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Abstract

:

In this research, we explore the preliminary effects of processing conditions using a novel additive manufacturing (AM) process, known as additive friction stir deposition (AFSD), on resulting build direction (BD) mechanical performance. Using the AFSD process, a feasibility study of three AM builds of identical size are created using differentiating processing parameters. A relationship referred to as the deposition pitch, exhibiting similarities to weld pitch, is determined to be a simple but effective predictor of the interlayer bonding in AFSD processing of AA7020. The deposition pitch directly correlates the necessary temperature, time, and pressure required for effective solid-state bonding. Using this correlation, increased mechanical performance in the BD is achieved through an increase in deposition pitch. A reduction in the deposition pitch from 4.46 rev/mm to 1.08 rev/mm resulted in a significant decrease in failure strain from 24.4% to 0.82%, with the failure mechanism shifting from a ductile failure to brittle failure. The inverse relationship between grain refinement and BD failure strain at high deposition pitches suggests deposition pitch and heat input are the dominant factors in the resulting BD mechanical properties.
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1. Introduction


Due to the increasing demand for high-strength and low-density alloys in the rail and defense industries, the use of Al–Mg–Zn alloys has become more prevalent [1,2]. Al–Mg–Zn alloys, such as AA7020, have a favorable combination of strength, damage resistance, and weldability compared to other precipitate-strengthened aluminum alloys [2]. However, high intensity thermal inputs from traditional welding techniques on AA7020 can cause severely textured microstructures and anisotropic mechanical performance [3,4]. Additive manufacturing (AM) offers a cost-effective solution to these issues, by means of rapid build rates, favorable microstructures, and mechanical responses. Unlike initial promising results, difficulties have been observed in producing fully dense AA7020 components with isotropic mechanical properties in beam-based AM methods [5,6].



The melting and re-solidification required during beam-based AM processes induces inherent flaws such as hot cracking, porosity, and anisotropic mechanical behavior in AM AA7020 components [7,8,9]. Specifically, Zhou et al. noted that a significant amount of Mg and Zn evaporation occurred during the Laser Powder Bed Fusion (LPBF) process, causing significant porosity and columnar grains throughout the component [7]. Zhou et al. concluded that a fully dense component could not be created for LPBF processing of AA7020 [7]. Babu et al. discovered that Al–Mg–Zn components with high solute contents are able to be produced with no hot cracking and low porosity using selective laser melting (SLM) [8]. However, Babu noted that there is a high volume of second phase particles along the melt pool causing a more brittle anisotropic mechanical response. Li et al. noted the evaporation of alloying element Zn around the fusion line of Al–Mg–Zn alloys produced via wire arc additive manufacturing (WAAM), creating solute-depleted regions near the layer causing a significant reduction in build direction (BD) mechanical performance compared to the longitudinal samples (LD) [9].



To circumvent these deleterious effects observed in fusion-based AM, solid-state processes, such as friction stir welding (FSW), can be employed to create fully dense components with isotropic mechanical properties since processing occurs below the melting temperature in these processes [10,11]. In an FSW study of AA7020, Essa et al. observed excellent friction stir weldability, with the nugget zone of the weld experiencing a highly refined equiaxed grain structure due to dynamic recrystallization inherent to the FSW process [10]. Similarly, Gaafer et al. studied the process–structure–property (PSP) relationship of friction stir welded AA7020 and noted a highly refined microstructure post FSW in AA7020, however, an inverse relationship between the tool rotational rate and UTS exists [11]. These correlations were made by relating the tool rotational rate (ω) and the traverse rate (V) in a parameter commonly known as weld pitch (ω/V) in FSW applications [12].



Similar to FSW, additive friction stir deposition (AFSD) is a thermo-mechanical process derived from FSW, friction surfacing (FS) [13,14,15,16,17], and the friction stir forming technique [18]. The AFSD process utilizes frictional heat generated by a rotating tool and severe plastic deformation physics to plastically deform the material, inducing material flow to form a layer-by-layer AM process [19,20,21]. The shear-induced plastic deformation and dynamic recrystallization (DRX), inherent to the AFSD process, produces a fully dense, near net-shaped component with a refined microstructure consisting of a homogenous grain structure exhibiting forged-like mechanical performance. The AFSD process is a versatile AM method that can utilize multiple feedstock avenues such as the solid bar [22], machine chips [23], and wire [24,25].



Currently, there are a handful of studies that have examined 7XXX series aluminum alloys [26,27,28,29,30,31] processed with AFSD. However, only a few of these studies have quantified the mechanical behavior in the BD. In particular, Avery et al. investigated the BD quasi-static mechanical properties of AFSD AA7075 and observed a decrease in YS and UTS when compared to the wrought feedstock material, which was attributed to the loss of strengthening precipitates during the AFSD process [26]. However, a similar failure strain in the as-deposited samples compared to the feedstock was observed [26]. In a separate study by Mason et al. [27], anisotropic mechanical performance was observed in AFSD-processed AA7050, which was attributed to the hardness gradient throughout the BD. Severe anisotropic mechanical behavior was also noted for AFSD-processed AA5083, which was caused by layer delamination due to carbon contaminates from the graphite coating used during the deposition process to prevent machine jamming [32].



This study investigates the preliminary influence of a relationship similar to weld pitch, known as deposition pitch, on AFSD-processed AA7020. For the first time, correlations between AFSD process parameters and the resulting BD mechanical performance are examined to understand mechanisms causing severe anisotropic mechanical properties in as-deposited high-strength aluminum alloys.




2. Materials and Methods


All of the AM builds in this study were deposited layer-by-layer using a commercially available MELD Manufacturing B8 machine with a maximum build profile of 0.46 m wide by 1.07 m long by 0.3 m tall. A schematic of the AFSD process used in this study is shown in Figure 1A. The tooling used in this study was made of H13 tool steel with four “teardrop” features on the tool shoulder [31]. The feature tool shoulder promotes the increase in frictional heat generation and increases the amount of interlayer material mixing [22,28]. The depositions were made with a commercially available Al–Mg–Zn aluminum alloy (AA7020), with a nominal composition listed in Table 1. A solid square rod with a 9.53 mm by 9.53 mm cross-section was used as the initial feedstock material, which was machined from a hot rolled plate. All the feedrods used in this study were coated with a spray graphite lubricant, per the OEM recommendation, to prevent machine jamming of the feedstock during deposition. In this study, three components, as shown in Figure 2, with identical dimensions were deposited using the parameters listed in Table 2. The AM builds in this work will be referred to as Slow, Medium, and Fast according to the corresponding parameters for the remainder of this study. All three of the depositions were 63.5 mm long with a build height of 54 mm, layer heights of 1 mm, and with nominal track widths correlating to the deposition tool diameter of 30 mm.



Samples for electron backscattered diffraction (EBSD) characterization were extracted from the builds and prepared by cross-sectioning the three AFSD deposits normal to the short traverse direction (STD). The samples were cold mounted, step-wise ground from P240 to P4000, and polished with 3 μm and 1 μm alcohol-based diamond suspension in a stepwise manner. Final polishing was completed using a vibratory polisher with 0.05 μm colloidal silica for 4 h. The EBSD measurements were collected at 30 keV and 9.0 nA with a step size of 0.5 μm using the APEX system (EDAX, Mahwah, NJ, USA) with a Versa 3D Dual Beam scanning electron microscope (Thermo Fisher Scientific, Waltham, MA, USA). Grain dilation cleanup with a minimum grain size of 25 pixels was performed on the corresponding results using the orientation imaging microscopy (OIM) software (Version 8, EDAX, Mahwah, NJ, USA).



Quasi-static tensile testing was performed in triplicate on samples throughout the AA7020 deposition BD as shown in Figure 1B. The dimensions for the modified ASTM E606/E606M-12 quasi-static specimens are shown in Figure 1B [33]. All specimens were machined from each respective deposition using a Mitsubishi MV1200 wire electron discharge machine (EDM). The specimens were tested using a 25 kN Landmark 370 MTS (MTS, Eden Prairie, MN, USA) servo hydraulic load frame and were run in displacement control with an MTS 5 mm gage extensometer at a nominal strain rate of 0.001 s–1 in ambient laboratory conditions. All post-mortem analysis is performed using a Thermo Fisher Scientific Versa 3D Dual Beam FIB-SEM at 20 keV.




3. Results and Discussion


To explore PSP relationships of AFSD, the processing parameters shown in Table 2 were used to successfully deposit AA7020. While all the AM builds are well consolidated, from macroscopic visual evaluation, it is evident that the Slow build has significantly more flash than the Medium and Fast builds, as shown in Figure 2A–C. A macroscopic image of the representative cross-section of each build is shown in Figure 2D. From Figure 2D it is evident that the usable width throughout the entirety of the build is well-consolidated and fully dense. Throughout the build there is no evidence of macroscopic defects, alluding to a fully homogenous macro and resulting microstructure. Utilizing the usable width of a deposit equation, introduced by Gradl et al. [34], the Slow build (Figure 2A) yielded the lowest deposition efficiency at 56.9% while the Medium (Figure 2B) and Fast (Figure 2C) builds yielded a deposition efficiency of 73.3% and 81.3%, respectively. The deposition rates, also referred to as the build rates, for the Slow, Medium, and Fast builds are 0.78 kg/h, 1.17 kg/h, and 2.33 kg/h, respectively, assuming a continuously fed system. It should also be noted that the deposition pitch for the Fast build was 4 times lower than that of the Slow and Medium builds. When evaluating the deposition properties above, there is a direct correlation between the speed of the process parameters and the resulting deposition efficiency. To maximize build rate without deleterious mechanical properties, in-depth investigations on processing conditions must be conducted on AFSD builds to avoid the anisotropic BD mechanical behavior noted in previous studies [32,35].



The processing parameters influence the amount of heat input introduced into the system, which has a direct effect on the resulting microstructure and mechanical properties. Using the empirical relations developed by Pew et al. [36] for FSW aluminum alloys, heat input can be roughly estimated using machine processing conditions as shown in Equations (1) and (2) below:


  Weld   Power =   2 π M ω   60   ,  



(1)




where M is torque from the spindle and ω is the tool rotational rate, and


  Heat Input =   W e l d   P o w e r   V   ,  



(2)




where V is the traverse rate. The values for weld power and heat input for the as-deposited AA7020 builds are given in Table 3. It should be noted that there is an inverse relationship between the average torque and the tool rotational rate, while there is a direct relationship between the tool rotational rate and the heat input, which has been reported previously [37,38]. From the values in Table 3, it is evident that there is a correlation between the heat input and the tool rotational speed to traverse speed ratio. To further characterize this correlation, Equation (3), developed by Arbegast and Hartley [39], is utilized to estimate the peak temperature during the deposition process:


    T     T   m     = K         ω   2     V ×   10   4         α   ,  



(3)




where Tm is the melting temperature for AA7020, and both K and α are constants that can vary between 0.65–0.75 and 0.04–0.06, respectively, for aluminum alloys [37]. In this study, the values for K and α used were 0.75 and 0.04. The estimated peak temperatures for the AA7020 depositions in this study are shown in Table 3. The peak temperature and heat input are directly related to the deposition pitch and resulting mechanical behavior. It should also be noted that in this relationship the tool rotational speed is the most significant contributor to the peak temperature, which is shown in this study with the Medium build experiencing the highest estimated peak temperature. The peak temperatures in this study are similar to temperatures experienced by other AFSD-processed aluminum alloys [21,40]. However, even though the Medium build had the largest peak temperature, the Slow build had roughly two times more total heat input than the Medium build, suggesting the total heat input will affect the resulting microstructure more than the peak temperature, as shown in Figure 3.



Figure 3A–C depicts the representative EBSD maps for the Slow, Medium, and Fast builds exhibiting an average grain size of 29.4 ± 10.0 µm, 17.7 ± 7.5 µm, and 12.7 ± 4.9 µm, respectively. It should be noted that while there are some slight differences in the grain size between depositions, the AFSD process generates a highly refined, defect-free grain morphology compared to the feedrod material [31]. The refined grains are attributed to the continuous dynamic recrystallization that occurs during the high-shear deformation AFSD process [26,41]. As expected, there is a direct correlation between the heat input during the deposition and the grain size. The Slow build (Figure 3A) exhibits the largest grain size, caused by the grain growth that occurs with an increased heat input during the deposition process, while the Fast build (Figure 3C) exhibits the smallest grain size, due to the minimized heat input during the AFSD process. A lower deposition pitch causes fewer tool rotations per millimeter traversed, therefore inducing less plastic deformation in the deposit. Figure 3D depicts a comparison of the cumulative area fraction for the Slow, Medium, and Fast builds. With an increasing traverse rate (V), there is a decrease in grain size signified by a leftward shift in the curves as shown in Figure 3D. A similar slope is noted for the Fast and Medium builds in Figure 3D, however, there is a more pronounced change in the slope for the Slow build, due to the increased grain size variance in this deposition. The increased grain size variance in the Slow build is attributed to the increased heat input during AFSD processing.



Figure 4A shows the BD quasi-static tensile stress–strain results for the Slow, Medium, and Fast builds compared to the as-deposited AA7020 LD results [31]. A summary of the quasi-static testing results is shown in Table 4. It should be noted that due to the significant heat input during the AFSD process, the as-deposited specimens have a decrease in mechanical performance when compared to a peak aged (T651) specimen. This decrease in performance is attributed to the loss of strengthening precipitates resulting from the inherent physics of the AFSD process [26,27,31]. Interestingly, as shown in Figure 4A, the Slow and Medium build BD specimens have a modulus of 57.5 GPa, while the Fast build BD and LD specimens have a modulus of 63.0 and 67.0 GPa, respectively. Future investigations should be conducted to determine the cause of the change in modulus between the LD and BD. While the Fast build BD specimen exhibited the highest YS at 145 MPa, the failure strain experienced a reduction of at least 95.5% when compared to the other as-deposited AA7020 specimens. To contrast, the Slow build exhibited a respective 0.77%, 2.3%, and 19.1% decrease in YS, UTS, and failure strain when compared to the LD specimen. Similarly, the Medium build experienced a respective 16.2%, 10.1%, and 39.6% decrease in YS, UTS, and failure strain compared to the LD specimen. The increase in failure strain with increased grain size, as noted in the Slow Build, is attributed to the larger defect-free grains’ ability to accommodate more dislocation density than smaller defect-free grains. While the Slow and Medium builds do not exhibit completely isotropic behavior when compared to the LD specimen, these processing conditions yield a more isotropic mechanical response than the Fast build. The severe anisotropic behavior in the BD and LD specimens using the fast build processing conditions supports the hypothesis of a fundamental relationship between the deposition pitch and resulting effective interlayer bonding criteria. To further characterize this hypothesis, Figure 4B shows a correlation between the deposition pitch and the failure strain and build rate for this preliminary study. Interestingly, the failure strain and build rate exhibit an inverse relationship, which must be considered when designing for component applications.



A schematic depicting key features of a high and low deposition pitch are shown in Figure 5A,B, respectively. It should be noted that the degree of deposition pitch, i.e., either high or low, can be macroscopically observed by the spacing of onion skin features [42] on the final layer of a build, as illustrated in Figure 5. While the schematics in Figure 5 exaggerate the onion skin spacing for illustration purposes, this phenomenon is visible in Figure 2. Figure 2C shows clear definition of onion skin spacing in the Fast build with a low deposition pitch, while there is minimal definition of onion skin spacing in the Slow build (Figure 2A), which exhibits a large deposition pitch. As discussed previously, a lower deposition pitch equates to fewer tool rotations per millimeter traversed, which is a contributor to lesser amounts of inter- and intra-layer material mixing, as shown in Figure 5B. An insignificant amount of interlayer material mixing is one of the contributing factors to weaker layer interface bonding causing layer delamination of BD specimens, as shown in Figure 4A. The Slow and Medium builds have different processing conditions, however, these builds exhibit a comparable deposition pitch and resulting mechanical performance, therefore suggesting there is a critical deposition pitch and heat input in which a build must exceed to minimize layer delamination and resulting premature failure. To elucidate this critical deposition pitch and heat input, the authors suggest an expansive process parameter correlation study using multiple aluminum alloys to fully understand the effect of the deposition pitch on resulting interlayer bonding.



To further understand the BD quasi-static stress–strain response, representative fracture surface analysis was performed on the Slow, Medium, and Fast builds, as shown Figure 6. Figure 6A,B is representative images of the Slow build fractured specimens. Figure 6A displays cup-and-cone topography, typical to ductile fractures. Figure 6B reveals an area with equiaxed microdimpling indicative of transgranular fracture, however, a large ridge is noted with surrounding grains appearing elongated indicting shear mechanisms. The shear mechanisms in this area are likely caused by a combination of localized stress concentrations from neighboring plastic deformation and layer delamination [32]. Figure 6C,D is representative images of the Medium build fractured specimens. Similar to the Slow build fracture surface, Figure 6C depicts a cup-and-cone topography. Interestingly, in Figure 6C, a distinct pattern is noted on the side of the ridges, which matches the tool rotational pattern, indicating a potential multitude of areas for reduced void nucleation resistance. As expected, Figure 6D illustrates similar features to the Slow build, including a large region of transgranular fracture with equiaxed microdimpling and areas of shear-dominated fracture mechanisms. Figure 6E,F is the representative fracture surface images of the Fast build. As shown in Figure 6E, the entire fracture surface was flat, with minimal amounts of plastic deformation observed, indicating brittle fracture. The direction of the ridgelines, as shown in Figure 6E, coincide with the tool protrusions and rotation, indicating an insufficient amount of interlayer material mixing. When at a higher magnification at one of the ridgelines, as shown in Figure 6F, small microvoids are noted throughout the lighter region. The microvoids are able to nucleate, but coalescence is inhibited due to the large stress concentrations created by insufficient layer bonding, resulting in delamination.



From the preliminary results in this study, it is evident that a complex relationship between AFSD processing parameters and resulting near isotropic performance exists. To further understand these correlations, Figure 7 depicts AFSD processing conditions as related to solid-state bonding criteria. To achieve acceptable interlayer bonding resulting in isotropic mechanical performance, a threshold of temperature and pressure for a given value of time must be input into the component during processing [43,44]. While not all the conditions shown in Figure 7 are investigated in this study, the deposition pitch, which evaluates the amount of tool rotations per millimeter traversed, is one of the relationships inclusive of all the criteria necessary for effective interlaying bonding. The deposition pitch, max temperature, and heat input for the Slow and Medium builds are hypothesized to be above a theoretical critical value promoting effective layer bonding and increased mechanical performance. However, the Fast build exhibiting weak layer bonding and dimensioned mechanical properties, falls below this hypothesized critical threshold for deposition pitch, peak temperature, and heat input.




4. Conclusions


This preliminary study explores the effect of AFSD processing conditions on resulting BD mechanical performance. The following conclusions were determined from this investigation:




	
Deposition pitch, i.e., the ratio of the tool rotational rate to traverse rate, is one of the simple but effective predictors of the interlayer bonding in AFSD processing of AA7020. The deposition pitch directly correlates the necessary temperature, time, and pressure required for effective solid-state bonding.



	
Reducing the deposition pitch from 4.46 rev/mm to 1.08 rev/mm resulted in a significant decrease in failure strain from 24.4% to 0.82%, with the failure mechanism shifting from a ductile failure to brittle failure, inferring that there is a critical deposition pitch inducing the ductile to brittle transition.



	
Near isotropic mechanical properties can be achieved in as-deposited AA7020, using a deposition pitch of at least 4 and a heat input of 1.39 MJ/m. Further investigations should be conducted to determine the critical deposition pitch and heat input for creating components with maximized build rates and isotropic-like properties.



	
There is an inverse relationship between the deposition pitch, grain refinement, and BD failure strain. Increasing the deposition pitch from 4.18 rev/mm to 4.46 rev/mm and an increased grain size from 17.7 µm to 29.4 µm resulted in a 33.9% increase in failure strain. The inverse relationship between grain refinement and BD strain to failure suggests deposition pitch and heat input are the dominant factors in resulting BD mechanical properties.
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Figure 1. (A) Schematic of the AFSD process used in this experiment. (B) Schematic depicting the specimen locations and dimensions used in this study. 
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Figure 2. Representative macroscopic image of the (A) Slow, (B) Medium, and (C) Fast builds. (D) Representative macroscopic image of the cross-section throughout the BD of each build. 
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Figure 3. Representative inverse pole figure maps of the (A) Slow, (B) Medium, and (C) Fast builds. (D) Cumulative area fraction comparison of the grain diameters for the Slow, Medium, and Fast builds. 
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Figure 4. (A) Quasi-static tensile stress–strain response [31] and (B) variation in failure strain and build rate with respect to deposition pitch. 
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Figure 5. A schematic depicting the key features of a (A) high and (B) low deposition pitch. 
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Figure 6. (A,B) Representative fracture surface of the Slow build post quasi-static tensile testing depicting microvoid nucleation and coalescence. (C,D) A representative facture surface of the Medium build showing multiple damage mechanisms. (E,F) A representative fracture surface of the Fast build experiencing layer delamination. 
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Figure 7. Diagram depicting various fundamental correlations between various AFSD process parameters. 
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Table 1. AA7020 chemical composition (in wt %).
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	Al
	Zn
	Mg
	Zr
	Si
	Fe
	Cu
	Mn
	Cr
	Ti
	Ti + Zr





	Bal.
	4.7
	1.1
	0.1
	0.1
	0.18
	0.05
	0.17
	0.11
	0.04
	0.14










 





Table 2. AFSD AA7020 process parameters.
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	Specimen ID
	Tool Rotational Rate

(ω, RPM)
	Traverse Rate

(V, mm/min)
	Actuator Feed Rate

(F, mm/min)
	Deposition Pitch (rev/mm)
	Deposition Rate (Kg/h)





	Slow
	225
	50.4
	50.4
	4.46
	0.78



	Medium
	425
	101.6
	76.2
	4.18
	1.17



	Fast
	275
	254
	152.4
	1.08
	2.33










 





Table 3. Heat input for varying AFSD AA7020 parameters.
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	Specimen ID
	Torque (N*m)
	Weld Power (W)
	Heat Input (MJ)
	Tpeak (°C)
	Grain Size

(µm)





	Slow
	95.2
	2243
	2.67
	350
	29.4 ± 10.0



	Medium
	53.0
	2359
	1.39
	365
	17.7 ± 7.5



	Fast
	83.6
	2407
	0.57
	321
	12.7 ± 4.9










 





Table 4. Quasi-static mechanical properties.
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	Specimen ID
	Young’s Modulus (GPa)
	YS (MPa)
	UTS (MPa)
	Failure Strain (%)





	Slow BD
	57.5
	129
	262
	24.4



	Medium BD
	57.5
	109
	241
	18.3



	Fast BD
	63.0
	145
	157
	0.82



	Fast LD
	67.0
	130
	269
	30.2
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