described in Chapter 3.1, AA1050 is a wrought alloy, 

so its hardness and strength can be enhanced by the introduction of cold work [5.2–5.4]. Cold 

work is the strengthening of a material due to dislocation entanglement caused by plastic 

deformation [5.1,5.5,5.6]. Plastic deformation is enabled on the atomic scale by the 

generation and movement of dislocations, which are defects in the crystal lattice [5.5,5.6]. 

As AA1050 is plastically deformed, these dislocations slide along slip planes until they either 

meet a grain boundary, become entangled with another dislocation, or are annihilated by a 

dislocation of the opposite polarity [5.1,5.6].  

Dislocations are necessary to plastically deform a material, but the build-up of dislocations 

creates distortion in the crystal structure, inhibiting the formation and movement of further 

dislocations. This reduction in dislocation generation and mobility increases the hardness and 

strength of the material while reducing its ductility [5.7]. The microstructural effects of cold 

work can be alleviated by annealing, a process in which a metallic material is heated to allow 

new grains to nucleate, existing grains to grow and dislocation density to decrease via 

annihilation [5.1,5.8–5.10]. Annealing allows repeated plastic deformation in AA1050 which 

would otherwise be impossible due to the accumulation of dislocations [5.11,5.12]. The 

typical hardness value for AA1050 in its annealed state is 20Hv, rising to 34Hv after cold 

working [5.13]. 

Stacking fault energy (SFE) is a material property which quantifies the energy of faults within 

the material lattice and the number of slip systems a dislocation can activate [5.14–5.16]. 

Aluminium has a high SFE which enables dislocations to move in multiple planes and avoid 

obstacles in a process known as cross-slip [5.15,5.17,5.18]. The availability of cross slip as a 

mechanism of dislocation movement increases the mobility of dislocations within the 

aluminium lattice. This, in turn, allows aluminium to undergo extensive plastic deformation 

before cold work embrittles the material to the point of fracture. This ductility gives 
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aluminium excellent formability which makes it well suited for forming processes [5.18]. 

Materials with a lower SFE are less ductile and tend to create partial dislocations such as 

deformation twins [5.19]. 

Rolling operations have a profound and distinct set of effects on metallic microstructures, 

which have been reported throughout the scientific literature [5.15,5.19–5.23]. The 

microstructural evolution of AA1050 during cold rolling is characterised solely by the 

development of cold work through plastic deformation [5.22,5.24]. Cold rolling imparts 

plastic deformation into the material through a 2D plane strain system of stresses [5.7,5.25–

5.27]. Grain refinement and lattice rotation are enabled as dislocations glide and entangle to 

form dislocation cells [5.28,5.29]. Bay et al. [5.24] demonstrated in detail these grain 

refinement mechanisms, through which larger grains were subdivided into smaller volumes 

by the accumulation of dislocations according to the constraints of their slip mechanisms. 

The degree of rolling induced microstructural evolution varies through the thickness of the 

rolled sheet as a function of process parameters such as roller diameter, roller lubrication, 

billet dimensions and thickness reduction [5.19,5.30].  

During rolling, grains are elongated in the rolling direction and compressed in the normal 

direction (through thickness), leading to a fibrous grain structure composed of high aspect 

ratio, acicular grains [5.15,5.22,5.23,5.31,5.32]. This elongation reorganises the grain 

structure such that specific crystallographic orientations emerge as dominant with respect 

to the rolling direction [5.15,5.19–5.22]. Dillamore et al. [5.15] explain that microstructures 

under uniaxial loading rotate so the ⟨111⟩ slip systems are parallel (tension) or orthogonal 

(compression) to the axis of loading; however, standard rolling is more complex as it is a 

biaxial stress system in which both tension (in the rolling direction) and compression (in the 

thickness direction) are present. Bay et al. [5.24] documented this reorientation of the grain 

structure relative to the rolling direction in detail using transmission electron microscopy.  

The statistical analysis of grain orientation is known as texture analysis and the presentation 

of texture data via pole figures, inverse pole figures and orientation distribution functions 

(ODFs) is a well-established method for the analysis of metal forming processes 

[5.15,5.19,5.21,5.33]. The literature on the texture analysis of cold rolled AA1050 is well 

developed, with widespread scientific consensus on the deformation mechanisms and the 
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resultant textures expected [5.15,5.19–5.23,5.34,5.35]. The forces and deformations of any 

material subjected to symmetrical plain rolling can be represented by a plane strain model 

[5.7,5.26,5.27,5.36–5.38]. Figure 5.1 shows an ODF space containing the typical textures 

found in rolled AA1050 resulting from plane strain deformation [5.21]. The 𝛼 and β fibres in 

Figure 5.1 represent the progression of deformation textures which aluminium and other FCC 

metals experience as they are subjected to increasing degrees of thickness reduction via 

rolling. Notable textures along these fibres are Goss {110}⟨001⟩, brass {110}⟨112⟩, s 

{153}⟨112⟩, and copper {211}⟨111⟩ [5.39]. The initial Goss to brass textures are seen in lightly 

rolled samples. The brass and copper textures are named after the materials in which they 

were clearly identified after rolling. Brass has a lower SFE and thus reduced formability during 

rolling, whereas copper has a high SFE and exhibits excellent ductility. Consequently, the 

brass texture is present after small reductions via rolling, whereas the copper texture is seen 

after significant deformation. The ODF space is often represented using sections of constant 

ɸ2 values for simplification (Euler angle – see Figure 5.1) [5.33]. 

 
Figure 5.1 Standard named texture components found in rolled FCC. G – Goss, B – Brass, S – S, C – 
Copper. [5.22] 

The recrystallisation mechanism of typical FCC rolled textures (such as brass {110}⟨112⟩ and 

copper {211}⟨111⟩ during annealing treatments is equally well represented in the literature 

[5.10,5.19,5.35,5.40]. Cube {001}⟨100⟩, rotated cube {001}⟨110⟩ and Goss {011}⟨100⟩ are 

recrystallisation textures which nucleate when annealing rolled AA1050 and continue to 

grow under annealing conditions to form a fully recrystallised texture 

[5.21,5.34,5.35,5.41,5.42]. Alvi et al. [5.34] found that cube recrystallisation textures grow 
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more prolifically within S orientated grains, whereas brass and copper grains were slower to 

recrystallise. The work conducted by Helbert et al. [5.10] showed the results of partial 

recrystallisation on rolled AA1050, in which both recrystallisation textures and rolling 

deformation textures remain present in the sample. Figure 5.2 contains keys for use 

throughout this chapter to identify relevant rolling deformation textures and recrystallisation 

textures. 

 

Figure 5.2 A – ODF key, C - cube, G - Goss, Br - Brass, Cu – Copper, RC- rotated cube, B – pole figure key 
[5.43] 

Severe plastic deformation methods are in development to maximise the potential benefits 

of highly refined grain structures through cold work [5.3,5.28,5.44–5.46]. Asymmetric rolling 

has been shown by Jiang et al. [5.46] to effectively produce an ultrafine grain structure with 

enhanced mechanical properties compared to standard symmetrical rolling practices. Equal 

channel angular pressing has also been proven effective as a severe plastic deformation 

method which forces a billet through a channel containing an abrupt change in direction to 
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refine the grain structure and increase strength [5.3,5.44,5.45]. Similarly, Hajizadeh et al. 

[5.28] developed a method of grain refinement via repeated corrugation and flattening which 

produced a 90% increase in yield strength and 70% increase in ultimate tensile strength via 

severe plastic deformation.  

The use of cold work to improve mechanical properties is limited by a material’s ductility, or 

percentage elongation, before fracture under certain loading conditions. This is presented in 

the literature using the forming limit diagram [5.47,5.48]. Work by Gotoh et al. [5.48] reveals 

that including out of plane loading within plane strain deformation mechanisms increases 

the workable range of plastic deformation, therefore expanding the forming limits of a 

material. Using this same principle, Allwood et al. [5.49,5.50] reports a novel variation on 

single point incremental forming which introduces shear forces to a workpiece by means of 

a rotating paddle. The paddle forming method has been shown to facilitate greater 

deformations than conventional single point forming methods, thus enabling greater degrees 

of microstructural evolution and property enhancement [5.51]. Similarly, in the Isogrid rolling 

process detailed in Chapter 4, the 3D nature of the rib geometries and asymmetry between 

the rollers are likely to induce shear forces into the billet and alter the forming limits of the 

aluminium. 

In the present study, billet material, rolled Isogrid and CNC Isogrid were sectioned and 

analysed in both their as produced state and after an annealing treatment to compare their 

microstructural characteristics and develop an understanding of the processes by which they 

were created. The microstructure of each sample was analysed using a combination of optical 

microscopy, Electron backscatter diffraction (EBSD) analysis and hardness measurements. 

The results are presented by sample location and state for clarity due to the number and 

similarity of sample types. Relevant results for comparison are collated in Table 5.1 at the 

end of the results section.  
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5.2 Results 

5.2.1 Stock material 

Figure 5.3 shows a full thickness cross section of the 4mm AA1050 billet in its H14 state 

(Figure 5.3-A) and its fully annealed O state (Figure 5.3-B). The difference in grain 

morphologies between the states presented in Figure 5.3 is evident as the size, shape and 

homogeneity of these grain structures have all been transformed by the heat treatment. The 

H14 state represents material which has been “rolled to half hardness” by imparting cold 

work into the billet [5.52]. The microstructure in Figure 5.3-A contains evidence of this cold 

work via the presence of acicular grains which have been flattened during the rolling process. 

The size of grains in Figure 5.3-A is also variable, with smaller grains found near the surfaces 

of the cross-section, and larger grains throughout the midplane. Humphreys et al. [5.19] 

noted the existence of such variations in the cross section, attributing their formation to   

 
Figure 5.3 Etched cross section of AA1050 in the: A- rolled to half hardness state (-H14), B- annealed 
state (-O) 
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interactions with shear forces at the roller face. The grain structure of the annealed samples 

has been homogenised in comparison (Figure 5.3-B), containing equiaxed grains, which are 

of a consistent size and shape throughout the thickness of the cross-section. Hardness 

measurements conducted on the surface of the material in both states found the hardness 

of the initial billet in its H14 state was 42Hv, reducing to 21Hv after annealing to the O state, 

as described in section 3.1. These hardness values agree with those found in the literature 

[5.13,5.52]. 

5.2.2 CNC milled Isogrid 

The Isogrid samples milled from the 3mm AA1050 stock provide an excellent baseline for the 

discussion of the other microstructures in this chapter. The etched cross section of milled 

Isogrid shown in Figure 5.4 displays a deformed microstructure with acicular grains. This 

appears different to the microstructure presented in Figure 5.3-A, as the cross section has 

been taken parallel to the rolling direction to emphasize the acicularity of the grains. 

Although Figure 5.3-A was sectioned normal to the rolling direction, the microstructures are 

the same. A gradient in grain size can be seen throughout both Figure 5.3 and Figure 5.4 as 

expected after an H14 rolling process with larger grains in the mid-section of the sheet and 

thinner grains closer to the surface [5.19,5.30]. Figure 5.4-A and Figure 5.4-B show the grain 

structure at an Isogrid node and skin section, respectively. The milling process has had no 

effect on the microstructure in these locations, as these micrographs present no differences 

from that seen through the rest of this cross section. There is a sharp transition between skin 

and rib section in Figure 5.4-C, which illustrates the interruption in grain structure where the 

milling process has removed material.  
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Figure 5.4 Etched micrographs of CNC milled Isogrid (as machined, x50 magnification): A- node section, 
B- skin section, C- rib-skin transition 

An EBSD grain map of the CNC milled Isogrid taken in the node area of the cross section 

(Figure 5.4-A) is presented in Figure 5.5. The grains are highly acicular-shaped, with an 

average grain size of 9.8μm and an aspect ratio of 4.3 (see Table 5.1). The gradient in grain 

thickness is visibly prominent as the grains at the top of the figure are much thicker than 

those at the bottom (approaching the rolled surface). This is in line with the findings of 

Hallberg et al. [5.53] that the microstructural effect of rolling is more pronounced in 

proximity to the rollers during the cold rolling process. 
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Figure 5.5 EBSD mapping of CNC milled Isogrid (as machined – node section) 

 

Figure 5.6 A – pole Figure, B – relevant ODF sections for CNC milled Isogrid (as machined – node section) 

The texture of the CNC milled Isogrid is typical of a cold rolled AA1050 microstructure in both 

its {111} pole figure (Figure 5.6-A) and ODF (Figure 5.6-B) [5.15,5.19,5.21,5.22]. The pole 

figure shows a contour plot characteristic of a brass texture [5.22]. The ODF sections at 0° 

and 45° show a combination of cube, Goss, brass, and copper textures [5.22]. The work by 

Hirsch et al. [5.22] reports an identical pole figure and ODF as the resultant texture for cold 

rolled aluminium. 
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The EBSD mapping of the skin section of the CNC milled Isogrid (Figure 5.4-B) in Figure 5.7 

contains a more intense texture than that of the node section. The homogeneous colouration 

is an indication that grains near the surface of the material have become aligned to the same 

crystallographic direction during the roll-hardening process. As the skin section lies closer to 

the rolled face of the billet material, this is evidence, in agreement with the literature, that 

the microstructural effects of rolling are greater in proximity to the roller [5.53]. The average 

grain size was calculated to be 13.7μm with an aspect ratio of 6.4 (see Table 5.1).  

 

Figure 5.7 EBSD mapping of CNC milled Isogrid (as machined - skin section) 

The {111} pole figure and ODF presented in Figure 5.8 provide further evidence for this 

finding, as both display a heavily rolled texture. The pole figure (Figure 5.8-A) contours are 

arranged in a brass formation [5.22,5.39] and the intensity of the ODF contour is 53.26 for 

the copper component of the 45° section (Figure 5.8-B) [5.22]. These texture intensities are 

53 times more intense than a random distribution, indicating that these textures are strong, 

and a corresponding high degree of anisotropic mechanical behaviour may be present in this 

sample [5.21], as will be discussed in Chapter 6.  
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Figure 5.8 A – pole figure and B – relevant ODF sections for CNC milled Isogrid (as machined – skin 
section) 

Microhardness measurements of the CNC milled Isogrid (Figure 5.9) revealed a homogenous 

hardness distribution throughout the cross section with values in the range of 40-55Hv. These 

values are close to the range stated by Bay et al. [5.13], for cold worked AA1050. 

 
Figure 5.9 Microhardness map of CNC milled Isogrid (as machined) 

5.2.3 CNC milled Isogrid post-annealing 

The CNC milled Isogrid in the post-annealed condition displayed standard microstructural 

features for AA1050 which has been rolled then annealed (O condition). The grains in Figure 

5.10 have coarsened compared to those in the H14 condition (Figure 5.4). Where the H14 

grains were acicular, the annealed grains are equiaxed with a lower aspect ratio. The gradient 

in grain size is still present, as previous areas of grain refinement provide increased 

opportunity for nucleation during the recrystallisation process. Figure 5.10-A and 10-B show 

the node and skin section, respectively, which correspond with the EBSD analyses in Figure 

5.11-12. Little evidence of the milling process can be seen in Figure 5.10-A and Figure 5.10-

B; however, a thin layer of small grains can be seen on the milled diagonal surface in Figure 
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5.10-D. These grains have recrystallised from a minimal layer of surface strain imparted 

during the milling process, known as a Beilby layer [5.54–5.56]. 

 
Figure 5.10 Etched micrographs of CNC milled Isogrid (annealed, x50 magnification): A – node section, 
B – skin section, C – rib-skin transition 

Figure 5.11 presents an EBSD grain map of the annealed CNC milled Isogrid taken at the node 

area of the cross section (Figure 5.10-A). The coloured grain map in Figure 5.11 shows a 

combination of larger elongated grains and smaller equiaxed grains. The larger grains have 

experienced growth from the H14 condition during the annealing process, whereas the 

smaller equiaxed grains have recrystallised at nucleation sites in grain boundaries. The 

average grain size was calculated to be 35.8μm with an average aspect ratio of 2.4 (see Table 

5.1). 
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Figure 5.11 EBSD mapping of CNC milled Isogrid (annealed – node section) 

The {111} pole figure in Figure 5.12-A shows clear Goss and cube textures which is typical of 

FCC recrystallisation after rolling [5.8,5.57]. The ODF (Figure 5.12-B) further supports this, as 

the 0° section has clear concentrations of intensity at the corners, indicating a cube texture, 

and a goss concentration on the centre of the left face. Further concentrations in the 0° and 

45° sections indicate the presence of some brass texture remaining from the rolling process 

[5.19]. The intensities of these textures are high (11.3 on the ODF) and may indicate 

anisotropic mechanical behaviour [5.21].  

 
Figure 5.12 A – pole figure, B – relevant ODF sections for CNC milled Isogrid (annealed – node section) 
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Microhardness measurements of the annealed CNC milled Isogrid (Figure 5.13) revealed a 

homogenous hardness distribution throughout the cross section in the range of 15-27Hv. 

These values are consistent with the literature on annealed AA1050 [5.13]. 

 
Figure 5.13 Microhardness map of CNC milled Isogrid in post-annealed condition 

5.2.4 Rolled Isogrid 

The microstructure of rolled Isogrid, as seen in Figure 5.14, displays a wide variety of 

morphologies including deformed acicular grains and recrystallised equiaxed grains (Figure 

5.14). Figure 5.14-A presents the microstructure of the skin section which underwent the 

most deformation to achieve the Isogrid geometry. The grains present in this section have a 

higher aspect ratio than those in the node (Figure 5.14-B), which infers greater plastic 

deformation imparted into this section. The extent of grain deformation and cold work seen 

in this micrograph is similar to the rolled grain structure seen in the stock material (Figure 

5.3-A) and CNC Isogrid (Figure 5.4-A). The equiaxed grains at the node (Figure 5.14-B) and 

ribs remain mostly unaltered when compared to the stock material in its annealed state prior 

to rolling. Figure 5.14-C shows the transition from deformed grain structure in the skin 

section to equiaxed grains throughout the rib lattice. The deformed grains at the shoulder of 

the rib section have elongated and become acicular, following the formed contour of the 

cross section.  
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Figure 5.14 Etched micrographs of rolled Isogrid (as rolled, x50 magnification): A – skin section, B – 
node section, C – rib-skin transition 

A mid plane section of the rolled Isogrid was etched, to generate a top down of the grain 

structure developed through the Isogrid rolling process (Figure 5.15). The figure is composed 

of 49 separate etched micrographs taken at x50 magnification, stitched together in a 7x7 

matrix. There are three rib directions visible, with the figure centred on a rib in the rolling 0° 

direction, and two ±60° ribs converging in a node at the top centre of the figure. Similarities 

can be observed between Figure 5.14 and Figure 5.15, with equiaxed grains visible in the 

node/ribs and more deformed grains in the skin section. The transition zone between skin 

and ribs is deformed as seen in Figure 5.14-C, and this band of acicular grains highlights the 

edges of the rib lattice. The grains on the 0° rib display a higher level of deformation and 

greater aspect ratio than those in the ±60° ribs and node, having developed a degree of 

elongation in the rolling direction which is not present in other areas. 
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Figure 5.15 Etched micrograph of rolled Isogrid (as rolled – plan view) 

The grains shown in the EBSD mapping of the skin section (Figure 5.16) are deformed, 

containing variation characteristic of cold work [5.58,5.59]. The average grain size is 13.4μm 

with an aspect ratio of 3.2 (see Table 5.1).   

 
Figure 5.16 EBSD mapping of rolled Isogrid (as rolled - skin section) 
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Determining texture from Figure 5.16 alone would be difficult as it contains grains in all 

orientations like the annealed samples. However, the pole figure in Figure 5.17 shows a 

similar copper pattern to that seen in the skin of the CNC milled Isogrid (Figure 5.8-A). A 

nearly identical pole figure can be seen in Hjelen et al. [5.57] for cold rolled aluminium. The 

ODF (Figure 5.17) contains a distinct copper texture component in the 45° section. The 0° 

section presents a set of contours between the cube and rotated cube textures which 

indicate the presence of shear deformation mechanisms during rolling [5.60,5.61]. The 

intensity of the pole figure and ODFs is low, which, in parallel with multiple identified 

textures, indicates that the deformation texture in this condition is much weaker than that 

of the CNC samples. This indicates there will be more isotropic mechanical properties in the 

rolled Isogrid, which will be discussed in Chapter 6 [5.21]. 

 

Figure 5.17 A - pole figure, B – relevant ODF sections for rolled Isogrid (as rolled – skin section) 

The EBSD grain map of the rolled Isogrid node section (Figure 5.18) also appears similar to an 

annealed microstructure, containing large grains oriented in many directions; however, the 

grains have an increased aspect ratio in comparison to the equiaxed microstructure seen in 

Figure 5.11. Some of the grains contain internal variation which may be indicative of plastic 

deformation [5.58,5.59]. The average grain size in this area is 22.6μm with an aspect ratio of 

2.4 (see Table 5.1).   
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Figure 5.18 EBSD mapping of rolled Isogrid (as rolled - node section) 

The grain orientations, pole figure and ODFs seen in Figure 5.18 and 19 confirm that the 

texture of the rolled Isogrid node samples is similar to the CNC annealed samples. The pole 

figure (Figure 5.19-A) and 0° ODF section (Figure 5.19-B ) indicate the presence of the cube 

texture, which is standard in recrystallised rolled aluminium [5.57]. However, there is also a 

strong contour in the 0° ODF section (Figure 5.19-B) which represents a rotated cube texture. 

The presence of rotated cube texture and signs of deformation in the grain morphology 

indicate that this section has been subjected to shear modes of deformation [5.60,5.61]. 

 
Figure 5.19 A – pole figure, B – relevant ODF sections for rolled Isogrid (node section) 
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Microhardness measurements of the rolled Isogrid (Figure 5.20) revealed variation in 

hardness throughout the cross-section. The highest hardness values were measure in the 

skin section (40-50Hv), followed by the rib (35-45Hv) and then the node section (31-43Hv). 

All areas of the cross section have been hardened when compared to the stock material, 

which had an initial hardness of 21Hv. These hardness values align very well with those 

reported by Bay et al. [5.13]. The skin section has undergone the most deformation and cold 

work, thereby hardening the most. The rib and node sections have therefore hardened less 

as they were subjected to varying lesser degrees of deformation. The acicular grains at the 

transition between skin and rib lattice as seen in Figure 5.14-C also exhibited higher hardness.  

 

Figure 5.20 Microhardness map of rolled Isogrid 

5.2.5 Rolled Isogrid post-annealing  

Etched micrographs of rolled Isogrid after an annealing treatment are presented in Figure 

5.21. These micrographs are similar to the annealed CNC samples, containing large grains 

with low aspect ratios. There are areas of coarser grains in the centre of the node and rib 

sections, whereas the skin sections have notably smaller grain structure. Figure 5.21-A shows 

the transition zone between node and skin sections. The microstructure is finer in this 

shoulder area where previously acicular grains had been created during the Isogrid rolling 

process. The level of grain refinement in this area after rolling created a zone with a greater 

density of nucleation sites during recrystallisation, leading to reduced grain size in the 

resultant recrystallised microstructure [5.62,5.63]. The node section as seen in Figure 5.21-B 

has much larger grains, as this area has been annealed once prior to rolling, lightly deformed, 

then annealed again, resulting in extensive grain growth. The skin section in Figure 5.21-C 

has a smaller grain structure in the same manner as the transition zone (Figure 5.21-A). In 

this micrograph there are also instances of larger grains bordered by smaller recrystallised 

grains in the same manner as the annealed CNC node in Figure 5.10, indicating areas of partial 

recrystallisation. 
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Figure 5.21 Etched micrographs of rolled Isogrid (annealed, x50 magnification): A – node-skin 
transition, B – node section, C – skin section 

 
Figure 5.22 EBSD mapping of rolled Isogrid (annealed - skin section) 

The EBSD grain map of the post-annealed rolled Isogrid skin section (Figure 5.22) is similar 

in appearance to Figure 5.11, as both microstructures have recrystallised through 

annealing. There is not a clearly dominant texture when reviewing the grain map alone. 

Equiaxed recrystallised grains can be seen forming at the boundaries between larger grains, 
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further confirming partial recrystallisation [5.10,5.35]. The average grain size in this area is 

20.0μm with an aspect ratio of 2.0 (see Table 5.1). The pole figure and 0° ODF section in 

Figure 5.23 show a Goss texture [5.43]. There are also faint intensity hotspots at the 

corners of the 0° ODF section which represent a cube texture[5.57]. These hotspots have 

moved off the true corners towards the centre of the slice, indicating a minor degree of 

rotation towards the rotated cube texture which is indicative of deformation via shear 

strain. The 45° ODF section has a contour in the bottom right corner which represents a 

brass texture [5.39]. These results are backed up by the literature, as a cube or Goss texture 

is expected after recrystallisation of AA1050 post-rolling [5.57].  

 
Figure 5.23 A – pole figure, B – relevant ODF sections for rolled Isogrid (annealed – skin section) 

Microhardness measurements of the annealed rolled Isogrid (Figure 5.24) revealed a 

homogenous hardness distribution throughout the cross section between 15-23Hv. These 

were also consistent with the literature [5.13], although slightly lower than the annealed CNC 

samples.  

 
Figure 5.24 Microhardness map of rolled Isogrid in post-annealed condition 
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Table 5.1 summarises the results reported throughout this chapter, to facilitate comparisons 

and discussion. 

Table 5.1 Summary of microstructural findings 

Sample  Grain size 

(μm) 

Aspect 

ratio 

Hardness 

(Hv) 

Elements of texture 

CNC  Skin 13.7 6.4 40-55 Copper dominant 

 Node 9.8 4.3 40-55 Goss, brass, copper 

 Annealed 35.8 2.4 15-27 Cube, Goss, brass 

Rolled Skin 13.4 3.2 40-50 Copper dominant 

Shear textures present 

(rotated cube) 

 Node 22.6 2.4 31-43 Cube and rotated cube 

 Annealed 20 2.0 15-23 Goss dominant 

Brass and cube present 

5.3 Discussion 

Initial investigation of the stock material provided the baseline microstructure for AA1050 in 

its rolled and annealed states. In its H14 condition, the microstructure is acicular throughout, 

exhibiting high aspect ratios after uni-axial elongation in the roll direction with individual 

grains displaying an inhomogeneously deformed appearance. This is in stark contrast to the 

recrystallised grains in the annealed condition which are equiaxed and appear homogeneous. 

These findings are well supported by the literature on the cold rolling of AA1050 [5.13,5.22–

5.24,5.31,5.53]. 
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The EBSD analysis of CNC milled Isogrid provided further information about the H14 rolling 

process, as the milling process generated no significant changes to the original H14 

microstructure. These results therefore also apply to the microstructure in Figure 5.3-A and 

Figure 5.4. The aspect ratio of grains found within the skin section of the CNC milled Isogrid 

is 48% higher than those found in the node section, which is an indication of the increased 

deformation experienced by the material closer to the surfaces of the billet during the rolling 

process. Likewise, the intensity of the copper texture in the ODF of the skin section (Figure 

5.8) is 409% greater than that of the textures at the node (Figure 5.6). These trends agree 

with the work of Hallberg et al. [5.53] which found increased cold work near the surfaces of 

cold-rolled AA1050. 

Variation in microstructure through rolled Isogrid samples was observed as a consequence 

of the different levels of deformation required to achieve the target geometry in the Isogrid 

rolling process. The grains of the rolled Isogrid’s skin section were 40% smaller than those of 

the node section and of a 33% higher aspect ratio. This is evidence that the skin section of 

the rolled Isogrid has undergone more cold work resulting in greater grain refinement than 

the node section. Such a result, paired with the microhardness map of rolled Isogrid (Figure 

5.20), indicates that areas of increased hardness correlate with areas of greater deformation. 

Further, the grains of the 0° rib directions exhibited elongation in the roll direction, whereas 

the grains in the ±60° rib directions remained equiaxed. This is due to the topological 

differences between the annular and helical grooves on the Isogrid roller used to form the 0° 

rib and ±60° ribs, respectively. The annular grooves mimic a standard rolling process with a 

reduced diameter, allowing the 0° ribs to elongate and develop acicular grain morphology. 

The helical grooves do not allow the same degree of elongation in the roll direction, which 

accounts for the reduced cold work and microstructural evolution seen in the ±60° ribs. The 

variation in hardness throughout the rolled Isogrid cross-section and difference in grain 

structure between 0° and ±60° ribs was considered as a potential source of anisotropic 

behaviour in the rolled Isogrid for both in-plane and out of plane mechanical properties; 

however this was not found to be the case as seen in Chapter 6.  

The copper, brass and Goss textures found throughout the CNC milled Isogrid are the 

standard microstructural textures expected from rolled AA1050 [5.15,5.21,5.22,5.39]. In 

addition to these standard deformation textures, the Isogrid rolling process produced a 
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degree of shear deformation texture [5.60,5.61]. Standard rolling textures such as copper 

and brass are produced when FCC materials are subjected to plane strain deformation 

[5.15,5.22]. The rotated cube texture seen in the rolled Isogrid node section is unusual as a 

rolling texture; however, the pre-rolling annealing treatment of the billet material created a 

cube texture throughout the centre of the billet as seen in the annealed CNC Isogrid samples 

and throughout the literature [5.8,5.57]. This texture has been rotated during Isogrid rolling, 

which further supports the existence of shear forces in the roll gap. Similar evidence of shear 

forces required to support such a result can be found in the literature concerning 

asymmetrical rolling processes [5.23,5.36,5.38,5.64]. The Isogrid rolling process must also be 

considered asymmetrical, given the difference in geometry between the rollers and the 

evidence of asymmetrical shear textures. The inclusion of shear deformation textures within 

rolled Isogrid samples indicates that the Isogrid rolling process requires a more complex 

model of the forces present in the roll gap than the existing plane strain simplifications for 

flat rolling. The design of the Isogrid roller includes helical grooves with an axial directional 

component to create the ±60° ribs. Any deformation in the axial or transverse rolling 

direction due to these grooves disrupts the standard plane strain model of forces in the roll 

gap. 

The microhardness values of the annealed samples approached the lower limit of hardness 

possible for AA1050, indicating successful elimination of prior cold work [5.13]. The post-

annealing rolled Isogrid was slightly softer than the CNC annealed; however, the billets were 

annealed once in preparation for Isogrid rolling, then a second time after the Isogrid rolling 

process. This effectively increases the total time it experienced for recrystallisation and grain 

growth. The CNC milled Isogrid sample in the H14 state was harder than the Isogrid rolled 

sample by 10-20Hv and relatively homogeneous throughout due to the extensive grain 

refinement and cold work, as seen in Figure 5.4. The rolled Isogrid sample exhibited areas of 

higher and lower hardness corresponding to the level of deformation experienced in each. 

EBSD analysis determined that the texture imparted into the grain structure of the rolled 

Isogrid was less pronounced than that of the AA1050 in its H14 condition. The rolled Isogrid 

pole figures show less intense deformation textures in both the skin and node locations. This 

result is aligned with the microhardness maps which show the CNC Isogrid to be harder 

throughout the cross section. The lower hardness and reduced deformation texture intensity 
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seen in the rolled Isogrid samples implies that a greater level of deformation in Isogrid rolling 

may be feasible, facilitating the production of rolled geometries with higher rib to skin ratios, 

hence improved mechanical properties. 

5.4 Conclusions 

1. Isogrid rolling produced a cold-worked grain structure containing mostly standard 

rolling deformation textures indicative of plane strain with the inclusion of shear 

deformation textures. Due to these shear deformation textures, the Isogrid rolling 

process must be considered as an asymmetrical 3D technique and the standard 

simplified plane strain model of rolling is not suitable as a method of analysis. 

2. The microstructure of rolled Isogrid is aligned parallel to the outer contour of its cross 

section, as opposed to CNC milled Isogrid which has an interrupted microstructure 

at the milled face. This improved the strength of the rolled Isogrid structure, as will 

be discussed in Chapter 6.  

3. Rolled Isogrid developed variation in the cold work and directionality of its grain 

structure during the rolling process. The skin section displayed considerably more 

evidence of cold work than the rib lattice and a corresponding difference in hardness 

was observed. The ribs in the 0° rolling direction exhibited elongated grains unlike 

the equiaxed structure seen in the ±60° direction ribs.  

4. The high intensity and homogeneity of the deformation textures seen in the CNC 

milled Isogrid contributes to a higher level of anisotropy in the resultant mechanical 

properties of the CNC milled Isogrid samples (as will be seen in Chapter 6). 

5. The Isogrid rolling process has not deformed the AA1050 microstructure to the same 

degree as the H14 rolling to half hardness process, which was conducted on the CNC 

milling stock material.  

The evaluation of mechanical properties of rolled and CNC Isogrid will further elucidate the 

differences between the two manufacturing methods and determine whether the 

microstructural conclusions drawn from this work influence the potential utility of the Isogrid 

rolling process.   
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6 Mechanical characterisation of rolled and CNC milled 

Isogrid 

6.1 Mechanical behaviour of Isogrid 

Isogrid was developed to have very specific, mass optimal out-of-plane mechanical 

properties as a lightweight material structure for aerospace applications [6.1–6.4].  The 

structure mimics the in-plane properties of sheet metal, while offering superior resistance 

for out of plane loading regimes such as bending or torsion. These key features of Isogrid 

were described in Meyer et al. [6.1] as follows: 

“Characteristics: 

• Isotropic (no directions of instability or weakness)  

• Poisson’s ratio 1/3 

• Efficient in compression and bending  

Advantages: 

• Easily analysed 

• Can be optimized for wide range of loading intensities 

• Standard pattern for attachment (nodes accommodate equipment mounting 

without change) 

• Readily reinforced for concentrated loads and cut-outs 

• Redundant load paths 

• Less structural depth”  

Isotropy is characterised by the even distribution of properties in all directions within a 

material [6.5]. Isogrid is generally regarded as isotropic because the equilateral triangular 

arrangement of ribs within the rib lattice creates a near uniform field of mechanical 

properties in all directions [6.1,6.6,6.7]. Therefore, the response of Isogrid to loading is 

independent of rib orientation and of the face on which the load is applied. However, this is 

a simplification and the mechanical isotropy of Isogrid is restricted to its elastic behaviour 

[6.6–6.9]. Isogrid cannot be called a true isotropic material as out-of-plane and failure modes 

of Isogrid have been shown to exhibit anisotropic behaviour. Thus, it is described in some 
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sources as quasi-isotropic [6.6–6.8,6.10–6.12]. Intentional deviation from the aim of isotropic 

geometries resulted in the development of anisogrid structures which gained popularity for 

their increased strength and manufacturability in composite materials [6.9,6.13–6.21]. 

Isotropic properties are desirable, as the entire structure can be simplified for analysis and 

design [6.1–6.4,6.22,6.23]. Using the smeared stiffener method [6.1,6.24,6.25], the entire 

Isogrid structure can be represented by a uniform shell with the same properties, known as 

an equivalent thickness shell [6.1,6.24,6.25]. The equivalent thickness shell can then be used 

in place of Isogrid structures for finite element analyses and structural calculations. This ease 

of analysis was important enough to be listed as the primary advantage of Isogrid within the 

summary given in the Isogrid design handbook [6.1]. 

The handbook [6.1] reports an idealised value of Poisson’s ratio calculated using the smeared 

stiffener method: ν=0.33. This is close to the standard assumption of ν=0.3 for an isotropic 

material during elastic or ductile deformation [6.26]. When applying a load to Isogrid, the 

lattice acts like a truss structure, distributing loads in tension and compression to the ribs 

according to their orientation [6.1,6.6,6.53]. The statically determinate nature of the 

equilateral triangular lattice greatly reduces internal lattice rotation, which was seen as a 

shortcoming of Isogrid’s predecessor, Orthogrid [6.1]. Static indeterminacy and internal 

rotation of the lattice structure has a profound effect on the deformation modes of a 

structure, therefore on its isotropy/Poisson’s ratio. Recent research on lattice structures has 

exploited this phenomenon and designed lattice structures with internal rotation to develop 

structures with customisable Poisson’s ratios and auxetic behaviour (Poisson’s ratio<0) 

[6.26,6.27]. 

Isogrid is designed to be mass efficient for out of plane loading regimes [6.1,6.4,6.22,6.23]. 

As such, an ideal Isogrid structure is typified by a low-density rib lattice with a tall section 

height, resulting in a high second moment of area to resist bending loads [6.1]. The location 

of the neutral axis in bending can be changed by altering the geometric parameters of the 

structure [6.1]. Isogrid is particularly efficient in bending when the neutral axis sits within the 

rib lattice at some distance away from its skin, as this minimises the unloaded area of the 

cross section [6.1,6.22]. The same principle led to the development of low-density core 

sandwich panels, which place the higher density load resisting elements of their structures 
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at a distance from the neutral axis [6.10,6.28–6.34]. Within a case study of an optimised 

Isogrid geometry [6.1], the bending stiffness was found to increase by a factor of 192 while 

the extensional stiffness increased by only a factor of 4/3. For this reason, it would be fair to 

state that while Isogrid offers excellent improvement in bending stiffness via shape factor, 

the difference in extensional stiffness approaches unity for most geometries.  

Isogrid is described throughout the literature as damage resistant or damage resilient, as 

loading from a failed part of the structure can be rerouted throughout the lattice [6.35–6.40]. 

This is particularly well described in the report by Pettit et al. [6.40], which describes how 

integrally stiffened structures, such as Isogrid, arrest and reorient cracks at the base of their 

stiffeners. The long term damage resistant nature of Isogrid is less important to its usage 

within launch vehicles as they have typically been required for a single launch throughout 

their history; however, containment of cracks and resistance to fatigue are a highly desirable 

property for other applications such as aerospace design [6.41–6.44]. 

6.2 Results 

A combination of tensile and bending tests were performed as per section 3.5 to evaluate 

and compare the mechanical properties of rolled Isogrid, CNC milled Isogrid and rolling billet 

material. Full U bending tests were performed on rolled Isogrid and on the 3mm billets to 

measure the influence of shape factor on bending strength. These bending tests were 

performed on samples oriented with “ribs up” and “ribs down” within the bending test 

apparatus to explore the isotropy of rolled and CNC milled Isogrid in the thickness direction. 

To isolate the effects of shape, these tests were performed on all samples in their cold 

worked condition as well as in their annealed condition. Tensile tests and full U bending tests 

were performed on the next iteration of rolled Isogrid from the 4mm stock and compared 

with CNC milled Isogrid. These experiments were performed at 0° and 90° to the primary rib 

direction of each sample type to assess the in-plane isotropy of the rolled Isogrid and CNC 

milled Isogrid. As before, these tests were conducted in both the cold worked condition and 

the annealed condition. The geometric markers on the lines throughout the presented 

graphs provide differentiation in grey scale, and do not represent data points. 
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6.3 Tensile behaviour of Rolled and CNC milled Isogrid 

The data from the tensile tests of rolled and CNC milled Isogrid is presented in Figure 6.1. The 

rolled Isogrid experienced an increase in tensile strength of 13.7% (Figure 6.1-A) when 

compared to the CNC milled Isogrid. This reduced to an 8.8% increase (Figure 6.1-B) when 

both sets of samples were annealed. The rolled Isogrid exhibited higher ductility than the 

CNC milled Isogrid in tension when both samples were tested in their as produced state, as 

demonstrated by the higher strains achieved before failure in Figure 6.1. 

Figure 6.2 shows the tensile behaviour of rolled and CNC milled Isogrid in the 0° and 90° 

orientations, for sample groups which were not annealed. Both rolled and CNC milled Isogrid 

exhibited an isotropic response during the elastic portion of the test, as both orientations 

within the sample groups performed identically. The rolled Isogrid showed a 3.5% (Figure 

6.2-A) increase in tensile strength in the 90° direction (the applied force was perpendicular 

to the roll direction). The CNC milled Isogrid showed the same trend by 11.1%  (Figure 6.2-B) 

under the same conditions. While the samples tested in the 90° direction showed higher 

tensile strength, they also displayed lower ductility and approached failure at lower strain 

values. The performance gap between the orientations of rolled Isogrid diverged early in the 

elastic region (Figure 6.2-C). The CNC milled Isogrid exhibited a greater difference in tensile 

strength between the 0° and 90° orientations, but the stress strain curves of the two sample 

directions remained identical for more of the elastic region (Figure 6.2-D).  

The SEM micrographs of the tensile fracture surfaces in Figure 6.3 show all variations of the 

Isogrid samples with a dimpled texture on the resultant fracture surface. The dimpled surface 

morphology of each micrograph is evidence that all the sample groups fractured in a ductile 

manner.  
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Figure 6.1 Comparison of rolled Isogrid vs CNC milled Isogrid’s tensile behaviour  

 

Figure 6.2 Comparison of Tensile behaviour between 0° and 90° samples of rolled Isogrid and CNC 

milled Isogrid 
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Figure 6.3 SEM micrographs of tensile fracture surfaces. x200X magnification (A-rolled, B-rolled & 

annealed, C-CNC milled, D-CNC milled & annealed) 
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Figure 6.4 Rolled specimens after tensile testing, A- 0° rolled, B- 90° rolled, C- 0° rolled annealed, D- 90° 

rolled annealed, E- detail views of D, showing the changed angle within the rib lattice 

The tensile samples underwent different fracture modes of according to their orientation and 

temper condition. Rolled samples oriented at 0° to the load direction (Figure 6.4-B) 

experienced fracture along the base of a rib, failing at the interface between the skin and rib 

sections of the geometry. Samples oriented at 90° (Figure 6.4-C) necked in the middle of a 

rib, failing within the rib itself. Both of these failure modes occurred in close proximity to ribs 

and nodes.  By contrast, the annealed samples (Figure 6.4-D, E) failed in a random manner 

with the necking location crossing ribs rather than propagating along rib directions. The rib 

lattice in annealed samples deformed significantly (Figure 6.4-F), hinging at the nodes and 

reorientating to resist the applied load. Rolled Isogrid samples in the cold worked state did 

not experience the same level of deformation in the lattice. The lateral deformation of 90° 

samples (Figure 6.4-E) exhibited a periodic behaviour, as ribs orientated at 90° to the loading 

direction resisted reduction in width.   
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6.3.1 Rolled Isogrid compared to billet material 

 

Figure 6.5 Combined bending stress against displacement curves during 3-point, full U bending test, 

showing approximate temper conditions of the sample groups 

Figure 6.5 shows the bending stress curves alongside the nominal ultimate tensile strengths 

for each relevant temper state of AA1050 [6.45]. The two lower curves in Figure 6.5 show 

that the annealing treatment successfully transformed the samples to the fully annealed -O 

condition. The topmost curve indicates that the geometry imparted by the Isogrid rolling 

process strengthened the Isogrid into a state equivalent to the H18 condition or “fully roll-

hardened”.  
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Figure 6.6 Specific bending stress against displacement during 3-point, full U bending test 

Division of mechanical properties by density yields specific mechanical properties which can 

be used to compare materials by their mass efficiency [6.31–6.33,6.46]. Figure 6.6 shows the 

specific bending stress as a function of displacement over the course of the bend test for 

samples with and without an annealing treatment. The specific stress increment, denoted as 

A in Figure 6.6, demonstrates that the as rolled Isogrid is stronger in bending than the as 

received billet by 100%. Stress increment B (Figure 6.6) shows that the annealed Isogrid is 

stronger in bending than the annealed billet by 60%. Annealing the samples removed the 

contribution of cold work to bending strength, revealing only the improvement in strength 

due to shape factor. Therefore, A denotes the substantial increase in bending strength as a 

function of the combination of cold work and rib formation in the as rolled Isogrid. 

Separately, B represents the increase of strength in bending of the produced samples solely 

attained through the formation of ribs. 
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Figure 6.7 Bending stress against displacement during 3-point full U bending test 

Figure 6.7 shows the results from testing the rolled Isogrid samples in the ribs up and ribs 

down configurations. The jagged profile in the graph following 20mm displacement is where 

the ribs of the ribs down specimens began interfering with the cylindrical supports. However, 

the general trends of both data sets are very similar, which provides an indication that the 

rolled Isogrid is quasi-isotropic and that bending strength is symmetrical around its neutral 

axis despite the asymmetrical geometry of the Isogrid itself.  

6.4 Bending behaviour of rolled and CNC milled Isogrid 

Rolled Isogrid and CNC milled Isogrid were tested in 3-point bending, as outlined in Chapter 

3 to compare their relative bending performances. Tests were conducted on both sample 

types in the 0° and 90° orientations to assess the isotropy of this mechanical property. Figure 

6.8 shows the rolled Isogrid had an increased bending strength of 20% in comparison to the 

CNC milled Isogrid (Figure 6.8-A). Both types of annealed sample groups exhibited the same 

strength in bending, indicating that the CNC milled and rolled Isogrid sample geometries are 

comparable.  
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Figure 6.9 shows that the rolled Isogrid subjected to bending at 90° to the roll direction 

exhibited a 20% increase in ultimate bending strength (Figure 6.9-A) and 10% increase in 

bending yield strength (Figure 6.9-B) when compared to the 0° samples. The CNC milled 

samples followed the same trend by 10% for bending yield strength (Figure 6.9-C) but there 

was no difference in ultimate bending strength. 

 

Figure 6.8 Comparison of Rolled Isogrid and CNC milled Isogrid in bending  
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Figure 6.9 Comparison of Bending behaviour between 0° and 90° samples of Rolled Isogrid and CNC 

milled Isogrid 

6.5 Discussion 

The data presented in this chapter demonstrates that rolled Isogrid performed favourably 

when compared to both the billet material, from which it was manufactured, and the CNC 

milled Isogrid, which represents the conventional method of Isogrid production. The rolled 

samples outperformed their billet material in the as received condition in terms of bending 

strength; this remained the case after removing the contribution of cold work via annealing. 

This indicates that the improvement in strength is in part due to the new geometry and not 

due to work hardening alone. Rolled Isogrid was found to be 100% stronger in bending than 

its stock material (Figure 6.6-A), where 60% of this improvement in strength was attributable 

to shape factor (Figure 6.6-B). The difference between these values, 40%, is attributed to cold 

work and improvement in microstructure which corresponds with the refined grain structure 

as discussed in section 5.8. The corresponding shape factor for the rolled Isogrid is the ratio 

of the maximum bending strengths without considering cold work, which is therefore 1.6 for 

the annealed samples [6.47]. The cold work imparted during the rolling process increased 
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the bending strength of the rolled Isogrid samples to approximately -H18, or fully roll 

hardened.  

The rolled Isogrid was found to be 20% stronger than CNC milled Isogrid in bending and 10% 

stronger in tension, which is also a direct result of the cold work and microstructural change 

imparted by rolling. There is evidence that the rolled and CNC milled Isogrid samples were 

comparable, as they behaved identically in the post-annealed condition, although some 

minor variation in tensile strength was present between annealed sample groups (Figure 6.1-

B). This cannot be due to shape, as the annealed samples displayed identical behaviour in 

bending (Figure 6.8). Therefore, the cold work and microstructural refinement, as seen in 

Chapter 5, accounts for 4.9% of rolled Isogrid’s increase in tensile strength over CNC milled 

Isogrid and the total 22.4% increase in bending strength [6.48]. The enhanced mechanical 

behaviour of the rolled Isogrid samples indicates that, for the same target geometry, there is 

an advantage to using the Isogrid rolling method. The Isogrid rolling method as developed in 

this body of work is limited to the production of one rib lattice geometry, whereas, CNC 

milling is capable of producing more optimised geometries. Further development of the 

Isogrid rolling method may explore the geometrical limits of the process; however, as a 

forming method, the rib-skin ratio or δ (section 3.5) will be limited by material properties and 

process parameters in a way that CNC milling is not [6.49]. 

The fracture path of the rolled Isogrid (Figure 6.4-B/C) samples in tension is an indication of 

the ability of grid-stiffened structures to arrest and redirect cracks. Fractures did not cross 

ribs within the rolled Isogrid in its cold worked condition, instead they preferentially 

propagated along the skin/rib intersections. In larger structures, this mechanism allows 

Isogrid to slow or arrest cracks [6.1,6.40]. After annealing (Figure 6.4-D/E) this behaviour was 

reduced, and the tensile fracture surface intersected various ribs. These results concur with 

the hardness maps of rolled Isogrid in its as rolled and annealed states, as reported 

throughout Chapter 5. The fracture locations in tension correspond with the interface of hard 

and soft regions for the as rolled Isogrid. The degree of cold work and hardness in the CNC 

milled and rolled Isogrid samples did not reduce their ductility; all samples failed in a ductile 

manner as seen in both the tensile curves and fracture surfaces. Annealed samples loaded in 

both orientations underwent a hinging effect at the nodes which allowed the structural 

lattice to realign itself with the direction of loading (Figure 6.4-F). This redistribution of loads 
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within the rib lattice also fits with early descriptions of Isogrid as a damage limiting material 

[6.1,6.54].  

The isotropic nature of both rolled and CNC milled Isogrid was restricted to the elastic portion 

of all tests, with any anisotropic behaviour developing during plastic deformation. The 90° 

direction was shown to be stronger than the 0° direction in tension and bending. This trend 

occurred in rolled and CNC milled samples and was therefore present independent of 

manufacturing process. The 0° direction was shown to be more ductile in tension; however, 

this behaviour was not found during bending loads. The rolled Isogrid displayed anisotropic 

behaviour when subjected to plastic deformation in tension. The 0° rib (parallel to rolling 

direction) contained variation in its cross section, which may explain the reduced 

performance in this direction. The CNC milled Isogrid exhibited greater anisotropy between 

the 90° and 0° directions than rolled Isogrid in tension and bending. The microstructural 

texture of the CNC milled Isogrid reported in Chapter 5, had a higher intensity than that of 

the rolled Isogrid, due to the “rolling to half hardness” process (H14 condition). This is 

consistent with the increased anisotropy displayed by the CNC milled Isogrid in both loading 

regimes, as highly textured microstructures display more anisotropy [6.50–6.52]. These 

results fit with the consensus in the literature that Isogrid is quasi-isotropic or anisotropic in 

its failure mechanisms [6.6–6.8,6.58]. 

The tensile samples loaded at 90° to a principal rib exhibited higher overall tensile strength, 

and high degrees of hinging at the nodes between principal ribs. These principal ribs at 90° 

to the load form stiff barriers in the reinforcing lattice which resist lateral compression, locally 

reducing Poisson’s ratio for the structure. This can be seen in Figure 6.4-E where the 

reduction in width along the sample is not uniform, as would be expected during a tensile 

test.  

6.6 Conclusions 

The rolled Isogrid samples outperformed both the stock material and CNC milled Isogrid in 

tension and bending in the non-annealed condition: 
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1. Rolled Isogrid was found to be 100% stronger in bending than its stock material, 

where 60% of this improvement in strength was attributable to shape factor and 40% 

to improvement in microstructure. 

2. Rolled Isogrid was 22.4% stronger than CNC milled Isogrid in bending and 13.7% 

stronger in tension, which is a direct result of the cold work imparted by rolling.  

These comparisons were further confirmed, as the annealing process verified the 

comparability between the sample groups by eliminating the differences in mechanical 

behaviour due to microstructure.  

The isotropic characteristics of Isogrid were mostly maintained despite the directionality of 

the rolling process: 

3. The rolled Isogrid exhibited isotropic behaviour in bending but showed minimal 

anisotropy when subjected to tensile loading. 

4. The 90° direction was shown to be stronger than the 0° direction in both tension and 

bending. The 0° direction was shown to be more ductile in tension; however, this 

behaviour was not seen under bending loads. This occurred in rolled and CNC milled 

samples and is therefore present independent of manufacturing process. 

5. The CNC milled Isogrid exhibited greater difference between the 90° and 0° 

directions than rolled Isogrid by 217% in tensile strength and 18% in bending 

strength, due to the more intense microstructural texture present in the CNC milled 

samples. 

6. The degree of cold work in the CNC milled and rolled Isogrid samples did not reduce 

their ductility; all samples failed in a ductile manner. 

7. The variation in hardness throughout rolled Isogrid samples which was reported in 

chapter 5 influenced the fracture locations of rolled Isogrid samples during tensile 

testing.  

Rolled Isogrid does not represent a disadvantage when compared to CNC milling for the same 

target geometry, but rather an advantage when considering the same target geometry. 
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7 Fatigue behaviour of rolled Isogrid 

7.1 Review of relevant fatigue theory 

This thesis has so far reported the microstructural and mechanical properties of rolled and 

CNC milled Isogrid. This chapter will build on those results by examining the fatigue behaviour 

of Rolled and CNC milled Isogrid. Fatigue is a common failure mechanism, and Sangid [7.1] 

states that at least 50% of metallic failures in industry are due to fatigue. As such, the 

characterisation of fatigue behaviour in novel structures such as rolled Isogrid is a task of 

primary importance. 

Fatigue failure is intrinsically linked to the loading history of a component, as repeated stress 

cycles impart cumulative damage to a component, resulting in the initiation of a crack from 

either a pre-existing defect or from microstructural effects [7.1–7.6]. Miller [7.7] 

distinguishes these two initiation mechanisms as the defining difference between fracture 

mechanics-based fatigue behaviour and microstructural based fatigue behaviour. Both 

fatigue mechanisms are stochastic, and the propagation stage is rapid, meaning that the 

majority of a component’s fatigue life occurs before a crack is formed [7.7]. Eventually, the 

structure fails when the crack has weakened an area to the point that another failure mode 

can occur, such as tensile failure [7.8,7.9]. 

Stress raising features are a primary source of crack initiation, and greatly reduce fatigue 

performance [7.3,7.4,7.8,7.10–7.12]. Defects, notched geometries and abrupt changes in 

cross section amplify stresses in their vicinity, leading to high degrees of localised plasticity 

and the formation of a crack  [7.6–7.9,7.13]. The transition between the rib lattice and skin 

section of advanced grid stiffened structure, such as Isogrid, is one such change in cross 

section. Once the crack has initiated, propagation must first overcome microstructural 

obstacles such as grain boundaries, in a stage governed by elastic-plastic fracture mechanics 

[7.7]. Miller [7.7] emphasised the importance of this microstructural resistance in slowing 

crack propagation for defects which are not aligned perpendicularly with the axis of loading 

(such as shear cracks). Once the crack attains sufficient size in comparison to the surrounding 
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grain structure, it propagates perpendicular to the axis of principal stress in a linear elastic 

manner [7.7,7.14,7.15].  

Microstructural related crack initiation occurs as irreversible plastic deformation is induced 

during stress cycling [7.1,7.16]. Alternating states of loading promote dislocation motion 

along slip planes in areas of high stress concentration [7.1]. Dislocations which experience 

cross slip, annihilation or entanglement cannot reverse this movement and return to their 

previous state, resulting in the accumulation of plastic deformation over time [7.1].  This 

leads to the formation of persistent slip bands where dislocations begin to pile up 

[7.1,7.16,7.17]. In a polycrystalline material such as AA1050, extrusions form from persistent 

slip bands and impinge on grain boundaries, increasing the stress concentration at this 

interface and providing a likely site for crack initiation [7.1,7.16].  

Turnbull et al. [7.18] showed that increased grain size has a negative impact on the fatigue 

resistance of commercially pure aluminium. This finding was confirmed by Höppel et al. 

[7.19] in fatigue tests reaching the very high cycle range. The microstructural discussion by 

Sangid [7.1] provides the theoretical context for this result; large grains develop slip bands 

more readily than smaller grains. The resulting prevalence of slip band/ grain boundary 

interactions promotes crack initiation and consequent propagation to failure. Grain size 

effects have been studied in detail by researchers of severe plastic deformation (SPD) based 

strengthening methods [7.20–7.22]. Fatigue life has been shown to improve due to SPD 

generated ultrafine grain structures in a manner commensurate with the overall increase in 

strength [7.20,7.21]. However, Eivani et al. [7.23,7.24] found that twist extrusion and shear 

extrusion grain refinement techniques negatively impacted fatigue life due to the increased 

incidence of cyclic softening [7.25]. Verlinden [7.26] reported results which may offer some 

reconciliation of these opposing positions; SPD microstructures have better fatigue 

performance in high cycle fatigue loading regimes, but a poorer response to low cycle fatigue. 

SPD refines grain structure throughout the bulk of a material; however, localised refinements 

in microstructure have been found to increase stress concentration and promote fatigue 

crack initiation [7.27]. 

The fatigue performance of Isogrid has not been widely studied throughout its usage in 

rockets and launch vehicles, as single use launch vehicles were only required to withstand a 
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short duration of high intensity loading. Rocket reusability has recently become the subject 

of increased attention [7.28,7.29], increasing the relevant of fatigue failure for Isogrid 

applications. The Isogrid design handbook [7.30] includes design considerations on 

manufacturing techniques intended to alleviate the likelihood of fatigue failure. Isogrid will 

exhibit some degree of fatigue resistance as stiffened plate structures have been found to be 

intrinsically fatigue resistant as discussed in Chapter 6 [7.31–7.37]. Integral stiffeners are 

reported to delay and deflect crack propagation along stiffener orientations when subjected 

to cyclic loading, which has led to the adoption of stiffened fuselage structures throughout 

the aviation industry for increased safety [7.36,7.38]. As stiffening rib directions may not be 

oriented perpendicular to the loading axis, this behaviour enforces a greater duration of 

elastic plastic crack propagation through the mechanisms discussed by Miller [7.7]. However, 

changes in cross section are known to be stress concentrators [7.6,7.13], and the increased 

stress levels at the rib / skin transition regions increases the likelihood of fatigue initiation 

and accelerate the growth of cracks in their vicinity [7.6,7.13,7.39,7.40].  

The fatigue performance of rolled Isogrid and CNC milled Isogrid has been examined and 

compared. The fatigue performance of Isogrid is poorly represented in the scientific 

literature, as such, the methodology detailed in Chapter 3, dataset and findings reported in 

this chapter are of significant novelty.  

7.2 Results 

The data in Figure 7.1 indicate that the rolled Isogrid performed poorly in comparison to the 

CNC milled Isogrid. The rolled Isogrid failed at a mean value of 87,500 cycles for 80% of yield, 

whereas the CNC milled Isogrid failed at 249,000 cycles, representing a 2.85x difference in 

fatigue resistance. This trend further diverged to an 8.4x difference at 70% of yield. At 60% 

of yield, the CNC milled Isogrid reached the run-out value of 3E+6, 9.5x greater than the mean 

value of the rolled Isogrid (317000 cycles).  
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Figure 7.1 S-N curve of the rolled and CNC milled Isogrid samples tested under fatigue conditions 
(normalised to yield stress) 

It was hypothesised that the relatively poor fatigue performance of the rolled Isogrid may be 

due to microstructural inhomogeneity; therefore, an extra set of fatigue tests was performed 

on rolled Isogrid samples after an annealing treatment. The annealed samples were tested 

at 70% of their measured yield stress and each sample reached run-out at 3E+6 cycles. Figure 

7.1 presents all 3 sample conditions normalised against their respective yield strengths; 

whereas, Figure 7.2 shows the absolute values of stress experienced by each condition. 

The rolled Isogrid samples primarily experienced crack initiation in the vicinity of the 0° ribs, 

which were aligned with the axis of loading. These initiation sites occurred either at the side 

of the sample (Figure 7.3) or in the central rib (Figure 7.4). Among the tested samples, failure 

occurred in both locations and at varying points throughout the gauge section, giving 

satisfactory assurance that sample preparation did not influence the results.  
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Figure 7.2 S-N curve of the rolled and CNC milled Isogrid samples tested under fatigue conditions 
(absolute stress) 

 

Figure 7.3 Rolled Isogrid fatigue fractures of 2 samples (fatigue propagation paths coloured red, 
initiation sites marked by white arrow) 
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The macro photographs in Figure 7.3 show typical fatigue fractures found in the rolled Isogrid 

samples. In both samples shown in Figure 7.3, the crack has initiated at a 0° rib on the sample 

edge, in a manner perpendicular to the principal stress. These cracks were then deflected by 

the ribs and continued propagating at 60° to the applied load direction (or 30° to the 

preferred propagation path). The fatigue cracks have propagated parallel to the geometry of 

the rib lattice, at an angle to the applied load. In Figure 7.3-A, the crack was deflected at the 

rib node, changing direction during the propagation phase. In Figure 7.3-B, the crack appears 

to have intersected the rib node, continuing along its original path.  

 
Figure 7.4 Rolled Isogrid fatigue fracture A- rib side, B- skin side (fatigue propagation paths coloured 
red - initiation sites marked by white arrow) 

 
Figure 7.5 CNC milled Isogrid fatigue fractures of 2 samples (fatigue propagation paths coloured red, 
areas of significant rib undercut coloured green) 

Figure 7.4 shows a rolled Isogrid sample in which the crack initiated in its centre. The 

secondary initiation site seen in Figure 7.4-A occurred on a 0° rib at the edge of the sample. 

The edges of the main fracture in Figure 7.4-A are sharp, whereas the central rib in Figure 

7.4-B is the only portion of the fracture surface without evidence of necking. This suggests 
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that the fatigue crack has propagated along the ribbed face of the rolled Isogrid, rather than 

through the thickness of the specimen. Cracking along the rib / skin interface is consistent 

with the literature, which suggests stress concentrations are amplified near changes in cross 

section [7.6,7.13,7.39]. 

Figure 7.5 shows the typical fracture behaviour of the CNC milled Isogrid samples during 

cyclic loading. These fatigue cracks have propagated much more closely along the rib / skin 

transitions, which is likely due to the sharp corners between these areas left by the CNC 

milling process. Fatigue cracks in the CNC milled samples propagated across ribs rather than 

cross nodes. In Figure 7.5-A, 2 separate fatigue cracks have developed simultaneously. The 

areas coloured green indicate where fatigue cracks have propagated at a downward angle to 

the rib. These cracks extended through the full thickness of the samples, in contrast to the 

rolled Isogrid where cracks preferentially remained on the patterned face.  

 
Figure 7.6 Striations in proximity to rib transition area on rolled Isogrid sample, A- Initiation site, B- 
impressions from rolling process 

The SEM micrograph in Figure 7.6 shows evidence of fatigue striations and crack propagation 

in proximity to the rib / skin transition zone in a rolled Isogrid sample. There is a potential 
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crack initiation site at Figure 7.6 from which the striations are radially expanding. This area 

corresponds to the interface between the hard and soft regions, as seen in the hardness 

results for rolled Isogrid in section 5.5. The impressions left by the roller can be seen in the 

form of shallow arcs (Figure 7.6).  

 
Figure 7.7 Striations changing direction near the rib in a rolled Isogrid sample 

Figure 7.7 shows a set of striations in which the direction of crack propagation has clearly 

rotated in the presence of the rib geometry. Fatigue cracks typically follow planar paths 

perpendicular to the applied load [7.14,7.15], making directional reorientation an unusual 

finding. However, this finding supports the body of research on the fatigue of grid stiffened 

structures and the fracture behaviour noted in Figure 7.3-4, which has evidenced the 

tendency of fatigue crack trajectories to adjust and follow the rib / skin transition region.  

7.3 Discussion 

The CNC milled Isogrid outperformed the rolled Isogrid in under cyclic loading at every stress 

level tested, with some data points showing approximately an order of magnitude of 
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difference. However, after an annealing treatment, the rolled Isogrid reached the run-out 

cycle threshold at a stress level where CNC milled Isogrid experienced fatigue failure. This is 

a result of microstructural homogenisation, as the sample geometry and preparation 

remained identical. The stress range tested (70%) was also identical in relation to the 

measured yield stress of the rolled and annealed Isogrid. This disparity in performance 

decreases in Figure 7.2 which is expressed in absolute stress amplitude. 

A consistent source of increased crack propagation at the rib skin boundary in both sample 

types is the change in cross sectional area, which has been reported throughout the literature 

as a source of increased stress and fatigue cracking [7.6,7.7,7.13]. Crack propagation in this 

location was noted in both rolled (Figure 7.3-3) and CNC milled (Figure 7.5) Isogrid samples. 

The CNC milled samples did not contain the same degree of microstructural variation, as seen 

in the rolled samples, and contained sharper rib / skin transitions. This indicates that change 

in cross section is likely the sole reason for crack propagation in the rib skin transition region 

for the CNC samples. This corroborates the findings of Pettit et al. [7.36], which showed 

integrally stiffened structures deflect cracking at areas of increased cross section such as ribs. 

The microstructure of the CNC samples, as seen in Chapter 5, is highly plastically deformed 

to attain the H14 rolled to half hardness state and improve mechanical characteristics. The 

marked improvement in high cycle fatigue life exhibited by CNC samples is therefore 

consistent with the response of SPD materials to fatigue loading, as found by Verlinden 

[7.26]. 

All rolled Isogrid samples experienced fatigue cracking near to the 0° ribs, with initiation sites 

either interior to the ribs or at the interface between soft (rib) and hard (skin) regions of the 

structure (Figure 7.6). The strength of these regions varies proportionately to cold work and 

hardness; therefore, uniform strains of the entire sample impart varying levels of stresses 

into the skin and node sections. Similar to a compatibility style structural analysis problem, 

this creates additional shear stresses between the node and skin sections which may explain 

increased crack initiation and propagation in these regions. Combining microstructural 

variation and additional shear stresses with the change in cross section explains the prolific 

crack propagation at the rib/node interface within rolled samples. Slight variations in the 0° 

rib, as seen in Chapter 4, are also responsible for increased fatigue initiation in this region, as 

the cross section was variable along the rib.  
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While both rolled and CNC milled Isogrid experienced crack propagation along rib 

orientations, different behaviours were exhibited by each when cracks approached node 

sections. Fatigue cracks in rolled Isogrid intersected the node geometry as seen in Figure 7.3-

B.  By contrast, the nodes of CNC milled samples did not fail in this way throughout any of 

the stress ranges tested. The rib lattice and node geometry of rolled Isogrid represents the 

softer, lesser deformed areas, as seen in the hardness map in Chapter 5, Figure 5.20. Similar 

tensile failure of the rib geometry can be seen in Chapter 6, Figure 6.6-C, where a rib in the 

90° direction has necked and failed. This reduction in strength of the rib lattice relative to the 

skin section has diminished its effectiveness as a barrier to fatigue propagation.  

The annealed rolled Isogrid samples reached runout, which indicates that the initiation 

mechanisms previously affecting the rolled samples had been eliminated. This suggests that 

they are in the microstructural crack initiation regime, where the other samples have 

initiated cracking from manufacturing related stress raisers (cold work, CNC milling artefacts, 

changes in cross section). The deflection of fatigue cracks in Isogrid samples at 30° to the 

preferred direction of propagation may have improved the overall fatigue life of all the 

specimens [7.7]. The improved fatigue performance of samples tested in the annealed 

condition indicates that the microstructural changes imparted during production of Isogrid 

reduced the fatigue life of the Isogrid structure. Testing Isogrid samples in this condition has 

led to a clear scientific result; however, the annealed condition is not proposed as a material 

for use in industrial design as the reduction in absolute stress amplitude experienced for 70% 

of their yield strength is considerable (Figure 7.2).  

7.4 Conclusions 

1. Rolled Isogrid performed significantly worse than CNC milled Isogrid in the cold 

worked state. This is due to accelerated crack initiation in proximity to 

microstructural transitions and shear stresses between areas of differential stiffness 

in the rolled Isogrid.  

2. Annealing treatments of the rolled Isogrid improved its fatigue resistance such that 

the samples did not fail before runout. The recrystallised microstructure no longer 

contained features promoting crack initiation. 



 
 

Chapter 7 – Fatigue behaviour of rolled Isogrid 153 

3. Fatigue fractures in the rolled Isogrid samples were deflected by the rib geometry in 

both sample groups, in a manner consistent with findings on rib stiffened structures 

in the literature. However, the rolled Isogrid experienced preferential crack 

propagation on the rib lattice side of the structure. 

These results have a profound impact on the direction of future work on this field, as it has 

clearly identified a challenge which must be addressed as the technology is further 

developed. Fatigue performance is a very important aspect of a materials suitability for 

industrial applications, and the poor performance of rolled Isogrid due to its microstructural 

inhomogeneity is an aspect for which mitigation strategies such as heat treatments may be 

explored. 
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8 Concluding remarks and future work 

This thesis has detailed an investigation of the Isogrid rolling process through 

experimental implementation. Characterisation of microstructural and mechanical 

aspects of Isogrid, manufactured via rolling and conventional machining techniques, 

was undertaken to evaluate and compare both methods.  

This chapter discusses the conclusions found throughout the thesis, summarises the 

key outcomes, and proposes some directions for future work in this field. 

8.1 Concluding remarks 

The concept of manufacturing grid stiffened structures through the use of a modified 

rolling process was implemented as detailed in Chapter 4. This proof of concept 

provided experimental results which demonstrated the feasibility of Isogrid rolling as 

a manufacturing technique.  

• The Isogrid geometry was produced using the modified rolling mill. Initial 

trials of rolling Isogrid with 3mm thick billets included geometric defects in 

the rib lattice. The introduction of 4mm billets reduced these effects.  

• The tendency for curling was noted in the rolled Isogrid, which is indicative of 

shear forces acting on the midplane of the structure. The effects of those 

same shear forces were corroborated within Chapter 5, by the discovery of 

rotated cube deformation textures in the orientation distribution functions. 

In chapter 5, the microstructure of rolled Isogrid was evaluated using advanced 

optical microscopy, electron backscatter diffraction and microhardness 

measurement techniques. The comparison between rolling and CNC milling 

operations to produce Isogrid was greatly enriched through the detailed investigation 

of the microstructural effects of each manufacturing technique.  
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• The microstructure of rolled Isogrid was cold worked and the grains had been 

oriented parallel to the outer contour of its cross section during the rolling 

process. The CNC milling process did not affect the bulk microstructure. The 

microstructural refinement introduced by Isogrid rolling was shown in 

Chapter 6 to improve the strength of the rolled Isogrid structure.  

• Rolled Isogrid had less intense deformation textures than those found in the 

CNC milled Isogrid, which reduced the degree of anisotropy present in the 

rolled samples. This result was confirmed in Chapter 6, as the rolled Isogrid 

was more isotropic in tension and bending than the CNC milled Isogrid. 

• A variation in the microhardness was observed between the rib and skin 

sections of rolled Isogrid. Areas of high hardness corresponded with areas of 

greater cold work and vice versa. The transition regions from high to low 

hardness were noted in Chapter 7 to be initiation sites of fatigue cracking, 

which reduced the overall fatigue performance of the rolled Isogrid structure.  

• An annealing treatment recrystallised the microstructure of the rolled and 

CNC milled Isogrid samples. No microstructural variation was seen in the post-

annealed rolled Isogrid, indicating the heat treatment had a homogenising 

effect and removed cold work.  

The mechanical behaviour of rolled Isogrid and CNC milled Isogrid was explored 

through the regimen of tensile and bending tests reported in Chapter 6. Samples 

were tested in the cold worked and post-annealed conditions to examine the tensile 

and bending strength, the isotropy of in-plane and out-of-plane mechanical 

behaviour, and the contribution of cold work to the overall mechanical performance 

of each sample group.  

• Producing Isogrid via rolling increased its capacity to resist static loads when 

compared to CNC milling for the same geometry. Rolled Isogrid outperformed 

CNC milled Isogrid in tensile and bending loading regimes, at both 0° and 90° 

to a primary rib direction.  
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• The sample groups performed identically in the post-annealing state, 

indicating that the cold work and microstructural refinement imparted into 

the rolled Isogrid is responsible for the increase in mechanical properties. 

• Rolled Isogrid was shown to be more isotropic than CNC milled Isogrid for in-

plane and out-of-plane mechanical properties. The 90° direction was 

consistently shown to be stronger than the 0° direction in tension and bending 

for both sample groups. However, the 0° direction was more ductile in 

tension. 

The behaviour of rolled Isogrid under cyclic loading was measured and compared 

against that of CNC milled Isogrid in Chapter 7. The microstructural variation 

imparted by the Isogrid rolling process was shown to accelerate crack initiation, 

hence reducing rolled Isogrid’s fatigue performance. However, the use of an 

annealing heat treatment to homogenise the microstructure was shown to eliminate 

this effect.  

• Rolled Isogrid in its cold worked condition was more susceptible to fatigue 

failure than CNC milled Isogrid. The fatigue life of rolled Isogrid was three 

times shorter for low cycle fatigue, diverging to ten times shorter in the higher 

cycle regime.  

• The poor performance of rolled Isogrid was due to increased crack initiation 

found near rib / skin transitions, where changes in microhardness levels were 

reported in Chapter 5.  

• Implementation of a post-roll annealing heat treatment improved the fatigue 

performance of rolled Isogrid by an order of magnitude. The same heat 

treatment was shown in Chapter 5 to recrystallise the microstructure, 

removing the effects of cold work to create a homogenous microstructure. 

The findings presented throughout this thesis have addressed the objectives 

identified in Chapter 1 to provide a balanced initial assessment of the viability of the 

Isogrid rolling process for industrial adoption. The concept has been proved to work 
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through experimental implementation, resulting in the successful creation of rolled 

samples with AA1050. Further, a novel dataset has been generated, characterising 

the microstructural, mechanical and fatigue properties of rolled Isogrid, with an 

accompanying identical dataset for CNC milled Isogrid. Static mechanical testing 

indicates rolled Isogrid possesses improved mechanical properties when compared 

to a CNC milled equivalent structure; however, the process generates some 

undesirable effects, such as variation in microstructure, which lead to a reduction in 

performance under cyclic loading. In conclusion, the proposed rolling method for the 

industrial mass production of Isogrid has been shown to have merit, but further study 

of the Isogrid rolling process is recommended to explore these effects and develop 

the process. 

8.2 Future work 

The following proposed work would improve understanding of the Isogrid rolling 

technique and build a scientific knowledge base through which it can be evaluated. 

8.2.1 Isogrid rolling of heat treatable aluminium alloys  

The microstructural variation reported within rolled Isogrid is a key point of interest 

for fatigue performance; annealing heat treatments were shown to minimise this 

variation in AA1050 aluminium to the detriment of overall strength. Heat treatable 

aluminium alloys (such as 2XXX or 6XXX series) have a greater range of potential heat 

treatment options to homogenise the final rolled microstructure, such as artificial 

aging. Artificial aging could be investigated as a method of reducing the variation in 

microstructure and hardness found within rolled Isogrid, thereby improving its 

fatigue performance while simultaneously strengthening the final structure. 

Furthermore, the increased chemical complexity of heat treatable alloys compared 

to AA1050 presents an opportunity to study the microstructural evolution generated 

through Isogrid rolling, such as changes in precipitates between areas of high and low 

plastic deformation.  
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8.2.2 Finite element modelling and process optimisation  

The development of a 3D finite element model would enable a parametric 

investigation into multiple facets of the Isogrid rolling process. The goal of this work 

is to generate a scientific understanding of the material flow and force interactions 

present during Isogrid rolling, hence define the limits of the process, optimise 

geometric variables and process parameters. Finite element modelling of the process 

for the determination of stress systems within the roll gap would generate useful 

data on the maximum deformations achievable, clarify the origin of the shear 

deformation textures reported in Chapter 5 and predict areas of undesirable residual 

stress. Geometric optimisation of the roller and target geometry based on these 

analyses could potentially reduce the gradient of plastic deformation present in the 

rolled Isogrid and compensate for any curvature caused by residual stress based 

springback. Further finite element modelling could be performed on the resultant 

rolled Isogrid geometry, to predict its mechanical behaviour (tensile, bending and 

fatigue performance) and guide the optimisation process. Finite element modelling 

should be validated via comparison with the results of the Isogrid rolling process as 

detailed in this thesis.  

An example metric to optimise is the maximum ratio of rib height to skin thickness, 

which is directly related to the mechanical performance of grid stiffened structures 

in bending. Similarly, a multi-variable optimisation of the groove geometry would be 

performed to improve the geometric consistency of rib formation. In Chapter 4, the 

roller grooves were assigned a draft angle of 30° based on an involute relation. The 

reduction of this angle would improve the mechanical efficiency of the reinforcing 

ribs in bending; however, a reduced draft angle carries the risk of inhibiting the 

formed structure from exiting the roll gap. Part of the optimisation study would be 

performed on a range of draft angles, groove geometries and groove orientations to 

refine the design of the grooved roller. 
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8.2.3 Experimental studies of advanced process phenomena  

Future investigations of the Isogrid rolling process could vary fundamental process 

parameters such as process temperature, individual roller speeds, and the force 

applied in the roll gap. Work on the effects of Isogrid rolling temperature, via either 

pre-heating or continuous heating of the billet during the process, would present an 

opportunity to study and control microstructural evolution and rib formation. 

Variation of roller speed ratios via independent roller speed control would allow 

research into the shear forces which generated the curling effect as seen in Chapter 

4. This work should be accompanied by advanced microstructural characterisation 

and measurements of residual stresses. The production of larger samples with a high-

powered rolling mill would enable application specific studies; for example, rolled 

Isogrid could be used to fabricate a pressure vessel for performance evaluation in 

that context. 
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Abstract 

Isogrid is a highly efficient stiffened plate structure which was developed in the aerospace 

industry for use in rocketry and space structures. Its current form is unviable outwith these 

applications, as the available production methods are expensive due to excessive 

machining time in addition to considerable material wastage. The method detailed in this 

body of work was developed to manufacture Isogrid in a more efficient manner, so that 

its weight-saving properties may become more widely accessible. This novel Isogrid 

manufacturing process uses a rolling mill with patterned rollers to imprint a 3D structure 

of ribs into the surface of a billet material. To validate this method, a patterned roller was 

designed, manufactured and fitted to a rolling mill to produce sheets of aluminium 

AA1050 Isogrid. This process successfully created Isogrid in a sustainable, rapid manner. 

The samples produced were tested in 3-point bending and compared against flat plate of 

the same material. They were found to be 100% stronger in bending compared to a neutral 

flat plate with a strength shape factor of 1.6 after discounting the effect of cold work. 
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