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Abstract 
The aluminium alloy AA2014 is one of the most widely used of the 2xxx se-
ries alloys, owing to its superior strength-to-weight ratio and stiffness. It is 
commonly forged to shape for use in aerospace parts. Three different small 
pilot-scale AA2014 billets were subjected to different heating operations, to 
physically simulate a pre-forge heating operation. The unheated sample and 
heated samples were then analysed for micro structural evolution and me-
chanical properties, to understand how the pre-forge heat treatments may 
vary the starting condition of the alloy before being forged. It was shown that 
an induction heating process has the greatest impact upon the precipitation 
distribution. Whilst this variation is commonly considered a negative impact, 
the opportunity to control the induction heating to promote preferential mi-
crostructure at specific locations within the billet may be possible. 
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1. Introduction 

Aluminium forms lightweight, inexpensive alloys with a good strength-to-density 
ratio, leading to widespread adoption across many industries, from automotive 
[1] to aerospace airframe [2]. The drive to reduce weight, increase efficiency and 
reduce carbon emissions allows aluminium alloys to improve environmentally 
aware vehicular and air travel. Wrought aluminium alloys are typically stronger 
than cast alternatives, as they have undergone strengthening processes such as 
cold/hot-working and heat treatment, forming a more favourable microstructure 
[3], leading to improvement in expected mechanical properties. Thus, wrought 
alloys make up over 80% of aluminium alloy produced [3]. Wrought alloys are 
classified into eight series, by the primary alloying element. The 2xxx series has 
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copper as the primary alloying element. These wrought alloys are used in the fa-
brication of airframe fuselage and wing skins [4] because they match the re-
quired material strength and stiffness. 

Saleh [4] studied heat treatments of AA2014 with varying soak temperatures 
for ageing (140˚C - 190˚C) and times (1 - 16 hr), and their impact upon the 
evolving microstructure. It was shown that the optimal solutionizing tempera-
ture was 513˚C. Below 503˚C, there was a trend for increasing hardness with in-
creasing soak-time. Microstructural variations throughout ageing treatments of 
AA2014 were evident. The existence of various phases and precipitation se-
quences correlated with variation in hardness. Atik [5] considered the change in 
yield strength of AA2014 with different ageing conditions. Through computa-
tional neural networks, fed by metallurgical-related trends regarding the forma-
tion of precipitates and their hardening effect, they were able to predict the 
emerging mechanical properties including yield strength, as a function of the 
heating parameters. From an experimental perspective, Singh [6] studied the in-
fluence of thermomechanical ageing on the mechanical properties of AA2014, 
showing that the strengthening effects are due to Guinier-Preston (GP) zones 
[7], extremely fine solute-enriched particulates, commonly referred to as θ'' 
when precipitates are coherent, and θ' when partially coherent which pin dislo-
cations, resulting in even greater strengthening than solid solution strengthening 
can achieve. The precipitates are enriched in copper, which makes them com-
monly formed in these 2xxx alloys. 

Forging companies have a range of pre-forging heating methods to soak sam-
ples at the required forging temperature. These vary depending upon billet size 
and quantity, and can include; induction coil, gas furnace, electric furnace or 
infrared heating. These will all have different heating rates and soak times asso-
ciated with the process. As such, it becomes of interest to academia and industry 
alike to improve the current understanding of the relationship between heating 
methods, their impact upon microstructure, and the ensuing mechanical prop-
erties. As such, a novel research project was carried out to understand how dif-
ferent pre-forge heating methods may alter the billet material microstructure 
evolution and associated mechanical properties, which may in turn play a role in 
varying the emerging as-forged material and properties. 

2. Material and Methods 

Small pilot-scale billets of AA2014 measuring 58 mm diameter by 40 mm height 
were machined from a longer bar, formed via standard extrusion methods. The 
extrusion process will cause grain elongation in the as-extruded direction. One 
piece of the sectioned bar was held back as a control piece, whilst the other two 
pieces were subject to typical pre-forging heating routes, using induction-coil 
and gas-furnace methods, heated to 425˚C. Heating rates and soak times are in-
dicated in Table 1. All samples were then water-quench cooled to room temper-
ature rapidly. 
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Table 1. Heating soak times for the different pre-forge heating strategies. 

Sample Heating Method Soak time (min) Typical heating rate (˚C/min) 

1 Unheated n/a 0 

2 Induction coil 4.5 120 

3 Gas-furnace 60 15 

 
The billets were first sectioned across the transverse planes to form 10 mm 

thick discs. Then a series of 10 mm × 10 mm × 10 mm cubes were sectioned 
from billets, one from the centre, and one at the outer edge, leaving the surfaces 
being analysed perpendicular to the extrusion direction. 

The relevant faces of each cube were polished with increasing polishing grit 
until a colloidal silica stage leaving a mirror finish suitable for scanning electron 
microscopy (SEM). A TESCAN MIRA SEM was utilised for measuring grain 
structures using electron backscattered diffraction (EBSD) and imaging the pre-
cipitate distributions in secondary electron mode. After analysis, a series of 
Vickers microhardness tests were conducted across each analysed cube, using a 
0.5 kg load, with a 1 mm spacing employed to prevent any overlap of associated 
stress fields. Miniature tensile test bars measuring 36 mm length, with a gauge 
length of 13 mm by 3 mm wide, and a thickness of 1.2 mm were machined from 
the pilot-scale billets, and were tensile tested on an Instron machine, at a defor-
mation rate of 1 mm/min. 

3. Results and Discussion 

Figure 1 shows the EBSD inverse pole figures (IPF) along the extrusion direc-
tion for the unheated control sample (Figure 1(a), Figure 1(b)), the shortest 
soak-time induction coil sample (Figure 1(c), Figure 1(d)), and the longest 
soak-time gas-furnace sample (Figure 1(e), Figure 1(f)) respectively. Clearly, all 
cross-sections exhibit a typical double fibre texture with major grains oriented 
along <001> (red) and <111> (blue) directions. A similar texture configuration 
of aluminium alloy is commonly subjected to rolling or extrusion processing 
which alters the grain orientations along the rolling or extrusion directions [8] 
[9] [10]. The {100} and {111} pole figures of the relative EBSD maps are shown 
in Figure 2. 

The pole figures agree with the observations of the EBSD maps, confirming 
that the predominant orientation of the grains aligns with the <111> axis parallel 
to the direction of extrusion whilst a smaller fraction of the grains align with the 
<100> axis. There is no notable change in the texture that is altered by the heat 
treatments. In addition, the grain morphology in the central region was large 
and relatively random in shape, with fine recrystallised grains in between. In 
contrast, grains in the edge region were smaller and possessed a regular ellip-
soidal shape. The SEM micrographs were analysed to determine the smaller 
fine-precipitated particles, as well as the coarser ones, observed within the un-
heated and heated AA2014 samples. Figure 3 shows images from the unheated 
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Figure 1. EBSD IPF maps (relative to the extrusion direction) of (a) (b) unheated, (c) (d) 
induction coil heated, and (e) (f) gas furnace heated samples taken at the centre and edge 
regions. 
 
sample, as well as the induction-heated (short soak-time) sample and the 
gas-furnace (long soak-time) sample. The unheated sample (Figure 3(a), Figure 
3(b)) shows largely the same distribution of coarse precipitates at both central 
and edge regions, as no additional heating occurred. For the longer soak times 
but the slower heating rate of the gas furnace, it is evident that only a slight dis-
solution of the large precipitates occurred, compared to the unheated sample. 
However, for the faster heating-rate, but shorter soak time of the induc-
tion-heated sample, there is a distinct difference in precipitate distribution. Ob-
vious dissolution of large precipitate particles occurred in both centre and edge 
samples compared to unheated material. Meanwhile, there is a high density of 
fine precipitates observed to persist in the induction-heated samples. Further-
more, there is no significant difference in precipitation distribution between the 
centre and edge regions for all samples. 

Upon measurement, there is little grain size variation with the different heating 
methods and the unheated sample in both centre and edge regions, see Figure 4(a). 
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Figure 2. {100} and {111} pole figures perpendicular to the direction of extrusion of the 
corresponding EBSD maps in Figure 1. 

 

 
Figure 3. SEM imaging from the (a), (b) unheated, (c), (d) induction heated 
and (e), (f) gas furnace heated samples. Images a, c and e are from sample 
centre, and images b, d and f are from sample edge. 
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The tensile test results (Figure 4(b)), comparing the strength of the induction- 
heated and unheated samples, illustrate the marked difference upon the me-
chanical properties that pre-forge heating methods can have. For the hardness 
measurements across the samples, for unheated and gas-furnace heated samples, 
the edge presented a slightly higher hardness than the centre. This was particu-
larly evident for the gas-furnace sample, whereby the outer 2 - 3 mm region dis-
plays a significant increase in measured hardness, compared to central regions 
(Figure 5(a)). This may be due to the skin effect [11] which resulted in inho-
mogeneous heating throughout the radius. For the induction heating method, 
faster heating rates produce significantly higher and more uniform hardness 
values throughout. 

There is also a reversed hardness profile, whereby the central region is margi-
nally harder than the edge, see Figure 5(b). It is also noteworthy that natural 
ageing, whereby the aluminium alloy, is kept at room temperature for a pro-
longed period, allows for the precipitation of alloying elements, commonly Cu, 
out of solution [12] to yield GP (1) precipitates, is suspected to have occurred in 
the samples analysed in this work, thus potentially reducing the effects of the 
different heating methods. It is common for naturally aged aluminium alloys, 
over sufficient time, to become harder and possess higher tensile strength. This 
may account for observed similarities between samples, due to delays in testing 
and analysis. 

The significant differences observed in the induction-heated samples are of 
note. For the traditional furnace-based heating method, fundamental heat trans-
fer mechanics of heat at the surface from the atmosphere is slow. Heat transfer 
coefficients for metal-to-air interfaces are low [13], whereas induction-heating 
methods cause Eddy-current losses producing a Joule heating effect [14]. It has 
traditionally been considered that any process-induced variation in the AA2014 
microstructure and precipitate distribution is an unwanted effect, as it adds un-
certainty regarding the starting condition of the material. However, depending 
on the selection of induction heating electrical parameters, Eddy currents can be 
induced at varying depths beneath the conducting billet material surface [15], 
and by careful processing, the user can limit the current penetration depth at 
this small billet size. It therefore appears plausible to control microstructural 
development in small billets via induction-heating, with the different locations 
(edge, centre) targeted for preferential microstructure evolution and precipita-
tion formation, to improve for geability or final component properties, accor-
dingly. The scalability of this approach for larger billets has not been considered 
and likely depends upon geometrical constraints such as volume and surface 
area, as well as processing parameters, and the fundamental electrical equations 
governing the formation of Eddy currents within Joule heating [15]. 

Future developments regarding how pre-forging heating methods, in particu-
lar induction heating approaches, can be used to target desirable microstructure 
would be needed to fully explore the possibilities. This could include a wider ex-
perimental programme, using large industrial billets as opposed to pilot-scale  
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Figure 4. (a) Mean grain diameter for different locations in different heated samples, (b) Force-displacement curves for induc-
tion-heated and unheated material. 

 

 
Figure 5. (a) Hardness profile across centre and edge samples for Gas-furnace heated billet; (b) Box-and-whisker distribution of 
Hardness measurements for analysed samples. 

 
test pieces, a sensible design matrix of processing parameters, and potentially 
different alloys too. Further, thermodynamic computational models to under-
stand grain growth effects from heating and heating rates caused by Joule heat-
ing, could be considered for a predictive capability. It is apparent however that 
the emerging microstructural variation at surface and core regions caused by 
pre-forge heating can be engineered such that this is no longer an unwanted 
problem for the metallurgical engineer, but instead could allow for a loca-
tion-specific properties approach to optimise the in-service performance. 

4. Conclusions 

Three samples of AA2014 were subjected to different industrial pre-forge heat-
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ing methods. These were analysed by SEM, tensile testing and hardness testing. 
The following conclusions are drawn. 
• No significant difference in the grain structures can be observed between 

samples. The hardness values were independent of the variation in grain siz-
es. 

• Traditional gas-furnace heating tends to yield a higher hardness on the outer 
edge of the billet compared to central, with a steeper hardness gradient along 
the radius. 

• Induction heating, with higher heating-rate, and shorter soak time, produces 
an overall greater increase in hardness and mechanical strength, than slower, 
furnace heating methods, when compared to the unheated material. 

• Induction-heating methods produce more fine precipitates at the centre of 
the pilot-scale billet, allowing metallurgists to target Induction settings to 
produce preferential microstructures pre-forging to improve material for 
geability, or post-forging properties. 

• Future developments of pre-forging heating methods may allow for targeted 
location-specific properties to be incorporated into component design and 
the emerging microstructural evolution through processing. 
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