TEM Study of Early-Stage Grain Growth in Nanocrystalline Mg-9Al Thin Films during Heat Treatment
Karen Kruskaa*, Aashish Rohatgib, Rama S. Vemuric, Libor Kovarikc, Niranjan Govindc, Nigel D. Browninga
aFundamental and Computational Science Directorate, Pacific Northwest National Laboratory, Richland, WA, United States.
bEnergy and Environment Directorate, Pacific Northwest National Laboratory, Richland, WA, United States.
cEnvironmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, WA, United States.
*corresponding author, email: karen.kruska@pnnl.gov
Keywords: TEM, heat treatment, Mg alloys, grain size, activation energy, grain growth exponent
Due to their low weight and good castability, Mg-Al alloys are great candidate materials to replace steels and Al components in automotive parts. However, the kinetic processes in these alloys during casting and heat-treatment are not well understood. In this study magnetron-sputtering was used to create Mg-9Al thin films with a nano-crystalline grain structure. The grain growth evolution in the early stages of heat treatment at 150, 200 and 300 C was observed with BF TEM. The activation energy for grain growth as calculated from the Arrhenius equation is 31.1kJ/mol, which is significantly lower than in bulk alloys. This is attributed to the geometry of the thin films, the large number of grain boundaries and possible internal stresses in the films.

Introduction
Magnesium (Mg) has the potential to provide 60%-75% mass savings relative to steel or cast iron, and 25-35% mass savings relative to aluminum [1]. Such mass-savings are attractive for lightweighting vehicles to help the automotive industry meet government mandated fuel economy and greenhouse gas emission standards. As such, U.S. Department of Energy has been investigating Mg alloys to enable their broader use in the high-volume automotive market [2]. This article is part of a broader program at PNNL, in support of DOE’s objectives, to understand the kinetics of microstructural evolution during processing of Mg alloys, focusing on the heat-treatment in Mg-Al alloys in the work presented here.
Mg-Al based alloys, such as AZ91 (Mg-9 wt.% Al-0.7 wt.% Zn), are attractive lightweight candidates for replacing steel and Al alloys in automotive parts due to a combination of castability, strength and ductility [3-7]. The as-cast microstructure of AZ91 consists of -Mg matrix and a  +  Mg17Al12 eutectic, the actual morphology being strongly influenced by the local cooling rate. As-cast AZ91 can be subjected to different heat-treatments to modify its microstructure and improve its properties. E.g. the T6 treatment for AZ91 involves solution treating at 413°C for 16-24 h followed by cooling/quenching, and artificially ageing at 168°C for 16h [8]. The solutioinization is done to obtain a homogeneous distribution of Al in the HCP α-Mg matrix [6, 7] and artificial aging is done to produce Mg17Al12 precipitates and increase the strength via precipitation strengthening mechanism. Depending on the duration and temperature of the aging heat treatment, continuous or discontinuous β-precipitates will form and alter the alloys mechanical and corrosion properties [6]. However, the significant time spend at elevated temperatures during such heat-treatments can lead to undesirable grain-growth, thus, lowering the strength and negating the precipitation strengthening from the T6 treatment [9] Therefore, if high-strength Mg alloys and their heat treatments are to be developed, an understanding of the kinetics driving the changes in the microstructure is crucial. This work will focus on the grain-growth aspect of Mg-Al alloy.
Thein et al. studied the kinetics of grain growth in two (Mg–5 wt%–Al and Mg–5 wt%–Al–10.3 wt%–Ti) mechanically alloyed nano-crystalline Mg-Al-composite materials made by ball milling [10]. The activation energies for grain growth observed in these nano-materials were greater than for pure cast Mg and in the same order of magnitude as for an AZ31B alloy with a microcrystalline grain structure. This is in contrast with similar studies conducted on pure nano-crystalline Cu and Ag, possibly due to the high number of impurities in mechanically alloyed materials [11-13].
Dannenberg et al. found the activation energy for grain growth in nano-crystalline Ag thin films to be 53kJ/mol which is low compared to the activation energy for grain boundary diffusion, 95 kJ/mol. They therefore attribute the lower activation energy to surface diffusion [13]. Simoes et al. found the same trend in nano-crystalline Cu thin films where the activation energy for grain growth was 35 kJ/mol compared to 100 kJ/mol  in microcrystalline Cu, which the authors mostly attribute to increased grain boundary mobility [11].
In this work, transmission electron microscopy (TEM) was used to study the grain-size evolution in nanocystalline Mg-9Al solid solution thin films heat treated inside the microscope. New insights into non-equilibrium growth kinetics of AZ91 in the thin-film geometry, comprising a large number of grain boundaries and high surface area, compliments the data obtained by [14-16] on conventional micron-scale grain-size materials [14-16], Kulkarni’s binary diffusion couples [17] and Thein’s mechanically alloyed nanocrystaline powdermaterial [10]. Many existing studies are examining heat treatment times of many hours or days [3, 4, 14, 18, 19] while the work presented here looks at the microstructure in early stages of its evolution. As the activation energy for grain growth in other thin film systems was found to be much smaller than in the respective microcrystalline systems, short heat treatment times were selected for this study. 	Comment by Rohatgi, Aashish: Do we need to rephrase the sentence?
Experimental methods
Binary Mg-Al alloy thin films of about 60 nm thickness and a target composition of Mg-9 wt.% Al were deposited by magnetron sputtering. The deposition rates for Mg and Al were calibrated and films were deposited at XX V at a rate of XX nm/sec. The Mg-Al films were deposited on a 25 nm amorphous Si3N4 TEM support membrane with a viewing area of 30x400 µm. Compositional quantification was performed on Mg-Al film sputtered on a silicon wafer and using an EDAX EDS system in a JEOL XXXXF SEM. The as-sputtered films were heated in vacuum inside the TEM using a Gatan single-tilt heating stage. The heat-treatments were carried out at 150 ˚C, 200 ˚C and 300 ˚C for times between 5 and 190 min. The heat-treatment temperatures were reached in ~90 s, while cooling to room-temperature (at the end of the heat-treatment duration) was achieved in ~120 s in each case. The heat-treatment temperature was as indicated by the vendor-provided heating-stage controls. Each heat-treatment for a given time and temperature was conducted on a fresh as-sputtered thin film sample. TEM analysis of heat-treated films was performed after cooling in an aberration-corrected, monochromated FEI Titan 80-300™ operated at 300 kV and a JEOL ARM at 200kV. EELS analysis was performed with a high-resolution GIF at a convergence angle of 27.5 mrad and a collection angle of 82.6 mrad with a dispersion of 0.25 eV/chan. The Mg K1 edge at 1305 eV and the Al K1 edge at 1560 eV were used for quantification. The grain-size measurements of the films were performed on bright-field images using the linear intercept method described in ASTM E112 and on at least 2 micrographs (for each heat-treat condition) taken at 36k x magnification. Horizontal parallel lines were drawn across the TEM image of a heat-treated film to obtain several hundred intercepts in each case. A FEI Helios FIB was used to lift out a cross-section of the as-sputtered thin film as described in [20] for determination of the film thickness and through-thickness microstructure.	Comment by Rohatgi, Aashish: Should we say that due to thermal drift, we didn’t do in situ grain growth measurements?	Comment by Karen: If I’d do it again, I’d do this part in situ. The first 10 minutes wouldn’t work at all, but after that, it should be stable enough to get something measurable. Of course the first few minutes seem to matter and the rest needs to be comparable?!
Grain growth analysis
Under the assumptions that the free energy of all grain boundaries is the same - independent of grain size and time – and that there are no pinning forces impeding grain boundary mobility, Burke and Turnbull described grain growth with the parabolic relationship [21] :
. 	(1)
D is the average grain size, D0 is the average grain size at time t=0 and K is a constant. Experimentally, this equation only holds for few very pure metals. It has been found in the literature that grain growth in less pure metals and alloys can be described by
.	(2)
where n is often referred to as the grain growth exponent and has been reported to reach values as high as 12 [22]. In cases where  ,  is sometimes neglected simplifying the equation (2)  to  [23]. This simplification is not possible for the data acquired this study, as short heat treatment times were considered. The activation energy Q for grain growth can now be determined from an Arrhenius plot:
 ,	(3)
where R is the gas constant and T is the temperature. There exists an n ∊ ℝ, n≥2 for which  is proportional to t. In this study  was determined for integers with 2 ≤ n ≤ 15. In each case the adjusted R2 was determined to find the best linear fit.
It was found that the increase in grain size from the as-sputtered film to the films after 5 minutes of any heat treatment was particularly striking. Partially, this significant increase in grain size can be attributed to the analysis method: TEM characterization of the cross-section of the thin films revealed that the columnar grain structure present in the as-sputtered films is lost during heat treatment in favor of an equiaxed grain structure. As the linear intercept method is meant to give an indicator of the diameter, and therefore the volume, of equiaxed grains. The initial average grain size  as measured with the linear intercept method was 14.5 nm. This value was adjusted to represent an equiaxed grain of the same volume. Assuming   to be the diameter of a 60 nm (i.e. film thickness) tall cylinder representing a columnar grain,  is the diameter of a sphere (i.e. an equiaxed grain) with the same volume.
Results
Figure 1 shows the TEM bright-field (BF) images revealing the grain structure in a Mg-9Al thin film after isothermal heat treatment at 150˚C for 0, 5, 30 and 60 min. The grain structure of the nanocrystaline films is clearly revealed by the bright-field contrast. The diffraction patterns (e.g. at t = 0 and 60 min) confirm the nanocrystaline nature of the films. As shown in the image at t=0 min, the diffraction pattern of the as-sputtered film matches a hexagonal pure Mg pattern. After heat treatment (image at t = 60 min) the number of rings in the diffraction pattern has increased, suggesting formation of β-phase. However, the  phase cannot be distinguished from the  phase in the TEM bright field image. An increase in grain size is notable with increasing heat treatment time from 0 to 60 min.. The (stripey) variation in contrast across single grains in the as-sputtered film suggests that there may be internal strains from the sputtering contrast, which are relaxed in the early stages of heat treatment. While the grain structure is columnar in the as- sputtered film, the heat treated films show some overlapping “buried” boundaries which are a result of the now equiaxed grains (arrows in Figure 1). Figure 2 shows the grain size evolution during isothermal heat treatment at 200 ˚C. As expected, the grain size increases more rapidly than at 150 ˚C. There is a distribution in grain sizes, however, the grain size distribution appears to be fairly normal, without any abnormal large abnormal grains. Grain growth at 300 ˚C (Figure 3) is even more rapid. While the majority of grains appear to have a normal size distribution, few cases of abnormal grain growth have been observed at this temperature  (see Figure 4). The micrographs used for the grain size measurements were acquired from areas away from such abnormal grains. Figure 5 illustrates the grain size evolution with time for the three heat treatment temperatures 150˚C, 200 ˚C and 300 ˚C. The scatter bars account for the variation in line length : # of intercepts for eachthe individual lines used in the linear intercept method. They indicate the variation in grain size rather than uncertainty in measurement. Higher temperatures lead to more rapid grain coarsening.	Comment by Rohatgi, Aashish: This sentence seems out of place.	Comment by Karen: It’s a continuation of the meaning of Figure 5. I don’t find it too weird here. If I move it before the explanation, it gets even more awkward?[image: ]
Figure 1: TEM bright field images of Mg-9Al film heat treated at 150˚C. The inset in image for t = 0 shows the experimental (Mg-9Al) and a  simulated diffraction pattern of hcp Mg.
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Figure 2: TEM bright field images of Mg-9Al film heat treated at 200˚C.

[image: ]
Figure 3: TEM bright field images of Mg-9Al film heat treated at 300˚C.


To determine the grain growth parameter , the correlation of the linear fits of  versus t was evaluated with the adjusted R2. If R2 = 1, all data points lie on the fitted line. Figure 6A shows that, for all three temperatures, the fit improves initially when  is increased, but no significant improvement of the fit was achieved when  was increased to integers greater than 7. Figures 6B-D show the resulting linear fits at .[image: ]
Figure 4: TEM bright-field image showing abnormal grain growth observed after heat treatment at 300 ˚C


[image: ]
Figure 5: Grain size evolution in Mg-9Al during isothermal heat treatment.
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Figure 6: A) Adjusted R2 showing the correlation between the data and the fit. No significant improvement was seen increasing n to numbers greater than 7. B)-D) Linear fits for n=7.


The activation energy Q for grain growth can now be determined from an Arrhenius plot as shown in Figure 7A, where , as determined with  is plotted versus the inverse of the Temperature, . The slope of the graph is -3741, this corresponds to an activation energy of 31.1 kJ/mol.
In a few studies, a definite maximum of the quality of fit could be determined and non-integer values were determined for the grain growth exponent  [13]. However, in other studies only approximate values of n were given [11, 22]. To understand the influence of the choice of n on Q, the respective Ks were determined for 2 ≤ n ≤ 15 and Q was calculated for every case.	Comment by Rohatgi, Aashish: Do you mean adjusted R2.  What’s the difference between R2 and adjusted R2?	Comment by Karen:  “The adjusted R-squared is a modified version of R-squared that has been adjusted for the number of predictors in the model. The adjusted R-squared increases only if the new term improves the model more than would be expected by chance. It decreases when a predictor improves the model by less than expected by chance.”
It’s what origin uses to evaluate it’s fitting. In theory it should be a little less vulnerable to statistical noise, but I think in this case, where we only have a few data points, it would probably be exactly the same.
[image: ]
Figure 7: A) ln K versus 1/T. The slope of the fit corresponds to –Q/R and allows for determination of the activation energy. B) Activation energy as obtained for 2≤n≤15.

Figure 7B shows how the calculated Q(n)=Qn increases almost linearly with increasing n. For n=2 a positive slope was obtained, resulting in a negative activation energy (Q2 = -0.3 kJ/mol), which is in disagreement with the observed kinetics. To account for the uncertainty induced by the spread in grain sizes at a given temperature and time, and the relatively small number of data points, an error of ±2 is suggested for the exponent n. Thus, assuming n=7±2, the activation energy for grain growth in Mg-9Al thin films is Q= 31.1 ± 13.4 kJ/mol. Choosing a large value of n, e.g. as large as  15, does not make a lot of sense, as the quality of the fit is (if not significantly) decreasing for large n in every case (see Fig. 6A) and there is no reason to expect such a large value of n. Even for this extreme assumption, the corresponding activation energy was calculated to be Q15= 85 kJ/mol, which is still below the activation energy of 92 kJ/mol for grain growth in pure Mg [24].	Comment by Rohatgi, Aashish: -ve activation energy implies what?	Comment by Karen: Spontaneous grain growth with release of energy? 
Discussion
Grain growth in Mg-9 wt.% Al thin films was studied using TEM imaging after heat-treatment at temperatures between 150-300C. Grain growth was analyzed using a general form of equation proposed by Burke and Turnbull, and activation energy for grain growth was determined. In Mg-Al alloys n was previously reported to be 4 or 5 with micron scale grain size [15, 16, 25], and 6 or 7 in mechanically alloyed nanocrystalline powder [10]. Therefore, it is reasonable to expect that the grain growth exponent in this study using nanosructured thin films is close to that of similar nanocrystalline materials [11].
In the literature, a value of grain growth exponent n > 2 is typically cited as evidence of mechanism(s) restraining the grain growth process. These mechanisms may include solute drag, solute segregation at grain boundaries, grain boundary pinning due to second phase precipitates (formed during grain growth or pre-existing), thermal grooving, and surface oxidation. Considering that the value of n for Mg-9 wt.% Al films in the present work is found to be 7, i.e. significantly greater than 2, one or more mechanisms hindering grain growth are likely active.	Comment by Rohatgi, Aashish: We should discuss these mechanisms in the order that they are listed in the above paragraph.
While the as-sputtered films comprises  Mg grains supersaturated with 9 wt.% Al (~10 at.% Al), the Mg-Al equilibrium phase diagram shows that the equilibrium solubility of Al in Mg at 150, 200 and 300C is ~2,~3 and ~6 at.% Al, respectively [26]. Therefore, excess Al solute atoms in the  Mg matrix are likely to hinder the grain growth via solute drag during heat-treatment. Moreover, heat-treatment of the as-sputtered  matrix results in the precipitation of -Mg17Al12, which  that too may hinder grain growth by grain boundary pinning. For example, Figure 8 shows a line profile across one of the grains after 5 minute of heat treatment at 300°C. The EELS line profile through the grain in Fig. 8 shows that the Al concentration on either side of the grain is ~9 at.%  (~10 wt.%), i.e.which is close to the as-sputtered Mg-9 wt.% Al composition.  Within the grain, however, the Al concentration is ~41 at.%, indicating that the grain is actually a -Mg17Al12 precipitate. In other words, aA β-phase particle has already formed within a very short time at 300°C. Since the as-sputtered -phase contains ~8 at.% Al, formation of -Mg17Al12 phase (i.e. 41 at.% Al) during heat-treatment implies a 5-fold local Al enrichment by 5-fold. Therefore, Al segregation to grains boundaries, as a precursor to nucleation of Mg17Al12 precipitates, is a likely candidate that slows down grain growth in the initial stages of heat-treatment. After ~5 min. or so, when the  precipitates have formed, the Al remaining in solid solution together with the precipitates may hinder grain growth,  causingcause the growth to level off below the ideal parabolic growth rate and requiring a higher (i.e. n > 2) grain growth exponent.
Regarding the grain boundary pinning efficacy of precipitates, the expression for Zener pinning is written as [27]:
Pz = 3F/2r	(4)
Where Pz is the pinning pressure exerted by the particles on a unit area of the boundary, F is the volume fraction of randomly distributed spherical particles of radius r, and  is the specific grain boundary energy. As seen in Fig. 8A, the size of the Mg17Al12  precipitates in current work is on the same order of magnitude as the  grains themselves. Therefore, owing to their relativelly “large” size, the efficacy of  precipitates is expected to be lower than if they had been present as discrete particles (smaller than the  grains) within the  grains or on the grain boundaries.
Heat treatment of metal films can lead to thermal grooving along the grain boundaries at the surface of a specimen. When the grain size approaches the film thickness, thermal grooving can cause the cessation of further grain growth, and this phenomenon is called the specimen thickness effect [28][reference needed]. Thermal grooves can “anchor” a grain boundary and prevent grain growth, particularly if the boundary is normal or near-normal to the surface [28] as is the case for columnar grains. In the present experiments, the columnar structure of the grains appears to be lost very rapidly and replaced by equiaxed grains before thermal grooving can occur. Further, since the grain growth to a size similar to the film thickness (~60 nm) was observed only at the longest heat treatment at the highest temperature (see Fig. 5), thermal grooving mechanism can be excluded from present consideration. It should be pointed out that the columnar geometry was accounted for in the determination of the average grain size in the as-sputtered samples. However, transformation of originally columnar grains into equiaxed grains during the initial stages of heat treatment likely requires significant grain boundary migration, more so than if the original grains were equiaxed. This fact may also introduce temporary delay in grain growth confined to the very early stages (minutes) of heat treatmentsome non-linearity in the grain growth process which was not accounted for in the present analysis.
 Finally, magnetron sputtering fabrication process was carried out under high-vacuum and the Mg-Al thin films are expected to contain relatively low levels of impurities. In-between experiments, the specimens were stored in a dessicator under Ar atmosphere. Although the films were, due to handeling, exposed to air for several hours before the heat treatments, EDX revealed no significant amount of oxide in the films (~3 at. % measured). While thickThick surface oxides would be expected to enhance the grain boundary pinning effect of thermal grooving, however, there was no evidence of such oxides in the current work.	Comment by Rohatgi, Aashish: Is this intentional, or simply due to handling etc.?  need to specify.
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Figure 8: A) STEM ADF image of Mg-9Al thin film heat treated for 5 min at 300˚C. B) Relative compositions in at.% as quantified with EELS.


Although there are a number of mechanisms in the nanocrystalline thin film system that impede grain boundary mobility and lead to a high grain growth exponent, the activation energy for grain growth (31.1. kJ/mole) determined in the present work is much lower than in microcrystalline pure Mg [24], bulk Mg-Al alloys [16] and even in mechanically alloyed nanopowder [10]. 
The activation energy for grain boundary diffusion in Mg is reported to be 92 kJ/mol and in Al it is 84 kJ/mol [29], suggesting a mechanism different from grain boundary diffusion to be responsible for the low activation energy measured in this work.
[bookmark: _GoBack]A likely explanation for the low activation energy for grain growth is the strong effect of surface diffusion in the thin film, as was observed for Cu and Ag films [11, 13]. That the grain growth parameter in those pure metal systems was relatively low (n=3) compared to this study, supports the hypothesis that the Al supersaturation in the matrix and the formation and growth of -Mg17Al12 precipitates lead to such a high n. However, it is surprising that the activation energy is so low in comparison to the mechanically alloyed Mg–5 wt%–Al nanopowder (119 kJ/mol) studied by Thein [10], where surface diffusion should have also played a large role in reducing the activation energy. It is possible that in the work of Thiein [10] [Ref.], impurities induced during the mechanically alloying process (via ball milling?) were responsible for grain boundary pinning and led to increased activation energy closer to bulk values.(?).
Conclusions	Comment by Rohatgi, Aashish: Improve the wordings of the conclusions.
Thin films of Mg-9 wt.% Al were fabricated by sputtering and subjected to heat-treatment at 150, 200 and 300C for times ranging from 5 - 190 min. to XXX. The microstructure and grain growth in the films were analyzed and the following conclusions can be made:
1) The grain growth parameter n was determined to be 7±2 for the temperature-time combinations studied here, which is in agreement with the analysis by Thein on mechanically alloyed nanocrystalline Mg-5Al.
2) The high grain growth parameter is likely a result of the rapid precipitation of the β-phase during the early stages of heat treatment. 
3) The activation energy for grain growth was determined to be 31.1 ± 13.4 kJ/mol. This value is significantly lower than in microcrystalline pure cast Mg (91 kJ/mol) or microcrystalline AZ91 (115 kJ/mol) and attributed to the strong surface diffusion in thin film systems.XXXXX The low activation energy is suggested to be a result of the strong surface diffusion in thin film systemsXXXXXX.
4) Heating magnetron-sputtered thin films inside the TEM and subsequent grain size analysis is a suitable technique to study early-stage grain size evolution kinetics in Mg-alloys starting out at a non-equilibrium solid solution.
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