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Laucer Welding of Navy Ship Construction Matceriales

SUMMARY

An experimental investigation was conducted of laser welding of Wavy ship
construction materials. Bead-on-plute penctrations were formed in 1/lL-%a.-thick
HY-130 steel, 1/1G-in.-thick HY-18C steel, 1/8« and 1/L-in.-thick Ti~€A1l-LV titanium
alloy and in 1/8-ir.-thick SLS€ aluminur alloy. Continuous carbon-dioxide laser
rower levels to 8 W were used; welding speed was varied from 20 to 180 ipm in order
te estabtlish uppropriate welding parameters. The bead-on-plate penetrations were
initially screened bty visual, metallographic, NDT and mechanicael tests and then for-
warded to NSS5C for more detalled evaluation,

Demcnstretion butt and lap weld specimens were formed at a CO- laser power
level of 5.5 kW in the materials and thicknesses noted above., Weld parameters for
thiese welas were selected on the basis of bead-on-plate evaluations and ranged from
50 ipm in 1/Lk-in.-thick matericl to 160 ipm in 1/1¢-in,-thick material, Damcnstra-
tion weld specimens were inspected visually, X-rayed and then Terwarded to NSEC fer
Iinal evaluaticn, The Tinisbed camples, which were 5 x 7 in, in sire, exhiitited
cxcellent teop and bottom surface bread characteristics and defect-free fusion wones,

This program was undertaken under the spensorship of the Naval Ship Systoms
Command under Contract NCQORL-70-3-5585,
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INTRCDUCTION

At thie outset of the experimental program deseribed herein, carbon-djoxide
lasers had been developed with continuous outpul power levels in the muliikilowatt
range (Rets., 1, ?). Deep-penctration welding, similar to thal achieved with elee-
tron beam equipment, had been demonstrated in e number of represcntetive materials
(Refs. 3-()., lurther, high-speed laser welding of thin gage materinls with &
ninimum of thermal energy input snd distortion had been demonstrated (Ref. 7), and
inspecticon had shown that high-quality laser welds could be formed witl: excellent
rietallographic and mechanical properties,

The encouraging results noted sbove together with the versatllity of the lascr
indicated a promising votentisl for laser utiliration in shipyard welding, 1i was
therefore proposed that laser welding experience be cxtenied to includc materials
of interest for shipbuilding. The proposed program rcceived the support of the
Navel Ship Systems Cormand and was initielly directed toward generation of laser
welds in high yleld strength steels., AL NSSC request, the program was then broad-
ened to include titanium and aluminum alloys specified by the Navy for potentiel
use in the construction of high-speed surface vessels.

It was the objective of the pr-grem described herein to establish aprrerriate
wold jaranctors for the moterinls of intersst end to gonerate sample welds for
evaluatien by the Navy. Overall results of the prograr were expected to provide
the basis for an init'el evaluation of the poteniiel of laser welding for ship

conztructioa,

EXPERIMENTAL APPARATUS ANWD PROCEDURE

Tests were conducted primarily with a € kW, coaxial laser system develoyped
under a Corporate-sponsored program at the lUnited Aircreft Research Laboratories.
Thir system, schown in I'ig. 1 and similar to that described in Ref, 1, utilizes high
mass flow recirculation of luser gases 1o effeclively remove waste heal and vrovide
efficient hipgh-power opcration.

The € kW, carlon-dioxide lascr system operates in a master-oscillutor, power-
amplifier (MOYA) configuration., A Cohcrent Radiation lebtoratories, Model #.41, COn
lager with a Gaussian output beam is utilized to drive the amplifier, which is
comprised of twelve discharge tubes arranged electrically in parallel und optically
in series. Higlt £idelity amplificati~n is achicved such that the Gaussian energy
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dirtribution of the 100 watt input bteam is reproduced in the 6 kW maximum oulpub
Team.  The high optical quality provided by this syctan recsults in maxima focus-
avility ond cffective uvilivation of luscr power,

Limited tests were aloo conducted at the 3 kW level with o crocs-lews laser
developed wder NOSC/NCL Contract No. NCOY1-70-C=001Y. This unit, deserited in
Rer, 0 and rhown in Fip. 0, alsc operates in the MOFA confipurstion and utiliver a
conbination of D¢ and Kl power te provide stable cperation in & cingle large
clhiannel, 1n this unit the gus flow and eclectric discharge are collinesr while the
laser cavity 1s transverce to the flow direction. Tais higher-power lascr system
had been slated for more extensive utilization under the initiel program objective,
which was directed toward thicker materials; redirection of the program to materials
suituble feor hilgh-speed surface vessel fabricatlon, however, rendered primary use
cf the lower-power system more effective,

Teocucing (pticr

The amplified beam was focused by a cpherical mirror positioned to provide
dgownhiand welding, ao shown in Yip. 3. The tocuciir mirror wao fabricuted of coprper
which wag pelished to provide a rerlectance at 10,0 pmicrons (the laser wuvelength)
greater than 935, Water-cooling of the copper subsirate was provided to prevent
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than ¢ degreecs in order to minimize epherieal aberration., A 30-in.-fccal-lencih
nirrer wac used with the ¢ kW systen; the effective {/number for an cutput beam
dlameter of 7.C in. was 11.5. 4 P0~in,-focal-length mirror was used with the
l.70-in,-dilameter beam from the higher-power system so that 1/11.5 focusing per-
tained to this system also.
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atncspheric contamination during the welding process, provisions werc madec for
shiclding the welds from the aimosphere. As may Le neted ia Fig, L, the gas shield
utilizes both u top surface trailer t:rough which the laser beam passes and a sub-
sirtace shield. Tn aidition to preventing weld contamination, the tor surface
shiceld rerves to remove metal vapor ions from the laser bteam path and thereby jyre-
vent optical breaskdown in the region above the workplece, Witheut such orovisiou,
a plasna is formed above the workpiece; this plaspa absorbs most of the beam cnercv
and prevents etfective welding.

Helium gt a flow rate of the order of 20 cfh was supplied to the Leam trans-
micsion region of the shield to provide maximum suppression of plasma formation.
Argon, which is mere effective for shielding due to its higher molecular weight,
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wus supplied 1o the traller and the subsurface at flow rates of the order of 30 cfh.
Visual, metallographic and limited chemical analysis of the fusion zenes indicated
that the shielding provisions were quite adeguate for the welding conditions and
materials used.  Further, energy considerations showed that plasma fovmation hLad
Leen suppressed and that essenlially 100/ beam cnergy transmiscion te tlic workpicce
had been eftected.

Material

Sample material for the weld tests wars supplied by NSSC. The material included
1% -in.-thick HY-130 stcel, 1/8- and 1/b-in,-thick Ti-CA1-4V titanium alloy,
1/16-in,.~thick ifY-180 steel and 1/8-in.-thick 54496 aluminwn alloy. A listing of
these materials together with their cempesition and propertics 1 presented in
Tallc J.

Weld samples were cut to 3 1/2 x ¢ in. in sirze. lcavy surfacc costings and
oxides weore machined off and onc G-in, edire was milled squarc for close butt weld
titur. DNo filler matcerial was used for any of the jointe formed.

Test Irocedure
Titenius alley camles were acid cleaned in a 207 HNOa, 2% HF solution prior

te welling, Aluminunm alloy samples were ceraped immediately prior to welding. All
weldl smnples were cleaned with acelone inmedietely before joining.

o

Test samplces were placed in the welding Tixture shown in Fig. L and aligned
with the beanm, Laser spot welds were then made at the ends of the weld specimens
te provent Joint separetion during welding and to insure that the joint was properly
alicned with the focused beam. De to the narrow fuslon zone effected at high
welding rpeeds, alipnment was carefully performed to insure goed Jeint properties,
Tiniched butt weld samples were trimmed to spproximate

v 6 x 7 dn, to womovs the
laser spot welds at the ends, together with the on-off portions of the weld zone
which would normelly be intercepted by run-off tabs. Steel and aluminum specimens
were delivered to NSSC in the "as-welded" coadition. Titanium &lloy specimens were
stress-relieved in vecaum for two hours at 1000 F to remove thermal stresses induced
during the welding process., DPost-weld stress relief 1s standard practice Zar
titanium allcys and arpears essentlel to laser welds as well,
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DICCUSSTON OF FXPER IMENSAL RESULTS

Fend-on-l'late renelrations

Bead-on-plate penctrations were initially formed in the test materiols in
order tc cstullish weld puramcters as well as to assess requirements for gas
shielding, ©ixty bead-on-rlale penctrations, generated st powver levels to 8 kW,
were Tormed, Tifty-six bead-in-plate penetrations, es neted in Table II, were for-
warded to NSSC for evaluation which scrved as the basls for selection of butt veld
varameters for demonstration welds,

Additicnal bead-on-plate penetrations were formed for preliminary evaluet 2n
at UARL. Typical are the bead-on-plate result: for 5456 aluminum alloy shown :n
Fig. 5. It is noted from comparison of the cross sections shown that the widt: of
the fusion cone decrecases as welding speed is increased at constant power leved.
Variations in the shape of the Tusion cone are also to be noted in Fig., 5. Su~h
variaticns were less pronowiced for alwsnimun than tor thic othier test materialce,
arparently & reculi of jts higher thermal dirfusivity.

Alro cvident in Fig. 5 is the existerce ot substantial poresity in thie v 2d
rone. In aluminum welds such porosity ic most of'ten due to the precsence or iy drogen
which may stem from traces of water in the wold region. Theze recults for olymimm
together with repewhat similar experience with titanium and to a lerseer depree with
the high-yicla-ctrength steels, indicated that more stringent pre-weld cleanivg
preceaures than these used in the initial tests were reguired and that additicnal
attention te gac-shielding provisions was necessary,

Weld Paramcter Selection

Evaluation of bead-on-plate cross sections at NSSC and UARL ty nmctallogr oghie,
virual, BDT and limited mechanical tests resulted in t anlnetlion
conditions tor vuti-weld fabrication. A lascr power level of 5.5 kW was chosen with
welding: speeds o6 50 ipm in 1/h-in.-thick naeteriar, 200 ipm in 1/85-in.-thick
material, 100 ipm in 1/1C-in.-thick material and 140 igm for a burn-turu lep weld
in 1,/l6-in,~thick material, It is perhaps curprising that selected welding speeds
did rot vary with the nature of the material; this behavior, however, is Telt to be
coincidental and should net be construed as a laser weldlng puideline,

A +ha A iaudinr
QL LThe 100 0WIngT

In accordance with regquirements for weld-sample cleanlineis exceediws that
obtained in the bead-on.-plate penectrations, all buti weld samples were surface-
machined 40 remove oxides and coatings, Immediately prior to welding, titanium
alloy specimens were further cleaned in a solution cf 20% HNO3, 2% 1 acid solution,
aluninum slloy specimens were scraped and all samples were cleaned with acetone.
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Tt war found that these added precuublons, togethier with appropriate selection of
gor=chicl ing pvarameters, led Lo subsbanlial dmprovements in weld sone cleanlibness,
1L war further found that properly prepared butt-weld opeclmens exhibited Tusion
cenes cesentially indistinguishable from bead-on-plate penctrution:s,

Tyical of the results of butt-weld preparaticn ic that roproecented by the
1Y=120 specimen shown in eross section in VFig. €. The weld crouse ceetion, which
war prepared at led ipm et O kW, exhibits wnusual features which are a direcl con-
scequence of the unique characteristics ol the laser welding precess,  Due to the
decp-penctration effect, the energy deposition in this thin materisl was apparently
nearly uniform throughcut the material depth. Laterasl heat conduction into the
basec materlal occurs in the central portion of the material leading to a restric-
tion in the fused zone extent and & "dumboell-gheped” fusitn scue. Tnis behavier
is attested by the coluwrmar solidification graing along the lineo of maxiimum thermal
gradient exhibited in Fig. €.

Y-oroy evaluation of the weld rone, as shiown i Iip. 7, indica*ted no evidencce
ol porority. Teneile teste of portious of the weld resulted in 1 dilure in the bare
anterial well cutside the fusion and heat-allected rones (Fig., 7. It is to Le
noted, however, that the ultimate tensile strength measurce in these tests wat
comewhat lower than that anticipated for HY-3IY0 msterial. Thie reduced strength
was apparently characteristic of the specifiic material supplied for the pregram,
Finally, it war found that the welds could rewdily withstand puided fac and roct
tends te & radius equivalent te three timers the materinl thickieor

PSR ETIY

Demenstration Weld Swmpler
Y-130 Steel

I'inal senmple welds delivered tc NSSC for evaluation o 11-* .2 i Teble 111
end shown in Figs, 8-13. Figure & shows a butt weld in I/u-in,-thizk HY~130 cteel
fabricated at 5C ipm at a laser power level of 50 ipm. The tor surface weld bead
rresents a smooth shiny appearance. An X-ray of the weld zone, alsc shown in
Fig. 5, shows that no perosity or defects exist in the region,

Linited nechenical teste of similar HY-130 welds at UARL shewed & tensile
ctrength in the weld zone greater than that of the parent materisl, Failure in the
test specimens occurred well outside the fusion and heat-affected cones, Guided
roct and face Lond 4ests to a radius equivalent to three times *hn materiel thick-
ness were successiully met by the weld samples, A sample weld also withstceod =
one-times-thickness radius unguided bvend test performed at NSSC, 1In this lat. r
case no evidence ot failure was indicated in splite of vxireme stress concentration
at the edpe of the weld which cccurred during the test,
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Tne results in HY-130 welds were of sufficient interest #o that more detailled
evaliation was undertaken under Corporate sponsorshiy, ac reported in Ref. 8, 1In
these trets it was foun? that the Charpy impact strengbth of the weld material was
higher than thes of the pareut material, in sanc caxzes Ly a8 nuch as 50%L. An
initial conclusicn that the inecreascd ductility might be due to softening of the
raterinl during welding was obriated by hardness measurements, which showed the
wald matarial to be harder than the base., Further study of the weld material by
chamical and scamning electron microscepe eanalysis shoved thut the cipvgen content
o ine nsterial in the fusion zone had been significantly reduced (by =ss much as
504) during the laser wedding process and that the shape of the inclusions bad been
mcdif'ied, Uith respect to the latter, the stringer-shiaped inclusions which were
oriented vreferentially in the rolling dirvection were somewhat spheroidized during
weldins, The retirement of HY-130 steel during laser welding is ascumed te have
been instrumental in the inceease in weld material ductility over thet of the
arent material, This is an extremely significant finding which warranis further
detailed .nvestigstion as epplied to metals with varying degrees of impurilies.

M-150 Steel

lap and butt veld specimens in HY-1E . meterial are ehown in Figs. 9 and 10,
The high weld!ng speeds a* which tnese welds were made, 15C ipm for the butt weld
in Fig. 9 and 140 ipm for the lap weld in Fig. 10, resulted 1n a smooth, defect-
iree Tusion zone, 1n eddition to the X-rey informeticn shown in Figs. 9 and 1C,
bend and tensile tests were performed on sampes talen from the trimmed ends of the
demonstration welds, It was found that the welds were stronger than the parent
raterisl in tension and that the welds could readily withstand a 3-times-thlckness
radiuc bend test. While chemical analycis was not performed on HY-180 specimens,
the t~s8t results indicete that atmespheric contemination was efiveztively prevented
during th=2 welding procedc,

ggiJHfhv

Titenlvrm aliloy weld specimens are shown in Fige, 1l and 12, Weld beade in
this material exhibited a sl iy metsllic surTeaze without any traces of dlscolore-
Zien. X-ray evaluation of the welds, ac shown in Figs. 1t snd 12, aiso attested
the soundness of the welds., Slight traces ot metal spatter were ncted on the leower
surlfaces of cfome welds, especially at lower weldliy speeds; this ray be noted in
the ¥-ray photograpn shown in IFig. 11,

Titaniunm Sensile test specimens taken from the trimmed ends o¢f the demonstra-
tion romples failed ul tne edge of the well Iwcion zone at a stress level approxi-
netely equal to tuel of the Wtimate tensile strength of the base material. It was
found thst as-welded specimens, e: expected, were quite brittle, but that studard
stress rellef Tor ¢ howrs at 1000 ¥V wes sufficlent to elimlnete this brittlenecs,.
Another factor which was noted was the tendeney for undercutting at the edge of the
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Turion rone in titanium welds., This tendency was reduced an pre-weld cleaning
rrocedwrer were made more strinpent bul bears further investigation relutive to ite
retential effeet on fatipue endurance,

cLSC Alaminw. Alloy

The aluminum alloy demcnstretion weld is shown in Fig., 13. The weld, formed
at a cpeed of 100 iym, exhiivits a smooth, clean, wniform appearance without evidence
¢l porority or defects. As in the case for titanium, some tendenzy Tor lower
surfuce spatter was found.

Tensile test specimens obtained from the trimmed edges of the demonstration
aluminur welis failed in the weld vone at a stress level of 56,000 psi, essentially
equal to that of the wltimete tenrile strength of the parent material. The weld
Tailure extended disgonally ucross the weld from the top corner of the fusion zonce
tce e ojjerite lower surface corner. The demonstraticn weld samples readily
rasced u 5-timer-tiiickness radiue uided bend test.,

CONCLUSLCHE AND RECOMMENDATICNS

i the basic of the results of the experimental laser welding, program de -rited
herein, it is concluded that direet laser butt-welding of the high-yield-stren,:th
steels, Ti=-CAl-LV titanium alloy and SL56G aluminw. allcy in thicknesces suitable
for high-speed surface vessel fabrication is & highly feasible process, It is
Turiher concluded that the laser welding process can provide welds with properties
equlvalent to, or better than, the material in which they are formed and can be
rererated at high speed with a minimum of thermal energy input and distortion,
finally, it is concluded that relatively straight{orward pre-weld cleaning tech-
nicues and gas-chielding provisions can effectively eliminate atmospheric contamin-
ation in weldr formed in the sulject materials,

harther experimental investigations are desirabile to advance the state of the
art in this highly promising area; specifically, i¢ is reccmmended that:

1. leger welding tests be continued in hipgh-yield-strength scveels with
rrincipal attention directed toward the process of weld metal refinement
during the welding process, Emphasirs should te placed cn establishment of
conidlitions for attainment of naximum zone refinement and anticipated
naxinum improvement in weld cone strength snd ductility.

<. aser welding tests in titanium alloy be continued and expanded to include
allcys cther than Ti-GA1-LV. Specific attention should be directed toward
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phase transformations and grain growth during welding and their effects
on weld properiies. Atlempts should be made to reducc weld spatter and
to improve weld bead characteristics. Mechanical testing should bLe
cxtended to include fatigue endurance properties.

3. Laser welding tests in aluminum alloys should be continued and extended
to include important, heat-treatsble alloys. With respect to the latter,
utilization of preplaced, or continuously-added, filler material and its
effeet on weld properties should be investigated. Emphesis should be
rlaced on establishment of welding procedures for repeateble generation
of high-~-quality, nonporous welds,
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TABLE I

WELD MATERIAL CHARACTERISTICS

5456 Aluminum

Designation: Alcos Ht No. €92521
Thickness: 1/8 in.
Composition: Si & Fe: 0,40 max
Cu: 0.10 max
Mn: 1.0/1.15
Mg: L.7/5.5
Cr: 0.05/0.2
in: 0.25 max
Ti: 0.20 max
Others Each: 0,05 max
Total 0.15 max
Tencile Strengih 54,000-53,300 psi
Yield Strength: 42,800-41,200 pei
Elongation (2 in.) 10.0 - 9.0%
HY-130 Steel
Designation: Ht No. 5PL755
Thickness: 1/4 in.
Composition: C: 0.11
Mn: 0.80
P: 0.005
S: Q.07
Si: 0.30
Ni: 4.89
Cr: 0.52
Mo: 0.k9
V: 0.05L4
Ti: 0.002
Cu: 0.06

11
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M911502-C
TABLE I
(cont'd)

Neat treatment: 1525°F - 4y min
1100°F - 39 min

Tensile Strength: 15G,800-150,800 psi
Yield Strength: 144 ,500-142,900 psi
Elongetion: 16.5% - 17.0%
Reducticn in Area: 63.2% - 55.00

Titanium OAL-uV

Designation:
Thickness: 1/& in. and 1/b in,
Composition: Al: 5,500-G,750
V: 3,500=4,500 1
Fe: 0.30 max
C: 0.10 mux ]
N: 0.07 max
H: 0,015 max
0: 0.20 max k
Other: 0,40 max i
Tensile Strength: 130,000 psi |
!
.- . i E
Yield Strength: 120,000 psi i
hiongation: 8.0,

e e e

e

12

e aem e -

[ PR




MY11500-6

TABLE 1
(cont'd)

HY-180 Steel

Designation: Ht. No. 381130k
Thickness: 1/16 in.
Composition: C: 0.18
Mn: 0.23
P: 0.010
S: 0.006
Si: 0.050
Cu: 0.15
Ni; 9,29
Cr 0,80
Mo 0.95
V: 0.09
Co L.55
Tensile Strength: 199,500 pei ?
Yield Strength: 183,600 psi
Elongation: 105,
He rdness: Re: 36

13
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Test No.

C0313-1

o

-3
i

-5
-G
=7
-8
-9
-10
-11
=12
~-13
_l)*
-15
=16
-17
-18
-19

-20
C031k-1

-2
-3
-l

-2
-6
=7
-8
-9
-1
~11
=1

TABLE II

LASER WELDING TEST FARAMETERS

Bead-on-Plate lenetrations

Material

HY -180

"

"
. L
Ti-GAL-UV(F)¥
- \H)

"

1"
Ti-6A1~hV(%)
11"

11

"

5456 A1

"

5456-A1

n

HY-180

lLaser

5

"
"

n

1k

180
160
140
120

60

50
Lo
30
50
GO
70
Lo
o0
100
170
140
1Lo
120
120

120

120

100

Coment

Incomplete
penctration

Nonuwnifora

Change in shield
gas flow

Variation in
shielding

11
1"
"
n
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Tost No.

C031h-13
-1l
-15
=16
=17
=18
-1y
-20

Material

HY-180

"

€0215-1 T1-GAL-Lv (})

-3
-k

-5 TL-6A1-LV ()

-6

-‘|7

-8

C0316-1
-2
-3
-4

-6
-8

-5 T1-6A1-l+v(§)

1

HY~-130

-2 Ti-6Al-hV(%)

5456 A1

ot Ti-6A1-UV (F)

TABLE II
(conttd)

laser
Power (kW) Speed (iym)

3.5 120
" 120
n ]1{0
" 160
1" 140
1" 30

a5

1" 20

3.5 80
" 100
" 60
" Lo
" L}O
" 30

1" ~
[

" 25

2.C 50
" 60
n LLO
" 30
1" 20
" 25
t )40

8.0 70
n 70
" 180
" 130

Corment,

No shield gas

Shield moved

Deep penetration
Mode breakdown?

Tull penetration
"

T

Good bead
characteristics

*Titanium alloy bead-on-plate specimens were stress-relieved at 1000°F for
Weld beads in the other materiuls are in the "as-welded"

2 hours in air.
condition,
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M911502-6

TABLE 111

LASER WELDING TEST PARAMETERS

Demonstration Welds

Thickness Weld Laser Weld No, of
Material (in.) Type  Power (kW)  Spced (ipm)  Pieces  Ref, Fig.
HY-130 Steel 1/l butt 5.5 50 3 8
HY-180 Steel 1/16 Butt 5.5 160 2 9
HY-180 Steel 1/16 Lap 5.5 1ko 1 10
Ti-0Al-LV 1/4 Butt 5.5 50 2 1
Ti-OA1-hv 1/8 Butt 545 100 e 12
556 AL 1/8 Butt 5.5 100 0 13

Note: Titanium alloy specimens were stress-relieved at 1000°F for two hours in
vacuum; the other specimens were in the as-welded condition, All specimens
were welded with argon shielding.

16
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6 kW LASER INSTALLATION
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FIG. 2

M911502-6
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PLAN VIEW OF DEEP PENETRATION WELDING APPARATUS
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MB11602-6

GAS SHIELD CONFIGURATICN

FIG. 4
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180 ipm

EFFECT OF SPEED ON WELD CHARACTERISTICS
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M911502--6

BUTT WELD SAMPLE

WELD AEAC CHARACTERISTICS

1/4—in, HY-130

5.5 kW
‘ 50 ipm
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MB11502-6 FIG. @

BUTT WELD SAMPLE .

WELD BEAD CHARACTERISTICS

0.06—in. HY—180
55 kW
160 ipm
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LAP WELC SAMPLE

WELD BEAD CHARACTERISTICS

0.06—in. HY~180

5.5 kW
140 ipm
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M911602-6

BUTT WELD SAMPLE

WELD BEAD CHARACTERISTICS

1/4-in, Ti—-6AI—4V
8.5 kW
50 ipm
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BUTT WELD SAMPLE
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M911502-6 FIG, 13
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