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ABSTRACT 

 The aim of this research is to develop mechanical properties of a new alloy aluminum-lithium-

copper which is prepared by casting under control atmosphere in a permanent metal mold. The 

mechanical properties (impact, elasticity modulus, tensile strength, and fatigue) with 

microstructure were examined before and after heat treatment. The research outcome showed 

that the modulus of elasticity of the prepared alloy is higher than standard alloy about 2%. While 

the alloy that was heat treated for 6 h and cooled in water, showed a higher ultimate tensile stress 

comparing with as-cast alloy. The homogenous heat treatment gives best fatigue behavior 

compared with as-cast and other heat treatment alloys. Also, the impact test illustrates that the 

homogeneous heat treatment alloy gives the highest value.  

Keywords: aluminum-lithium alloys, heat treatment, microstructure, mechanical properties  
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 اىجاٍعت اىَسخْظزَت                          وسارة اىخزبُت             

 

 الخلاصة

ُْىًجذَذة ٍِ اىهذف ٍِ هذا اىبحث هى حطىَز اىخىاص اىَُناُّنُت ىسبُنت  َُ . هذٓ اىسبُنت حضزث ّحاس -ىُثُىً -أى

ٍسُطز عيُها. حٌ فحض اىخزمُب اىَجهزٌ وأجزَج اىفحىطاث  جىَت دائٍَ ححج ظزوف ٍعذٍّ بطزَقت اىسبامت بقاىب

حأثُز اىَعاٍيت اىحزارَت عيً خىاطها اىَُناُّنُت واىخٍ حخضَِ: ٍعاٍو  اىَُناُّنُت ىيسبُنت قبو وبعذ اىَعاٍيت اىحزارَت ىذراست

ٍقارّتً ٍع ىيسبُنت اىَحضزة فٍ ٍعاٍو اىَزوّت  سَادةظذٍت، وجهذ اىنلاه. وقذ بُْج اىْخائج اى، ٍقاوٍت اىشذ ٍزوّت، ٍقاوٍت

ىَقاوٍت ٍقذاراً أعيً  باىَاءساعاث وٍبزدة  6َذة بَُْا أعطج اىسبُنت اىَعاٍيت حزارَاً ى % حقزَباً. 2اىقُاسُت بَقذار  اىسبُنت

أعطج سيىك ملاه أفضو ٍقارّت  اىَجاّست ٍعاٍيت اىسبُنت اىخٍ أجزَج عيُهاُ إ. قبو اىَعاٍيت ٍقارّت ٍع اىسبُنت الأقظً اىشذ

اىَعاٍيت حزارَاً بطزَقت اىسبُنت إُ ِ إُ فحض اىظذٍت بُ  أَضاً اىَعاٍيت حزارَاً. ٍع اىسبُنت قبو اىَعاٍيت واىسبائل الأخزي 

 .قذ أعطج أعيً قَُت اىَجاّست

ُْىًالرئيسةالكلوات  َُ   .اىخزمُب اىذاخيٍ ُت،،   خىاص ٍُناُّنٍعاٍيت حزارَت ىُثُىً، -:  سبائل أى
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1. INTRODUCTION  

Aluminum-lithium (Al-Li) alloys have inherently desirable properties such as increased 

specific stiffness and strength. Aircraft designers have been searching for lightweight metallic 

materials with good strength for use in structural applications since the beginning of the aviation 

era. The most attractive reason for alloying with Li is the beneficial impact on stiffness and 

weight reduction. For every 1 wt% addition of Li, the elastic modulus is increased by 6% and the 

density is reduced by roughly 3%, Prince, 2013. In addition, since aluminum by itself is a 

lightweight metal, there are only a few choices for alloying additions for further weight 

reduction. On the periodic table, Si, Be, Mg, and Li are the primary metals with a lower density 

that could be alloyed with Al. Of those four metals, only Mg and Li have good solubility. 

However, alloying with Mg tends to produce alloys with lower stiffness and increased corrosion 

susceptibility, Starke and Staley, 1996. On the other hand, Li metal is the lightest metallic 

element, has increased solubility at high temperatures, and upon ageing produces fine 

precipitates that increase strength and stiffness, Kumar, et al., 1991. These characteristics make 

Li metal as the ideal alloying candidate. 

Any alloy of typical components with low-density structural members can be used in 

aerospace, vehicle skins, airframes and liquid oxygen and hydrogen fuel tanks in spacecraft. The 

advantages of Al-Li alloys include relatively low densities, excellent fatigue, cryogenic strength 

high elastic modulus, toughness properties, and superior fatigue cracks growth resistance. The 

last property is a key factor for damage-tolerant aircraft design. A jagged crack path through the 

material increases the resistant to fatigue crack growth due to a large amount of roughness under 

tension dominated loading. Unfortunately, loading conditions that contain compressive 

overloads, that flatten the crack surfaces, reduce crack closure and cause crack growth rates to be 

accelerating. Another disadvantage of these alloys is the desired heat treated conditions; the 

mechanical properties are often highly anisotropic for example depressed ductility and fracture 

toughness in the short transverse direction. Another problem is a very high crack growth rate for 

microstructural short cracks, which could mean relatively early cracking in high-stress regions 

like rivet holes, Tayon, 2012. 

 Although (AL-Li) alloys have many limitations as for specific stiffness, stability at high-

temperature and high cost (three times more than conventional aluminum alloys), it has many 

advantages over composite materials and economically, hybrid materials can be up to 10-30 

times more expensive than  AI-Li alloys. Peel, 1986.  

Comparing, AI-Li alloy fabrication technology with other metals manufacturing methods like 

sheet forming, forging and extrusion, they offer higher ductility and fracture toughness to obtain 

finished product. Nair, et al., 1985 and Jackson, 1989. By precipitation heat treatments method, 

AL-Li alloys strength are increased as those used for conventional Al-alloys, with little 

difference. Only if cold-work is done before precipitation treatment enhances peak strength for 

many Al-Li alloys. Also, alloy elements, such as zirconium (Zr) is added to control the grain 

microstructure during heat treatment. Replacement alloy  (AA 7075-T6) instead of  (AA 2090) 

gives 8% lower density and 10% higher stiffness than conventional alloy that is used heavily in 

aircraft structures but the former Al- alloy gives superior corrosion resistance in the salt-spray 

environment than (AA 7075-T6). 

 

Alloy (AA 2091) was developed instead of (AA 2024-T3). It gives 8% lower density and 7% 

higher modulus as well as superior damage tolerance. Alloy (AA 8090) was developed as a 

substitute for some of the longest serving of the commercial aluminum alloys, namely (AA 2014) 

and (AA 2024). Alloy (AA 8090) has 10% lower density and 11% higher modulus than the 
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conventional one, at cryogenic temperatures (AA 8090) shows superior mechanical properties 

Venkateswara, and Ritchie, 1992. 

Tan and Sheppard, 1987 joined microstructure and properties of extrusion processing to Al-

Cu-Li alloy (AA 2091), using homogenous temperature as a standard. Extrusions were done with 

a range of temperature compensated strain rates. In different aging temperatures, a series of 

curves were obtained for both stretched 2% and unstretched specimens, Yong-Lai, 2007 showed 

the relationship between the hot deformations and strain rate of a new Al-Cu-Li-Mg-Zr alloy and 

its microstructure by using the Gleeble-1500 thermal-mechanical simulator. At the same 

deformation temperature with the increase of the strain rate from 0.001 s
−1

 to 10 s
−1

, the peak 

value of actual stress is elevated, then with the same strain rate, the peak value of the actual 

stress diminished with the increase of the deformation temperature from 360  to 520 . 

In this study, a direct comparison of the cast prepared Al-Li alloy with that of the heat 

treatment alloys. The objective was to characterize the main features of these alloys. This study 

also is aimed to study the tensile and fatigue behavior, in relation to the microstructural change. 

The test data were compared with previous literature showing that the prediction based on the 

developed work is very acceptable. 

 

2. EXPERIMENTAL PROCEDURE 

2.1 Alloys Preparation 

 Under controlled atmosphere alloys melting and casting in a permanent metal, the mold was 

done as shown in Fig. 1. Because of the high affinity of Li to oxygen, great care must be taken 

during any process that involves heating the alloy. Therefore, in this work, it was wrapped with 

aluminum foil before melting, and then the molten alloy was poured and cast under control 

atmosphere with argon gas in a specially designed permanent mold as recommended in 

reference, Sauermann et al., 2006. Table 1 shows the weight percentage of the alloying 

elements compositions as cast prepared in this work compared with some of the most important 

alloys. The chemical composition of the alloys, which were cast, was analyzed by a spectrum 

analyzer. The samples were cast as bars and sheets as shown in Fig. 2. 

 

2.2 Microstructure Specimen Examination 

The following steps were used to prepare the specimen for microstructure images: 

1. First is cold mounting, which was used manually with an acrylic polymer resin (pink). 

2. Preparing grinding equipment contains SiC abrasive in a resin bond for soft, non-ferrous 

materials in the HV 40-150 hardness range, using a liquid (water) as a lubricant and step by 

step the pressure is reduced when the paper becomes finer. 

3. Polishing all the samples with 30 μm then 6 μm diamond 2P3 cast polish fluid. Repeatedly, 

using lubricants to maintain the samples. An optical microscope was used to check progress 

in removing scratches. 

4. Etching for 5 seconds with Keller’s reagent (0.5HF - 1.5HCl - 2.5HNO3 - 95.5H2O) was used. 

Then etching was repeated until the grain boundaries were clearly seen. 

5. At different magnification rate of an optical microscope to examine microstructure.  Images 

of different grain morphologies, inter-dendritic/cellular regions and any defects, such as 

pores, cracks, oxides strings were obtained. The microscope was used in this work is beam 

engineers (rmm-7t 2003-1200x). 
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2.3 Alloys Heat Treatments 

Heat treatment was conducted to samples to investigate the effect of heat treatment. They 

were immersed in a salt solution at 470ºC for 30 minutes and 6 hours. Some of the specimens 

were cooled in the furnace and the others were cooled by water.  The age hardening was used by 

heating some samples for 8 hours at 177ºC. Heat treatment as homogeneous was performed to 

the other samples at 530ºC for 18 hours. The muffle furnace which was used for heat treatment 

of prepared alloy is shown in Fig. 3, and the practical experiments were conducted at Al-

Mustansiriyah University - College of Engineering Lab.     

 

2.4 Tensile, Impact and Fatigue Tests 

 

The tensile, toughness and fatigue specimens for the test were cut to dimensions 

recommended in ASTM E8/E8M–11, (ASTM E-23) and ISO 10328 respectively. Fig. 4 shows 

tensile, impact and fatigue tests specimens. 

The static tensile test was performed at Technical College in Baghdad by Zwick/Roell 

computerized device, the tests performed at room temperature with relatively low deformation 

rate (2 mm/min) to ensure pure tensile force applied to the specimen. The impact test was 

conducted as a Charpy V-notch test (simply supported beam test) by HECKERT device. The 

fatigue test was carried out as a torsion fatigue and conducted at Al-Mustansiriya University- 

College of Engineering Lab, the device which was used is HI-TECH. Fig. 5 shows the images of 

the mechanical tests devices. All mechanical properties tests were recorded as the average values 

for three to five specimens.  

 

3. RESULTS AND DISCUSSION 

3.1 Microstructure Examinations 

The light optical microscope was used to examine the microstructural variations. Fig. 6 

illustrates the microstructures of the specimen of Al-Li alloy specimen as-cast (without heat 

treatment) in two different zones. It is not clearly crystals and δ-phase defined since these 

specimens are not heat treated or age hardened. However, the hygroscopic property of element 

Li causes porosity and cracking are illustrated in this figure. It is known that these alloys exhibit 

an unusual fusion boundary cracking phenomenon that is associated with an equiaxed grain zone 

that forms via a solidification mechanism in alloys containing precipitates of Li and Zr. This is 

because the combination of Li and Cu in the interface liquid lowers the eutectic temperature of 

the liquid and is responsible for the hot cracking problem Lee et al., 2016. The evolution of the 

microstructure for heat treatment specimens is demonstrated in Fig. 7. Figure 7-a shows heat 

treated specimen for a half hour and cooled by water. The time is very short for this heat 

treatment; therefore, the microstructure is not much different with microstructure as-cast 

specimen. While the heat-treated specimen for (6 hours) and cooled by water is clear crystal 

identify with precipitate the δ-phase. Due to the specimen was cooled by water the size of the 

crystal is fine, as shown in Figure 7-b. The difference between the microstructure of specimen 

which was cooled in the furnace and the previous specimen which was cooled by water is only in 

the size of the crystals that are larger, as well as more precipitating the δ-phase as shown in 

Figure 7-c. 

Significant changes in the microstructure of homogeneous heat treated specimen, are shown 

in Fig. 8. The crystals are coarser also a little bit more precipitating the δ-phase compared with 

heat treated samples for 6 hours and cooled by the furnace. 
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 Continuous precipitation of δ-phase (Al3Li) from a supersaturated solution in position of 

specific location involve the age hardening of Al-Li alloys 

 

3.2 Tensile Test 

The mechanical properties of the tensile specimen were investigated in all samples. Table 2 

illustrates the values of the tested specimen compared with the standard Al-Li alloy (AA 8090-

T3), which is the closest in terms of its components with the prepared alloy in the lab. Due to the 

increased lithium amount in the prepared alloy compared with the amount of the standard alloy, 

increase the modules about 2%, and this is in line with previously published research, such as the 

work by, Romios, et al., 2005. 

While clearly noticing that the ultimate tensile was decreased in its value for the heat-treated 

specimens than the standard alloy specimens from 335 MPa to 290 and 315 MPa for heat treated 

for 6 hours and cooled in the furnace, and heat treated for the same duration but cooled in water 

respectively. It is believed that the reason for the decreases the value of the ultimate strength due 

to lack of the heat treatment proper procedures. However, the evolution of the mechanical 

properties of heat-treated specimens significantly comparing with as-cast alloy specimen. 

The amount of elongation of heat-treated specimens are lower than those of as-cast specimen, 

and the reason is due to the precipitation of the δ-phase (Al3Li), which in turn prevents the 

movement of dislocations and thus will decrease dramatically the ductility. 

  

3.3 Impact Test 

In addition to the tensile test, the impact test was performed for a clear vision of mechanical 

properties of the prepared Al-Li alloy to provide a background on this alloy. The impact test is 

the criteria of the toughness to indicate the power absorption of the material. Table 3 shows the 

results of this test for as-cast, heated for 1/2 h and cooled in water, heated for 6 h and cooled in 

water, heated for 6 h and cooled in the furnace, aging for 8 h at 177ºC, and homogeneous at 

350ºC for 18 h. The highest value is 89 J for homogeneous specimen due to the highest amount 

of the precipitation of δ-phase in evolution alloy, and this is because the duration of the 

homogeneous heat treatment is very long (18 hours) allowing very fine particles of δ-phase to 

precipitate uniformly on the whole alloy. 

Conversely, the as-cast alloy gives the lowest value in toughness because there is no good 

chance to improve the alloy by precipitation hardening. However, this toughness value is better 

than the toughness of the alternative aluminum alloys such as (AA 2024) or (AA 7075), which 

are both among the competitive alloys in the aviation and aerospace industries. Whenever 

evolution the alloy through heat treatment, the toughness has been improved gradually was clear 

from the values of the tests, which are listed in the table. 

 

3.4 Fatigue Test 

Torsional-fatigue tests were calculated and obtained at the low cycle and room temperature 

for four groups specimens; the 1
st
 group was for as-cast alloy specimens, the 2

nd
 group for 

heating for 6 h and cooling in the furnace, the 3
rd

 group for heating for 6 h and cooling in water 

and the 4
th

 group for a homogenous at 530ºC for 18 h. Fig. 9 illustrates the fatigue life of the four 

groups as the load in N versus number of cycles, each point of the data was recorded as the 

average of five specimen tests. The first observation, there is not a significant variant of fatigue 

life between the four cases. The second observation is that the heat-treated alloy for 6 hours and 

cooled by water gives highest fatigue life regarding the tempered specimens because this alloy is 

better in terms of tensile strength. This is a well-known fact, there is a direct correlation between 
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ultimate tensile strength and fatigue life; increasing tensile strength will increase the fatigue life 

and vice versa. Although, the load is less than 25 N the as-cast alloy failed in just above 4000 

cycles because this alloy has lower tensile strength as indicated in Table 2. 

There is a little bit improvement in fatigue life about 1000 cycles between the heat-treated 

alloy which were cooled in furnace compared with the as-cast alloy. The last observation from 

these curves is the fatigue life of homogeneous heat treatment, which is the best curve compared 

with alternative curves for those with temper specimens. An important feature of fatigue 

behavior in AI-Li alloys are the sharable nature of δ-phase (Al3Li) strengthening precipitates, 

which results in inhomogeneous deformation and unusually tortuous (zigzag) crack path 

morphologies. Therefore, homogeneous heat treatment has a greater chance of increasing 

precipitation phase in the microstructure, which improves the fatigue life, This is in line with 

Ritchie and Rao, 1992. 

     

4. CONCLUSIONS 

The following conclusions are drawn from this experimental work: 

This study proved that Al-Li alloys have inherently desirable properties such as increased 

specific stiffness and strength especially when heat-treated. It is concluded that significant 

improvements have been made to this alloy to enable improved performance of next-generation 

aviation and aerospace industries. 

The major findings of this study are summarized as follows: 

1. It is required to understand the influence of chemical composition and microstructure on 

mechanical properties. Increasing the amount of lithium as an alloying element to aluminum 

up to solubility limit (4.2%) improved significantly the young modulus and ultimate tensile 

strength in addition to improvement of the toughness and fatigue. 

2. Al-Li alloys are precipitation hardening, therefore the parameter of time and temperature in 

the heat treatment of these alloys influence significantly the microstructure evolution and 

mechanical properties due to the amount of precipitate of the δ-phase (Al3Li) in structure. 

3. Increasing time and temperature in heat-treated alloys improve ultimate tensile, toughness, 

and fatigue. 

4. Heat-treated alloy for 6 h and cooled by water gives a higher value of tensile strength (315 

MPa), while as-cast alloy gives lower strength (185 MPa). 

5. Alloy with homogeneous heat treatment at 530ºC for 18 h gives a higher toughness (89 J) 

than other alloys. 

6. The best behavior to fatigue live is with homogenous heat-treatment alloy for at 530ºC for 

18 h. 

 

 

5. REFERENCES 

 Geiger, A. L. and Jackson, M., 1989, Low-Expansion MMCs Boost Avionics, Advance 

Material Processes, 136 (7), pp. 23-30. 

 Kumar, A., Krishna, P.R., and et al., 1991, Anisotropic Tensile and Fracture Behavior of 

Aluminum-Lithium Alloy 8090, Metals, Materials and Processes 2 pp. 279-292. 

 Lee, H., Yoon, J., Yoo, J., and No, K., 2016, Friction Stir Welding Process of Aluminum-

Lithium Alloy 2195, International Conference on Manufacturing Engineering and 

Materials, Slovakia, Procedia Engineering-149, pp. 62 – 66. 

 Nair, S. V., Tien, J. K., and Bates, R. C., 1985, SiC-Reinforced Aluminum Metal matrix 

composites, International Material Review, 30 (1), pp. 275-290. 



Journal of Engineering    Volume    23     November      2017 Number  11 
 

 

49 

 

 PEEL, C. J., 1986, Aluminum Alloys for Airframes – limitations and Developments, 

Material Science and Technology, vol. 2, issue 12, 1169-1175. 

 Prince, V. K., 2013, Advanced Aircraft Material, International Journal of Theoretical and 

Applied Research in Mechanical Engineering (IJTARME), ISSN: vol. 2, Issue-1, pp. 

2319 – 3182. 

 Ritchie, R. O., Rao, K. T. V., 1992, Fatigue of Aluminum-Lithium Alloys, International 

Materials Reviews, vol. 37, No. 4, pp. 153-185. 

 Romios, M., Tiraschi, R., and et al., 2005, Design of multi-step aging treatments of 2099 

(C458) Al-Li alloy Journal of Materials Engineering and Performance 14, pp. 641-646. 

 Sauermann, R., Friedrich, B., Grimmig, T., Buck, M., and Buhrig, P., 2006, Development 

of Al-Li Alloys Processed by the Rheo Container Process, Solid State Phenomena Vols. 

116-117, PP. 513-517. 

 Starke Jr., E. A., Staley, J. T., 1996, Application of modern aluminum alloys to aircraft, 

Progress in Aerospace Sciences, Vol. 32, Iss. 2-3, PP. 131-172. 

 Tan, M. J., and Sheppard, T., 1987, Extrusion Processing of an (Al-Li-Cu-Mg-Zr) AA 

2091 Alloys, 4
th

 International Aluminum Lithium Conference, C3-209 - C3-218, DOI: 

10.1051/jphyscol:1987324. 

 Tayon, W. A., 2012, Exploration of Incompatibility in Al-Li Alloys Using High Energy 

Diffraction Microscopy and Crystal Plasticity Model, Master Thesis, Mechanical 

Engineering, University of Illinois, Urbana, Illinois. 

 Venkateswara, R. K. T., and Ritchie, R. O., 1992, Fatigue of Al-Li alloys, International 

Materials Reviews, vol. 37, No. 4, pp. 153-163. 

 Yong-lai C., 2007, Hot deformation behavior of Al-Cu-Li-Mg-Zr alloy containing Zn and 

Mn. Hosford, W.F. Physical Metallurgy. CRC Press. Boca Raton, FL. 2005. 

 

Table 1. The composition of Al-Li alloys (wt. %). 

 

Alloy 
Cu 

(%) 
Li 

(%) 
Zr 

(%) 
Others 

(%) 
Al 

Prepared alloy 

(Cast) 
1.5 3.0 0.1 1.0 Mg Bal. 

AA 2090
* 

2.4-3.0 1.9-2.6 0.08-0.15 0.0-0.25 Mg Bal. 

AA 2091
* 

1.8-2.5 1.7-2.3 0.04-0.16 1.1-1.9 Mg Bal. 

AA 8090
* 

1.0-1.6 2.2-2.7 0.04-0.16 0.6-1.3 Mg Bal. 

Weldalite 049
* 

5.0 1.3 0.1 0.4 Mg Bal. 

    * Venkateswara, and Ritchie, 1992 

               Table 2. Tensile test for Al-Li prepared alloys compared with standard alloy. 

 

Mechanical properties 

Young 

Modules 

(GPa) 

Ultimate Stress 

(MPa) 

Elongation 

(%) 

Standard alloy  

AA 8090-T3 
77 335 19 

Prepared alloy as-cast 79 185 30 
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Heat treated (6 hours) 

cooling in the furnace 
79 290 12 

Heat treated (6 hours) 

cooling by water 
79 315 8 

 

Table 3. Impact test results. 

 

As-cast 

alloy 

Heat for 1/2 h 

and cooled by 

water 

Heat for 6 h 

and cooled 

by water 

Heat for 6 h 

and cooled 

in furnace 

Aging for 8 h 

at 177ºC 

Homogeneous 

at 530ºC  

for 18 h 

65 J 68 J 75 J 70 J 85 J 89 J 

 

 

 
(a) Schematic diagram for furnace equipment  

  
(b) Casting furnace and mold  

Figure 1. Casting equipment for preparing alloy. 
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Figure 2. Al-Li alloy casting samples as bar and sheet. 

 

 

   
Figure 3. Heat treatment muffle furnace. 

 

 
(a) Tensile test specimen dimension 

 

 
(b) Impact test specimen dimension 
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(c) Fatigue test specimen dimension 

 

 
(d) Mechanical tests specimens' images 

 

Figure 4. Mechanical tests specimens dimension and images. 

 

 

 

   
 (a) Tensile test device   (b) Fatigue test device     (c) Impact test device 

 

Figure 5. Mechanical tests devices. 
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Figure 6. Microstructure images of Al-Li alloy specimens as cast 100x. 

 

 

Figure 7. Evolution of the microstructure for heat treatment specimens 100x, 

(a) heat treated for a half hour and cooled by water, (b) heat treated for 6 hours and cooled by 

water, 

(c) heat treated for 6 hours and cooled in the furnace 

 

 

 

  
Figure 8. The microstructure of homogeneous heat treatment specimen 100x. 
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(a) as-cast alloy 

 

 
(b) heating for 6 hours and cooling in the furnace 

 

 
(c) heating for 6 hours and cooling by water  
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(d) homogenous heat treatment at 530ºC for 18 h 

 

Figure 9. Fatigue tests for four cases heat treatment Al-Li alloys. 


