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SUMMARY

In this continuing research program, the newly developed 2519-T87 aluminum alloy is evaluated as a possible
replacement for 5083-H131 and 7039-T64 aluminum for armor plate applications on U.S. Army combat vehicles. The
purpose of this portion of the investigation is to evaluate the weldability of thick-section butt joints of 2519-T87 welded
to itself and to 5083-H131.

Full penetration, double-V groove welds were deposited on 19-mm (3/4") and 32-mm (1-1/4") thick plates of 2519-
T87 and 5083-H131 by the gas metal arc welding (GMAW) process using: (a) two levels of heat input, (b) two shielding
gases, and (c) four filler metal compositions. The weldability criteria were based on tensile properties, hardness, Charpy
V-notch (CVN) impact toughness, fractography, microstructure, level of porosity, resistance to hot cracking (varestraint
test), and deposition rate.

Fractographic analyses of broken transverse tensile snccimens of welded 2519-T87 plate using all four types of
aluminum filler metal revealed a characteristic or preferred crack path which was located entirely within the weld metal.
The majority of these fractures exhibited a ductile dimpled appearance with microvoid coalescence beginning at par-
ticles of CuAb. The crack path in similar welds deposited on corner and butt joint specimens, subjected to ballistic
shock testing in accordance with MIL-STD-1946, followed the fusion line and exhibited slight regions of brittle fracture
surrounded by mostly ductile microvoid coalescence fracture.

Corner joints of 32-mm (1-1/4") 2519-T87 weldments were successfully qualified to the MIL-STD-1946 ballistic
shock test. Previous ballistic shock test results of 2519-T87 weldments were found to be invalid due to the test velocity
being too high.

The microstructure of weid metal deposited using both levels of heat input and various alloy filler metals exhibited
typical dendritic structures where the dendrite core was aluminum solid solution and the interdendritic spaces were
filled with the eutectic phase.

The mechanical properties of weldments were most significantly affected by the filler metal composition. Post-
weld aging and redaced heat input (10 kJ/in.) slightl;’ increased yield strength and hardness. The shielding gas composi-
tion of 25%Ar-75%He was found to increase deposition rate by 30% and reduce the tendency to form lack of fusion
defects when compared to results found when using 100%Ar shielding gas. The filler metals having the highest deposi-
tion rates were those with the 'owest electrical conductivity. The highest was 5356 followed by 4043, 2319, and 4145,
respectively. Increasing the cooling rate by using thicker plates slightly increased weld metal yield strength in both the
as-welded and post-weld aged conditions.

Guud tensile strength values were found for welds made with 2319, 4043, and 4145 filler metal. This was true both
when welding 2519-T87 to itsf and to 5083-H131. Percent elongation values appeared to be low for these welds, but
percent reduction of area values were higher (around 6 to 20%, depending on base and filler material). The low duc-
tility may not necessarily be a problem, however, because the ballistic shock fracture surfaces appcar to be mostly ductile
rather than brittle.

Varestraint tests show that both 4043 and 4145 are resistant to hot cracking. The 2319 can be made to exhibit
cracks under extreme restraint conditions, but is probably acceptable for most production apgiications. Welds using
5356 filler metal were extremely hot crack susceptible and usually cracked in the root pass welds of 2529 to 5083.

It is anticipated that the results of this study will make the fabrication ~f 2519-T87 a viable option for Army applica-
tions. 'The 2519-T87 exhibits a superior combination of ballistic, stress corrosion cracking, and tensile performances
compared to other aluminum alloys.

INTRODUCTION

Two aluminum alloys, 7039-T64 and 5083-H121, have accounted for the majority of ariror and structural applica-
tions for U.S. Army light combat vehicles to date. Recently, Alcoa introduced a new precipitation hardening alloy desig-
nated 2519-T87 aluminum (conforming to MIL-A-46192), which combines the good strength and ballistic performance
of the 7039-T64 aluminum alloy with the good stress corrosion cracking resistance of the 5083-H131 aluminum alloy.




The 2519-T87 aluminum alloy is being evaluated as a potential alternative tc these alloys to provide adequate armor
protertion, stress corrosion resistance, and weldability. In addition, the use of a single alloy to replace two alloys wil!
help solve production problems associated with tracking two different alloys throughout a plant.

All the 2519 material studied in this report was in the T87 temper condition and the 5083 was all in the H131
temper condition. Henceforth, the 2519-T87 will be referred to simply as 2519 and the 5083-H131 as 5083.

Although initial studies on the weldability of 2519 aluminum (formerly Alcoa’s CV/34) have been reported,' addi-
tional research was needed to broaden the existing data base compiled on this new alloy for future Army utilization. If
the 2519 alloy is selected as a primary aluminum armor component on combat vehicles, weldability data for 2519 will
become essential to designers and structural engineers. In addition, dissimilar metal joints between 2519 and 5083 may
be structurally critical. Also, the various appurtenances welded to the primary armor are currently fabricated from 5083
aluminum'

The purpose of this investigation was to evaluate the weldability of 2519 welded to itself and to 5083 using the

GMAW process. The weldability assessment was based on the level of porosity, resistance to hot cracking (via the J
varestraint test), transverse-to-weld tensile properties, hardness, CVN impact toughuess, microstructure, and deposition
rate. The principle welding variables in this investigation included: shiciding gas composition, filler metal composition,
level of Leat input, plate thickness, and post-weld heat treatmeat.

The results of this study will provide a preliminary screening of welding variables to minimize the number of weld-
ments needed for costly ballistic tests per MIL-STD-1946. In addition, the larger data base for the 2519 aluminum alloy
may permit a more cost-effective utilization of this alloy as a potential replacement for other lightweight materials on a
variety of combat vehicles and aircraft.

FRACTURE ANALYSIS OF PREVIOUS BALLISTIC WELDMENTS

In a previous report on this program,! a series of eight ballistic weldments were tested in accordance with the shock
test in MIL-STD-1946. Four of these weldments were of 2519 welded to itself with 2319 filler metal and weld
parameters very similar to those of Weld #4 in Table 1.

Table 1. WELDING CONDITIONS USED FOR EACH EXPERIMENTAL WELD
Thickness _ Types of

Gas of Plale Aloys Filler
Weld No. Schedule Shielding mm (in.) Welded Metal
1 B 25Ar-75He 19 (3/4) 2519/2519 2319
2 A 25Ar-75He 2519/2519
3 A 25A1-75He 5083/2519
4 A 100Ar 2519/2519
5 8 25A1-75He 5083/2519
6 A 5356
L4 -] 4049
8 A 4043
9 8 4145
10 A L 4145
1 B \ 5356
12 A v 2519/2519 4043
13 A 32 (1-1/4) 2319
14 A 19 (3/4) 4145
15 A 32 (1-1/4) 4145
16 A v 32 (1-1/4) 4043
17 A 100Ar 32 (1-1/4) v 2319

1. WOLFE, T.D, anc. GEDEON, S.A. Weldability of 2219-T851 a.a 2519-T87 Aluminum Armor Alloys for use in Amy Vehicle
Systems. U.S. A -my Materials Technology Ladoratory TR 87-28, June 1987.

2. L. LUCA, B, and ANCTIL, A, Laminate Amor for Light Comoat Vekiciss (U). U.S. Army Materials Technology
Laboratory TR 86-14, April 1986, p. 185-196.

3. MARTUKANITZ, RP. Weldability of Ballistic Alloys CW33 and CW34 Welaments. Alcoa Report PREN 52-83-31, 1983.




Since that n:port,1 it was found that all four of the 2519 tests were iavalid. All four tests, which were previously
reported as failures, were actually fired at too high of a test velocity,! and thus must be discounted.

Three new weldments wei e made with the corner joints geometries shown in Sigure 1 and the weld procedures and
conditions listed for Weld #4 in Table 1. All three of these weldments were properly impacted twice in accordance with
the ballistic shock test in MIL-STD-1946. Only weld joint C showed any signs of cracking. Weld C had cracking in
excess of 12" and was the only failure.

Most importantly, Weld C was expected to fail because of its poor joint design. This provided additional evidence
that MIL-STD-1946 can distinguish between good (A, B) and bad (C) welds. This was the first ballistic qualification of
the weldability of 2519 aluminum, ’

Ballistic shock test specimens which exhibited weld fiactures {from the first series of testsl) were examined
optically and with a scanning electron microscope (SEM). Fractographic and metallographi. analyses indicated that the
fractures tended to propagate parallel, and very close, to the weld fusion line as evidenced by Figure 2. Despite the
shock rate of loading, the fractures were cssentially ductile as illustrated in Figure 3. The major mode of fracture was
microvoid coalescence initiating primarily at CuAlz precipitates. A small portion of the fracture surface, near the fusion
line, appeared to be brittle surrounded by patches of ductile fracture, as shown in Figure 4.

Based on the observation of a r:ostly ductile failure mechanism, it was anticipated that the ballistic: shock resistance
of 2519 weldments could be increased by (1) increasing the strength of the weld metal (through selection of filler metal
type and post-weld heat treatment) and (2) reducing the amount of large crack-sensitive second phase precipitates
between dendrites. Thus, in this investigation, reduced h '3t input welds and higher cooling rates were examined to
determine the advantage of refined primary dendrite arm spacing (DAS) combined with smaller second phase
precipitates. Based on the observation of small patches of apparently brittle fracture along the fusion line, temper beads
were studied to understand and hopefully eliminate the possibility of a brittle fusion line region.

EXPERIMENTAL PROCEDURE

The materials used in this investigation included: 19-mm (3/4") and 32-mm (1-1/4") thick plates of 2519 and 5082
aluminum alloys. These plates were machined into approximately 300-mm x 150-mm (12" x 6") section.. The double-V
groove joint shown in Figure 5 was machined along one of the 300-mm (12") edyes of each section in order to provide

weldments for mechanical property evaluations. Chemical compositions of plate and filler materials are given in Tables
2and 3.

Tab'e 2. CHEMICAL ANALYSIS OF ALUMINUM ALLOYS
w.iglm"oreont

Cr Cu Fe Mg Mn Ni Sl i vV  Zn Z
2519-187 - 560 015 019 028 0007 006 006 005 007 0.1900
5083-H131 0.08 006 029 45 064 0004 009 002 003 003 "
7039-T64 0.19 005 020 287 024 0240 01C 002 001 4.25 0.006

Table 3. CHEMICAL COMPOSITIONS OF ALUMINUM FILLER METALS
Weight Percent _ —

Be Cr Cu Fe Mg Mn Ni Si Ti v Zn Z
2319 0.0008* ~ 83 030" 002* 03 - 0220* 018 010 0.10* 0.18
4043 - 010 0513 10 G313 - 05128 1-138 - - 0a& -
4145 - 015 3347 08 0.15 0.15 - 93107 - - 020 -
5356 — 00502 010 040 4555 00502 - 025 00602 - 010 -

*Maximum content

4. VAN CANEGHAN, RJ. Re-fest ?[ Armor for Methodolﬁ and l.Sijec‘i(ication Devel(gpmcnt &Ballmic_ Tests of 2519 Alloy
Aluminum Armoi and 2219 Alloy Aluminum Armor Plate). U.S. Army Combat System Test Activity Firing Record
No. Ar-48902, TECOM Project No. 1-EG-965-000-476, 1987,




GMAW was performed using 1.6-mm (1/16") diameter filler metals of: 2319, 4043, 4145, and 5356 designations.
Two levels of heat input were used: 994 J/mm (25.3 kJ/in.) and 394 J/mm (10 kJ/in.), designated Schedule A and B,
respectively. In addition to pure argon shielding gas, a mixture of 25Ar-75He was evaluated primarily to provide
penetration capability and weld beud shape suitable for GMAW heavy section alum:num plates. Welding parameters
for both levels of heat input are given in Table 4.

Table 4. WELDING PARAMET ERS FOR NORMAL HEAT INPUT (SCHEDULE A) Arww
LOW HEAT INPUT (SCHEDULE B) WELDS DE BY GMAW

T Y Y

Current 268 A 200A

T %p«d (oX.14 tal'?lav(lﬂ ) 12mrat?hv(3m )
nvoi .87 m pm . pm

Workpisos Pasition Flat Flat

Torch inclination Angle 1 8

Preheat ant  ostheat None None

lrmm Temperature 150 Maximum 180 Maximum

Gas Rate 80 CFH 80 CFH

Elactrode Size 1.2 mm (1/18%) 1.2mm (1/16%)

Cleaning Procedure acetone acrub followed by stainiess steel wire brush
prior to first pass and wire bruth for subssquent passes
Backchipping root pass only

*Two root passes ware depoasited with Lhe low heat input parameters to avoid
bumthrough

Table 1 summarizes the test matrix of welding conditions studied. The root pass was backckipped to ensure full
penetration. The weld area was cooled to room temperature, washed with acetone, and stainless steel wire brushed
between each pass. Each weld joint was radiographed to ensure that mechanical property specimens were {ree from
defects. Welds were then saw cut into blanks for subsequent machining of tensile, CVN toughness, hardness, and metal-
lographic specimens.

Several welded specimens were heat treated prior to testing. Post-weld heat treatments included: (1) aging at
.04°C (400°F) for various times and (2) solution heat treating to 535°C (995°F), ice water quenching, and subsequent
aging at 204°C (400°F). All heat treatments were conducted in furnaces with an air atmosphere.

Mechanical testing included uniaxial tensile, CVN impact toughness, and hardness tests. Standard round tensile
bars having a 12.8-mm (0.505") diameter and a 50.8-mm (2") gage length were machined in accordance with MTL SP 77-
10 Type T(R)-1. Specimens were tested at a crosshead speed of 1.27 mm/min (0.05 in/mix). All tensile testing was per-
formed at room temperature. CVN impact toughness specimens were machined to MTL SP 77-10, specimen CV-2, with
the notch located in the center of the weld. Testing was performed in accordance with AWS Standard B4.0 at room
temperature. Both Rockwell B and Knoop microhardness tests were used to measure the hardness characteristics of
each weld metal, heat affected zone (HAZ), and base metal.

Metallcgraphic specimens were prepared transverse to the weld in order to examire the weld metal, HAZ, and
base metal. Weld joints were polished and etched with Keller's solution.

Varestraint tests were performed on the 2519 plates using GMAW with various filler metals to measure resistance
to hot cracking. Crack length measurements were recorded after testing 12.5-mm (1/2") thick plate at the 4% aug-
mented strain level in accordance with AWS standard B4.0. The varestraint specimens were machined so that alter
GMA welding, the top of the bead was flush with *.¢ upper surface of the specimen. This was done to ensure that the
imposed strain equaled 4%.

RESULTS

Four filler metals were used to weld 2519 to itself and to 5083: 2319, 4043, 4145, and 5356. A separate bar graph is
siiown for cach mechanical property determination. Figure 6 shows the ultimate tensile strength (UTS) as a function of
filler metal, heat input, shielding gas, and aging treatment. The first bar for each of the five welds indicates the UTS in




the as-welded condition, and the second bar shows the effect of post-weld aging at 204°C (400°F) for 1 hour. Weld #1
(the second set of bar- in Figure 6) shows the effect of reduced heat input. Weld #4 (the third set of bars ir Figure 6)
shows the effect of using pure argon shielding gas rather than 25Ar-75He. Welds #12 and #14 (the fourth and fifth
sets) show the effect of using 4043 and 4145 filler metal.

Similarly, Figures 7 through 9 display the resulting yield strength, percent reduction of area, and petcent elongation
for the same series of welds. No mechanical properties are shown for 2519 welded to itself with 5356 filler due to exten-
sive hot cracking.

Figures 10 through 13 preseat the mechanical properties as a function of the same weld variations for the dissimilar
base metal combination of 2519 welded to 5083.

Charpy V-notch results are shown in Figure 14 for 2519 welded to itself. Figure 15 presents the CVN values of
2519 welded to 5083. Unfortunately, a number of the CVN specimens had objectionable defects, and not all filler
metal/base metal combinatior s were tested. However, it was determined that the CVN value for the uawelded 2519
basc metal (5.9 ft-1b) is less tain the CVN value of the 2319 and 4043 filler metals. The CVN toughness of the 5083 basc
metal was found to be 10.0 R-1L.

The resistance tc aot cracking was determined for both the filler metal and shielding gas composition. The 2319,
4043, and 4145 welds exhibited X-ray quality (per AWS Standard D1.2) and metallographically sound deposits on 2519
plates. The 5356 filler metal, however, developed severe hot cracking in the root passes of 2519 welded to itself and to
5083.

In order to determine the ranking of resistance to hot cracking for the 2319, 4043, and 4145 filler metals, the
va. estraint test was performed using GMAW at an augmented strain level of 4%. These results are indicated in Table 5.
As shown, 2319 is the most crack susceptible followed by 4145 and 4043. The 5356 filler m=tal was not tested due to
severe hot cracling of root pass weldments of 2519 to 5083.

Table 5. VARESTRAINT RESULTS FOR 2519-T87 WELDMENTS

Thickness of Base Metal, in.: 0S5
Diameter of Filier Metals, ir... 118
Welding Current, amps: 10
Welding Voltage, volts: 2r
Augmented Longitud'nal Strain, %: 4
Filer Sample  Max. Crack Total No. of Cracks Vatal Crack
Wire No. Length (in.) Crack. No (Length > Q.1in.} Length (in.)
2319 1 0.144 21 8 1.82
2 0.164 14 9 149
3 0.:52 20 7 1.59
Avarage 0.183 18 8 1.63
4043 1 0.148 10 3 0.80
2 0.223 8 -4 on
3 0.251 3 4 0.3
Average 0.174 ? 2 0.62
41435A 1 0.106 5 -4 0.38
2 0.121 6 2 043
3 0.120 8 2 044
Average 0.116 (] 2 0.41
41458 1 0.045 3 0 0.12
2 0.112 S 1 0.9
3 0.063 9 0 0.39
Average 0.073 8 0 027

The 2519 was welded using two plate thicknesses, 19-mm (3/4") and 32-mm (1-1/4"), in order to examine the effects
of cooling rate on weld propertics. The thicker plate provided « greater heat sink and faster cooling rate per pass. Also,
since about 20 passes were needed to weld the 32-mm (1-1/4") thick plate, 2 high percentage of filler metal was present
in these welds. The resulting mechanical properties of these thicker base plates are shown in Table 6, As indicated, the
slight increase in cooling rate has little cffect on the mechanical properties.




Table 6. MECHANICAL PROPEATIES g l S2MM (1-1/4") SIMLAR
2819-T87 TO 2510 Ttll (-9
Piate
Weld Fitet Shisiding Thickness uTs MYS PRAA &Lon.
Neo. Metal Ges {rmwn) el {iol) W) (%)
2 »19 28 78He 19 Q2 8ns ane 80
19 2019 28M-78He k-] 4“3 »n2 179 3
8 404 BN-TSH ) %0e o [ X ] 30
[ ] 4043 28N-T8re -] Ne 3] 199 s
[ ) N 100/ 19 434 73 173 L X ]
7 2319 100 32 48.3 2.1 1.8 29

Figures 16a, 16b, and 16¢ show Knoop microhardness traces of the weld fusion zone, HAZ, and base metal for
bead-on-plate welds made with 2319, 4043, and 4145 on 2519. All three welds were made with the same parameters and
conform to Welds #2, #12, and #14. Figures 17a, b, and ¢ show microhardness readings on dissimilar root pass welds

of 2519 to 5083 using 2319, 4043, and 4145 filler metals.

The effect of multiple pass welding is demoastrated in Figure 18. Heze, a distinct increase in hardness is found in
the fine equiaxed structure developed at the partially melted zone of adjacent beads. In order to understand this effect
in a controlled experiment, a test resembling the *bead temper test” was performed. The effict on hardness of a second
bead placed on top of the first bead is shown in Figures 19a, 19b, and 19¢. In order to increase the strength of the weld

metal, post-weld heat treatments were studied.

Figure 20 shows the hardness of the 2519 as a function of aging time at room temperature and at 400°F. As indi-
cated, 2519 naturally ages at room temperature, but artificial aging does increase the hardness somewhat.

The choice of filler material and shielding gas composition affected the depaosition rate. In order to quantify this
effect, the voltage, clecirode extcnsion, and travel speed were held constant while the wire feed rate was adjusted to
meintain a constant current. These results are presented in Table 7.

Table 7. WIRE FEED RATE NEEDED TO MAINTAIN CONSTANT WELDING PARAMETERS

me ]

Electrode Extension V4

Current, ampa: 283
Vire Feed Rate
Weid No. Base Plates Filer Metal smldlqg Gas mmis_ (pm)
4 2319/2519 2318 100M 102 (241)
2 319/2519 2319 25A-TSHe 158 {374)
12 2319/2519 4043 25N-T5He 185 (390)
14 251972519 4145 235A-75He 123 (291)
] 2519/5083 5358 25N-78He 174 (412)

DISCUSSION

Mechanical Properties

The weld properties were most significantly affected by the filler metal composition for the range of weld
parameters studied. In general, pust-weld aging and reduced weld heat input slightly increased the strength and

lowered the ductility of the weld metal.

As indicated in Figures 6 through 9, when welding 2519 to itself, the 2319 and 4145 weldments stowed the highest
yicld and tensile strength. The 2319 had the better ductility of the twy filler materials. The 4043 showed the largest per-
cent reduction of area, but the as-welded percent elongation was slightly lower than that of the 2319. The yield and
ultimate tensile strength of the 4043 weldments was about 13% lower than that of the 2319 or the 4145,

$,




In the tensile test results, almost all of the yielding and fracturing occur in the weld metal. The tensile specimens
were machined from the center of the plates 30 that the root bead was primarily being tested. Because of the small size
of the relatively soft weld region, the use of a 2° gauge length coatributed to the low uverall percent elongation values.
The soft weld metal is ductile as evideaced by the larger perceat reduction of area values.

Welding dissimilar joints between 2519 and S083 alumiaum alloys is not normally recommended by Alcoa and
military specification MIL-A-46192. Nevertheless, welds were deposited oa dissimilar metal joints of 19-mm (3/4") thick
2519 to S083 using 2319, 4043, 4145, and 5356 alu'«:~um filler metal alloys.

Upon welding 2519 to 5083, the 4043 aluminum developed excelleat as-welded strength as shown in Figure 10. The
tensile strength of the 2319 and 414 filler metal welds were comparable to those of the 4043 filler metal. The 4043 has
the best combination of streagth and ductility when welding 2519 to 5083 of all the filler materials studied. It is possible
that the dilution of magnesium from the 5083 into the 4043 filler metal is respoasible for the increased strength of 4043
when welding 2519 to 5083. The 5356 filler material had surprisingly good ductility but provided the lowest strength
weld joints. The amount of hot cracking encountered when using the 5356 renders this filler metal unacceptable.

The hot cracking susceptibilities of the weld metal and HAZ are known to be functions of both mechanical and
metallurgicr] factors. External restraint, weld bead shape and size are important for mechanical aspects while the
deadritic morphology and solidus/liquidus temperature range are the major metallurgical coatsibutors to hot cracking.

Varestraint testing showed that the 4XXX series filler aet. Is exhibit the least amount of hot cracking. This is due
to the facu that the added elements will move the overall weld composition closer to che eutectic point, thus reducing the
solidus/liquidus temperature range.

The welds made with 2319 did not reveal any hot cracking visually or radiographically. However, fractured tensile
specimens of 2519 welded to 5083 using 2319 did show some .light regions of solidification cracking. This amount of
cracking was nut evidenced in the fractured specimens of 2519 welded to itself with 2319.

The CVN tests were not only performe:! in orrder to characterize 2519 weldments, but were also intended to help
understand the welding parameters needed to fabricate weldments that can pass the ballistic shock test in
MIL-STID»1945,

Due to the inability to properly place HAZ notches in this prescat study, w: were unable to successfully use CVN
testing to understand ballistic shock. However, a number of puints can be made: under slow loading, the base metal is
stroager, harder, and more ductile than the weld metal; under CVN testing, the base metal is weaker than the weld
metal. Due to hardness traverse results, it is probable that there exists, near the fusion line or HAZ of remelte.d welds, a
region of lowest impact resistance at the hardest region. Itis ihis region which should fail earliest during the ballistic
shock test.

Fractography

Fractured surfaces of tensile, CVN, and ballistic specimens were examined with a SEM. The slow strain rate ten-
sile tests all fractured in the we!d metal which had the lowest hardness and lowest yield strength (in comparison to the
fusion line, HAZ, and basc metal). All fractures indicated a ductile mode of crack propagation (microvoid coalescence)
as illustrated in Figure 21. The microvoids mostly initiated at CuAlz precipita:es.

All of the weld metal contained porosity which formed during solidification as evidenced by the dendrite arms
shown in Figure 22. Previous research has shown that porosity will only affect the tensile properties by lowering the
cross-sectional area. However, excess porosity may influence CVN propertics. The fractured surfaces of the 4145 weld-
ments which exhibited low CVN values all contained excessive porosity. In reirospect, this was due to receiving a bad
spool of 4145 filler wire. Replacing the spool resulted in substantially less porosity. Unfortunatcly, as of the writing of
this report, we did not test the CVN properties of the new 4145 weldments.

The CVN impact specimens also failed by ductile microvoid coalescence (MVC). Because of the difficulty in cor-
rectly placing a notch at the proper location on the fusion line or HAZ, CVN specimens were made with notches in the
weld area only. Thus, it is difficult to use the CVN values to predict the results of ballistic tests.




The ballistic fractures seem to follow the wekd fusion kine as shown in Figure 2. Recall from Figure 18 that the inter-
pass fusion line exhibits the highest hardness (which might also have the lowest impact resistance). However, even this
arca exhibited primarily ductile MVC fracture.

To date, CV.{ and ballistic shock test results have not been successfully coerelated. This is possibly due to the large
difference in impact velocities: about 5 R/sec for CVN impact tests and 700 to 1000 ft/sec for ballistic shock tests
(depending on the thickness). Anothct difference is that the CVN specimen bas a notch and the ballistic specimen does
not.

The ability to coirelate CVN, small scale tests, and the MIL-STD-1946 ballistic shock test will be studied in a future
rescarch project,

Weld Heat Input

2 weld heat i input was found to affect the primary dendrite arm spacing (DAS). A 369, reduction of DAS (from
9.1x10°m106.7x16% ’).ocwmdwhenthc heat input was reduced from 994 J/mm to 394 J/mm. It is documented in
prior sulidification studies™ that aluminum alloys having reduced DAS developed better stiength and toughness.
Similarly, in this investigation, the reduction of DAS resulted in (1) slightly increased weld m~tal yicld strength (Figure
7) and harduess both in the as-weided and post-weld aged conditions and (2) reduced volume of interdendritic second
phase predipitatioc after welding. The reduced heat input (Schedule B) welds required 10 passes compared toonlv8 .
passes (Schedule A) to complete a full penetration weld on 19-mm (3/4°) thick plate.

Unfortunately, the refined DAS probably does not affect the propertics cnough to offset the added production
costs of using a lower heat input. Additionally, the smaller weld beads make it more difficult to properly align the weld
joint, and therefore lack of fusion may become a problem. It must be noted that heatmpmsmdmdad oot cover the
entire range of heat inputs being used for aluminum vehicle production. Higher heat inputs (up to 80 kJ/in.) are now
being studied.

Microstructures of welc's deposited on 2519 with 2319 exhibited typical dendritic morphologies. At the weld -
metal/base metal interface, shown in Figure 23, an equiaxed grain structure with dispersed CuAl; precipitates in the
grain boundaries formed as a result of pattial melting in the solidus/liquidus temperature range. The effect of this par-
tially melted region on the fracture path is still under investigation at the time of this writing.

Shielding Gas Compoaition

In the past weldability studies of 2519 aluminum, virtually all GMAW has been performed with pure argon
shiclding gas. However, the bead surface pecfile and “finger” oc “spike™ penetration of GMAW with pure argon
increased the incidence of lack of fusion defects, particularly in root passes. The use of a 25Ar-75He gas mixture
provided several advantages over pure argon for welding the 19-mm (3/4") and 32-mm (1-1/4") thick plates in this inves-
tigation. Since pure argon produced a “spike” type peaetration pattern, great care had to be taken to ensure that the
land of the root pass was fully fused. A slight misalignment of the welding torch could cause a lack of fusion defect along
the land. The 25Ar-75He shiclding gas welds, however, developed greater side wall penetration than those shiclded with
pure argon and ensured excelient fusion of the seam during the root pass despite any misa!'m» 2nts of the torch, In
addition, it has been reported that Ar/He mixtures result in less porosity th.an pure ugon.’

It inust be noted, however, that argon is considerably less expensive nan helium, and in most production applica-

tions pure argon is used. If a high heat input is uscd, the larger weld bead will probably not kave the lack of fusion
problems that were encountered with the lower heat input parameters listed in Table 4.

5. FLEMING, M.C. Solidification Processing. McGraw-Hill, New York, 1976.




Deposition Rate

Fillcr metal composition and shielding gas compasition cubstantially affected the deposition rate during GMAW of
2519 aluminum as summarized in Table 7. Apparently, deposition rate increases (at constant heat input) as the electri-
cal resistivity of the filler metal increases. For example, the deposition rate as measured by wire feed rate, for the 2319
filler containing Al +ad Cu is substantially less than that for 5356 filler containing Al and large amounts of Mg. The
sreater electrical resistivity of the 5356 filler permitted an increase in IR prehesting of the wire between the contact
tube and the arc.

Similarly, the deposition rate of a givea filler metal (at constant heat input) increased with increasiag electrical
resistivity or thermal conductivity of the shislding gas plasma. For example, a 30% increase in wire feed rate was
achicved by replacing 100Ar with 25Ar-75He (and maintaining a constant current) as displayed in Table 7.

Another way to view the effect of changing shieiding gases is to leave the wire feed rate constant, and determine the
change in current. When 100Ar is replaced with 25Ar-75He, the current drops from 350 amps to 265 amps (at 3/4" stick-
out, 26 volts, and 158 mm/s wire feed rate). This results in an increase in apparent arc resistivity from 0.074 ohms
(25/350) to 0.098 ohms (26/265) when changing to 25Ar-75He. The mechanism by which deposition rate changes as a
function of shiclding gas and filler metal resistivity is not well understood.

Post-Wek! Heat Treatment

Welds made with 2319 filler metal were always responsive to post-weld heat treatment to some extent. The weld
metal deposited on the 2519 plates was virtually as precipitation hardenable as the 2519 base 1etal as shown in
Figure 24. Precipitation hardening reactions taking place in the dissimilar metal welds betwe. - 719 and 5083 aluminum
alloys were a functior of Cu content. The weid passes adjacent to the 2519 side of the weld join. responded to heat treat-
ment almost as well as the 2519 base metal. The weld passes adjacent to the 5083 side of the weld exhibited a somewhat
weaker response to precipitation hardening (Figure 24). The 5083 aluminum displayed very little hardeniug since the
Mg in the 5083 is unable to form coherent zones upon aging as does the Cu in the 2319 and 2519 aluminum alloys.

The post-weld aging treatments did not increase the strength of 2XXX series weldments as much as originally
anticipated. In response to this, a more detailed aging study was performed. It was found that natural agir ;4 at room
temperature is nearly as effective as artificial aging at 400°F as shown in Figure 20. Natural aging may also account for
the fact that microhardness traverses did not distinguish a solution heat treated condition in the weld zone as was
initially suspected.

The low heat input Weld #1 had greater as-quenched hardness and greater response to precipitation hardening
thau the medium heat input welds as shown in Figure 25. This is generally true since the low heat input produces a finer
dendrite arm spacing and permits shorter diffusion distances to achieve the compositional changes required for the
precipitation hardening reactions.

Hardness

Knoop hardness traces were measured in order to understand the microstructural hardening mechanisms and their
effects on failure location. Although a thorough characterization is inappropriate at this time, a number of plausible
inferences can be drawn.

The 2519 base metal immediately adjacent to the weld bead is heated above the recrystallization temperature. Out-
side of that region, the material becomes overaged and large precipitates form with a corresponding decrease in
strength. This explains the shape of the hardness traces in Figures 16 and 17 which show an increase in hardness
adjacent to the weld (on the 2519 side) followed by a region of decreased hardness before the base metal returns to its
unwelded hardness of approximnately HK 143.

The 5083, which is not a precipitation hardenable alloy, does not show an increase in hardness, but onlv a decrease
i. the weld vicinity. This is a result of the agglomeration of the beta precipitate phase due to the heat of welding.




The strength and harduness of the weld metal are primarily functions of composition. Figures 16a through 16c show
the weld metal in a condition similar to being solution heat treated and naturally aged. The 4043, which has the least
amount of copper, also has the lowest hardness and strength. Although the 2319 has the most copper, it is not as hard as
the 4145 which is alloyed with silicon and magnesium (like the 4043).

Magnesium, diluted into the weld from 5083 (when welding 2519 to 5083), was found to increase the hardness of all
three filler metals as shown in Figures 19a through 19c. This accounts for the fact that 4043 is stronger when welding
2519 to 5083 than when welding 2519 to itself. The fact that this dilution does not increase the strength of the 4145, how-
ever, indicates that there is a complex interaction of the alloying clements that is not presently understood. A con-
sumables development program for welding 2519 may be appropriate at a later date.

The heat of a temper bead increases the hardness of all three filler metals slightly (approximately 5 on the HK
scale). It also decreases the hardness of the initially recrystallized zone so that the difference in hardness is much less
than that of a single pass weld. However, the weld bead next to the fusion line of the temper bead and area immediately
adjacent to the temper bead undergoes recrystallization. The increase in hardness due to this second recrystallization is
proportional to the amcunt of copper in the weld bead. This is responsible for the harcdness spike found in Figure 18,

This increased hardness region along the boundary from weld bead to weld bead in a multipass weld may play a
role in tensile and ballistic failures. Figure 26 shows a cross section of a fractured tensile specimen. As can be seen, the
fracture follows the soft region adiacent to the hard region between passes. The hard region will even turn the crack 90°
to stay in the soft region rather than cross through that hard region. ,

Another postulate now being studied is that low melting point eutectic regions may be found at the grain boun-
daries in the partially melted zone adjacent to the fusion line. The areas may promote crack propagation and failure

upon ballistic loading. The partially melted zone is right next to the hard recrystallized zone which may also be a brittle
region during ballistic testing. '

CONCLUSIONS
The following conclusions can be made based on the data obtained during this investigation:

1. The filler metals which have the best as-welded strength when welding 2519-T87 to itself are: 2319 and 4145. Of
these, 2319 has the better ductility.

2. Tke filler metal which has the highest as-welded strength and ductility when welding 2519-T87 to 5083-H131 is
4043,

3. Reduced heat input, type of shielding gas, plate thickness, and post-weld heat treatment have a minor influence
on the weld strength and ductility (for the materials and parameters studied).

4. Hot cracking can occur when welding 2519-T87 to 5083-H131. Varestraint tests show that 4043 and 4145 are
resistant to hot cracking, 2319 can crack under very high restraint, and 5356 will crack even under low restraint.

5. The presence of a temper bead changes the hardness profile across the weldment. The effect of the temper bead
decreases the difference in hardness from the HAZ to the weld metal and may increase ballistic performance.

6. Weldments of 2519-T87 welded to itself using 2319 filler material can pass ballistic qualification to
MIL-STD- 1946. Previously reported ballistic failures of this material were found to be invalidly tested.
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FOLLOW-ON RESEARCH
A number of follow-on tests can be designed based on the presented results:
1. Ballistic weldments will be fabricated and tested using various filler materials, joint geometries, and high heat
inputs. The 4043 and 2319 filler metals seem to be the most promising. As of the writing of this report, 26 weldments
are being fabricated to be tested in accordance with the ballistic shock test in MIL-STD-1946.

2. CVN specimens can be heated with a Gleeble 1500 to simulate the HAZ properties of interest. These specimens
will be machined to have the notch in the proper microstructure.

3. The effect of high heat input (40 to 60 kJ/in.) welds will be studied in order to more accurately reflect what
presently is taking place during production of aluminum armor weldments.

4. The effect of temper beads will be further studied. The weldments will be mechanically tested in order to
compare the results to the previously obtained data.
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Figurs 1. Comer joint weid
geomaetries. Joints Aand B
passed ballistic qu uification to
MIL-STD-1948.

Figure 2, Micragraph of ballistic shock test specimen of 2519-T87 welded to itself using
2319 filler metal, showing crack propagation near the fusion line, Mag. 2X.




Figure 3. Fractograph of ballistic shock test specimen of 2519-T87 weided to itselt using
2319 filler metal, indicating a ductile fracture mode, Mag. 1000X

Figure 4. Fractograph of ballistic shock test specimen of 2519-T87 weided to itssif using
2219 viller metal, displaying brittle areas surrounded by ductile dimpling, Mag. S00X.
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Figure 11. Two percent offset yield strength of
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Figure 17¢. Knoop hardness traverse of 2510-T87 to
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Figure 21. Fractograph of CVN specimen indicating a ductile
mode of crack propagation, Mag. 1000




Figure 22. Fractograph of tensile specimen showing dendrite arms, Mag. 750X

Figure 23. Micrograph of 2519-T87 to 2519-T87 weldment using 2319 filler metal, Mag. S00X.
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Figure 24. Effect of aging time on Rockwell B hardness Figure 28, Effect of aging time on Rockweli B hardness of
of solution heat treated 2519-T87 to 5083-H131 weld- low and medium heat input, solution heat treated, 2519-
ments (using 2319 filler metal). T87 to 2519-T87 weldments (using 2319 filler metal).

F'gure 26. Micrograph showing the fracture path in a tensile specimen of
2519-T87 welded to itseif with 2313 filler metal, Mag. 4X.
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