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a b s t r a c t   

Interest in nanocrystalline (nc) aluminum-lithium (Al-Li) alloys is motivated by the demand for lightweight 
and high-performance materials for light-weighting applications and superior fuel consumption. 
Nonetheless, nc metals, including Al are thermally unstable, which hinders their technological applications. 
In this study, we explore the effect of combining dilute amounts of strontium (1.0 at% Sr) and graphene 
nanoplatelets (1.0 wt% GNPs) to investigate the thermal stability of a nc Al-Li alloy. Ball milling was used to 
prepare four samples: Al-Li, Al-Li-Sr, Al-Li-GNPs, and Al-Li-Sr-GNPs, to systematically investigate the role of 
each added element. Isothermal annealing was conducted at different temperatures to investigate the 
thermal stability. Despite maintaining a nanometric grain size and high hardness of 70 nm and 1.1 GPa, 
respectively, after annealing at 773 K for 1 h, the Al-Li-Sr-GNPs sample suffered the most significant grain 
growth and the highest drop in hardness when compared to the Al-Li-Sr and Al-Li-GNPs samples. 
Microstructural investigations suggested that competing effects resulting from the spontaneous reaction of 
both Sr and GNPs with Al at higher temperatures resulted in a declining thermal stability efficiency. The 
formation and distribution of the rod-like Al4C3 phase at the grain boundaries stood in the way of proper Sr 
diffusion after annealing and caused the agglomeration of the Al4Sr phase. 

© 2022 The Author(s). Published by Elsevier B.V. 
CC_BY_4.0   

1. Introduction 

It is well-known that reducing the grain size of metals from the 
conventional microscale to the nanoscale (< 100 nm) [1] can cause 
significant enhancements in their mechanical strength and hardness  
[2–4]. The yield strength dependence on grain size is generally ex-
pressed as the Hall-Petch relationship [5]. However, nanocrystalline 
metals are inherently unstable at elevated temperatures because the 
nanoscale grain size provides an enormous driving force for grain 
growth which hinders their technological applications [1]. 

Nonetheless, optimistic studies demonstrated that thermal sta-
bility in nanocrystalline metals is possible up to high homologous 
temperatures but only in multicomponent systems [1,6]. That is, the 
thermal stability induced to the nanocrystalline matrix stemmed 
from the incorporation of impurities, solutes, second phases, and/or 
reinforcements through their interactions with the main nanocrys-
talline metal. According to the nature of these interactions, thermal 

stability can be achieved in two different mechanisms [7]. First, a 
kinetic approach where these elements, either solutes or second 
phases, act as pinning points providing a dragging force to restrict 
the mobility of the grain boundaries of the main matrix [6]. Other-
wise, a thermodynamic approach is possible where the secondary 
elements, usually a solute that has a large value of elastic enthalpy 
and is insoluble within the solvent matrix, segregate to the grain 
boundaries to release the excess stresses associated with their pre-
sence in the grains, reducing the grain boundary energy and elim-
inating the driving force for grain growth [6]. 

Several studies have investigated the thermal stability of nano-
crystalline Al and Al alloys [8–10]. A modified Wynblatt-Ku ther-
modynamic model [11,12] predicted the efficiency of doping Al with 
dilute amounts of Sr (1.0 at%) to achieve both kinetic and thermo-
dynamic stabilities at high temperatures. The justification for the 
selection of Sr as a dopant to thermally stabilize Al is its limited 
solubility in Al, the large lattice misfit between the Al and Sr atoms, 
and the large negative enthalpy of mixing of Sr in Al, all of which 
favor Sr segregation into the Al grain boundaries [6]. Such behavior 
is the basis for achieving thermodynamic stability. Experimentally, 
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ball-milled nanocrystalline Al proved to be thermally stable up to 
873 K (which represents 90% of Al’s melting point) by the addition of 
1.0 at% Sr [11]. 

Recently, attention to enhancing the mechanical performance of 
Al has shifted from synthesizing nanocrystalline Al to reinforcing Al- 
based matrices with nano reinforcements such graphene nanopla-
telets (GNPs) [13]. The two-dimensional nanoparticles have been 
established as an efficient reinforcement for the synthesis of high- 
performance Al matrix composites with reported enhancements in 
both the strength and hardness of Al [14–17]. Interestingly, studies 
reporting the mechanical performance of GNPs reinforced Al have 
also reported that the GNPs played an important role in preventing 
grain growth at high temperatures. Thus, in addition to the en-
hancement in the mechanical performance, the introduction of GNPs 
into nano-sized Al matrices is suggested as a significant strategy for 
establishing thermal stability [18–21]. Khorshid et al. [18] reported 
an insignificant grain growth from 68.5 nm to 85.9 nm after an-
nealing the ball-milled and hot-pressed Al-0.5 wt% GNPs nano-
composite at 535° C for 24 h. It was suggested in these studies that 
the grain growth was eliminated by the presence of GNPs or Al4C3 

second phase, which pins the grain boundary motion during high- 
temperature processes. 

Conventional Al-Li alloys are well-known for their high specific 
strength, which renders them reliable for structural, aerospace, 
transportation, and military applications. In addition, recent studies 
reported successful nano-structuring and synthesis of nanocrystal-
line Al-Li alloys with high strength and good ductility [22,23]. 
Nonetheless, their thermal stability behavior has not been in-
vestigated yet to the best of our knowledge. Achieving thermal 
stability requires the careful design of the system’s constituents to 
orchestrate the best possible thermal stability mechanism. Further-
more, exploring different strategies of thermal stability is sig-
nificantly essential to establish a scientific understanding that allows 
for different approaches to be put for minimizing grain growth. 

In this regard, we explore the effect of combining dilute amounts 
of two different elements, GNPs and Sr, which have proven to in-
dividually exert a positive impact on the thermal stability of nano-
crystalline Al-Li alloys, to achieve an enhanced thermal stability 
behavior of nanocrystalline Al. Remarkably, experimental in-
vestigations showed that instead of an enhanced two-elements in-
duced thermal stability behavior, competing effects resulting from 
the spontaneous reaction of both Sr and graphene with Al at higher 
temperatures resulted in a reduced thermal stability efficiency. 

2. Materials and methods 

2.1. Materials and synthesis 

The starting Al-alloy comprised of pure Al powders (99.97% 
purity and an average particle size of 15 µm, Alfa Aesar, CAS# 7439- 
90-5) and Li granules (99% purity and a granule size ranging between 
3 and 6 mm, Sigma-Aldrich, CAS# 7439-93-2). The thermal stability 
elements consisted of GNPs (Sigma-Aldrich, CAS# 799084) and Sr 
pieces (99.8% purity, Alfa Aesar, CAS# 7440–24–6). In order to 
compare the effect of both Sr and GNPs individually before com-
bining both elements, four different samples were investigated: Al- 
2.0 at% Li, Al-2.0 at% Li –1.0 at% Sr, Al-2.0 at% Li −1.0 wt% GNPs, and 
Al-2.0 at% Li –1.0 at% Sr–1.0 wt% GNPs. Only 2.0 at% Li were added to 
Al to synthesize an Al-2.0 at% Li alloy which ensures the solid so-
lubility of Li in Al [24,25]. A dilute amount of 1.0 at% Sr was selected 
to produce a non-equilibrium solid solution in the Al alloy and in-
duce thermodynamic stability [11]. The 1.0 wt% GNPs content was 
based on literature data which reported an optimum Al/GNPs be-
havior with the addition of 1.0 wt% GNPs in Al composites [16,26]. 

The ball-milling process was used to synthesize the samples 
mentioned above. The milling process was set to serve several 

purposes: to achieve grain refinement of the Al-based matrix, alloy 
Al with Li and Sr, and distribute the GNPs homogenously within the 
alloy. The GNPs containing samples (Al-Li-GNPs and Al-Li-Sr-GNPs) 
were milled using a high-energy SPEX8000 shaker-mill for 8 h. 
While in the absence of GNPs, the Al-Li and Al-Li-Sr sample were 
cryomilled for 4 h using the Retsch Cryomill. It is common practice 
to use a process control agent (PCA) or a surfactant during the 
milling of ductile metals such as Al to eliminate excessive welding 
and encourage nano-structuring. However, such organic materials 
can present unwanted impurities in the milled powder and are not 
utilized in this study. Instead, the welding of the highly ductile Al 
powder was mitigated by the presence of the GNPs in the GNPs 
containing samples (Al-Li-GNPs and Al-Li-Sr-GNPs). The self-lu-
bricating nature of GNPs stems from the weak van der Waals at-
traction forces between the graphene sheets, which causes the 
sheets to slide easily with respect to one another [27], thus acting as 
a PCA during milling. As a result, room temperature milling was 
successful, and the final sample consisted of fine powders when 
room temperature milling was conducted for the GNPs containing 
samples. 

On the contrary, excessive welding occurred during the room 
temperature milling of the Al-Li-Sr sample. Therefore, the Al-Li and 
Al-Li-Sr samples were synthesized using cryomilling, which oper-
ated at liquid N2 temperatures to overcome the heat generated 
during milling and embrittle the ductile Al to promote its fracture. 
Prior to milling, the starting material and the stainless-steel milling 
balls (ball-to-powder ratio of 17:1) were loaded in a stainless-steel 
milling vial in a MBRAUN LABstar glovebox operating under an ultra- 
high pure argon atmosphere (O2 < 0.5 ppm). No process control 
agents were used in the milling process. 

2.2. Thermal stability investigations 

To investigate the degree of thermal stability of the as-milled 
samples, isothermal annealing was conducted in a GSL-1500X- 
RTP50 tube furnace at 773 K and 873 K for 1 h. The annealing was 
conducted at a rate of 10°/min under a protective atmosphere of a 
mixed gas (98% Ar + 2% H2) to avoid oxidation. The furnace tube was 
evacuated (~2 × 10−5 bar) and refilled with the mixed gas at least 
three times before the annealing process. After annealing, the fur-
nace tube was pulled out of the furnace and air-cooled to room 
temperatures before removing the samples for further investiga-
tions. 

2.3. Characterization 

Microstructural investigations in this study were carried out 
using X-ray diffraction (XRD) and transmission electron microscopy 
(TEM). The XRD spectra of the synthesized samples were collected 
using a PANalytical Empyrean Diffractometer with a CuKa 
(λ = 0.1542 nm) radiation at 45 kV, 40 mA, and 25 °C. Other operating 
conditions included a scanning range from 20º to 100º, a step size of 
0.013º, and a scan rate of 0.044º s−1. The XRD line broadening was 
used to calculate the average grain size and lattice strain of nano-
crystalline Al alloys using the integral breadth analysis and the 
Averbach formula [28]: 

= +
tan o d o o

e
( )2

2 tan sin
25 2

(1) 

Where is the measured integral breadth; the full width half 
maximum (FWHM) of the peak, o is the diffraction angle, λ is the x- 
ray wavelength for Cu Kα of 0.154 nm, d is the average grain size, and 
e is the lattice strain. TEM investigations were carried out using a 
Thermo Scientific TalosF200X TEM operating at 200 keV to obtain 
selected area electron diffraction (SAED), bright-field (BF), dark-field 
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(DF), and STEM-HAADF images. To prepare the samples for TEM 
analysis, selected particles from the as-milled and as-annealed 
powder samples were thinned down to a TEM lamella using the 
(SEM/FIB Versa 3D dual beam, FEI) into a thickness between 25 nm 
and 75 nm. An in-situ TEM heating experiment was performed on 
the Al-Li-Sr-GNPs sample to investigate the formation of the second 
phases. The heating was performed using the Gatan Model 652 
Heating Holder. The sample was heated from room temperature up 
to 673 K at a heating rate of 10°/min. For hardness measurements, 
both as-milled and annealed powders from each sample were green 
pressed using uniaxial cold pressing at 1.0 GPa in a tungsten carbide 
die into disks of 3.0 mm and 1.0 mm diameter and thickness, re-
spectively. Hardness measurements were conducted on the green 
pressed samples using a Future-Tech Microhardness Tester FM-800 
operating at a 25 g load and a 10 s dwell time. A total of 8 mea-
surements were performed on each sample. 

3. Results 

3.1. Microstructure of the as-milled samples 

The XRD patterns of the as milled Al-Li, Al-Li-GNPs, Al-Li-Sr, and 
Al-Li-Sr-GNPs samples are presented in Fig. 1. The x-ray diffraction 
patterns indicate the presence of an FCC Al phase in all the as-milled 
samples. Due to the relatively high solubility limit of Li in Al [35], no 
Li-related peaks were detected in the XRD patterns, confirming the 
dissolution of Li in Al lattice and forming the observed FCC solid 
solution. The absence of any graphitic peaks in the samples with 
GNPs could be related to the low content of GNPs beyond the XRD 
detection limit [19,29]. 

According to the Al/Sr phase diagram [30], Sr is immiscible in Al. 
Nonetheless, no Sr or Sr-based second phases were observed in the 
as-milled Al-Li- Sr or the Al-LiSr-GNPs samples, see Fig. 1. This is 
attributed to the formation of a metastable supersaturated solid 
solution of Sr in Al after milling. It is well known that ball-milling is a 
non-equilibrium synthesis technique that could increase the solid 
solubility of alloying elements beyond the equilibrium limit and 
even synthesize alloys from immiscible elements, which otherwise 
do not attain an equilibrium room temperature solubility [3,23]. This 
is achieved by introducing excess segregation sites in the Al lattice 
that could enhance diffusivity by ball-milling as a result of the in-
troduced volume fraction of grain boundary and high dislocation 
densities in nanocrystalline materials [1,31]. Increased solid 

solubility limit by ball-milling has been reported for several systems, 
including Al-Mg [3], Nb-Al [32], Cu-Nb [33], Al-W [34]. 

Peak broadening was also observed in the XRD patterns for all 
samples after milling, see Fig. 1. The Averbach formula [28] was used 
to calculate the grain size and lattice strain from the XRD line 
broadening, and the results are summarized in Table 1. Nanometric 
grain size values of 29 nm, 37 nm, 21 nm, and 30 nm were calculated 
for the as-milled Al-Li, Al-Li-GNPs, Al-Li-Sr, and Al-Li-Sr-GNPs, re-
spectively. The Al-Li and Al-Li-Sr were cryomilled for 4 h only, yet 
smaller grain sizes were achieved. It has been reported that cryo-
milling can allow the synthesis of smaller grains at shorter milling 
times because milling under cryogenic temperatures suppresses the 
recovery process by eliminating heat buildup, allowing grain re-
finement to be achieved faster than room temperature milling  
[35,36]. In addition, the Al-Li-Sr-GNPs achieved a smaller grain size 
than the Al-Li-GNPs sample even though it was milled at room 
temperature for the same time. The presence of solute atoms such as 
Sr in the Al lattice could hinder the dislocation motion during plastic 
deformation by milling, which could allow more fracturing and 
achieve a smaller grain size. 

The bright-field TEM images and the corresponding SAED pat-
terns of the three as-milled samples can be seen in Fig. 2a–f. The 
grains in all samples appear to be equiaxed with a random dis-
tribution. The ring nature of the corresponding SAED patterns for the 
three samples confirms the XRD observations of a nanometric 
structure and verifies the presence of an FCC Al phase as indexed in  
Fig. 2f. Since the TEM images allow for direct visualization of the 
grains, it is common practice to confirm the integrity of the XRD 
calculations by TEM grain size measurements. The ImageJ software 
was used to measure the grain sizes from different dark-field TEM 
images. The average grain size values were then calculated based on 
the analysis of 200 grains from each sample to be 45  ±  6 nm, 
15  ±  4 nm, and 29  ±  6 nm for the as-milled Al-Li-GNPs, Al-Li-Sr, and 
Al-Li-Sr-GNPs samples, respectively. These values fit closely to those 
average grain size values calculated using the Averbach formula and 
the XRD patterns. The good agreement between the XRD calcula-
tions and the TEM measurements implies the reliability of the XRD 
method as a grain size calculating tool. 

3.2. Microstructure of the annealed samples 

To investigate the combined effect of both Sr and GNPs on the 
thermal stability of the Al-Li nanocrystalline matrix, the Al-Li-GNP, 
Al-Li-Sr, Al-Li-Sr-GNP as well as the cryomilled Al-Li sample were 
isothermally annealed at 773 K for 1 h. The XRD patterns for the Al- 
Li-GNPs, Al-Li-Sr, and Al-Li-Sr-GNPs samples after annealing are 
shown in Fig. 3a. The broadening of the XRD patterns decreased after 
annealing at 773 K, signifying a relative increase in grain size and a 
reduction in lattice strain. The XRD line broadening and the Aver-
bach formula [28] were used to calculate the grain size and lattice 
strain, and the results are summarized in Table 1. For comparison, 
the grain size variation of the as milled and annealed samples are 
plotted in Fig. 3b. The average grain sizes after annealing at 773 K for 
1 h for the Al-Li- GNPs, Al-Li-Sr, and Al-Li-Sr-GNPs samples were 
calculated to be 73 nm, 57 nm, and 70 nm, respectively. Despite the 
slight increase in grain size, all samples maintained a nanometric 
grain size. 

To further confirm the effect of both Sr and GNPs on the thermal 
stability of the Sr and/or GNPs containing samples as compared to 
the unstabilized nanocrystalline Al-Li alloy, TEM was performed on 
the cryomilled Al-Li sample annealed at 773 K for 1 h, see Fig. 3c. As 
can be clearly depicted from the bright-field TEM image in Fig. 3c, 
the annealed Al-Li sample consisted of significantly larger grains 
(0.5–1.0 µm). The thermal instability of nanocrystalline Al and its 
alloys at higher temperatures is expected and in agreement with 
other studies reported in the literature [37,38]. 

Fig. 1. XRD patterns for the as-milled Al-Li, Al-Li-GNPs, Al-Li-Sr, and Al-Li-Sr-GNPs 
samples. 
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New lower intensity peaks appeared in the XRD patterns of the 
annealed Al-Li-Sr and Al-Li-Sr-GNPs samples, see Fig. 3a. According 
to the Al/Sr phase diagram [30], the main intermetallic compound 
that can form between Al and Sr is Al4Sr. Compared to other Al/Sr 
intermetallics, the formation of Al4Sr requires lower energy and 
possesses higher reactivity [39]. The PDF# 00-007-0375 confirmed 
the identity of the intermetallic, which has a tetragonal crystal 
structure. The new peaks, which appeared at a Bragg’s angle of 31.4°, 
32.7°, and 40.4°, are diffracted from the (103), (112), and (200) Al4Sr 
atomic planes, respectively. No carbide phases were visible in the 
XRD patterns at 773 K for GNPs containing samples (Al-Li-GNPs and 
Al-Li-Sr-GNPs), see Fig. 3a. However, the absence of any carbide XRD 
peaks does not rule out the formation of the Al4C3 phase and could 
be attributed to its lower content beyond the XRD detection limit. Li 
et al. [15] reported Al4C3 free XRD patterns for their Al-0.25 wt% 
graphene nanocomposite synthesized by ball-milling and hot- 
pressing. Nonetheless, the distinct rod-like Al4C3 phase was detected 
following TEM and SAED investigations. The phase diagram of the 
Al-C system [40] suggests that the Al4C3 reaction can occur at a 
temperature of 823 K. However, experimental investigations on the 
synthesis of Al/graphene nanocomposites proved the formation of 
Al4C3 phases at lower temperatures. This was accredited to the 
structural integrity state of the graphene sheets and whether 

structural defects can serve as initiation sites for the interfacial re-
action between Al and C even at temperatures far below the Al 
melting point [14,40,41]. It is important to note that the intensity of 
the XRD peaks of each phase is also a representation of the amount 
of that phase and cannot be related to which second phase forms 
first, but rather which one is present in a relatively large amount 
enough to be detected by the XRD. The prepared samples in our 
study contained 1.0 wt% GNPs and 1.0 at% Sr (which is equivalent to 
3.26 wt%). The amount of Sr is about three times higher than the 
amount of GNPs added. Thus, the XRD peaks of the Al4Sr second 
phase are expected to appear more significantly with higher in-
tensities at the same temperature than those of the Al4C3 phase. 

To investigate the effect of temperature on the formation of the 
second phases, the Al-Li-Sr-GNPs sample was annealed at 873 K for 1 
h; see the XRD patterns in Fig. 3d. The intensity of the Al4Sr peaks 
increased with increasing temperature from 773 K to 873 K. In ad-
dition, new XRD peaks appeared at a Bragg’s angle of 31.5° and 55.2° 
after annealing at 873 K. According to the PDF #00–035–0799, these 
peaks are indexed as the (012) and (0015) atomic planes of rhom-
bohedral Al4C3. Thus, the XRD peaks of the Al4C3 phase, which were 
undetected by XRD at 773 K, appeared in the sample annealed at 
873 K. This proves that the formation of these second phases is 
temperature driven. 

Table 1 
Grain size, lattice strain, and hardness of the as-milled and annealed samples.          

Grain Size (nm) Lattice Strain (%) Hardness (GPa)  

298 K 773 K 298 K 773 K 298 K 773 K  

Al-2.0 at% Li 29  ±  3  > 500  0.13 – 1.33  ±  0.01 0.53  ±  0.01 
Al-2.0 at% Li-1.0 wt% GNPs 37  ±  2 73.0  ±  5  0.16 0.063 1.52  ±  0.03 1.13  ±  0.04 
Al-2.0 at% Li-1.0 at% Sr 21  ±  2 57.0  ±  3  0.17 0.09 2.25  ±  0.06 1.36  ±  0.06 
Al-2.0 at% Li-1.0 at% Sr-1.0 wt% GNPs 30  ±  3 70.0  ±  3  0.2 0.05 2.1  ±  0.06 1.10  ±  0.05 

Fig. 2. Bright-field TEM images and the corresponding SAED patterns of the as-milled (a–b) Al-Li-GNPs, (c–d) Al-Li-Sr, and (e–f) Al-Li-Sr-GNPs samples.  
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To further investigate the annealed microstructures, TEM ana-
lysis was conducted on the Al-Li-GNPs and Al-Li-Sr-GNPs samples 
annealed at 773 K, see Fig. 4. The presence of the Al4C3 and Al4Sr 
intermetallic compounds in the samples can be deduced from the 
presence of the extra indexed rings in the SAED after annealing, see  
Fig. 4b and d. The presence of the electron diffraction rings of the 
carbide phase in the SAED patterns at 773 K despite their absence in 
the XRD pattern for the samples annealed at the same temperature 
is attributed to the detection limit of the X-ray machine and the 
higher sensitivity of TEM to detect second phases at lower con-
centrations. This suggests that the Al4C3 phase formed at lower 
temperatures than suggested by the XRD. Furthermore, the grain 
size of the Al-Li-Sr-GNPs sample was measured by TEM to confirm 
the XRD grain size calculations. Based on the analysis of 100 grains, 
the average grain size of the annealed Al-Li-Sr-GNPs sample was 
measured to be 82 nm. This value is in close agreement with the 
70 nm grain size calculated by XRD, further confirming the reliability 
of the XRD grain size calculating method. 

3.3. Microhardness measurements 

Reducing the grain size to the nanoscale must be associated with 
an enhanced mechanical behavior of the synthesized nano-grained 
sample. Thus, microhardness measurements can be used as a direct 
tool for investigating the effect of both Sr and GNPs on the thermal 
stability of the nanocrystalline Al-Li alloy. Microhardness measure-
ments for the as-milled and annealed Al-Li-GNPs, Al-Li-Sr, and Al-Li- 
Sr-GNPs samples are plotted in Fig. 5 and are shown in Table 1. 

Compared to the starting micro-grained Al with a hardness of 
0.42  ±  0.02 GPa, the hardness of the samples dramatically increased 

after milling to 1.33  ±  0.01 GPa, 1.52  ±  0.03 GPa, 2.25  ±  0.06 GPa, 
and 2.1  ±  0.06 GPa, for the Al-Li, Al-Li-GNPs, Al-Li-Sr, and Al-Li-Sr- 
GNPs samples, respectively. As seen in Fig. 5 and Table 1, a drop in 
hardness was measured for all samples after annealing at 773 K for 1 
h. The thermal instability of the Al-Li sample is yet again confirmed 
by the significant drop in microhardness from 1.33  ±  0.01 GPa to 
0.53  ±  0.01 GPa after annealing. On the contrary, high microhard-
ness values of 1.13  ±  0.04 GPa, 1.36  ±  0.06 GPa, and 1.10  ±  0.05 GPa, 
were still maintained for the annealed Al-Li-GNPs, Al-Li-Sr, and Al- 
Li-Sr-GNPs samples, respectively. These values even attained at 
773 K are at least 175% higher than the hardness of the starting Al at 
room temperature. 

4. Discussion 

The thermal stability of nanocrystalline metals has long been 
reported in multicomponent systems. The observed thermal stability 
in nanocrystalline metals was originated from the incorporation of 
impurities, solutes, second phases, or reinforcements through their 
interactions with the main nano-grained metal [1,6]. Thus, achieving 
thermal stability requires the careful design of the system’s con-
stituents. In order to analyze the combined effect of GNPs and Sr on 
the thermal stability of the ball-milled nanocrystalline Al-Li alloy, 
their separate individual influence on the thermal stability of the Al- 
Li alloy was first examined. 

As mentioned earlier, the cryomilled Al-Li-Sr sample attained a 
nanometric grain size ~21 nm and a high microhardness of 2.25 GPa 
after milling. Upon annealing at 773 K, the Al-Li-Sr sample main-
tained the highest microhardness (1.36 GPa) and also the smallest 
grain size (57 nm) amongst the rest of the annealed samples. These 

Fig. 3. (a) XRD patterns for the Al-Li-GNPs, Al-Li-Sr, and Al-Li-Sr-GNPs samples annealed at 773 K for 1 h, (b) Calculated average grain sizes for the as-milled and annealed Al-Li- 
GNPs, Al-Li-Sr, and Al-Li-Sr-GNPs samples, (c) Bright-field TEM image of the Al-Li sample annealed at 773 K for 1 h. Inset image shows the corresponding SAED, and (d) XRD 
patterns of the Al-Li-Sr-GNPs annealed at 773 K and 873 K for 1 h. 
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results are in agreement with previous work reporting the effect of 
Sr on the thermal stability of cryomilled Al [11]. It was indicated by 
the XRD and SAED patterns in Figs. 1 and 2 that the Sr atoms dis-
solved in the Al lattice forming a supersaturated solid solution. 

Therefore, at low annealing temperatures, the Sr atoms could act as a 
solute providing both solid-solution strengthening and a solute drag 
force pinning the grain boundary motion [7]. At intermediate an-
nealing temperatures, the large Sr atoms gained enough thermal 
energy to diffuse into larger segregation sites at the grain boundaries 
relieving the extra elastic strain associated with the large atomic 
misfit from being in the Al lattice. When the broken atomic peri-
odicity of the grain boundaries is reduced by the segregation of 
solutes, the grain boundary energy reduces, and thermodynamic 
stability is achieved [6,42]. At this stage, the Sr atoms provide 
thermodynamic stability by grain boundary segregation [6]. At high 
enough temperatures, the high thermal energy and low solid solu-
bility between Al and Sr force the Al4Sr intermetallic phase to form. 
This is in agreement with the XRD and TEM observations of the Al- 
Li-Sr sample in Figs. 3d and 4, where the new Al4Sr peaks started to 
emerge at 773 K. The effect of Sr on the thermal stability of Al is also 
confirmed by the TEM images of the Al-Li-Sr sample annealed at 
773 K, see Fig. 6a–c. Several round small particles are seen dis-
tributed around the grain boundaries of Al in the annealed sample. A 
magnification of one of the relatively larger particles from Fig. 6a is 
shown in Fig. 6b to have a diameter of ~27 nm. The corresponding 
elemental line mapping shown in Fig. 6c confirmed the identity of 
these particles as the Al4Sr intermetallic phase. 

Similarly, TEM images of the Al-Li-GNPs sample annealed at 
773 K can be seen in Fig. 7. Both TEM images in Fig. 7a–c and the 
elemental mappings in Fig. 7d–e confirm the presence of the distinct 
rod-like Al4C3 second phase. As described earlier, the Al-Li-GNPs 

Fig. 4. TEM images and their corresponding SAED patterns of the (a–b) Al-Li-GNPs, and (c–d) Al-Li-Sr-GNPs samples annealed at 773 K for 1 h.  

Fig. 5. Hardness vs. temperature for starting Al, Al-Li-Sr, Al-Li-GNPs, and Al-Li-Sr- 
GNPs samples. 
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sample exhibited high thermal stability after annealing at 773 K by 
maintaining a nanometric grain size and high hardness of 73 nm and 
1.13 GPa, respectively, compared to the initial size of 37 nm and 

microhardness of 1.5 GPa. Initially, the GNPs acted as a second phase 
within the Al grains and ensured kinetic stabilization by hindering 
the grain boundary motion during grain growth. At high 

Fig. 6. (a) STEM HAADF image showing the morphology and the distribution of the Al4Sr second phase in the Al-Li-Sr sample annealed at 773 K for 1 h (see white arrows). (b) and 
(c) A magnification of one of the large Al4Sr particles such as the ones marked by a red arrow in (a) and its corresponding elemental line mapping, respectively. 

Fig. 7. (a),(b), and (c) TEM image showing the rod-like carbide phase distributed at the grain boundaries in the Al-Li-GNPs sample annealed at 773 K. (d) and (e) Elemental 
mapping of box area in (c). 
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temperatures, the Al4C3 phase plays a similar role to that of the Al4Sr. 
The reaction between Al and C to form the Al4C3 intermetallic phase 
is a spontaneous reaction that occurs at the Al/graphene interface  
[21,43]. The rod-like Al4C3 phase that is located inside the grains 
provides kinetic stability. The pinning effect exerted on the grain 
boundaries of Al by both the GNPs and Al4C3 has been observed and 
briefly discussed [20,43–46]. Studies on the milling of Al and GNPs 
have extensively reported that the majority of graphene sheets end 
up distributed at the grain boundaries of Al [18,41,47]. In this case, 
the carbide phase would also exist at the grain boundaries of Al 
where it occupies the excess free volume [21,43]. This is confirmed 
by the TEM images in Fig. 7, which clearly show the rod-like carbide 
phase distributed at grain boundaries. As a result of this reaction, the 
broken atomic periodicity of the Al at the grain boundaries is re-
duced, and a reduction in the grain boundary energy and thus the 
driving force for grain growth is achieved. 

Considering that both the Al4C3 and Al4Sr second phases were 
proven to exist in the microstructure of the annealed Al-Li-Sr-GNPs 
sample, see Fig. 3d and the SAED patterns in Fig. 4, this sample 
would be expected to exhibit the best thermal stability behavior, 
which would include the least drop in hardness and the smallest 
grain growth. Nonetheless, the Al-Li-Sr achieved the highest hard-
ness and smallest grain size of 1.36 GPa and 57 nm, respectively, 
after annealing at 773 K for 1 h. In addition, the Al-Li-GNPs sample 
exhibited the least grain growth and the lowest hardness drop 
amongst the three samples. These results indicate the positive effect 
of adding dilute amounts of both Sr and GNPs as individual elements 
on the thermal stability behavior of nanocrystalline Al and should 
therefore contribute to an optimum thermal stability behavior when 
combined. Nonetheless, grain size calculations and microhardness 
measurements showed that the Al-Li-Sr-GNPs sample suffered the 
largest grain growth and attained the lowest hardness upon an-
nealing. In addition, the presence of large irregular grains was ob-
served in the bright-field TEM image of the annealed Al-Li-Sr-GNPs 
sample, see yellow arrows in Fig. 4c. To investigate the nature of 
these grains and for a better understanding of this thermal stability 
behavior, further TEM analysis was conducted. Fig. 8 shows the 

STEM HAADF and EDS elemental mapping images taken for the Al- 
Li-Sr-GNPs sample annealed at 773 K. 

The rod-like Al4C3 phase can be seen distributed throughout the 
sample in the STEM HAADF image in Fig. 8e and the corresponding C 
elemental mapping in Fig. 8 h. Furthermore, the elemental mapping 
in Fig. 8 indicates that the irregularly large grains correspond to the 
Al4Sr phase and is seen located throughout the sample in between 
the Al grains. Normally, second and intermetallic phases formed as a 
result of solute segregation at high temperatures in nanocrystalline 
materials are of small dimensions and are well distributed around 
the grain boundaries of the host material [48,49]. This is in agree-
ment with the morphology of the Al4Sr phase observed in Fig. 6 in 
the Al-Li-Sr sample annealed at 773 K. Instead, irregularly large Al4Sr 
particles with an average grain size larger than 250 nm are seen 
distributed throughout the sample. This unique behavior could be 
directly correlated to the presence of another second phase, the rod- 
like Al4C3 phase. If both Al4C3 and Al4Sr phases are thermo-
dynamically driven to exist at the grain boundaries, a competition 
between the two phases will take place. To further understand the 
competition between the carbide and the intermetallic phase, it is 
important to understand why the Al4Sr second phase was not dis-
tributed more homogenously at the grain boundaries as in the Al-Li- 
Sr sample. 

As mentioned earlier, it is widely reported that the graphene 
sheets end up mostly distributed at the grain boundaries of Al after 
milling, resulting in the carbide phase being mostly distributed at 
the grain boundaries of Al after annealing as well; see Fig. 7. 
Therefore, the Al4Sr agglomeration could be because the grain 
boundary regions are occupied mainly by the carbide phase after 
annealing, forcing the Sr to segregate into limited areas and causing 
the formation of coarse Al4Sr grains. In addition, it was pointed out 
earlier that the absence of the Al4C3 XRD peaks at lower annealing 
temperatures can be directly related to its lower concentration than 
that of the Al4Sr phase. To investigate whether the Al4C3 phase was 
formed at earlier annealing stages before the formation of the Al4Sr 
phase, we conducted an in-situ TEM annealing experiment on the 
Al-Li-Sr-GNPs sample, see Fig. 9. The in-situ TEM analysis showed 
that the rod-like carbide phase started forming immediately after 

Fig. 8. (a) and (e) STEM HAADF images taken from the Al-Li-Sr-GNPs sample annealed at 773 K for 1 h. (b–d) elemental mapping of (a). (f–h) elemental mapping of (e).  
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the temperature reached 673 K without any holding time at this 
temperature. This is confirmed by the bright-field TEM image shown 
in Fig. 9a, which clearly indicates the rod-like carbide phase starting 
to form at the grain boundaries. The subsequent SAED pattern 
shown in Fig. 9b shows second phase diffraction rings identified and 
indexed as the Al4C3 phase. Therefore, the early and easy formation 
of carbides at the grain boundaries at low annealing temperatures 
before any indication for the formation of the Al4Sr second phase 
hindered the proper diffusion of the radially large Sr atoms and 
subsequently the adequate distribution of the fine Al4Sr phase at the 
grain boundaries. Therefore, experimental results showed that the 
formation of both Al4Sr and Al4C3 is thermally controlled and ther-
modynamically driven to exist at the grain boundaries of Al. Mixing 
both GNPs and Sr to induce an enhanced thermal stability behavior 
of nanocrystalline Al was shown to be competitive and less effective 
than the thermal stability provided to the nanocrystalline Al-Li alloy 
by either Sr or GNPs individually. 

5. Conclusion 

In this study, we investigated the effect of combining two ele-
ments, Sr and GNPs, to ball-milled nanocrystalline Al-Li alloy to in-
duce an enhanced thermal stability behavior. Isothermal annealing 
for 1 h at different temperatures was conducted to examine the 
thermal stability of the as-milled Al-Li-Sr-GNPs sample. For com-
parison, two other samples of Al-Li containing either Sr or GNPs 
alone were examined as well. Nano grain sizes and high micro-
hardness values of 45  ±  6 nm and 1.52  ±  0.03 GPa, 15  ±  4 nm and 
2.25  ±  0.06 GPa, and 29  ±  6 nm and 2.1  ±  0.06 GPa, were measured 
for the as-milled Al-Li-GNPs, Al-Li-Sr, and Al-Li-Sr-GNPs samples, 
respectively, after milling. After annealing at 773 K for 1 h, the 
second phase of Al4Sr was detected distributed around the grain 
boundaries of Al in the Al-Li-Sr sample. Similarly, rod-like Al4C3 

phase was distributed at the grain boundaries of Al in the annealed 
Al-Li-GNPs sample. Despite maintaining a nanometric grain size of 
70 nm and a high microhardness value of 1.1 GPa, the Al-Li-Sr-GNPs 
sample suffered the largest grain growth and attained the lowest 
hardness upon annealing, compared to the other samples which 
contained either Sr or GNPs alone. Microstructural investigations 
revealed that upon annealing, both second phases of Al4Sr and Al4C3 

formed by the spontaneous reactions of Al with Sr and Al with C, 
respectively, in the Al-Li-Sr-GNPs sample. Large particles of an 
average size larger than 250 nm were identified in the annealed Al- 

Li-Sr-GNPs sample as the Al4Sr second phase. In-situ TEM annealing 
experiment conducted on the Al-Li-GNPs-Sr sample proved that the 
Al4C3 phase formation preceded the Al4Sr phase as the rod-like 
carbide phase was identified by its corresponding diffraction rings 
after the temperature reached only 673 K. The distribution of the 
Al4C3 rod-like phase at the grain boundaries of Al prevented the 
proper diffusion of Sr, which lead to its agglomeration in certain 
regions in the grain boundaries, followed by the agglomeration of 
the intermetallic Al4Sr phase at higher temperatures. As a result, this 
inhibited the positive effect the Sr could have added to the thermal 
stability of the nanocrystalline Al-Li alloy and resulted in a wea-
kened thermal stability efficiency. 
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