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ABSTRACT 

 

The aluminium alloy 2618A is an Al-Cu-Mg alloy with additions of Fe and Ni, which is designed for 

long-term operation at elevated temperature in transportation and aerospace industries. The alloy degrades due 

to coarsening and dissolution of GPB zones and coarsening of S-Phase precipitates (Al2CuMg). This work 

investigates the overageing process at the application relevant temperatures of 190 °C for durations ranging up 

to 25,000 h. The nm-sized precipitates were selectively imaged along the <001>α direction of the Al matrix 

using dark-field transmission electron microscopy. The resulting images were then evaluated and allow the 

statistically relevant determination of radii distributions and the average radius of the precipitates dependent on 

temperature and heat treatment duration. Ostwald ripening of the S-phase does not describe the ageing process 

adequately. Instead, the evolution of GPB zones during the initial ageing regime needs to be considered in 

addition to the coarsening process of the S-phase. DSC measurements were performed to determine the 

presence of GPB zones in different ageing states. This will allow a quantitative description of the ageing 

process and a comparison to samples aged under external load. 
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INTRODUCTION 

 

Alloy 2618A is an Al-Cu-Mg alloy, which is part of the 2XXX series of aluminium alloys. It is used 

in aerospace and transportation industry due to its desirable material properties for long term operation at 

elevated temperatures (Polmear, 2006). Fe and Ni are added to form intermetallic compounds, which retain 

microstructural stability at elevated temperatures (Bergsma, Li, & Kassner, 1996; Elgallad, Shen, Zhang, & 

Chen, 2014; Oguocha, Yannacopoulos, & Jin, 1996; Wang & Yi, 2006). The size and distribution of the nm-

sized S-phase formed from the supersaturated solid solution (SSSS) during heat treatments mainly controls the 

strength (Khan, Starink, & Yan, 2008; Liu, Zhang, Ding, Sun, & Chen, 2003; Parel, Wang, & Starink, 2010; 

Shih, Ho, & Huang, 1996; Wang, Starink, & Gao, 2006). The S-phase has the composition Al2CuMg and is 

orthorhombic under equilibrium conditions (Heying, Hoffmann, & Pottgen, 2005; Perlitz & Westgren, 1943). 

Early experiments proposed the following decomposition of the S-phase sequence during heat treatments 

(Hardy & Heal, 1954; Silcock, 1961): 

 

SSSS → GPB zone → S’’+S’ → S’+S → S 

 

The Guinier-Preston-Bagaryatsky (GPB) zones are rod-shaped predecessors of the S-phase with a 

diameter of 1-2 nm and the S’’ and S’ precipitates were reported to be metastable variants of the S-phase. 

However, the decomposition sequence of the hardening phases during isothermal ageing remains under debate 

(Styles, Hutchinson, Chen, Deschamps, & Bastow, 2012; Styles et al., 2015). In addition, external loads may 

influence the precipitation of the hardening phases in aluminium alloys strongly (Bai et al., 2015; Chen, Chen, 

Guo, & Deng, 2016; Liu et al., 2014; Skrotzki, Shiflet, & Starke, 1996). Recently, the authors provided 

experimental evidence (Rockenhäuser, Schriever, Hartrott, Piesker, & Skrotzki, 2018), that the long-term 

coarsening process in alloy 2618A under loading conditions can be described by the following coarsening law: 
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Here, r is the mean radius, r0 the mean initial radius, t the coarsening time, t0 the initial time, and k a 

constant. The coarsening law according to equation (1) can be derived similar to the regular Ostwald ripening 

and was proposed by Ardell (Ardell, 1972). Ardell assumes that the precipitates are connected by a dislocation 

network and the mass transport elapses with increased speed (compared to Ostwald ripening) along dislocations 

as diffusion pathways. This is a reasonable assumption in case of creep samples. However, the study was not 

able to describe the coarsening process without external load satisfactory. Neither an Ostwald ripening process, 

which is described by the following equation,  
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nor Ardells model conformed to the increase of the average radius of the unstressed samples. The 

authors suggest that this is due to the presence of GPB zones in the initial T61 state of the alloy, which 

influences the ageing process of the S-phase precipitates. The present paper further investigates the ageing 

process of unstressed samples and shows first result regarding the presence of GPB zones during ageing. The 

quantitative description of the ageing process can then be used for lifetime models based on material simulation 

software (e. g. MatCalC). 

 

EXPERIMENTAL DETAILS 

 

All fabricated and investigated samples are prepared from forged circular blanks made from alloy 

2618A in a T61 condition according to DIN EN 515 (DIN EN 515, 2017) with a chemical composition 

corresponding to DIN EN 573 (DIN EN 573-3, 2013). The T61 condition is a slightly underaged condition 

 



resulting from a solution heat treatment (530 °C, 8 h) and an additional ageing treatment (195 °C, 28 h). Square 

bulk samples (3 cm x 3 cm, thickness 4 mm) were cut by wire-cut electrical discharge machining from the 

blank for conventional ageing. The resulting cuboids were aged at 190 °C for 250 h, 2,500 h, 5,000 h, and 

25,000 h). The temperature accuracy of the heat treatments is ± 2 °C.  

 

The samples were conventionally prepared for transmission electron microscopy (TEM) after ageing. 

Platelets with a thickness of about 500 µm were mechanically cut from the aged samples. Then the samples 

were ground using increasingly fine abrasive papers to a final thickness of about 130 µm. The final step of 

mechanical preparation was punching uniform discs with a diameter of 3 mm. The discs were electropolished 

using a twin-jet Tenupol-3 electropolishing device (Struers) at a voltage of 12 V to achieve electron 

transparency. An electrolyte with two parts methanol (pure) and one part nitric acid (65 %) cooled to -20 °C 

was used. The electron microscopical investigations were performed in a JEM-2200FS TEM/Scanning TEM 

with a field-emission gun operating at 200 kV. At least 10 images were taken at different places of each sample 

and at least 300 precipitates were evaluated for each presented radii distribution. 

 

The samples for differential scanning calorimetry (DSC) were prepared from the forged blank and an 

aged square bulk sample by wire-cut electrical discharge machining. The resulting cylinders with a diameter of 

5 mm and a height of about 0.5 mm were then investigated in a DSC 404C Pegasus differential scanning 

calorimeter. The samples were heated from room temperature to 550 °C using a heating rate of 10 K/min and 

the corrected heat flow was extracted from the experimental data. All calibration procedures (temperature 

measurement, environmental influences, heat flow sensitivity) were performed according to DIN 51007 (DIN 

51007, 1994). 

 

RESULTS 

 

To systematically investigate the Al2CuMg precipitate radii, dark-field TEM (DFTEM) was performed 

for all investigated samples. This allows selective imaging of the S-Phase precipitates and GPB zones. The S-

phase precipitates form as rods along the <001>α direction of the α-Al matrix. The GPB zones as predecessors 

of the S-phase are also oriented along this direction. Therefore, the samples were oriented in the [001]α 

direction for the DFTEM investigations. The rod shaped precipitates cause streaks in between the matrix 

reflections and an aperture was used to select the streaks for imaging (Wang & Starink, 2005). The insertion of 

the aperture also excludes contrast contributions of the primary phases present in the samples (Al9FeNi, 

Mg2Si). Representative dark-field images of the Al2CuMg precipitates are shown in Figure 1a-e). The contrast 

of all presented DFTEM images was (linearly) enhanced for better visibility. The spots with bright contrast 

correspond to S-phase precipitates and GPB zones oriented along the [001]α direction and penetrate the image 

plane. The elongated lath shaped contrasts are caused by rods oriented orthogonal to the incident electron 

beam. The rods are imaged along the [001]α, [010]α and [100]α directions of the Al matrix. Rods aligned along 

the [001]α direction (i.e. with their rod axis orthogonal to the image plane) produce more contrast in 

comparison to the rods orientated orthogonal to the incident beam direction [001]α (i.e. with their rod axis 

parallel to the image plane), since the electron beam passes the former by their full length. The latter are only 

passed by the electron beam across their diameter and thus produce less contrast. The bright contrast spots in 

Figure 1a) correspond to the precipitates of the initial T61 state. Smaller and larger S-phase precipitates are 

clearly visible. The smaller S-phase precipitates cannot be distinguished from the GPB zones. Coarsening of 

the initially smaller particles occurs during isothermal heat treatments at 190 °C for 250 h, 2,500 h, 5,000 h, 

and 25,000 h. The resulting larger bright contrasts can be seen in Figure 1b-e). All precipitates imaged by 

DFTEM were in the following analysis considered as cylindrical rods with radius r and length l. It was not 

possible to quantify the length of the precipitates using DFTEM imaging due to the low contrast of the rods 

parallel to the image plane. Therefore, the quantitative analysis focused on the precipitate radius. 

 



 
 

Figure 1. Dark-field images of the Al2CuMg precipitates oriented along the [001] zone axis of the Al-matrix for 

a) T61, b) 190 °C, 250 h, c) 190 °C, 2,500 h, d) 190 °C, 5,000 h, and d) 190 °C, 25,000 h 

 

The Al2CuMg precipitates from multiple images of each sample were evaluated and then used to 

generate cumulative radii distributions normalized to the total number of precipitates for each sample. The 

method to obtain the distribution is described in more detail in a previous publication (Rockenhäuser et al., 

2018). A log-normal distribution (Du, Holmedal, Friis, & Marioara, 2016) 
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with the particle radius, r, the median particle radius, rm, and the geometric standard deviation, σ, was 

used to fit the measured radii distributions. The comparison of the experimental data and the fitted functions 

according to equation (3) are shown in Figure 2a-e). The bars correspond to the experimentally determined 

number of particles in the investigated samples and are normalized to the total number of precipitates found for 

the respective state. The number of particles for each state was at least 300 from at least two different samples 

with at least 10 evaluated images. The fitted log-normal distributions are plotted as a line in the graphs and 

show good agreement with the experimental data. The fits for all distributions converged.  

 

The radii distributions of the initial state and the isothermally aged samples are shown in Figure 2a-e). 

The radii distributions in Figure 2a-e) indicate that with increasing average precipitate radius the initially 

narrow distribution of the initial state broadens with increasing duration and the distribution maximum moves 

to higher radii (Figure 2b-e)). Note the different scales (y-axis) in Figure 2a) and b) in comparison to 

Figure 2 c-e). 

 



 
 

Figure 2. Fits of radii distributions including data of samples with the following heat treatments a) initial state 

(T61), b) 190 °C, 250 h, c) 190 °C, 2,500 h, d) 190 °C, 5,000 h, d) 190 °C, 25,000 h 

 

rm and σ were determined from the raw data for all samples. In case of a lognormal distribution, the average 

radius is not identical to the median radius and can be calculated from rm and σ by the following equation 

(Aitchison & Brown, 1957): 

        (
    

 

 
) 

(4) 

 

The results of the DSC measurements are shown in Figure 4. There are several features in the graph of 

the initial state (T61). An endothermic peak, A, between 230 C and 270 °C is followed by an exothermic peak, 

B, between 270 °C and 330 °C. Then a broad endothermic effect, C, in the temperature range between 340 °C 

and 470 °C follows. The measurement concludes with a sharp exothermic peak D between 470 °C and 550 °C. 

The sample heat treated at 190 °C for 8,760 h exhibits less features. Only the broad endothermic effect, C, and 

the sharp exothermic peak at a slightly lower temperature (460 °C to 540 °C) were observed. 

 

 



 
 

Figure 3. Average precipitate radius ra vs. ageing time. The blue line connects the initial T61 state with the aged 

samples and is only a guide to the eye. 

 

The development of the average particle radii calculated using equation (4) vs. time is shown in 

Figure 3 for isothermal ageing. It shows that the average radii increase during ageing. The errors include the 

statistical error and the systematic error of the size measurement in the electron microscopical images. The 

average radius increases from 1.79 nm in the T61 state to 8.03 nm after 25,000 h. Note that the increase is more 

pronounced in the beginning. 
 

 
 

Figure 4. Results of the DSC measurements of the initial state T61 and a sample aged at 190 C for 8,760 h.  

 



DISCUSSION 

 

The average precipitate radii shown in Figure 3 clearly show that the GPB zones and S-phase 

precipitates present in the alloy coarsen during ageing. However, neither an Ostwald ripening process (equation 

(2)) nor Ardell’s model (equation (1)) result in an acceptable fit for the acquired data. It is problematic that both 

coarsening models only consider the ripening of one secondary phase. In this case there are two different kinds 

of structures present in the initial state (T61). This means that interpretation of the radii distributions, which 

does not discriminate between GPB zones and S-phase leads to difficulties. A system with only one secondary 

phase would allow a direct comparison to the two models. It is known from previous studies that the GPB 

zones eventually dissolve during the coarsening process. To investigate only the S-phase, it is required to know 

when the GPB zones are completely dissolved. This would then define the starting point of the ripening process 

of the S-phase.  

 

DSC measurements allow discerning, if the different ageing states still contain GPB zones or if they 

were completely dissolved. Two preliminary measurements were performed and can be compared to a study 

using a similar S-phase containing material which allows a cautious interpretation of the DSC measurements 

(Wang & Starink, 2007). They found an exothermic effect between 230 °C and 340 °C, which is attributed to 

the formation of the S-phase. This coincides well to the measured exothermic peak B between 270 °C and 

330 °C for the initial state T61. They also find that the S-phase formation peak is preceded by an endothermic 

effect between 160 °C and 240 °C, which corresponds to the dissolution of GPB zones. Here the endothermic 

peak (A) is also present for the initial state T61 and suggests the dissolution of the GPB zones. However, it is 

found at slightly higher temperatures between 230 C and 270 °C. A broad endothermic effect was found for 

both samples between about 340 °C and 470 °C. The corresponding part of curve in the study of 

Wang & Starink also shows this effect between 340 °C and 500 °C and implicates the dissolution of the S-

phase. In the present study this means that for the initial state the dissolution of the GPB zone (A), formation of 

the S-phase (B), and the subsequent dissolution of the S-phase (C) is observed. In contrast, only the dissolution 

of the S-phase was found for the sample aged at 190 °C for 8,760 h. This means that subsequent DSC 

measurements enable to identify the ageing state, where no GBP zones are left. The then following coarsening 

process should elapse as an Ostwald ripening after that point in time. 

 

CONCLUSIONS 

 

The ageing process of alloy 2618A was investigated for isothermally aged samples at 190 °C. Radii 

distributions were determined for the S-phase, which is responsible for desirable material properties, using 

DFTEM. The images clearly indicate that coarsening of the S-phase occurs during ageing. It was possible to 

calculate average precipitate radii using the acquired distributions. However, no applicable coarsening law was 

found for the ageing process of the GPB zones and the S-phase. This is attributed to the simultaneous presence 

of the two secondary phases. To find a viable coarsening law, the investigation of only one secondary phase is 

necessary. DSC measurements were performed to pinpoint the ageing time, where no GPB zones are left. It 

was shown by preliminary DSC investigations that the technique is suitable to determine this point in time 

during the ageing process. The presented data can be used for simulations of the microstructure evolution to 

integrate the microstructure into component lifetime models. 
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