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AN ABSTRACT OF THE THESIS OF

Ahmad Mohamad Rabieh Baydoun for Master of Engineering
Major: Mechanical Engineering

Title: Non-Destructive Evaluation of Mixing and Defects of Friction Stir Welded
Dissimilar AAA6061-T6 And AZ31b By X-Ray Computed Tomography.

Friction stir welding (FSW) is a relatively new manufacturing process
employed in the production of parts and components for numerous heavy machinery,
including cars planes and spacecrafts. The analysis of welds produced by this method is
critical for the safe and successful operation of these devices. Non-destructive testing
(NDT) techniques offer a way to evaluate the welds while preserving the specimen.
Traditional NDT methods focused on the detection of internal defects and their effect on
the weld strength. Ultrasonic, X-ray, Gamma-ray, and other scanning technologies have
been employed to analyze these internal defects. The evaluation of material mixing in
the thermally and thermally-mechanically affected weld zones (TAZ TMAZ) is a less
researched area due to the inability of traditional testing techniques in detecting
different materials accurately and in a non-destructive manner. Since having a more
homogeneous weld zone will lead to enhanced mechanical properties, having a
systematic method to analyze material mixing is highly sought after.

In this research, a method for material flow analysis and defect detection by
based on computed tomography X-ray (CT X-ray) scans is presented, tested, and
corroborated. First dissimilar friction welded AA6061T6/AZ31b welds are produced.
The welded samples are then analyzed using the proposed NDT CT X-ray method.
Based on the Hounsfield Units values (HU), the CT X-ray scans are segmented using
the global Otsu thresholding method into masks for each different material, and 3D
renderings are generated. Measurements of materials penetration and transfer are carried
out and corroborated using destructive cuts and Energy Dispersive X-ray Spectroscopy
(EDX) analysis. The results show that this method can detect internal defects and
characterize the material mixing accurately.
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CHAPTER |

INTRODUCTION

The quality assurance of a manufactured product has been implemented in all types
of factories and plants. Recently nondestructive evaluation and testing methods (NDE and
NDT) have seen increasing popularity in the manufacturing sector especially in the
evaluation of critical components such as stringers, turbine blades, engine blocks, and
critical welds [1-4].

For example, Petit et al. [5] used X-ray tomography to study the effect of
intermetallic compounds on the mechanical properties of aluminum foam samples and
were able to confirm via finite element analysis (FEA) that the presence of these
compounds results in failure of these foams. Moura et al. [6] successfully employed
gamma-ray CT to analyze welded steel tubes for discontinuity in the weld zone recoding
discontinuities as small as 0.3mm.

Plessis and Rossouw [7] used X-ray micro CT in order to detect defects and study
the wall thickness consistency of an aerospace part made from titanium by investment
casting. Plessis and Rossouw[7] were able to detect defects with volumes as low as 2mm?,
Zheng et al. [8] employed two NDT methods for the detection of voids, determining
volume fraction, and analyzing the shape of the adhesive fill. The first method was neutron
radiography and was used to determine the void fraction by thresholding the neutron

radiography images and to calculate the ratio of void pixels to material pixels. X-ray CT



allowed for clear visualization of the defects due to the high resolution of the scans of 125
um? [8]. Hermanek and Carmignato [9] used an aluminum object to which different void
like features were added in order to determine the effectiveness of X-ray CT scans in
detecting these features accurately, a total of 72 machined features were added to the
object. The representational accuracy of the scans was studied and evaluated based on
multiple criterions and based on comparisons with numerical simulations [9].

Friction stir welding (FSW) is a welding technique credited to T.W Morris. This
method involves pressing a welding tool that does remove material into the workpiece
plates and then traversing the weld length while the tool rotates at high speeds, thus causes
significant shearing action or stirring which welds the plates together [10]. Developed in
1992, one of the notable advantages of this welding method is that it applies to a multitude
of materials such as steel, aluminum, magnesium, titanium, among many [11-14]. FSW
can be used to weld these metals to themselves (same material weld) or to other (dissimilar
material welds) [15-18].

The aluminum alloy AA6061-T6 and the magnesium alloy AZ31b are relatively
new alloys that present high strength to weight ratios, as well as other attractive qualities
such as recyclability and ease of machining. These properties made these alloys highly
sought-after materials in numerous industrial fields, especially in automotive and
aerospace where light materials result in increased efficiency and profitability [19-25].

These two alloys are well studied in FSW. For example, Hilal et al. [26] performed
FSW lap welds on AA6061-T6 and ultra-low carbon steel and studied the effects of the

feed speed on intermetallic compound formation, the weld zones (TMAZ and HAZ ) and



generated shear loads. Elangovan and Balasubramanian [27] studied the effect of post
welding heat treatment on the tensile properties of FSW AA6061 joint. Their findings
show that simple artificial aging increases joint efficiency by 11%. Fathi et al. [28]
performed underwater FSW of AA6061, by lowering the welding temperature Fathi et al.
[28] were able to prevent the HAZ from softening and thus improving the weld strength
and hardness by 16% and 12.5% respectively.

Xu et al. [29] investigated the effects of extremely low welding speed, and
rotational tool speed on the microstructure of FSW butt welded AZ31b plates. The
extremely low welding parameters resulted in a twin structure in the weld zone which acts
as a barrier to dislocation movement and thus improving mechanical properties. Han et al.
[30] employed electrically assisted friction stir welding to join AZ31b plates with a current
range of 0 to 200A and studied the current effect on the tensile strength of the joints. Han
et al. [30] noted that with increased current a higher tensile strength was achieved reaching
a weld effectiveness of 84.95% of the base metal at 200A. Gulati et al. [31] produced
FSW joint of AZ31b using two tools with different pin geometries (cylindrical and
conical), visual inspections of the welds were made, and the optimal FSW for each pin
geometry was determined.

Meng et al. [32] studied the improvement resulted from using an ultrasonic
generator to reduce the material adhesion on the pin of the FSW tool for dissimilar
AA6061-T6 and AZ31b dissimilar FSW butt welds. Using this method, the welded joint
reached a tensile strength of 115MPa. Sharma et al. [33] performed dissimilar FSW

experiments on AZ31b and AA6061 circular plates; five different tools were tested.



Sharma et al. [33] noted that the circular geometry poses more difficulty during welding
compared to linear welds. A Cylindrical pin geometry, and a rotational speed of 1200RPM
and feed of 20mm/min were found to produce the best welds [33]. Mehta et al. [34]
investigated conventional and cool assisted FSW of dissimilar AA6061 and AZ31b alloys,
the welds were analyzed using EDX, X-ray diffraction, tensile testing, and microhardness
indentation. Cooled FSW showed improved tensile strength and hardness over
conventional FSW, and improved weld efficiency of 20% [34].

The application of NDT methods towards the evaluation of FSW joints has been an
important area of research in recent years, multiple testing techniques have been
implemented to determine the quality of an FSW joint. They generally focus on the
detection of internal defects since the presence of these defects will drastically lower the
strength of the weld. Common defects encountered in metal friction stir welding include
chip defects, wormhole defects and scalloping defects, each of these defects is
characterized by a specific geometry [35 36].

One example of such studies is the usage of ultrasonic waves that react to the
change in density that corresponds to the presence of a defect. Tabatabaeipour et al. [37
38] demonstrated that ultrasonic waves could be used to study the root defects in butt-
welded FSW joints. Lamb waves were also successfully employed by Santos and Santos
[39] to detect internal defects in butt-welded aluminum plates. As noted by Santos and
Santos [39], however, X-rays can be employed in relatively the same way as ultrasonic
waves and will give more quantitative details about the defects. Schaff et al. [40]

developed a method based on X-ray CT to study FSW aluminum alloy samples; this



method allowed for higher resolution than traditional CT X-ray methods. Maho et al. [41]
manufactured dissimilar Al-Steel FSW welds using an underwater technique to reduce heat
generation and therefore, the formation of intermetallic compounds. Welds were then
analyzed using micro X-ray CT to detect the presence of kissing, cavity and “lazy S”
defects in the weld zone. Dumont et al. [42] analyzed FSW AAT7449 joints using small-
angle X-ray scattering and were able to reveal the microstructure of the weld as well as the
different weld zones. Egan et al. [43] developed an “instrument with the ability to spatially
resolve energy-dispersed X-ray powder diffraction patterns taken in a single snapshot.”
Bead on plate FSW AI7050-T6 was used to test the accuracy of the developed instrument.
The instrument detected the different crystalline phase in the weld zone,

The evaluation of material mixing is, however, a more laborious task since the test
or evaluation technique must be able to detect the changes in physical properties of the
materials such as radiodensity for X-ray based techniques. In X-ray based defect detection
NDT techniques, the radiodensity between air (internal voids) and metals is significant,
allowing for relatively straightforward detection of defects. However, since the
radiodensity changes between metals are generally less pronounced than the radiodensity
changes between these metals and air, applying X-ray NDT methods towards the analysis
of material mixing is a more challenging task.

Schneider et al. [44] employed an X-rays and X-ray CT scans to determine the
mixing of material in aluminum FSW, to overcome the radiodensity problem mentioned
above, Schneider used a lead wire to act as a tracker element. The tracker element was

then used to study the effect of tool rotation, and shearing action, that is then used to



evaluate the structure of the weld. Morisada et al. [45] employed a similar technique but
using tungsten as the tracer element, 3D plots corresponding to the tungsten flow were
plotted.

The previous studies, while offering new insight into material flow evaluation,
lacked critical elements regarding the X-ray implementation and methodology. The
thresholding methodology that allows for the segmentation of the masks is not adequately
described. This methodology is critical since using an accurate thresholding method would
allow for a more in-depth analysis of material flow analysis and internal defects size
determination. Applying such a methodology will offer multiple new quantitative elements
that can be analyzed and studied to optimize weld parameters and obtain stronger welds.

In this research, a method for material flow analysis and defect detection by based
on computed tomography X-ray (CT X-ray) scans is presented, tested, and corroborated.
First dissimilar friction welded AA6061T6/AZ31b welds are produced. The welded
samples are then analyzed using the proposed NDT CT X-ray method. Based on the
Hounsfield Units scale (HU) [46 47], the CT X-ray scans are segmented using the global
Otsu thresholding method [48] into masks for each different material, and 3D renderings
are generated. Measurements of materials penetration and transfer are carried out and
corroborated using destructive cuts and Energy Dispersive X-ray Spectroscopy (EDX)

analysis.



CHAPTER I

DISSIMILAR FRICTION WELDING EXPERIMENTS

In this chapter, the characteristics for the material used is presented, and the
methodology used to produce the dissimilar friction stir welds is outlined. The resulting

welds are then presented

A. Material Characterization

The materials to be used in this research are AA6061-T6 and AZ31b. The
composition of which was obtained via Energy Dispersive X-ray Spectroscopy (EDX) and
is listed in table 1. These materials were selected because they are relatively easy to weld
(lower welding forces is required compared to low carbon steel) and are well researched
[26-34] also because of previous FSW experience with these materials [49-51].
Furthermore, these -materials exhibit a measurable difference in their radioactive response
when subjected to CT X-ray; thus, it is possible to efficiently differentiate the two

materials in a CT X-ray image.

Table 1 Elemental composition of the AA6061-T6 and AZ31b alloy.

% Weight Al Mg Zn Fe Si Cu Mn
AA 6061-T6 |98.51| 0.88 0.44 0.03 0.03 0.1 ND
AZ31b 2.52 | 96.38 0.79 ND ND ND 0.31




B. FSW Setup

The welding was performed using a HAAS VF-6 5-axis milling center, to which a
prebuilt FSW fixture is attached to enable welding. The plates are FSW’ed in a butt weld
configuration. Figure 1 shows the FSW setup with the essential elements labeled, the FSW
fixture (3) is placed in the KURT vice (2). The FSW Tool (4) is placed in the spindle (1)
and the position calibrated to dimensions of the plates and the weld start position. The
plates (5-6) are secured via the clamping mechanism (7-9). Dry compressed shop air (10)

is used to cool the tool during and after each weld.

| Setup Elements:

1. Spindle

2. KURT Vice

3. FSW Vice

4. FSW Tool

5. Plate 1

6. Plate 2

7. Backing Plate

8. Clamping Plates
9. Clamping Screws
10. Cooling Air

Figure 1 FSW setup diagram, key elements are highlighted.



C. FSW Tools and Parameters

A total of 6 tools were tested at multiple feed/speed/offset combinations in order to
determine the optimal tool for dissimilar AA6061-T6/AZ31b FSW. Traditional FSW tools
having cylindrical pins and simple shoulders were tested, a conical tool and two threaded
pin tools with circular shoulder grooves. Due to the highly non-linear coupled physical
phenomena encountered in FSW [18] selecting the proper tool for a particular weld
configuration is an involved task and the reason why multiple tools were tested.

Figure 2 (a-f) show the tools used, tool (a) is a traditional FSW tool with a 6mm
diameter pin and 12 mm diameter shoulder. Tool (b) is also a traditional FSW tool but with
a broader shoulder to increase the welding area. Tool (c) has a cone-shaped pin, note that
this tool geometry facilitates material flow. Tools (d) and (e) are threaded cone-shaped
tools with a grooved shoulder that generally results in the highest strength welds due to the
material flow patterns that are observed during welding the main difference between these
two tools are the dimensions of the pin and shoulder features. Tool (f) is a traditional
cylindrical tool with a small pin (3mm) and a large shoulder (21mm) that results in
sufficient material flow without introducing too much deformation into the weld zone [52-
55].

A total of 47 welds were produced, the feed, speed, and tool offset ranges are listed
in table 2. The weld length of all welds was 57mm measured from the start position to the
center of the exit hole of the welds. For each tool, a few initial tests were conducted at
different parameter combination based on previous FSW experiments. These welds were

then evaluated and used as a base point for the following tests. For the first two tools (a



and b) however, a total of four welds were used, and it was concluded early on that the pin
geometry was too large and the resulting shearing action was too violent on the material
meaning that no significant welding is viable.

The tools showed variable performance depending on the parameter combinations
used. The samples were visually inspected after welding. The presence of visible defects
was used as a measure for the selection of the next FSW parameters. While the absence of
visible defects is not a measure of the strength of the weld due to the possible presence of
internal non-visible defects, it is a suitable parameter in this case since the objective is to
produce both good welds as well as welds that contain internal defects to be detected by

the NDT method.

10
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Figure 2 FSW tools tested. (a) cylindrical pin tool with moderate shoulder (12mm). (b) cylindrical pin tool with large
shoulder (19mm). (c) conical (tapered) pin tool conducive to better material flow. (d-e) tapered threaded pin tool with
circular grooved shoulder the pin shape is considered best for material flow tool (d) and tool (e) have the same shape but
with different dimensions. (f) cylindrical tool with a broad shoulder and s small pin used to reduce the generation of
internal defects.

Table 2 FSW parameter ranges used for the 47 FSW experiments.

Parameter Range
Speed 900-3000 RPM
Feed 25-600mm/min
Offset +2mm ( depending on tool pin diameter)
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D. FSW Experiments Results.

Figure 3 shows a selection of the best samples produced by each tool; the FSW
parameters used to produce each weld are presented in table 3. Each sample is numbered
after the respective tool used in the FSW operation. Tool (a), as previously stated resulted
in excess material shearing at a high rate so that the material was pushed away by the large
pin, no mixing took place this can be clearly seen in figure 3 (a). Tool (b) showed similar
behavior as well resulting in a similar result to tool (a) figure 3 (b). Sample (c) started with
good weld and good surface finish. However, a large groove formed in the end half of the
weld. Sample (d) showed a consistent rate of visible defects across the weld length.
Sample (e) showed good surface finish across the weld length, and no visible defects were
observed in the weld except for a seam line at the interface between the two metals.
Sample (f) also showed good surface finish. No visible defects were observed for that

sample.
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Figure 3 Resulting FSW samples from each tool listed in figure 2 respectively. Sample (a) failed weld from too much
deformation. Sample (b) bad weld resulting from too much deformation and material overflow. Sample (c), the welds
started well but ended with visible defects. Sample (d), the weld shows consistent visible defects across the weld length.
Sample (e) showed no visible defects except for a seam line between the two materials. Sample (f) showed no visible
defects.
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Table 3 FSW parameters used for producing the FSW samples shown in figure 3.

Parameters
Speed Feed Plunge depth Offset . :
Sample (RPM) | (mm/min) (mm) (mm) Advancing | retracting
a | 1300 | 175 3 210 AZ31b | AZ31b AA?gGI'
b 900 25 3 0 AZ31b AA$261'
02510 | AAGOGL
¢ | 1400 | 300 3 o > AZ31b
0510 | AAGOGL
d | 1600 | 160 3 e > AZ31b
02510 | AABOGL
e | 1800 | 150 3 e o AZ31b
£ | 1400 | 300 2 0 AZ31b AA$261'

These results show that as expected the threaded pin tool does indeed result in good

material flow and therefore proper mixing, however, this does depend on the dimensions

on the features since better results were obtained using tool (e) than tool (f). It was also

found that a tool with a small pin would also result in a good weld given the optimal FSW

parameters are used.

These experiments showed that for the tools used the ideal speed range is 1300-

1800 RPM, the ideal feed range is 150-300 mm/min, and that an offset into the softer

material (AZ31B) further improves the weld quality as well. Samples (e) and (f) are

selected for the CT X-ray NDT analysis since they show good weld characteristics, and no

surface defects were observed in the weld.
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Chapter Il

NDT CT X-ray Analysis

A. CT X-ray Setup

The X-ray CT scans are performed using a Philips/iCT 256 CT machine, at a 16-bit
depth such that the sample is placed on a leveled table supported only at the corners such
that the weld is in direct contact with air and not any other material. The scanning is
conducted in the direction of the z-axis of the scanning machine. The CT X-ray machine
parameters are presented in table 4. The CT data (DICOM images) is analyzed using the

software MIMICS Research (MATERIALISE).

Table 4 CT X-ray scanning parameters.

Parameter value
Voltage 120KV
Tube Current 293mA
Slice thickness 0.67mm
Slice Spacing 0.335mm
Field of View 125mm
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B. Thresholding and Segmentation Methodology

In order to characterize the mixing and detect internal defects in the weld zone, it is
necessary to segment the raw DICOM images into regions corresponding to each material
exclusively. In this work, this is accomplished by utilizing the HU scale [46-47] and the
Otsu thresholding method [48].

The HU scale was developed in 1977 by R.A. Brooks. The unit is based on the X-
ray attenuation coefficient and normalized with respect to the X-ray attenuation of water
and air. The HU value of water is zero, and that of air is -1000 HU [46]. Different
materials will have different HU values depending on the radioactive properties as well as
the X-ray machine parameters, mainly the voltage and tube current [56]. Depending on the
alloying (elemental composition) as well as the sample geometry and CT X-ray parameters
different values were reported for aluminum ranging between 1800 to 2329 [56-59].
However, since the CT X-ray scans include some averaging when transitioning from the
material to another as well as noise and saturation, a method is needed to divide the CT X-
ray images into sections corresponding to each material separately while mitigating those
problems.

In this research this is done by utilizing the Otsu thresholding technique which is
based on the gray level histogram of the image and the probability of occurrence of each
group of pixels (foreground and background) for a given threshold, selecting the optimal
threshold that maximizes the between-groups variance. Based on the number of regions

wanted, one or multiple thresholds can be determined using this method [48]. The
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implementation is accomplished in MATLAB using the “Multithresh” built-in command,
the command uses the Otsu thresholding method and thus is well suited for this task.

In Hamade and Baydoun [49] the author has previously demonstrated that the Otsu
thresholding method can be successfully employed to detect defects in dissimilar FSW lap
joints. By applying the Otsu method on a weld cross-section presenting the gray level
histogram shown in figure 4 is obtained, also shown in figure 4 is the Otsu threshold value
of 784 HU which intermediate to the HU of defects (-1000) and that of Al (1800-2300).
The graph showed the expected bimodal shape that is indicative of a
background/foreground mode, which in this case corresponds to a material/defect
combination. However, because the defect was small, and the pixel resolution low the
shape of the defect was not captured accurately [49]. The resulting CT X-ray cross-section
is shown in figure 5, and the material mask is shown in light blue. A defect with a size of 8
pixels is detected based on the applied thresholding scheme. This was verified by
destructive cutting of the sample at the same cross-section, which showed a pin-hole defect
that the expected location as can be shown in figure 6 which is a photograph of the cross-

section. The defect is highlighted in white and a marked with the red square.
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Figure 4: Grey level histogram of the cross-section of weld case #13, the resulting cutoff HU value of 784 is also shown;
taken from Hamade and Baydoun [49].

m

Figure 5 Segmented cross-section of weld case 13, showing the detected defect to the right; taken from Hamade and
Baydoun [49].




Figure 6 Photograph of the cross-section of weld sample 13 with the pin-hole defect highlighted in white with a red
square marker; taken from Hamade and Baydoun [49].

This methodology is adjusted by utilizing the multiple segment Otsu thresholding
in order to create three segments instead of two since as well as detecting defects, the
analysis of mixing between the two different aluminum and magnesium allow is wanted as
well. Thus, obtaining a segment of air, AZ31b, and AA606-T6 alloys. In this research, this
is accomplished by applying the thresholding method on all cross-sections of the weld for
the entire weld length as to obtain averages thresholds that can be applied to any cross-

section individually and give accurate results.

C. NDT Analysis of Sample (e)

This analysis is first applied to sample (e). The sample is first scanned by the CT
X-ray machine, as described in section A of this chapter. Figure 7 (a) shows a top view
photograph of the weld sample as well as a CT image (b) shown from the same
perspective. By examining the CT X-ray image, it can be noted that the difference between

the two alloys AZ31b and AA6061-T6 can already be noted with the AZ31b plate
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appearing in a darker gray than the AA6061-T6 plate, this indicates a difference in the HU
values of these alloys. The Otsu thresholding method is applied across all the weld length

as above mentioned, figure 7 (c) shows in yellow the location where the thresholding was

applied.

Figure 7 Weld sample (e), (a) photograph of the weld sample, (b) top view of the unsegmented CT image of the weld
sample, (d) top view of the CT images of the sample showing in transparent yellow the location of the Otsu thresholding
section.

The resulting histogram is shown in figure 8. The histogram has the ideal trimodal
distribution corresponding to the three materials present AA6061-T6 AZ31b and air
(defects and voids), thus making the histogram segmentation reliable and accurate. The
threshold values are shown on the X-axis and segment the histogram via a vertical red
lines; the reliability measure of this segmentation is 0.918. The two thresholds are 56 HU
and 1162 HU. For each segment the mean HU value is calculated (shown with a blue line)
as well as the standard deviations (shown in red quotations). The mean HU value of

AAB061-T6 is 1727 HU which is around the expected theoretical range, separated by
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around 1100 HU from the mean HU value of the AZ31b at 602 HU. The internal defects
(voids) show a mean HU value of -481HU the negative value indicate that it corresponds
to air, but due to the averaging process with nearby material pixel this value is shifted from
the theoretical -1000 HU value. For the magnesium (AZ31b) region the majority of the
elements are within one standard deviation of the average value in a symmetrical manner,
however, for the aluminum (AA6061-T6) region the peak shows a clear trailing edge with
a secondary peak at 1920 HU. For the defect region, the standard deviation is significant
due to the shape of the region, the main peak for the defect region is at -1000 HU which
shows a sharp decrease -850 HU, at this value the decrease in bin elements is halted until
around 700 HU where the bin elements start to gradually increase again. The defect region
exhibit an inverse bell-shaped distribution with a pronounce peak the left-most side and a
slight peak at the right-most side, this is due to the fact that the ideal value for defect
region at an extremely high-resolution scan with no averaging phenomenon is -1000HU,
but since the averaging process is still observed at the valley between the peaks of the
defect and material segment still shows a consistent number of elements. The aim of
employing the Otsu thresholding is to separate these elements into the different material
segment in the best way as to preserve the accuracy of any measurements taken from these

CT images.
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Figure 8 HU histogram for the Otsu thresholding method, calculated thresholds are shown with a vertical red line, mean
values for each segment is shown with a vertical blue line and standard deviations in red quotations.

Figure 9 shows three segmented projection view of sample (e) the “Al” symbol and
the color red indicated the AA6061-T6 alloy and the “Mg” symbol and the blue color
indicate the AZ31b alloy. Figure 9 (a) shows the top view of the weld sample with the
location of a section showing interesting mixing patterns indicated by the section arrows
A-A. This section shown in figure 9 (b) shows a large tunneling defect as well as AA6061-
T6 penetration into the AZ31b plate at the top and bottom of the weld cross-section, as
well as some AZ31b into the AA6061-T6 at mid-section. Figure 9 (c) shows the lateral
section of the weld length, indicating that the tunneling defect observed in section A-A is
also present across the entire weld length. Using the 2D masks created using the applied
thresholding method, a 3D rendering of the two plates was also created; this is shown in

figure 9 (d).
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Figure 9 Segmented CT images of sample (e), “Al” and the color red indicated the AA606-T6 alloy, “Mg” and the color
blue indicate the AZ31b alloy, (a) top view, (b) cross-sectional view at the section location shown in (a), (c) lateral
section across the entire weld length, (d) 3d rendering of the two plates.

Figure 10 shows a zoomed-in view of cross-section A-A of sample (e) on top of
which the tool outline is shown using the same scale as the cross-section. In this figure, the
AAB061-T6 material penetration is more evident mainly the AA6061-T6 deposit at the top
of the weld that is separated from the main plate body of the AA6061-T6 alloy indicating
that the threaded pin resulted in a depositing/mixing action that is atypical of this pin
geometry. There is some AA6061-T6 penetration that is detected on the bottom of the
plate as well while the primary AZ31b penetration into the AA6061-T6 is mainly detected
at the middle of the cross-section. As for the tunneling defect the cross-sectional area of
the defect is measured as 2.63mm?. The tunnel is further indication of atypical mixing
action taking place. Ideally internal defects would be much smaller, this weld, however,

can still be used as an example of this method’s ability to evaluate and defects.
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Figure 10 Zoomed-in view of cross-section A-A (bottom), the centerline of the weld is marked with a vertical white line.
The material mixing is indicated with arrows; the defect area is shown, (top) outline of the tool used for sample (e)
shown at the same scale.

To measure the volume of the detected tunneling defect, a 3D object was
constructed for the internal defects as well. Figure 11 shows this 3D reconstruction, the
AAB061-T6 and AZ31b plates are shown in transparent red and blue respectively, the
tunneling defect is shown in solid black, 3D volume measurements show that the tunneling
volume is 180mm?3 with the exit hole and 164mm? excluding the exit hole. Alternatively,
the defect volume can be calculated based on the number of pixels in the void mask, the

tunnel mask contained a total of 32386 elements, with a voxel size of 0.00566mm? this
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leads to a tunnel volume of 183mm?, this is a volume increase of 1.6%. The NDT of the
tunneling defect highlights the need and importance of the NDT and NDE of FSW joints
since after the NDT analysis was carried out the quantitative data (volume and cross-
sectional area) were calculated, allowing for a deeper understanding of the effect of pin

geometry and FSW parameters on the generation of internal defects.

Tunnel Defect
180mm3

Figure 11 3D rendering of the weld sample shown in transparent red and blue, the tunneling defect is shown in solid
black with a zoomed-in view to the left.
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D. NDT Analysis of Sample (f)

The NDT method is applied to weld sample (f); the same methodology is adopted.
Figure 12 (a) shows a photograph of the weld sample, figure 12 (b) shows the non-
segmented CT image of the weld sample, again it can be noted that the AA6061-T6 plate
appears in a lighter shade of gray than the AZ31b alloy plate. Figure 12 (c) shows in
yellow the location where the Otsu thresholding was applied, which is the entire weld

length. The sample showed the best surface finish of the other weld samples.

Figure 12 Weld sample (f), (a) top view photograph of the weld, (b) top view CT image of the weld, (c) top view CT
image of the weld sample shown in yellow is the location of the application of the Otsu thresholding

The HU level histogram for sample (f) is shown in figure 13, in this case also a
trimodal distribution is observed, however the peak at the -1000 HU value is significantly
smaller than the peaks at 483 HU (AZ31b peak) and 1689 HU (AA6061-T6 peak). This is
indicative of the absence of internal defects, the small peak that is shown is related to the
exit hole of the weld more evident when comparing with the HU histogram of sample (e)

the elements in bins -250 to -1000 is significantly reduced further confirming the absence
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of defects. The recorded HU mean values for both alloys is 483 HU and 1689 HU
respectively for AZ31b and AA6061-T6. Since no defects were detected the threshold
between the AZ31b and air (voids/ defects) is not needed. The histogram also shows
secondary peaks next to the right of both peaks; this is indicative of proper mixing because
the interface pixels (pixels located at the interface between the two materials) will have
HU values that are intermediate to the HU values of both alloys taken separately. This is
not observed in the HU histogram of sample (e) due to the presence of the tunneling
defect. Both alloys have an extensive interface with air (defects) and thus the change in
HU occurs mostly from the materials mean HU value to -1000 at a fast pace due to the
high pixel resolution of the scan and the broad range between the two mean values
especially when compared to the range between the mean HU values of both alloys. The
Otsu thresholding for sample (f) resulted in a threshold value of 1082 HU, with a

reliability measure of 0.871.
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Figure 13 HU level histogram of weld sample (f). The threshold value indicated by a red vertical line, each segment is
labeled, the average HU value for each segment is shown in blue and indicated by a blue line, the standard deviation
values are shown in brackets.

The segmented images are shown in figure 14, the same color scheme and labeling
as the above section are used here. Figure 14 (a) shows the top view of the segmented
sample; the section arrows indicate a cross-section selected for further analysis. Figure 14
(c) shows the lateral section across the weld length. Figure 14 (d) shows the 3D rendering
generated from the 2D masks. Figure 14 (d) shows that for this weld at the weld top

surface, a large amount of AZ31b was transferred to the AA6061-T6 plate.

28



Section AA

i

Plate top

— -

(c)

B 50.693

Figure 14 Segmented CT images of sample (f), “Al” and the color red indicated the AA606-T6 alloy, “Mg” and the color
blue indicate the AZ31b alloy, (a) top view, (b) cross-sectional view at the section location shown in (a), (c) lateral
section across the entire weld length, (d) 3d rendering of the two plates.

Figure 15 shows cross-section A-A of the weld. The centerline of the weld is
shown in white, and the material penetration is indicated with arrow marks. The material
mixing analysis shows an oblique interface with the AZ31b penetration into the Aluminum
alloys taking place at about 1mm below the top of the plate, the maximum penetration of
the AA6061-T6 into the magnesium alloy taking place at 0.3mm from the top of the plate.
The maximum penetration depths for this cross-section are recorded as 0.6mm from the
weld centerline for both alloys. No defects were detected in the weld, aside from a small
tunneling defect connected to the exit hole that penetrated 3mm into the weld. This defect
is not considered internal since it can be detected by visual inspection by looking into the
exit hole. The NDT testing is still beneficial however since the CT X-ray scan can be used

to measure the volume of the defect as well as the penetration depth into the weld.
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Figure 15 Zoomed-in view of cross-section A-A (bottom) the centerline is shown with a vertical white line, the material
mixing is highlighted with arrows, (top) outline of the tool used for sample (f) shown at the same scale.

Figure 16 shows the 3D model of the weld sample. The material transfer at the top
surface of the weld is clearly shown, measurements of the material transfer show that the
103 mm? of the AZ31b alloy was transferred to the aluminum alloy plate, while 31 mm? of
the AA6061-T6 was transferred to the magnesium alloy. This may be attributed to the fact
that compared to sample (e), sample (f) had the AZ31b as the advancing plate and since it
is the softer of the two materials a more substantial material transfer was observed for the

AZ31b alloy on the top surface of the plate.
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Figure 16 3D rendering of weld sample (f) the top surface AZ31b material deposit is evident.

E. NDT Analysis Using Reconstructed Images:

The above analysis of samples (e) and (f) was performed again using reconstructed
CT images at a higher resolution; this was done to study the effect of higher pixel
resolution on the NDT analysis. The reconstruction of the images was performed using
“MIMICS” using the “IMAGE RESLICE” command. The image reconstruction was
applied on all CT images of each sample the slice spacing was kept the same, and the pixel
size was set to 50 microns. The Otsu thresholding was then applied to all cross-sections in
the same manner described in section C and D of this chapter; the same location area was

used for both samples. This section aims to explore the reconstructed images as a possible
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method to further improve the resolution of a CT X-ray scan beyond the initial scan
resolution, and the effect of doing so on the detected internal defects and mixing

interfaces.

1. NDT Analysis Using Reconstructed Images of Sample (e)

Figure 17 shows the HU histogram of the reconstructed images of sample (e). The
same profile as the HU histogram of the original section shown in figure 13 is observed
here. The trimodal peaks are still present. The Otsu thresholds obtained are 54 and 1159
HU, compared to the Otsu thresholds for the original section (56 and 1162 HU), this is a
change of 3.7% 0.25% respectively for the two thresholds. The reliability measure for this
segmentation is 0.92 vs. 0.918 for the original section ,an improvement of 0.217%.

The mean and standard deviation values for the three segmented regions showed similar

miniscule changes in values.
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Figure 17 HU level histogram of reconstructed images of weld sample (e). the threshold value indicated by a red vertical
line, each segment is labeled, the average HU value for each segment is shown in blue and indicated by a blue line, the
standard deviation values are shown in brackets
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The reconstructed cross-section A-A for sample (e) is shown in figure 18, the same
features as the original cross-section are present. The features, however, have a more
gradual profile due to the higher pixel density. This results in a change in the measured
areas. The cross-section of the tunneling defect now has a measured area of 2.87mm? an
increase of 9% over the original areal measurement. The AA6061-T6 deposit, as well as
the penetration at the bottom, present a more definite shape as well. As for the volume of
the tunneling defect, the same overall shape is observed as the one shown in section C;
however, the volume measurement showed an increase of 5.6mm? over the original
measurement of 180mm?, an increase of 3%. Calculating the tunnel volume from the
tunnel mask results in a volume of 182 mm? this is calculated based on the number of

elements in the mask (217690) and the pixel size and slice thickness.
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Figure 18 Zoomed-in view of reconstructed cross-section A-A (bottom), the centerline of the weld is marked with a
vertical white line. The material mixing is indicated with arrows; the defect area is shown, (top) outline of the tool used
for sample (e) shown at the same scale.

2. NDT Analysis Using Reconstructed Images of Sample (f)

The same analysis is repeated for sample (f). Figure 9 shows the HU histogram,
again compared to the histogram of the original sample, nearly the same values for the
thresholds, averages, and standard deviations are observed. The histogram shows a more
gradual distribution around the peaks, and this is due to the increased pixel density
resulting in more elements spanning the HU range for each segment more evenly. The HU
threshold value calculated is 1091, with an effectiveness measure of 0.890. Compared to
the original threshold of 1082HU and effectiveness measure of 0.871, the HU threshold

varied by 0.831% and the effectiveness measure improved by 2.18%.
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Figure 19 HU level histogram of reconstructed CT images of weld sample (f). The threshold value indicated by a red
vertical line, each segment is labeled, the average HU value for each segment is shown in blue and indicated by a blue
line, the standard deviation values are shown in brackets.

Figure 20 shows the reconstructed cross-section A-A of sample (f), the mixing
interface between the materials has the same rough shape as the original cross-section
however near the bottom half of the sample more AZ31b penetration is observed. The
maximum AZ31b penetration into the aluminum alloy plate is still measured as 0.6mm
from the centerline. The maximum AA6061-T6 is 0.5mm, showing a 0.1mm decrease

from the recorded measurement on the original cross-section.
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Figure 20 Zoomed-in view of the reconstructed cross-section A-A (bottom) the centerline is shown with a vertical white
line, the material mixing is highlighted with arrows, (top) outline of the tool used for sample (f) shown at the same scale.

It is concluded that the higher resolution reconstruction does not present any
negative or undesirable effect on the segmentation and NDT analysis and does result in
better images due to the higher resolution obtained. Reconstruction can be used as a way to
further increase the resolution of the CT images for a better NDT while being within a
10% error margin of the original section; the error percentage may vary however

depending on the measurement as well as the range of change in resolution.
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CHAPTER IV

SEM/EDX DESTRUCTIVE VERIFICATION

In order to verify the obtained results of the NDT CT X-ray analysis, destructive
analysis using SEM and EDX was performed. SEM was used to obtain high-resolution
images of the cross-sections and to verify the location and shape of the internal defects.

EDX was used to verify the results of the NDT mixing evaluation.

A. SEM/EDX Setup and Parameters

The SEM used for this analysis is the MIRA3 developed by TESCAN; the EDX
scanner used is the 20mm? detector developed by OXFORD INSTRUMENTS. The
scanning parameters are listed in table 5. The methodology for the analysis is as follows;
First, the sample is cut around the indicated cross-section location (sections A-A), and then
ground to the exact position of the cross-section. The grinding process is followed by
three-stage polishing to ensure an excellent surface finish is obtained for the elemental
composition tracking; the sample is then cleaned with ethanol and rinsed with deionized
water to ensure that no contaminants are present on the cross-section, the sample is dried
using dry compressed air before placing in the SEM chamber.

The defect verification was performed by utilizing the high-resolution images of
the SEM and analyzing the position and shape of the detected defects and comparing them

to those obtained by the NDT method. The mixing analysis was accomplished by tracking
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the concentration of magnesium and aluminum using two methods and comparing the
results against those obtained by the NDT analysis. The first method is performed by using
points spectrums organized in an orthogonal grid of size 15x25, at each element a 30
second EDX scan is performed to obtain the elemental composition at that position, this is
then compared to the baseline composition of the pure alloys used in order to determine
the degree of material penetration and transfer. The second method is via the “MAPPING”
function in the MIRA EDX software; this function creates an elemental map of the of
entire cross-section by placing a dot at each location a particular element is detected, the
mapping analysis was stopped at a point count of 50000. Both analyses are performed
using the maximum field of view of the SEM at the required z-axis position for the EDX
analysis which is 15mm. This results in a field of view of about 7.3 to 7.5mm depending

on the sample positioning and Wd calibration accuracy.

Table 5 SEM/EDX key parameters

Parameter value
Voltage 5-7KV
Current 119e-3 nA

Resolution 7 nm

wd 15mm
Spectrum scan time 30s
Chamber pressure 86.114E-3 Pa
Field of View 7-7.5mm
Interaction area 72nm
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B. SEM/EDX Destructive Analysis of Sample (e)

The destructive analysis is performed on cross-section A-A of sample (e) using the
two methods described above. Figure 21(a-b) shows cross-section A-A obtained from the
NDT analysis, figure 21 (c) shows the SEM images of the actual cross-section A-A
overlaid with the results of the point spectrum analysis for the aluminum element. The
percentage by weight of aluminum detected is showed suing colored points placed at the
scan location of the EDX analysis. The AA6061-T6, as expected, shows the aluminum
concentrations in the 90% to 100% range, and the AZ31b shows aluminum concentrations
in the 0% to 10% range. For the weld zone, however, the destructive analysis confirmed
the presence of the aluminum deposit detected in the NDT analysis. The destructive
analysis also verified the presence of the bottom aluminum penetration in the AZ31b plate.
However, this penetration is more pronounce that what the NDT shows, this is attributed to
the averaging process of the HU values between the air and AA6061-T6 plate resulting in
HU values within the AZ31b HU range such that the AA6061-T6 penetration is shown in a
less pronounced manner than that of the NDT results. As for the AZ31b penetration, figure
22 (c) shows the elemental tracking of the magnesium element along the same cross-
section and using the scanning locations. The magnesium mixing shows to the left-center
of the weld line between the tunneling defect, and the AA6061-T6 plate is verified by the
magnesium concentration detected for 5 points in that region. These 5 points show the
same magnesium concentration for the base plate. It is noted that the magnesium
concentration for the base plate is below the expected 96%, with the average magnesium

range for the scanned points ranging between 60% to 70% range, this attributed to the
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presence of carbon contaminates what where not toughly rinsed, this was corrected for the
later destructive tests, however since the detected magnesium elemental percentage in the
transferred segment matches that of the base AZ31b plate the analysis still holds.

Figure 23 shows the results of the elemental mapping analysis of sample (e). Figure
23 (a) shows the location of the EDX scan; it can be seen that the tunneling defect is filled
with material shavings or filaments, due to the plastic shearing action taking place and
poor mixing. Figure 23 (b) shows the aluminum elemental mapping, as noted from the
point spectrum analysis the aluminum deposit is present, the elemental mapping allows for
a more definite shape to be visualized, it also noted that to the left of the centerline. At the
middle of the cross-section the sheared off filament is mostly aluminum as indicated by the
color red; however, some magnesium is detected that is above the baseline concentration
of the AA6061-T6 alloy as is shown in figure 23 (c). At the bottom of this filament and
above it is also noted that there is some magnesium present, showing that the segmentation
in that area is correct, but due to the averaging process, the mixing appears more

pronounced in the CT X-ray scans.
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Figure 21 Destructive validation of sample (e). (a) Original cross-section A-A, (b) reconstructed cross-section A-A, (c)
SEM images of cross-section A-A overlaid with the EDX point spectrum analysis results. The color bar indicated the
percentage of aluminum detected.
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Figure 22 Destructive validation of sample (e). (a) Original cross-section A-A, (b) reconstructed cross-section A-A, (c)
SEM images of cross-section A-A overlaid with the EDX point spectrum analysis results. The color bar indicated the
percentage of magnesium detected
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3mm

Figure 23 Elemental mapping destructive verification of sample (e). (a) cross-section A-A a yellow rectangle indicates
where the mapping analysis was performed. (b) aluminum map, red indicates high aluminum detection. (c) magnesium
map, blue indicates high magnesium detection.
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C. SEM/EDX Destructive Analysis of Sample (f)

Figures 24 and 25 (a) and (b) show cross-section A-A from the original scan and
reconstructed scan for sample (f), respectively. Figure 24-25 (c) shows the point spectrums
analysis results for the aluminum and magnesium elements respectively, with the blue
color indicating zero % detection and dark red indicating 100% detection. As is shown in
figure 24-25 (c) the baseline concentrations for the base metals are in line with what is
expected, for AA6061-T6 alloy the Al concentration is within the 90-100% range, while
for the AZ31b alloy the magnesium percentage is also within the 90-100% magnesium
range. The overall shape of the interface is corroborated by the elemental analysis, figure
24-25 (c) shows the oblique interface shape detected in the X-ray CT scans. For the
original CT cross-section while the shape is accurate to that of the destructive verification
the AAB061-T6 penetration at the top of the weld shows that the top pixels are AZ31b
which is inaccurate as is evident from figure 24-25 (c). For the reconstructed cross-section,
the AAB061-T6 penetration shape is more in line with the results of the destructive
analyses. These false-positive AZ31b pixels are attributed to the averaging process
described above, the higher pixel count of the reconstructed segment mitigates the effect of
this problem and leads to more accurate results. Figure 24-25 (c) shows that the AZ31b
penetration is in line with that recorded from the NDT X-ray CT analysis, but for the
bottom section of the weld the interface where the there was no plastic deformation due the
difference in length between pin (2mm) and sample (3mm), figures 24-25 (c) show a
vertical interface, but the NDT analysis shows a more curved interface. This may be

attributed to the edges having protrusions from the sample preparation steps before
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welding, leading therefore to micro gaps that affect the accuracy of the X-ray CT in that
location.

Figure 26 shows the elemental mapping analysis for sample (f). Figure 26 (a)
shows the location where the scan was performed. Figure 26 (a) and (b) shows the
elemental map for the aluminum and magnesium elements respectively. The mapping
analysis results show the same interface structure as the point spectrum analysis, but with a
higher level of details. For example, figure 26 (b) shows the two aluminum deposits in the
AZ31b plates indicated with yellow rectangles, figure 26 (c) corroborates that with lack of
blue color at those two locations. At the bottom of the pin length a higher concentration of
aluminum compared to the base aluminum concentration of the AZ13b alloy, indicative of
material transfer at that location, this is indicated by a blue rectangle in figure 26 (b). As
for the penetration measurements, the maximum recorded penetration for both samples
measured 1mm from the center-line, compared to the measurements obtained in section D
of this chapter that is a 0.4mm error. This error can be mitigated by further increasing the

scanning and reconstruction resolution of the CT images.
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Figure 24 Destructive validation of sample (f). (2) Original cross-section A-A, (b) reconstructed cross-section A-A, (c)
SEM images of cross-section A-A overlaid with the EDX point spectrum analysis results. The color bar indicated the
percentage of aluminum detected.
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Figure 25 Destructive validation of sample (f). (2) Original cross-section A-A, (b) reconstructed cross-section A-A, (c)
SEM images of cross-section A-A overlaid with the EDX point spectrum analysis results. The color bar indicated the
percentage of magnesium detected.
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3mm

Figure 26 Elemental mapping destructive verification of sample (f). (a) cross-section A-A a yellow rectangle indicates
where the mapping analysis was performed. (b) aluminum map, red indicates high aluminum detection. (c) magnesium
map, blue indicates high magnesium
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CHAPTER V

DISCUSSIONS AND CONCLUSIONS

In this work, a method for the non-destructive analysis for the detection and
analysis of internal defects and mixing based on the X-ray computed tomography, and the
Otsu image thresholding technique was developed, tested, and corroborated. This method
was able to accurately detect defects and quantify material mixing in friction stir welded
dissimilar AA6061-T6/ AZ31b butt joints.

Multiple tools were tested in order to produce suitable welds that were analyzed
using the developed method. It was found that friction stir welding of dissimilar AA6061-
T6/ AZ31b using multiple tool geometry, this, however, depends significantly on the
proper selection of the welding parameters for each tool geometry. Sample (f) was the best
welded sample performed at a rotational tool speed of 1400RPM and welding feed of
300mm/min using a cylindrical FSW tool with a small diameter pin.

The NDT method was tested on two of the samples that showed interesting cross-
sections. Samples (f) and (e) were analyzed using both direct X-ray CT images as well as
higher resolution reconstructed X-ray CT images, both image types were able to capture
the shape and location of the defected and mixing accurately, with the reconstructed
images showing better accuracy for shape determination. The reconstructed sections
resulted in an improvement in the accuracy of the OTSU thresholding method, with

sample (e) showing an improvement of 0.217% and sample (f) showing an improvement
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of 2.18%. Figure 27 shows the histogram of the original and reconstructed NDT analysis
of sample (e), the total number of elements analyzed for the original and reconstructed
sections are 338800 and 2349696, respectively. This increase in number of element
number of nearly 7 times, is the main reason for the Otsu accuracy improvement. The
histograms of sample (e) show a similar shape for the peaks and valleys. The histograms
also showed nearly the same values for the mean, and no significant improvements were

measured for the standard deviations for this sample.
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Figure 27 Otsu HU histogram of sample (e), transparent black: histogram of the reconstructed cross-sections, solid black:
histogram of the original cross-sections.

Figure 28 shows the overlaid histograms of sample (f), for this sample as well the
two histograms present the same shape, the increased element number, in this case,

resulted in an improvement of 2.18% in the effectiveness measure for the Otsu
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thresholding method. the changes in the mean values for each segment changed by 2.89%
and 0.35% for the AZ31b and AA6061-T6 respectively, as for the standard deviations, the
variations improved by 9.52% and 9.61% respectively for the AZ31b and AA6061-T6
sections. Based on these results, it is concluded that reconstructed sections can be used to
achieve better thresholding results as well as increase the shape accuracy of the CT

images.
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Figure 28 Otsu HU histogram of sample (f), transparent black: histogram of the reconstructed cross-sections, solid black:
histogram of the original cross-sections.

The results of the NDT method were verified via two types of EDX analysis, point
spectrum, and elemental mapping. The verification showed that the NDT was able to
determine the location, size, and composition of features in the weld zone. Figures 29 and
30 (top) shows the combined elemental maps of Aluminum and Magnesium elements

obtained by combining the RGB values for both single elemental map images. Figure 28
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and 29 (bottom) show the reconstructed cross-sections of both samples. For sample (e) the
tunneling defect was successfully detected as well at the aluminum deposit and bottom
aluminum penetration into the AZ31b plate. The magnesium penetration on the surface of
the AAG061-T6 plate is also detected, as well as the magnesium around the tunneling

defect.

Figure 29 Sample (e), (top) combined EDX elemental analysis of cross-section A-A, (bottom) reconstructed cross-
section A-A.
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For sample (f) shown in figure 30, the interface shape was accurately detected. The
EDX analysis for this sample also shows that at the oblique interface between the two
materials the number of violet pixels is larger than that of the vertical interface where no
welding took place, this is most evident at the tip of the AZ31b penetration where a large
amount of violet pixels is observed, this shows that for those pixels both Al and Mg
elements were detected, which may indicate the presence of intermetallic compounds at
this location. These violet pixels are also observed in the left filament of tunneling defect
shown in figure (29). The presence of these intermetallic compounds in sample 29 can
explain the formation of the tunneling defect since the high hardness of the intermetallic
compounds can cause excessive shearing actions removing materials from the base metal

as they are moved by the welding action.
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Figure 30 Sample (f), (top) combined EDX elemental analysis of cross-section A-A, (bottom) reconstructed cross-section
A-A.
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