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Abstract 14 

7075 Aluminum alloy (AA7075) samples undergone four aging sequences were examined using a 15 

scanning electron microscope (SEM) and a transmitted electron microscope (TEM). The 16 

measurements results validate the correlation between stress corrosion cracking (SCC) resistance 17 

and the size and inter-distance of the grain boundary precipitates (GBPs). To evaluate the size and 18 

inter-distance of GBPs, we demonstrate in this study a highly efficient SEM imaging technique that 19 

can unfold grain boundary in a two-dimensional view. Compared to TEM, imaging with 20 

backscattered electrons in SEM (SEM-BSE) is more advantageous for GBPs presentation and 21 

measurements. The major reason is that about 900 times more sampling area can be imaged with 22 

SEM from the same specimen for TEM observation, thus enabling frequent appearances of GBPs 23 

at normal top view perspective, a planar view best for GBPs quantitative analysis but not well-24 

documented. The acceleration tension of SEM for imaging was optimized at 10 kV with an 25 

information depth of around 330 nm.  26 

 27 

Research highlights:  28 

 SEM imaging using backscattered electrons is efficient for AA7075 grain boundary 29 

precipitate imaging. 30 

 The precipitate size and inter-distance can be more accurately measured with the 31 

perspective of normal top view under SEM than TEM. 32 

 33 

 34 

 35 
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 36 

 37 

Graphical Abstract:  38 

 39 

1. Introduction 40 

The Al-Zn-Mg-Cu (7xxx) type alloys have a long history of application in the aerospace industry 41 

and are increasingly applied in the automotive industry nowadays because of their high strength and 42 

light-weight (Mondolfo, 1971; Polmear et al., 2017; Starink, 2001). Their strength can even match 43 

many grades of steels due to the coherent/semicoherent nano-scale η''/η'-MgZn2 precipitates in the 44 

matrix produced during aging treatment (Deshpande et al., 1998; Ghosh et al., 2020) or in-process 45 

cooling (Kumar et al., 2017, 2018, 2021). However, 7xxx series of Al alloy are susceptible to SCC 46 

(Ajay Krishnan et al., 2018; Bobby-Kannan et al., 2003; Burns et al., 2010; Kannan et al., 2004). 47 

The GBPs within the precipitation free zones (PFZs), mainly η-Mg(Zn,Cu,Al)2, play an important 48 

role in initiating the SCC because they are anodic to the PFZs and preferentially undergo severe 49 

dealloying, especially in NaCl environments (Ajay Krishnan et al., 2018; Knight et al., 2010; Liu et 50 

al., 2015; Prabhuraj et al., 2017) The size, inter-distance and chemical composition of GBPs are 51 

some of the key parameters that control the SCC process (Huang et al., 2012; Kannan & Raja, 2006; 52 

Knight et al., 2010, 2015; Liu et al., 2015; Peng et al., 2011). Conventionally we use a TEM to fully 53 

characterize the microstructure of grain boundary and precipitates (Huang et al., 2012; Kannan & 54 

Raja, 2006; Zhou et al., 2021).  55 

 56 

There are considerable reports on SCC behaviors varying with GBPs microstructure as well as 57 

chemical composition produced under different aging (retrogression and re-aging) and quenching 58 

treatments (Goswami et al., 2013; Liu et al., 2015). It has been widely accepted that the Cu-rich, 59 

discrete and coarse GBPs are beneficial to the corrosion resistance of 7xxx alloys (Birbilis & 60 

Buchheit, 2005; Huang et al., 2012; Kannan & Raja, 2006; Knight et al., 2015; Peng et al., 2011). 61 

However, large PFZs area fraction under low quenching rate is suspected to contribute to their rapid 62 
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corrosion (Liu et al., 2015). Furthermore, little correlation between SCC resistance and grain-63 

boundary/matrix microstructures in 7xxx alloys has also been claimed in some literature (Knight et 64 

al., 2010, 2015). 65 

 66 

To systematically study and compare the importance of factors influencing the SCC resistance, 67 

reliable, fast, and accurate characterization methods are of vital importance. However, there are 68 

limited tools to observe the GBPs microstructures. Although TEM is the most popular tool for GBPs 69 

observation bringing high resolution images with excellent contrast (Ajay Krishnan et al., 2018; 70 

Kannan & Raja, 2006; Zhou et al., 2021), there exist some limitations. First, the most adopted 71 

sample preparation method for AA7075 TEM observation - electropolishing - is sensitive to the 72 

variation of experimental parameters (i.e., voltage, current density, temperature, time, and flow rate), 73 

characteristics (thickness, conductivity, etc.) of the specimen (Ünlü, 2008) and is also highly 74 

dependent on the experience of the operator. The observable area is frequently limited to a small 75 

region depending on the quality of electropolishing. Several samples are usually prepared to 76 

guarantee a sufficient sampling area. Second, a TEM image is a projection where numerous 77 

precipitates in a three-dimensional sample are projected into a two-dimensional field of view, 78 

overlapping each other and hindering the ability to be properly quantified for their size and inter-79 

distance. Third, the thickness of the specimen varies from spot to spot caused by electropolishing. 80 

The quantification of precipitates thus requires thickness measurements at each spot to normalize 81 

the effect of overlapping, which is time-consuming. Last but not least, the TEM is, in general, less 82 

accessible thus more expensive to produce results at scale compared to SEM, which limits the 83 

potential of mass production of images for data analytics.  84 

 85 

To tackle every pain point mentioned above, in this paper we propose an advantageous SEM 86 

imaging technique using backscattered electrons (BSE) with the perspective of normal top view 87 

(Fig. 1) to produce representative results of size and inter-distance of precipitates at grain boundaries 88 

in AA7075. TEM images were acquired in the direction of parallel lateral view (Fig. 1) in contrast 89 

to demonstrate the ineffectiveness when accessing some of the GBPs measurements, notably the 90 

inter-distance of precipitates. SEM imaging conditions have been optimized with Monte Carlo 91 

simulations to understand the visibility and contrast of precipitates. SEM-BSE imaging has also 92 

been compared with TEM imaging, notably in high angle annular dark-field scanning transmitted 93 

electron microscope (HAADF-STEM) mode, with the perspective close to normal top view for 94 

GBPs observation. Finally, the correlation between the characterized GBPs microstructure and the 95 

SCC resistance has been studied for AA7075 samples respectively after four different heat-96 

treatments.  97 

  98 
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 99 

 100 
Fig. 1 Scheme of perspectives with normal top view and parallel lateral view to observe grain 101 

boundaries. 102 

2. Materials and methods 103 

An AA7075 type alloy in the form of a 2 mm as-rolled sheet was prepared with four different temper 104 

methods, named T6, temper-A, T73, and temper-B respectively (Table 1.). A JEM2200FS with 105 

Schottky field emission source TEM operating at 200 kV, and a Hitachi Su-70 Schottky field 106 

emission SEM were used to observe the grain boundary microstructures for the comparison of each 107 

sample. Monte Carlo simulations of backscattered electrons based on the SEM were performed 108 

using Casino v2.51 (Drouin et al., 2007), with boost software license 1.0. Image analysis of grain 109 

boundary microstructure, including precipitates identification and localization, was carried out 110 

using ImageJ with the license of open-source software projects. The nearest neighbor distance was 111 

calculated using Python 3.8 under the PSF License Agreement and the Zero-Clause BSD license. 112 

Table 1. Artificial aging heat treatments applied to the AA7075 alloy. 113 

Artificial aging treatment Aging sequence 

T6 120°C/24 h 

temper-A* 121°C/1 h + 177°C/1.5 h 

T73 107°C/6 h + 162°C/24 h 

temper-B Proprietary information 

*based on the reference (Berg et al., 2001). 114 

Each TEM sample was electropolished using a Struers® twin-jet electropolisher at 12 V for 2-5 min 115 

in a mixture of 67 % methanol and 33 % concentrated HNO3, at a temperature of approximately -116 

30°C. The prepared TEM samples were directly used for SEM imaging. 117 

 118 

U-bend specimens for stress-corrosion cracking evaluation were prepared in accordance with 119 

ASTM G30-97 Standard Practice for Making and Using U-Bend Stress-Corrosion Test Specimens. 120 

They were prepared as 150 mm by 25 mm coupons with the length perpendicular to the rolling 121 

direction. The outer surface and edges were mechanically polished and degreased with acetone prior 122 

to the test. A two-stage stressing method was applied to ensure that the specimen remained in a state 123 

of plastic deformation. The SCC experiment consisted of an alternate immersion at room 124 

temperature (~ 20°C, 30-40% relative humidity): 10 min immersion followed by a drying period of 125 

https://docs.python.org/3/license.html#bsd0
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1h50. The total duration of the test was 1848h (924 cycles). The solution used for the SCC 126 

evaluation is to represent the de-icing salts used on the roads during winter in North America. It was 127 

prepared to simulate a realistic corrosion environment encountered in the automotive industry. The 128 

electrolyte was prepared with deionized water and its composition is detailed in table 2. The 129 

specimens were inspected daily and the time to failure was recorded correspond to the difference of 130 

time between the beginning of the exposure and the first observation of a crack. 131 

 132 

Table 2. Electrolyte composition used for SCC experiment. 133 

Component Concentration (% m/m) 

NaCl 5.13 

Na2SO4 0.202 

CaCl2 0.151 

 134 

3. Results and discussion 135 

3.1 Parallel lateral view of grain boundaries by TEM and SEM 136 

  137 

Fig. 2 (a) TEM image of GBPs of AA7075 at T6 temper from parallel lateral view. (b) SEM-BSE 138 

image of GBPs of AA7075 at T6 temper from lateral view. 139 

 140 

The parallel lateral view of grain boundary, illustrated in Fig. 1, is the most frequent observation 141 

direction reported in the literature (Huang et al., 2012; Kannan & Raja, 2006; Peng et al., 2011; 142 

Zhou et al., 2021). Clear projection of PFZ facilitates the interpretation of grain positions and the 143 

accurate measurements of PFZ width. Besides, the GBPs aligned one by one in the middle of PFZ 144 

are well separated from the rest of the precipitates in the matrix, which is of aesthetic sense and 145 

avoids overlapping between GBPs and precipitates in the matrix.   146 

 147 

By tilting the sample in one or two orthogonal directions in TEM, we can measure the PFZ width. 148 

When the PFZ is tilted to be parallel to the incident electron beam, it appears clearly in the TEM 149 
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image as shown in Fig. 2(a) with both edges defined by the absence of hardening precipitates. In 150 

contrast, SEM fails to offer such clarity mainly due to higher electron interaction volume, which 151 

leads to a lower spatial resolution of hardening precipitates in the matrix and the overlapping of the 152 

matrices over and beneath the grain boundary. SEM-BSE image shown in Fig. 2(b) was acquired 153 

with a lateral view of PFZ, but since the GBPs are not aligned perfectly and some of them are 154 

adjacent, expanding the width of the boundary line, this boundary is close, but not completely 155 

parallel to the incident beam. With a sub-hundred nm thickness in transmission mode, the TEM 156 

observation can guarantee that the parallel state of the boundary to incident beam is achieved. 157 

Whereas in SEM, it is more difficult to really confirm the parallel state with a visible depth of several 158 

hundred nanometers. Therefore, it is preferable to measure the PFZ width using TEM. 159 

 160 

Fig 2(a) shows an optimum tilting position for PFZ width measurement. In practice, however, such 161 

tilting can introduce some inconveniences. First, it increases the thickness of the probing area, which 162 

decreases the contrast and resolution. Second, the employed TEM only allows a ±40° tilting angle 163 

range due to the limitation of the sample holder, which limits the grain boundaries that are able to 164 

be tilted to the ideal orientation. The example in Fig. 3 demonstrates that a 36° tilting of the primary 165 

axis was applied before the GBPs were regressed to a single line. Third, the tilting may also bring 166 

diffraction contrast which influences the image quality, as shown in Fig. 3. Moreover, with randomly 167 

oriented grain boundaries, it is difficult to tell if one boundary is a candidate for the PFZ 168 

measurements before tilting. Despite these inconveniences, the parallel lateral view with TEM 169 

imaging is still the method to choose for PFZ width measurement, given the excellent contrast and 170 

clear definition of PFZ edge. 171 

 172 

Fig. 3 Grain boundary microstructure of AA7075 with T73 temper under TEM with a step-by-step 173 

tilt. 174 

 175 

Nevertheless, it is difficult to perform the size and inter-distance measurements for GBPs using 176 

TEM images with the perspective of parallel lateral view. In Fig. 2(a), the GBPs are present as a 177 

form of one line and they overlap each other in projection, which makes it impossible to access their 178 

size, shape, and inter-distance. The overlapping of GBPs is not present in Fig. 2(b) and the GBPs 179 

are present separately in a line or a region. This is mainly due to the observed PFZ not being 180 

completely parallel to the beam. The GBPs at a greater depth within such PFZ generate a lower 181 

intensity of signal than the GBPs at a smaller depth. Given the clear definition of individual GBPs 182 

in SEM-BSE images of the T6 sample, it is possible to measure the size and inter-distance of GBPs. 183 

However, it is still not ideal to measure the inter-distance using SEM-BSE in the direction of lateral 184 

view for two main reasons. First, the distance between precipitates within the grain boundary in Fig. 185 

2(b) is only the distance along the boundary direction but not the nearest neighbor distance. Second, 186 

from the perspective of lateral view, only one line of GBPs per PFZ is available for quantitative 187 
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analysis whereas the grain boundary is a two-dimensional plane with much more GBPs. The 188 

following section introduces the normal top view of grain boundary by SEM-BSE to solve these 189 

two issues.  190 

3.2 Normal top view of grain boundaries by SEM-BSE and TEM 191 

The comparison between TEM and SEM imaging for grain boundary of AA7075 in the previous 192 

section is mainly focused on the perspective of grain boundary parallel to the incident beam (parallel 193 

lateral view). When the angle is high between grain boundary and incident electron beam, the 194 

hardening precipitates within the grain above and below the grain boundary are projected into the 195 

two-dimensional plane where the TEM image is collected. The mixed contrast of bend contour, 196 

thickness variation as well as overlapping of precipitates has a negative effect on the GBPs 197 

observation. Moreover, the limited imaging area brings extra difficulties to obtain accurate 198 

quantitative information of GBPs. However, the imaging using SEM-BSE does not have such issues. 199 

Without any sample tilting, regions can be found due to a large observation area where the grain 200 

boundaries are nearly perpendicular to the incident beam. This particular viewing angle of GBPs is 201 

termed as normal top view in this paper. The following section details the application of SEM-BSE 202 

for grain boundary normal top view imaging. 203 

3.2.1 Monte Carlo simulation of depth and voltage - visibility study of SEM-BSE 204 

 205 

 206 
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Fig. 4 (a) Depth distribution function of electron hits at 10kV. (b) Simulated BSE signal depth as a 207 

function of acceleration tension. (c) SEM-BSE images showing visibility vs. acceleration tension. 208 

 209 

The energy of BSE is usually ranging from 50 eV to nearly the incident beam energy, and the 210 

incident electrons elastically scatter and leave the sample to show sub-surface signals(Mullerova & 211 

Frank, 2003). Under the backscattered electron mode, the alloying elements with larger atomic 212 

number Z (Zn and Cu) in GBPs render higher contrast in Al matrix. To achieve even higher contrast 213 

for high atomic number elements, it is preferable to move the sample closer to the detector, since 214 

BSE at a wide scattering angle are not captured when moving the sample further away from the 215 

detector (Richards et al., 2000). In terms of spatial resolution, a relatively small working distance is 216 

also beneficial to SEM-BSE imaging. The SEM images achieved in Fig. 2(b) look similar to STEM 217 

images shown in the literature (Kairy et al., 2018; Zhou et al., 2021). 218 

 219 

The Monte Carlo simulations have been conducted by using Casino software (Drouin et al., 2007) 220 

to estimate the distribution of backscattered electrons under different voltages. 105 electrons were 221 

simulated for each voltage step to calculate the depth distribution function (DDF) of the 222 

backscattered electrons as shown in Fig. 4(a). The electrons that come from maximum depth, 223 

counting for less than a tenth of the signal, do not contribute much to the imaging. 224 

 225 

Plenty of studies have developed different models to estimate the penetration depth and information 226 

depth (ID) of electrons (Assa’d & Gomati, 1998; Kanaya & Okayama, 1972; PiŇos et al., 2017). 227 

ID is the distance from the surface to the deep element of the structure that can be just imaged 228 

(Niedrig & Rau, 1998). In some studies, ID has been simply taken as a fraction of its penetration 229 

depth (Frank et al., 2000; Rau & Reimer, 2001; Richards et al., 2000). A modified theoretical 230 

equation based on Kanaya and Okayama’s work (Kanaya & Okayama, 1972) was reported (PiŇos 231 

et al., 2017) as  232 

ID𝐵𝑆𝐸 =
7.5𝐴𝐸1.67

𝜌𝑍0.89
  233 

, where ID𝐵𝑆𝐸 (nm) is the information depth of the BSE; A is the atomic weight; Z is the atomic 234 

number; E is the energy of incident electrons and ρ is the density of the target. The ID can also be 235 

determined based on emission DDF for the signal of interest. PiŇos et al. in their study 236 

recommended the ID as a depth within which 92%-93% of the signal generated (PiŇos et al., 2017), 237 

though the standards (ISO18115 and ASTM E-42) define 95% or 99% as the suitable threshold. 238 

Another empirical method estimating the ID is to put the threshold halfway down the falling slope 239 

in the DDF (PiŇos et al., 2017). As can be seen in Fig. 4(b), the methods to estimate the ID have 240 

slight differences (red, blue, and green lines). We estimate with a 92.5% generated signal that the 241 

ID is around 330 nm at 10kV for AA7075, as illustrated in Fig. 4(a). 242 

 243 

An area of PFZ from the AA7075 temper-B was selected to visualize the influence of acceleration 244 

tension on the visibility of GBPs, shown in Fig. 4(c). At 3 kV voltage, the average depth of 245 

backscattered electrons is only around 46 nm. The difference between the backscattered electron 246 

coefficient (η) of Al and heavier Cu/Zn is relatively small at 3 kV, which results in low contrast. 247 

Therefore, only some corrosion pits on the surface are revealed with some shallow precipitates 248 

appearing at the surrounding of the concave. As the tension increases, more precipitates are revealed 249 
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as shown in Fig. 4(c) from 4 kV to 10 kV. The contrast also becomes better for precipitates in lower 250 

depth because the η of Al decreases while the η of Cu/Zn increases with the increase of electron 251 

beam energy (Assa’d & Gomati, 1998; Frank et al., 2000). At around 8~10 kV, all of the GBPs at 252 

the bottom left region in the field of view are revealed. However, higher tension does not help reveal 253 

more GBPs in the region because the PFZ is fully penetrated and therefore excessive voltage will 254 

only introduce the fine matrix precipitates underneath into the image, which brightens the 255 

background and reduces the contrast of the image. It is to note that the grain boundary expands 256 

towards the top right region in the field of view from 6 kV to 14 kV, which suggests that this PFZ 257 

is deeper at the top right compared to the bottom left region. Therefore, in this grain boundary, most 258 

of the GBPs are distributed at the level of depth with ID from 4 kV to 10 kV, namely between 75 259 

nm to 330 nm approximately. 260 

  261 

 262 

Fig. 5 SEM-BSE image (a) and illustration (b) of a concave grain boundary with ID at 10 kV.  263 

 264 

Fig. 5(a) shows an SEM-BSE image of a grain boundary section with a width of around 2 µm. GBPs 265 

at two edges are etched out with visible holes (contrast in black) in the image. Since the etching 266 

happens at the surface during electropolishing, such appearance corresponds to a concave structure 267 

of the boundary, illustrated in Fig. 5(b). The average grain equivalent diameter measured by EBSD 268 

is around 24 µm. If we assume the grain is a 24 µm diameter sphere, given the symmetry of this 269 

concave boundary structure and 2 µm width, the angle between the surface and the boundary is less 270 

than 3°. However, the EBSD mapping in Fig. S1 reveals that the grains are nonspherical and the 271 

sizes vary drastically from one grain to another (details in supporting information). It is possible 272 

that this grain is smaller, of which the boundary is more curved. Nevertheless, the information depth 273 

at 10 kV confines the maximum depth of the GBPs in the image – 330 nm. Given the concave 274 

boundary structure of 2 µm width, it is still reasonable to approximate at the center an area parallel 275 

to the surface that is suitable for measurements of GBPs size and inter-distance. In fact, given a 276 

fixed acceleration tension, the larger the area of spread GBPs appears in the field of view, the higher 277 

chance a flat grain boundary is observed. Even though in most cases SEM-BSE images from normal 278 

top view do not show completely flat surfaces of PFZ, this observation direction with high contrast 279 

and large boundary area still enables us to measure the GBPs size and inter-distance, providing more 280 

data per image with better accuracy than measurements using TEM images with the perspective of 281 

parallel lateral view. Empirically, we consider an area of a circle with a 2 µm diameter to be flat 282 

enough for GBPs measurements at 10 kV acceleration voltage.  283 
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3.2.2 Comparison of SEM-BSE and TEM in normal top view 284 

As discussed in previous sections, the TEM bright-field images of PFZ are usually in parallel lateral 285 

view direction for their high resolution and clear definition of PFZ border and GBPs inside. 286 

However, it is difficult to conduct TEM observation for normal top view imaging for two main 287 

reasons. First, the suitable thickness of the Al alloy sample for TEM observation at 200 kV is less 288 

than 100 nm, which leads to much fewer opportunities to encounter a grain boundary considered to 289 

be flat enough to perform the observation with the perspective of normal top view. Usually, only a 290 

small section of the boundary plane appears as the intersection with the observed volume of sub-291 

100 nm in thickness, as shown in Fig. 6(a), similar to what we can observe with SEM-BSE in Fig. 292 

4(c) at 4 kV (ID ~75 nm). Second, the diffraction contrast of bend contour will further influence the 293 

quality of the image, hindering the accuracy of measurements for GBPs, as shown in Fig. 3 at 0° 294 

and in Fig. 6(a) at 14.1°. A study suggests that the HAADF-STEM can generate images less prone 295 

to the two concerns above. Bend-contour-free images at a relatively higher thickness (> 200 nm) 296 

can be imaged with decent contrast and resolution (Zhu et al., 2018).  297 

 298 

Fig. 6 (a)TEM bright-field (b)SEM-BSE and (c)HAADF-STEM image of AA7075 grain 299 

boundary at T73 temper with perspectives close to normal top view; (d) SEM image of 3 mm 300 

diameter AA7075 disc at T73 temper with an electropolished hole of 485 × 355 µm, demonstrating 301 

the difference of observable area between TEM and SEM for the same sample.    302 

 303 

Fig. 6 (a,b,c) shows images of AA7075 grain boundaries at T73 temper acquired by TEM, SEM, 304 

and HAADF-STEM respectively. Due to the thinness of the sample, the TEM image of grain 305 

boundary in Fig. 6(a) appears narrower than what was observed with SEM-BSE as shown in Fig 306 

6(b). Moreover, the precipitates shown in TEM bright-field image seem to be smaller (around 50 307 

nm) than those in the SEM image (some over 150 nm) while they come from the same specimen. It 308 

is highly likely that the thickness near the hole in Fig. 6(a) is less than 100 nm, which automatically 309 

excludes the precipitates with larger size. Therefore, the GBPs sizes are underestimated using TEM 310 
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in areas with thickness less than 100 nm. This effect is less obvious with HAADF-STEM imaging 311 

(Fig. 6 (c)) because as mentioned above the thickness can be larger (~200 nm) without image 312 

deterioration (Zhu et al., 2018). The HAADF-STEM image is close to the one shown in the SEM-313 

BSE image (Fig. 6 (b)). Thanks to a converged beam scanning the area, the bend contour is not 314 

present. Compared to TEM bright-field image, the HAADF-STEM is a better alternative to measure 315 

the GBPs size and inter-distance. 316 

 317 

The resolution of HAADF-STEM image is in general better than SEM-BSE image but the contrast 318 

of GBPs is not as good. Compared to SEM-BSE images, however, it is still difficult to find an area 319 

as large as the ones imaged with SEM since the sample thickness is irrelevant for SEM-BSE but not 320 

for STEM. Fig. 6 (d) displays in general the difference of observable area between the TEM-based 321 

methods and SEM-based methods for the same electropolished AA7075 disc. Both TEM bright-322 

field and HAADF-STEM need to collect electrons passing through the sample, which requires a 323 

thickness limit of less than a few hundred nanometers. The SEM imaging, in contrast, does not have 324 

this limitation. In other words, for normal bulk sample, the signal can always be captured from the 325 

interaction volume within the information depth without image degradation. This main difference 326 

between the two techniques explains the important observable area difference. As shown in Fig. 327 

6(d), the area circled in dash line suitable for SEM observation is about 900 times larger than the 5 328 

µm band (empirically estimated) enclosed in the white ellipse suitable for TEM or STEM imaging. 329 

Besides, the electropolishing success rate is much lower for TEM sample preparation than SEM. 330 

An under-etched or over-etched sample without any observable area for TEM can still be suitable 331 

for the proposed SEM imaging method. Insufficient observation area in TEM or STEM leads to 332 

more sample preparation time in order to obtain as many measurements as those performed with 333 

SEM-BSE. The advantage of SEM-BSE with the perspective of normal top view is more significant 334 

if numerous acquisitions are needed for data analytics. 335 

  336 
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3.3 GBPs measurements and SCC results 337 

 338 

 339 

Fig. 7 (a) SEM-BSE images of the four AA7075 samples with the perspective of normal top view. 340 

(b) Measurements of GBPs size and inter-distance vs SCC criterion. 341 

 342 

The measurements of GBPs size and inter-distance were performed respectively on four AA7075 343 

samples with the heat treatment of T6, T73, A, and B (Table 1). The purpose of temper-A and 344 

temper-B is to mimic the standard aging T6 and T73 respectively while spending much lower 345 

treatment time. With higher temperature (177℃ vs 120℃) but shorter aging time, temper-A has 346 

rendered the AA7075 with a slightly over aged state compared to T6, with larger precipitates at the 347 

grain boundary, shown in Fig. 7(a). Temper-B, by applying a similar multi-step aging strategy with 348 

higher temperature, has also successfully aged the sample to be similar to the microstructure of the 349 

sample undergone T73 temper. Both T73 and temper-B are over aged state and are expected to show 350 
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similar SCC resistance, better than T6 and Temper-A. 351 

 352 

Two methods to evaluate the GBPs inter-distance were applied and compared. The method I denotes 353 

the measurements from lateral view from SEM. This is different from the parallel lateral view 354 

because the electron beam does not need to be parallel to the grain boundary while only one line of 355 

precipitates close to the surface is clearly shown in the image (Fig. 2(b)). As mentioned previously, 356 

the average spacing between GBPs was obtained in one direction along the intersection of the grain 357 

boundary and the imaging plane. The method II denotes the measurements of the nearest neighbor 358 

distance of GBPs within grain boundaries close to the polishing plane with the perspective of normal 359 

top view (Fig. 7(a)). To generate more reliable measurements for method II, the grain boundary 360 

areas acquired are with around 3 μm diameters.  361 

 362 

Results shown in Fig. 7(b) demonstrate the GBPs inter-distance and spherical equivalent diameters 363 

share the same tendency: T6 < temper-A < temper-B < T73, where temper B and T73 samples have 364 

close values. The similar trend of measurements for GBPs inter-distance with both method I and 365 

method II using SEM indicates that we can choose either method to measure the average of 366 

precipitates spacing. As mentioned above, a larger quantity of measurements can be obtained with 367 

method II since it is with a two-dimensional region of precipitates to measure while only one line 368 

of precipitates are measured with method I. For the same reason, the results of nearest neighbor 369 

inter-distance generated with method II are systematically smaller than surface precipitates inter-370 

distance measured with method I. In fact, the normal top view provided images (method II) can also 371 

serve for precipitate spacing measurements in one direction since we already have the two-372 

dimensional information. The two-dimensional representation of GBPs opens the door to further 373 

modeling of corrosion behavior in correlation with PFZ structure, notably GBPs size and inter-374 

distance.  375 

 376 

The SCC resistance results measured with U-bend test are also shown in Fig. 7(b). The SCC criterion 377 

is calculated as follow: 378 

𝑆𝐶𝐶𝑐𝑟𝑖𝑡 =  
𝑐𝑖

𝑐𝑡
 379 

, where ci is the number of cycles at failure and ct is the total duration of the test. In the case where 380 

a specimen shows no sign of SCC for the whole duration of the test, it is assumed that ci > ct and a 381 

value of 1 is attributed to the specimen. The results presented in Fig. 7(b) indicate that the SCC 382 

resistance of the 4 tempers follows a similar trend as the GBPs size and inter-distance: T6 < temper-383 

A < temper-B ≈ T73. 384 

 385 

It has been discussed in the literature (Kannan & Raja, 2006) that inter-granular cracking induced 386 

by the dissolution of continuously distributed anodic precipitates at the grain boundary (GBPs), 387 

typically at peak aging condition, is the main mechanism controlling the SCC susceptibility of these 388 

alloys. Over aged specimens are less affected by this phenomenon because the GBPs are coarser 389 

and more distant. The results shown in Fig. 7(b) confirm that peak aged specimen (T6) as well as 390 

the slightly over aged temper-A specimen are susceptible to this form of corrosion while the over 391 

aged T73 and temper-B specimen shows no sign of cracking. Fig. 7(b) also indicates that the SCC 392 

susceptibility of the different tempers roughly correlates with the GBPs inter-distance. 393 
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 394 

Moreover, it is worth mentioning that even if the T6 specimen GBPs are closer to each other than 395 

in the over aged tempers, their distribution is not continuous in the SEM-BSE images. Therefore it 396 

is highly likely that the continuity of the GBPs reported (Kannan & Raja, 2006), similar to Fig. 2(a), 397 

was only the projection of many precipitates overlapping for a certain thickness. In addition, 398 

according to the EDS results shown in Fig. S2 (details in supporting information), the composition 399 

of the PFZ matrix and GBPs after aging are close among four samples. It is unclear the influence of 400 

the chemical compositions of GBPs on SCC susceptibility. More spectra are needed to study their 401 

quantitative correlation, which is beyond the scope of this study. 402 

 403 

 404 

  405 
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4. Conclusions 406 

In the current study, four samples of AA7075 with different aging histories (T6, A, T73 and B) were 407 

analyzed with SEM and TEM. The imaging methods were compared in detail to measure the size 408 

and inter-distance of GPBs. We successfully conducted imaging experiments with the perspective 409 

of normal top view for grain boundaries, and optimized the SEM-BSE imaging acceleration tension 410 

for GBPs analysis. Monte-Carlo simulations were performed to understand the visibility of 411 

precipitates with respect to calculated information depth. Finally, we applied the GBPs analysis 412 

results acquired from the reported SEM imaging method to validate the correlation between the 413 

GBPs structure and SCC resistance. The important findings are listed below. 414 

 415 

1. The conventional parallel lateral view of PFZ for AA7075 with TEM is ineffective for 416 

GBPs inter-distance measurements due to its small observation area, overlapping effect and 417 

undesired diffraction contrast. 418 

2. SEM-BSE imaging is an excellent alternative to TEM regarding the observation of grain 419 

boundary microstructures in AA7075. At around 10kV acceleration voltage, namely an 420 

information depth of 330 nm from the surface, ample area of grain boundaries quasi-parallel 421 

to the surface was frequently found in each sample. With more representative GBPs size 422 

and inter-distance measurements, it is highly recommended that the reported method using 423 

SEM-BSE observation with the perspective of normal top view should serve as a prior 424 

imaging method for AA7075 grain boundary and further data analytics.  425 

3. HAADF-STEM can improve the image quality for the observation of grain boundaries in 426 

AA7075 compared to TEM bright-field, but it still lacks proper sampling area compared to 427 

SEM-BSE with the perspective of normal top view.  428 

 429 

The SCC resistance ranking of AA7075 samples undergone four tempers is T6 < temper-A < temper-430 

B ≈ T73. The SEM-BSE imaging with the perspective of normal top view succeeded in providing 431 

GBPs size and inter-distance measurements consistent with SCC results.  432 
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Figures 570 

Fig. 1 Scheme of perspectives with normal top view and parallel lateral view to observe grain 571 

boundaries. 572 

Fig. 2 (a) TEM image of GBPs of AA7075 at T6 temper from parallel lateral view. (b) SEM-BSE 573 

image of GBPs of AA7075 at T6 temper from lateral view. 574 

Fig. 3 Grain boundary microstructure of AA7075 with T73 temper under TEM with a step-by-step 575 

tilt. 576 

Fig. 4 (a) Depth distribution function of electron hits at 10kV. (b) Simulated BSE signal depth as a 577 

function of acceleration tension. (c) SEM-BSE images showing visibility vs. acceleration tension. 578 

Fig. 5 SEM-BSE image (a) and illustration (b) of a concave grain boundary with ID at 10 kV.  579 

Fig. 6 (a)TEM bright-field (b)SEM-BSE and (c)HAADF-STEM image of AA7075 grain 580 

boundary at T73 temper with perspectives close to normal top view; (d) SEM image of 3 mm 581 

diameter AA7075 disc at T73 temper with an electropolished hole of 485 × 355 µm, demonstrating 582 

the difference of observable area between TEM and SEM for the same sample. 583 

Fig. 7 (a) SEM-BSE images of the four AA7075 samples with the perspective of normal top view. 584 

(b) Measurements of GBPs size and inter-distance vs SCC criterion. 585 
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