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Abstract: This paper first presents the results of an experimental study into the damage tolerance
of AA7075-T6, which is widely used in both fixed- and rotary-wing aircraft, space structures, and
laser bed powder fusion (LBPF) Scalmalloy specimens built by Boeing Space, Intelligence, and
Weapons Systems. To this end, four single edge notch AA7075-T6 specimens and four identical single
edge notch LBPF Scalmalloy specimens were tested. The resultant crack growth curves reveal that
Boeing Space, Intelligence, and Weapons Systems AM-built Scalmalloy is more damage tolerant
than conventionally built AA7075-T6. This finding leads to the observation that the da/dN versus
AK curves associated with Scalmalloy and conventionally manufactured AA2024-T3 are similar.
These findings highlight the potential for Boeing Space, Intelligence, and Weapons Systems AM-built
Scalmalloy to be used to extend the operational lives of military aircraft by the on-demand printing
of limited-life Scalmalloy replacement parts.
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1. Introduction

Scalmalloy®, a high-strength aluminium/magnesium/scandium (Al-Mg-Sc) alloy,
was developed by Airbus for the additive manufacturing of aluminium alloy aerospace
parts [1]. A US Navy study into additive manufactured (AM) aluminium alloys [2] found
that, of the various AM aluminium alloys assessed, Scalmalloy® had superior tensile
strength, Young’s modulus, yield strength, and elongation to failure. A subsequent paper
by Jones et al. [3] revealed that Scalmalloy® had a tensile strength, Young’s modulus,
yield strength, and an elongation to failure that were comparable to the commonly used
aerospace-quality aluminium alloys, AA7050-T7451 and AA7075-T7351, and superior to
the AM aluminium alloys Al75i0.6Mg and Al10SiMg, which are now increasingly being
used in space applications, and the AM aluminium alloy 7A77, see Table 1.
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Table 1. Comparison of the values of ¢y, 7, and strain to failure.

oy (MPa) o,1¢ (MPa) Strain to Failure (1)
LPBF Scalmalloy®, heat

treated at 325 °C for 4 h [2] 508 530 0.16
A-175i-0.6Mg, heat treated [4] - 330 0.05
AA7050-T7451 [5] 432 521 0.11
AA7075-Té6 [5] 503 575 0.11
AA7075-T7351 [5] 456 518 0.15
Al-75i-0.6Mg, heat treated [3] - 330 0.05
AM 7A77 [6] 375 425 0.55
AA2024-T3 [5] 345 483 0.18

As noted in the United States Air Force (USAF) Structures Bulletin EZ-19-01 [7], the
certification of an AM part requires a durability and damage tolerance (DADT) assessment
that is consistent with the certification guidelines delineated in MIL-STD-1530D [8] and
the United States (US) Joint Services Structural Guidelines JSSG2006 [9]. The requirements
delineated in the National Aeronautics and Space Administration (NASA) Fracture Control
Handbook [10] for space structures are similar to those outlined in [8,9]. In this context, the
papers by Jones et al. [3,11] were the first to reveal that Scalmalloy has similar da/dN versus
AK curves to those of the aluminium alloys AA7050-T7451, AA7075-T7351, AA6061-T6,
and AA5754. As such, Scalmalloy® would appear to be an ideal candidate for use in both
aircraft, drones, satellites, and space structures, as well as for limited life replacement parts
for military aircraft, both rotary and fixed wing.

Consequently, noting that:

(i) AA7075-T6 and AA7075-T7351 have similar da/dN versus AK curves and that both
alloys are widely used in a range of rotary-wing aircraft (helicopters), viz., Blackhawk,
Seahawk, Chinook, Apache, etc., as well as in military transport and maritime aircraft
(C-130J, P3C Orion), weapon pylons (F-15), etc.;

(i) The USAF has been flying AM Ti-6Al-4V weapons pylons on F-15 aircraft as a replace-
ment to a damaged AA7075-T6 part for almost twenty years [12];

(iii) Boeing Defence and Space have flight demonstrator parts, built using the aluminium
alloy 7A77, on US Army Chinook helicopters [13].

The objective of this preliminary study was to directly compare crack growth in
identical AA7075-T6 and laser powder bed fusion (LPBF)-built Scalmalloy specimens
tested in the same servo-hydraulic fatigue test facility under the same loads and by the
same operators. (Here, it should be noted that laser powder bed fusion (LPBF) is currently
one of the most widely used AM processes. In this process, a part is built layer upon
layer, using a high-energy laser to selectively fuse the powder into a computer-controlled
predetermined shape).

The result of this study reveal that Scalmalloy would appear to have a superior damage
tolerance to that of the conventionally manufactured aluminium alloy AA7075-T6. This
finding subsequently leads to the observation that the da/dN versus AK curves associated
with Scalmalloy and conventionally manufactured AA2024-T3, which is used on Boeing
737,747,777, Airbus A320, the Boeing P8 Maritime patrol/reconnaissance aircraft, etc.,
are similar. As a result, Boeing Space, Intelligence, and Weapons Systems AM Scalmalloy
would appear to be particularly attractive for use on a range of military aircraft and
helicopters, as well as for space applications.

2. Materials and Methods

This paper addresses a research gap associated with the use of Scalmalloy to build
limited life parts for legacy military aircraft, viz., a direct comparison between its damage
tolerance and that of a widely used conventionally manufactured aluminium alloy that is
extensively used in both fixed- and rotary-wing aircraft. In this instance, the comparison is
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between the aluminium alloy AA7075-T6, which is used in military transport, maritime
patrol aircraft, combat aircraft, helicopters, and weapon pylons, and LPBF Scalmalloy.

As a result of material availability, it was decided to test four 3 mm thick AA7075-
T6 aluminium alloy ASTM single edge notch tension (SENT) [14] specimens and four
geometrically identical LPBF Scalmalloy specimens. The LPBF Scamalloy specimens were
printed by Boeing Space, Intelligence, and Weapons Systems to a (Boeing) qualified and
controlled production process. The AA7075-T6 and the Scalmalloy specimens were all
subjected to the same remote stress, the same constant amplitude fatigue load spectrum,
tested in the same servo-hydraulic MTS 100 kN fatigue test facility, and tested by the same
operators.

The dimensions and geometry of the test specimens are shown in Figure 1. The
specimens had a width of 44 mm; the total length of the specimens was 146 mm, and the
length of the working sections was 66 mm. The specimens’ thickness was approximately
3.0 mm. All specimens contained an initial, nominally 0.3 mm wide “machined” starter
notch, see Figure 2. The length of the starting notch in these tests was nominally 0.65 mm,
see Figure 2. The tests were performed in an MTS 100 kN servo-hydraulic test facility using a
stress ratio (R = 0 min/0max) of R = 0.5 and a maximum remote stress (0'max) of approximately
204.5 MPa. This stress was used because it represents 115% of the maximum design limit
stress seen in the AA7075-T651 wing skin in operational P3C (Orion) aircraft [15]. The
frequency used in the test was 10 Hz.

W
S~ féum

4
*

3.0 mm

Notch Length

Figure 1. Specimen geometry and dimensions.

Crack growth was monitored using digital cameras located on either side of the
specimen. One such digital image is shown in Figure 3. The resultant crack length versus
cycles curves were then directly compared.
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Figure 2. Single edge notch tension specimen geometry.

Figure 3. Typical crack growth from a notch.
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3. Test Results

The test specimens were first pre-cracked, under the constant amplitude load spectrum
described above, to a length of 1 mm. This length includes the length (0.65 mm) of the initial
starter notch. (The rational for this level of pre-cracking is discussed in the Appendix A.)
The resultant crack length (a) versus cycles (N) curves associated with the various tests are
shown in Figure 4, as well as in Figure 5, which focuses on the initial crack length versus
cycles history. Here, it should be noted that, as mentioned above, we compared the crack
growth histories starting after a length of 1 mm. This was conducted to ensure that the
crack lengths associated with these tests were representative of that required in the USAF
Damage Tolerant Design Handbook [16,17] for the damage tolerance assessment of an
airframe, namely, 1.27 mm (0.05 inch).

50 -
Four identical AA7075-T6
S
S
®
5 .
Four identical 3 mm thick Scalmalloy
specimens tested under the same
loads, in the same machine, and by
the same operators as the four
AA7075-T6 specimens
Starting crack length was approximately 1mm.
05 T T T 1
0 5,000 10,000 15,000 20,000
N (cycles)
@Test 1, 7075-T6, R=0.5 @Test 2, 7075-T6, R=0.5 O Test 3, 7075-T6, R=0.5
& Test4,7075-T6, R=0.5 @ Scalmalloy Test 1, R=0.5 B Scalmalloy Test2, R=0.5

OScalmalloy Test 3, R=0.5 B Scalmalloy Test4, R=0.5

Figure 4. Comparison of the 3 mm thick AA7075-T6 and Scalmalloy crack growth histories.
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Figure 5. Comparison of the fastest growing cracks in AA7075-T6 and Scalmalloy.

Inspecting Figure 5, we can observe the following:

(@) Except for the region close to the final failure, there was a near linear relationship
between In(a) and the number of cycles (N);

(b) This relationship is similar to that seen in operational aircraft in service with the
USAF [18], in the Royal Australian Air Force (RAAF)’s operational usage of the
Boeing F/A-18 Classic Hornet [19], and in a range of full-scale fatigue tests [20];

(¢) The initial slope(s) of the In(a) versus N curves associated with the tests on the Boeing
Defence and Space AM Scalmalloy specimens were significantly lower than the
slopes of the corresponding curves for the conventionally manufactured AA7075-T6
specimens. (This observation is discussed in more detail in Section 4);

(d) The Scalmalloy specimens had longer lives than the AA7075-T6 specimens;

(e)  Assuch, the damage tolerance of the Boeing Space, Intelligence, and Weapons Systems
AM Scalmalloy specimens would appear to be superior to that of conventionally
manufactured AA7075-T6.

4. Comparing the Crack Growth Rates

It is instructive to compare the fastest growing cracks in both the AA7075-T6 and the
Scalmalloy tests. This is provided in Figure 5. Here, we see that, as predicted in [21] and as
also noted above, for this geometry the initial crack length versus cycles history (i.e., for
crack lengths between approximately 1 and 8 mm) is approximately exponential. Indeed,
as shown in Figure 5, in both cases the coefficient of discrimination (R?) is greater than
0.997. This means that for these tests, for crack lengths between (approximately) 1 and
(approximately) 8 mm, the crack growth rate (da/dN) is essentially proportional to the crack
length (a). It also follows that the ratio of the fastest crack growth rate in the Scalmalloy
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specimen tests to that of the fastest crack growth rate seen in the tests in the AA7075-T6
tests was approximately 0.62.

This finding suggests that Scalmalloy may have a da/dN versus AK curve that is
closer to that of conventionally built aluminium alloy AA2024-T3, which as mentioned
above is widely used in both fixed- and rotary-wing aircraft, than that of conventionally
manufactured AA7075-T6. To investigate this hypothesis, Figure 6 presents the R = 0.1
and R = 0.7 da/dN versus AK curves presented in [3] for Scalmalloy and R = 0.1 and
R =0.75da/dN versus AK curves taken from the Nasgro database. The Nasgro identifiers
associated with these two tests are given in Figure 6.

10-° S
&
— IZI &
() %
[3) 0o $
>~ (4
o 1076 -
~~
S
3
g
1077 -
10-8 . 50
1 10 AK (MPam)
@ Scalmalloy, R = 0.1 ® Scalmalloy, R=0.7
©2024-T3R =0.1, ID = M2EA10AB01A1 W2024-T3 R =0.75, ID = M2EA10AB01B3

Figure 6. Comparison of the crack growth rate curves associated with Scalmalloy and AA2024-T3.

Figure 6 reveals that, allowing for experimental error, the da/dN versus AK curves
associated with these two different materials are indeed quite similar. However, as shown
in Table 1, Scalmalloy has a yield stress (¢y,) and an ultimate strength (¢7) that is markedly
superior to that of AA2024-T3. The strain to failure associated with Scalmalloy is lower than
that of AA2024-T3, see Table 1. Consequently, noting that the USAF Mil-STD-1530D [8]
states that there must be no yield at a 100% design limit load (DLL), and the US Joint Service
Structural Guidelines JSSG2006 [9] states that there must be no yield at a 115% design
limit load (DLL), it would appear that, when compared to conventionally manufactured
AA2024-T3, Scalmalloy has the advantage of having:

(i) A similar da/dN versus AK curve;
(if) Whilst allowing for parts that could take higher loads without exceeding the no yield
requirements inherent in MIL-STD-1530D and JSSG2006.

This further suggests that Scalmalloy is particularly attractive for both fixed- and
rotary-wing military aircraft and space vehicles. (Design limit load is the maximum load
that is seen in an operational aircraft).



Aerospace 2023, 10, 733

8 of 10

At this stage, it should be noted that the USAF Structures Bulletin EZ-19-01 explains
that the airworthiness certification of an additively manufactured part requires a durability
analysis and that, as mandated in Section 5 of USAF MIL-HDBK-1530D, the role of testing
is merely to validate/correct the analysis. As such, it is essential that tests to determine
the small crack da/dN versus AK curves, which are needed to perform a valid durability
assessment, be determined. This data set does not currently exist. That said, noting that the
crack growth curves presented in Figure 6 for Scalmalloy and AA2024-T3 are similar, it is
conjectured that their small crack growth curves should also be similar.

5. Conclusions

Noting that AA7075-T6 is widely used by both fixed- and rotary-wing military aircraft,
as well as in space structures, the initial objective of this study was to directly compare
crack growth in identical AA7075-T6 and Scalmalloy specimens tested in the same servo-
hydraulic facility under the same stresses and by the same operators. The experimental data
reveal that Boeing Space, Intelligence, and Weapons Systems AM-built Scalmalloy appears
to be more damage tolerant than the conventionally built aluminium alloy AA7075-T6. As a
result, Boeing Space, Intelligence, and Weapons Systems printed Scalmalloy would appear
to be particularly attractive for use on a range of military aircraft, as well as for space
applications. It also highlights the potential for Boeing Space, Intelligence, and Weapons
Systems Scalmalloy to be used to extend the operational lives of military aircraft through
the on-demand printing of limited life Scalmalloy replacement parts.

The results of this initial test program have led to the hypothesis that the da/dN versus
AK curves associated with Scalmalloy and conventionally built AA2024-T3 should be
similar. This hypothesis was, subsequently, validated by comparison to AA2024-T3 da/dN
versus AK curves taken from the Nasgro database. This observation subsequently led to
the conjecture that the small crack da/dN versus AK curves associated with Scalmalloy and
AA2024-T3, which are needed for a durability analysis, should be similar. If this hypothesis
can be confirmed, then given that:

(i) Scalmalloy has a yield stress significantly greater than that of AA2024-T3;

(i) AA2024-T3 is widely used in both fixed- and rotary-wing aircraft;

(iii) MIL-STD-1530D mandates that there must be no yield at 100% DLL and the US Joint
Services Structural Guidelines J[SSG2006 states that there should be no yield at 115%
DLL, the use of Scalmalloy for both fixed- and rotary-wing aircraft, and drones would
appear to be very attractive.

As such, the next stage in the study will involve the determination of valid upper
bound da/dN versus AK curves for the growth of short cracks in AA2024-T3.
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Appendix A

Figure A1 presents a typical aluminium alloy ASTM standard compact tension test
specimen. Inspecting Figure A1, we see that the minimum crack length associated with
such tests is of the order of 10 of mm. This crack length differs significantly with the initial
crack length of 1.27 mm (0.05 inch) required in the USAF Damage Tolerant Design Hand-
book [16] for a damage tolerance assessment. As such, to minimise any potential confusion
when comparing crack growth in AA7075-T6 and LPBF Scalmalloy, it was decided to test
specimens with initial crack lengths that were similar to the USAF Damage Tolerant Design
Handbook [16] requirement. An added advantage of this test specimen geometry is that
the resultant crack growth history is exponential and, as such, are representative of that
seen in operational aircraft [18,19].

Figure A1l. A typical ASTM standard aluminium alloy compact tension (CT) test specimen.
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