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INTRODUCTION

Initial work in this research program has been directed toward a basic
unders tanding of the laser welding process by means of s tudies of the primary
mechanisms involved in deep—penetration laser welding. The fundamental infor-
mation generated by this initial work is applicable to all metals and alloys
having known physical properties , and was reported in detail in Ref. 1. During
the continued cours e of laser welding development , various ques t ions have been
raised on both the fundamental and practical sides . These included two situa-
tions of high current interest to the Navy ; the welding of HY— 130 alloy steel
and aluminum alloy welding. In HY-l30 welding, as well as in deep—penetration
las er welding of other alloys , excellent weld propert ies had been achi eved
apparently through purification of the fusion zone during welding (Refs . 2 ,3) .
One objective of the pres ent work which has been accomplished and is reported in
detail he rein is a more precise definition of the fusion zone purification effects
which take place during HY— 13O laser welding. The study of this specifi c effect
still yields information which is potentially broad in nature , since the fusion
zone purification effect has already been shown to be applicable to other ma—
terials. The possibility of using this technique specifically for material purif-
ication during processing also exists.

The other area, aluminum welding , is currently under investigation and,
although steady progres s is being made , more work remains to be done , and , as
the HY— 1 3O work nears completion , the emphasis in the program is being shift ed
towards aluminum welding.

Other basic work planned included studies of the effects of welding atmos—
phere , gas, composition an d press ure on welding response and a more detailed look
at laser operational parameters . Interesting effects  of gas atmosphere have
already been noted and will be discussed in future technical reports. These
obs ervations may eventually influence the ways in which future laser wel d shield—
ing is acc omplished. 

. - -~~—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~-- -— - - - -~~~.-
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I ‘ EXPERI~~ NTAL PROCEDURE

All welding performed during the present program was accomplished using
the continuous , cross beam CO2 laser developed un der NOSC /NOL Contract N6092l—
‘ro —c—o219 . This laser operates as an oscillator/amplifi er with output in the
TEN00 fundament al mode and is described in detail in Ref.  4 • Continuo us power
at outputs to at least 16.0 kW are available for welding tests using this device,
as modified to its present capability. For welding, the horizontal output beam
from the laser was directed upward by a plane turning mirror into a downward—
facing focusing mirror to provide downhand welding conditions as shown in Fig. 1.
A 18 in. (l~5.7 cm) focal length ( f/ 6) spherical focusing elei~~nt was used, and
provided an effective minimum spot diameter of approximately .O~4O in .  (0.100
cm) at the focal point. At the 10 kW power level , this sçc~ d aineter represents
an incident power density of 8 x 106 W/in2 (1.2 x 106 W/ cm2) at tr.e workpiece
surface. Although the high power weld fixture shown in Fig. incorporates pro—
visions for translating the focused beam over a stationary wor’.piece , the HY—l30
welds made in this study were fo rme d by moving th e samples un der a fixed beam
with a precision x—y table incorporating a variable speed drive . Welding was
accomplished in the deep r~ctration mode, with the power dens~ ty applied to
the wo rk piec e , and the inte raction time (welding speed) controlled so that s
stable vapo r cc. iumn is created through the thickness dimens:  on of ~nt w or K p iere .
yurrcurJ.ir~ this vapo r colum n is a liquid pool , which , wn c: t ixo lu t ed  along a
joi nt to be welded causes fusion of the two pieces . Ro a ti v t~ ~- t  or. b etween —

the oaser u~:d the part s being welded was achieved , in the cas e of t~.i s  s t udy ,
by translating the work using drive— scr~~i type me chanisms poworec by electr c
inctoi-s .

The plates to be welde ’~ we re preparo c wit:. , c~u ~~~
‘ -
, so t — ~ oir:t surfaces

Oo- u - O i  sy B onc-i ard grin~~.ng .  Following gr~ ri.~n~r~ ~..: pl~t . w~ re cle~~.e d sy

thing  in a va i-or ~~~~~ e:er and w ipe d  wI th  ace: ..~~. ar.J ~~~~~~~~~ .... h c ~ to remove
~~~~ ‘oc~ i ’ren , th e  j c.~~ t are3’.s . ;~ schernas i c  diagram of t e f ’ ~x~~~ri :.c ‘ t h

~c i.cr:d the ci ~~~~~ to so welded is chcw ~. in Fig. • The base ~ n~~~ was fabr

c.~.t ed ~‘~‘ cm alum in um , w it h  a 7 c . ’Tr ou .~ rel ief  ‘ccv~.. pr~ ~I i c .  ~ ‘ r tb root ci’ ~~~
: 1 0 . A bac~-:s .~ gas , argon , ‘ccc id into  the reji ef ~~i : -;  to hi.~ i toe roots , 

0

or en L . :rL-ea- l . l d o . : of t o -  we lds  as t .  were i’s: se d. In o c h e r  to :..- .i eld th e
v~~ . u ~e1.eti s~t .  on cav l to  3!~~~ ;‘‘J ‘ no OLe 1~ot cli inn . ~iat  clv ‘: llo~.m. :~~: t ’

- o’n a t i u ~. f r . :.. at-~ . ;poer ’ c gai- ~~ , a gas t h l e :Ing ‘ h s ur e  v o .  cor n -c d cLOve
t i i ~~ 4el i o~.n t  . T i e  la . er bean was I’~cus ci. cm to.: scr : torc ogh bole Is  ty e

f’~~ j~~ j  .yj .,j of t o i s  enclc . : sre. Th e sh i elding ra~ in th e~ ,~roa of the s eam was
i~ A o. I w cs  app.LI t : i nearly o.irailel to the workp iece sj r f n : c , in. t: .e di—

rec tor ,  of the weld prcgrooc- . T h i s  ~r v d  to blow any u~~~i .: i:,a , smune , thmcc ,
ax:~ — . t h e r  cun t~ur~i.~a i t t n  away fran:. th 0  shie lded area. In. a d d I t i o n . , i t  wst~ n oydo

2
£ _ -_~~~_.~~~~~~~~~ —~~ 
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that by flowing the shielding ga5 parallel to the work , rather than impinging
it normal to the work , atmosphere—borne impurities would not be driven exces-
sively toward the wel d , i .e .  the momentum gradi ent toward the weld would be
minimized , and , in fact , vaporized inclusions might even tend to be aspirated
from the deep penetration cavity and carried away in this gas stream. The

- vaporized inclusions are involved with the fusion zone purification phenomenon
under study , and are discussed in greater detail below.

To complete the shielding, a trailer shield 5 in. (12.7 cm) long was used
to cover the hot, j us t—sol idif ied weld as it emerged from the vicinity of the - 

-

laser focal point. Argon , a heavy gas, was flowed vertically downward and to
the sides within this trailer shield, which was not unlike that which has been
used for Gas Tungsten Arc (GTA) welding . A photograph of the HY—l30 welding
setup , including fixturing of the plates to be welded , appeared in Fig. 1. It
can be seen that a slight , sideways clamping force is exerted by a series of
screw threads, in order to force the parts being joined solidly against one
another.  It is of interest to note that even though heat is added to the parts
during welding and they experience some thermal expansion , clamping pressure
does not increase, but rather is lost following welding. This is due to the
fact that the plates shrink and draw together during welding, and , in fact , the
material in the underbead (root) and overbead (face) reinforcement are produced
by this drawing together (shrinkage) of the liquid in the bead.

Prior to welding, the He—N e alignment las€r  was used to locat e the seam at
two point s on opposite ends . Each point of location was marked with a laser
spot weld , after which no further alignment adjustments were permitted. The
spot weld thus served two purposes . By having two definite points of location
along a straight linear path , the weld joint was positively located. At the
sane time t h e  two spot welds served to tack weld the parts together , assuring
that there would be no relat ive motion between them during further welding.

Three series of i {Y—l30 welds were pro duced. Plates 14 in. x 8 in. (10 .2 x
20. 14 cm) were butt  welded to form 8 in.  (20 .14 cm) square welded plates . The
series designated A was produced in nominal quarter—inch (0.614 cm) thick plat e ,
the B series in nominal three—eights inch (0.95 cm) plate , and the C series in
one—half inch (1.27 cm) thick plate. All HY—l30 plate was supplied by the Navy
through the Naval Ship Research and Development Center, Annapolis , Maryland.
The plate was typical of that being used in other Navy HY—l3 0 welding res earch
programs . Heat numbers and specifi c chemical analyses were not provi ded , how—
ever the nominal chemical analysis of HY—l30 alloy is given in Table I for the
major alloying elements present. During the course of this research , other
specific analyses were conducted and will be discussed below under results .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
~~~~~~~~~~~~~~ ~~~ - -—- - -~~~~~~ - - 
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The welding conditions for the three series of HY— 1 30 wel ds are summarized
in Table II. In each thickness , conditions were modified until the welding
process was quietly and smoothly accomplished and the face and root bead pro-
files appeared to be acceptable. The gas—shielding conditions applied to the
welds included the following flow rates and gas compositions :

relief groove area: argon: 20 cfh
beam/workpiece interaction point : helium—20% argon: 80 eft
trailer shield: argon: 20 cTh.

Following welding , all plates were visually inspected and were classified
as to the weld bead appear ance. Further inspection was accomplished by radi-
ography . Standard radiographic techniques were used in accordance with A~~3
Spec i f ica t ion  2635. Exposures were for one minute using tungsten X—rays . All
thicknesses were observed at 10 Ma current , 148 in. (122 cm) target to film dis—
t:mce using Kodak M film and wi th a .00 5 in . (.013 cm) lead screen on both the
front and back of the film casette . Voltages were 180 KV for 0.614 cm thick
material, 215 KV for 0.95 cm thick material, and 1140 Ky for 1.17 cm th ick  ma-
terial. Stainless steel penetrometers having hole sizes of 0.010, 0.020, and —

0.0140 in .  (0 .025, 0.051, and 0.102 cm) di ameter and thi cknesses equal to two
percent of the specimen thickness were used, as a standard for resolution. All
penetrometer holes were resolvable in the processed films w it h  the 0 .025 cm
diameter holes being just barely discernible , and hence , clos e to the resolution
limit.

Following X—ray radiography, the  welded plates were sectioned for mechanical
testing and metallography as shown in Fig. 3.

MetaJJography and Microstructural Analysis

All met allographically evaluated wel d specimens were sectioned transverse
to the weld direction and mounted in clear resin.  Standard met allogr aphic tech-
niques were employed in the preliminary preparation of the specimens . Final 0

polishing, however , involved alternate polishing with O.3p Linde A and etching
in a 50% picric and 50% nital solution. This technique was found to yield maxi—
mum contras t and resolution from weld and HAZ (Heat Af fec ted  Zone) inicrostruc—
tu,res as well as from the inclusions. Inclusion count and size measurements
were performed on optical  micrographs taken at 145X magni fi cation with a Leitz
p an—phot microscope. At 145X magnif icat ion, it was necessary to compos e a large
composite micrograph of each section from series of smaller individual micro—
graphs in order to resolve at least lO~i size inclusions and still view the
entire weld profile.

-- .
‘

~
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Elemental qualitative and quantitative analysis was performed on selected
specimens using a Cameca scanning electron microprobe. X—ray and back scatter
techniques were employed to establish the identity of weld and bas e metal in-
clusions. In addition, a point count analysis was performed to determine the
precise quantity of weld and base metal aluminum. All findings were based on
analysis of at least three different areas. 

-

Hardness measurements of weld, HAZ and base metal were obtained using a
Shi madzu Seis akusha microhardness tester with a 500 ~n load. Four measurements
were taken from each of the three areas with average values recorded below.

Mechanical Testing

Mechanical test specimens were taken from welde d plates as indicated in
Fig. 3. Typical tensile , ben d and Charpy impact specimens are shown in Fig . 14.

Bend Testing

Bend test bars were taken traverse to the weld bead . Root bend specimens
were fabricated and tested according to the method described in ASTM El90—614
( R e f .  5) .  After bending,  the convex surfaces of the welds were examined for
cracks and open defects by a light microscope and by magnetic particle techniques
( the  Magnaflux technique) .  The welds were magnafluxed with the field imposed
both parallel to and normal to the wel d direction .

Tensile Testing

The circular cross section of the tensile specimens was centered relative
to the plate thickness and the weld bead location was centered along the longi-
tudinal axis of the specimen. Specimens were tested in a Tinius—Olsen four screw
test ing machine at 70°F (21.1°C) at a strain rat e of 0.01 in . /i n ./mi n (1.67 x
l0~~ c m/ cm/ se c ) .  Fabrication and t es t ing  of tensile specime ns was done according
to the methods described under ASW E8—69 (Ref .  6 ) .

Charpy Impact Tests

Charpy impact t est specimens we re cent ered relat ive t o the plate thickness .
Half—size specimens were fabricated from the 0. 614 cm and 0.95 cm plates while
full—sized specimens were fabricated from the 1.27 crc plate. The parent metal
and weld spec imens were obtained from th~e same segnent cut from each plate (see
Fig. 3). Notches for all specimens were oriented along the welding di rection
and , for the weld specimens obtained from th e 0.95 cm and 1.27 cm plat es , the

h~ ~~~~~~~~~~~~~~~~~ J
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notcoer. were centered in the weld zone. Notches in the weld specimens from the
cm plate were located in three locations throughout the wel d and heat

affected zones as can be seen in the photograph in Fi g. 14. Fabrication and
t e s t ing  of Charpy impact specimens were conducted in accordance with the  methods
prescribed in AC Th E23—72 ( R ef .  7) .

i’or the 30°F (— 1 .14°c) tests , specimens were placed in a dewar cont a in ing
a salt , ice an:I water bath maintained at 30°F. After immersion at temperature
for a minimum period of ten minutes , specimens were remove d from the bath using
nor :gc , re f r igera ted  in the same dewar , placed in the impact machine and ‘-ested
with in a maximum of 15 seconds after removal from the b a t h .  A typical time from
bath to impact was well under ten seconds . A 26 14 f t—U ( 3 ~ c . -sule) capacity
Tioi :i s— Olser .  imca~ t tester  was iced , and was carefully ca lie ra ted  before and
a f t er  each. s er t e c  of t e st s .

•
~~~~~ i~ Tear Tests

V :ino t che d  subsized dynami c tear specimens were fo rw sa ’ded to the hbavai Re—
search Laboratories , Washington , DC ( N R L ) .  The f a c i l i t i e s  at NRL are more
experienced at machining the special notches required anc are be tt er  equi pped
to conduct the actual tests . Test procedure will fo l l ow  a techni que proposed
for a 0. 625 in.  (i.6 mm) thick specimen . The dimensions for a d .uk S  in. specimen
and. subsized specimens are shown in Table III. C o n v e r s i o n  of dat a ob t ained on
subsized samples to 0 .625 dynamic tear energr by me an s of a s i zin g  factor. Tije
s i z ing  factors are also shown in Table III .  Testing procedures are i nd s o o se d  in
Ref. 8. 

—.-~~~~~~~~~ --- — -  .~~~~~~~~ -- —---.-- .-~~~~~~~
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RES ULTS AND DISCUSSION

Initial work on the laser welded HY—l30 plates involved mIT characterization
and destructive testing of the welds to determine their properties as compared
so the  bas e metal .  In addit ion , extens ive quantitative metallographic examina-
t ion was conducted, in order to clarify and quantify the observe d reductions in
the inclusion content of the material following las er wel ding. Thes e str iking
reduct ion s  are believed to be an import ant element in main ta in ing  excellent
mechanical oroper t ies  in the laser welds without extensive attempts to control
h e a tin g  ‘o:d cooling rates wh ic o  are dictated by the autogenous las er process .

Xendest ruc t ive  Testing ( V i s u a l  and Radiographic  Examinat ion )

Following welding , all plates were visually inspected and were classified
as to the weld bead appearance . Further inspection was accomplished by X- ray
radiography . The combined resul ts  of t oe  X—ray and visual inspections are
s um m a r i z e d  in Table IV . Posit ive p r in t s  of the weld X— r ay s are show n in Figs .

~1. It can be seen from the table and fi gures that cond itions were readily
established for welding of the u.6~ cm thick plate with reprodu cibly clean ,
uniform , and poros i ty—free  welds . Welds in the 0 .95 cm thick plat e were typ—
icad,ly the poorest of the three thicknesses s tudied.  In s tudying the nature
of the inclusions in all plate thicknesses , it was found that the 1.27 cxc thick
plate investigated was rare—earth treated , whereas the 0.614 and 0.95 cm th ick
plates investigated were deoxidized by conventional means . Since it woul d be
expected that the difficulty in producing good welds would normally increase
with increasing material thickness , it appears that the rare—earth treatment
greatly in f luences  the  weld quality . This will be discussed further below , in
light of the mechanical test resul ts .

~~~~~ Bead Cross Cect ions

Bead r r o f ile s  for the welds l i s ted  in Table IV were determi ned by cross
sectioning t he  welds at the locations schematically indi cated in Fig. 3 and
designated “~

“ on the radiograph s in Figs . 5—7 , polishing and etching , and
photograph in g these etched cross se ct i on s . bCb resent ative cross sections of
the “A ” series welds ( 0 .6 14 cm thick plate) are .oiown in Fig. 8 , while those of
the “B” series (0.95 cm t h i c k  plate) and the “ series ~~~~ cm th ick  plate)
are shown in Figs. 9 and 10. it  ~~ be seen that t he  beads in the A series
consisted of two types , closely tied to the  power levels . Specimens A—l through

A—3 showed narrow beads w i t h  excess ive  undorcu ’ in A—i and A—3. This undercut

was not severe at the slowes t ~e l 1 i n 0 speed A— t. All three specimens were some-
what cverpenetrated and showed r~~’ t h ~r~i n ~- ” in the center section , a situation 

~~~~~~~~~~~~~~~~~ _ _
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w h i c h :  o f t en  J.cads to porosity, as was the case with these welds. When the  power
win;  i udo-s ’sJ t o o  kW (A—14 through A—8) and the speed reduced proportionately , a
Header weld 500o wi th a continuing taper was pro duced and undercut was elimi —
5i i t ej  it .  all cas es except A— 7 , where the plat en were, unfortunately, poorly

1 . T pecimens  welded at 6 kW also exhibited a somewhat larger grain ~ize
L o o O  Hose ’ a tr ic a t ed  at 10 kW , a situation which , due to the slower cooling
ra t e ~~~~~ roduced  th is  e f f e c t , would be somewh at benef ic ia l  to impact resis—
t~~fl~~~ i , S O T .. w t i c h T .  would be s l ight ly unfavorable regarding the ducti le/bri t t le
:r’en i t i o n  t enre ra ture .  X—ray radiographic results (Table Iv) iden tif i ed the
welds prc luc - id  more slowly at the 6 kW level as having ubstantially better
integrity L::an those fabricated at 10 kW.

Ho scads f a b r i cat e d  in the B series are displayed in l’s~g. 9. The ini t ia l
s.— L  was excess ively narrow as a result of the ni gh . wH ding  speed , w~~-~ro—

itO 3 — oh Hb~ was fabricated substantially more slowly e xh i b it e d  oeL .~tantia 1
“ Losa i ; : i n g ” a’ t ee  plate center which  is undesirable as discussed above . The
; r u :~~ie s  of welds 3—2 throug h B—b appeared to he close to optimum , however ex—
eo:sive 5005lty wa s encount ered  in thes e welds due to f ac to rs  which are be—

to  be related t o  l eox ida t ion  pract ice.  (The section of weld B—14 displ ay ed
in  Fii’. 9 was t ak en  too close to the “ s ta r t ing  defect ” and is not character is t ic
of t:ie equiiibr Lao weld shape .) The bes t apparent cross section was B—5 which
also r a l i og r a s ne d  He bes t overa l l , although there are t w o  pores visible in the

-~~c t i ~~n li ; siaye3 in Fig. ) . i’-om’s “nontypical” situatiens have occurred in t o e
o~ epl ç;ed s ect i o n s  as discus s 1 above because these sec~ ions ‘~‘ere tak en close
to t he en ds of He test welds (see Fig. 3) so that~ t h e  oa ,i c r  portion of the plate

odd be available for further testing.

The C s e r i es  weliIii (Fig. 10) began with C—i which was wel ded slightly too
ru-idly , and, although a reasonable appearing bead. was ~-roduce-l , proved to be
x s’:soively po rous . The welding speed of C—2 was clearly too hi gh , and the dual—

sass wel l °— 3 wac un successfu l due to th e high degree of rood porosity in the
ccc ni or “bl ind ” sass . Welds C—2 acid C—3 were sufficient ly poor that no fur ther
meciianic’u. L o ot s  were conducted on these samples. Welds 3_)~ through C—9 were
s~~gni;’ic antly better and were close to what was felt to be optHium within the
i mitations of available laser power for these tests. All of th es e  welds had
sor:,-~wr~at “hr -a d or e d ” centers , a situation which is nonoutimum for total el irnina—
tion of poros ity , n~nl , i n  fact , the welds did contain some porosity , although
l ti:; s , on the  whole , than the B—s eries. It is felt that with additional laser
lo wer  which would allow a larger spot without reducing incident powe r density ,
a longer focal length could be employed to produce a slightly wid er , continuo us ly
taperin g weld , without severe porosity . On the whole , the  wel ds in th is  seri es
were still a bit too narrow to be optimum from the porosity standpoint .

i
_
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Mechanical Test Results

Bend Tests

Bend test result s are summarized in Fig. 11, which shows typical root bend
specis;ens for each of the three  thi cknesses of laser— ~~e1ded HY— 130 plate. The
dat a from thes e tests including inspect ion results is summarized in Table V.
Bends in the 0.6 14 and 0 .95 cm plate were made to the standard 3t radi us . No
failures were noted , and consequently ,  bends in the 1.27 cm plate were made to a
more severe 2t radius . Even in this case, no failures were observed. Following
bending,  the spec imens were visually inspected and found to h ave no cracks . To
insure the abs ence of cracks , magnaflux test ing was also used. I4agnaflux tests
were conducted with f ields or iented for cracks both parallel and perpendi cular
to the welds . All specimens were fo un d to be completely free of cracks in the
welds and surrounding regions.

Microhard.ness Measurement s

~icrohardness traverses were completed on the six specimens for which in—
elusion content and s ize  distribution were character ized. These values are
tabulated in Table VI. In all cases the highest hardnesses were observed in the
heat affected zones , and averaged R0 1 4 3 . 2  as compared to the bas e metal average
of 314.14. The weld fusion zones exh ibited intermediate values averaging R0 39.8.
This hardnes s is charac ter i s t ic  of the beh avior of laser—welded ferrous alloys
at imilar carbon levels due to the cooling rate increases inherent in the laser
weld.i ng process . Higher  tensile strengths in the welds are e~~~ected , but ques-
tions involving the  impact res istanc e in Charpy and dynami c tear tests must be
answered to in sur e that adequate t oughness- of the  welds accompanies thes e higher
strengths .

Tensile Tests

Circu ~.ar cross section cross—wel d tensile specimens were tested to failure
with no failures occurr ing in the weld reg ions , heat af fected zones , or reg ion s
adjacent to the heat a f fec ted  zones . The wel ds , having cooled more rapidly than
the  base plate were clearly stronger than the base alloy . Thus , no weld failures

were anticipated except in cases wh ere the wells  may have been seriously weakened
by flaws . The absence of weld tensile failures attests to the absence of mechan-
ically serious flaws wi th in  the laser welds over the  entire thickness range inves—
t igated .  The tensile test resul ts  are summarized in Table VII. A photograph of

failed tensile bars appears ix: Fig. id.  Since all tensile specimen failures
occurred remote from the weld zone , it was concluded that weld tensile strength
exceeded bas e metal tensile strength for all welding conditions . 

- .— -- .-- -~~~~~~~~.‘-.~~~~~~~~~~~~ 
~~~~~~~~~~~~~ - - - -~~~~~~

.., -‘.-—-- - .



- 
___:—

~

- ..‘ -..----,.... - - - .. - -

R77-911989-lO

Tensile test res ults , as applied to the bas e plate indicated that the 0.95
cm thick plate (B series) had s ignif icantly higher  ultimate tens i le  s t rength

= than either the 0 .614 cm or 1.27 cm thick plates . This coincides with the ob—
served higher  base—metal inclusion content and lower bas e me t al impact s t rengths
which are noted and discuss ed below . The additional inclusions apparently p ro-
vide a s t rengthening  e f f ec t , however the toughnes s is somewhat reduced as a
result of thes e extra inclus ions . Tensile ductil ity was foun d to be h ighes t
for the cleaner , hi gher toughness , rare—earth treated 1.27 cm thick plate , which
woul d be expected , however , the fact that the elongation of the 0.95 cm thick
plate was slightly greater than that of the 0.25 cm thick plate is presenti3
unexplained.

Ix~~act Tests

Weld an-i base metal impact specimens from the laser—welded platen W~~rL

tested at two temperatures , 70°F (21.1°C) and 30°F (—l.~~°C). The welding con—
ditions for thes e plates were summarized in Table III and their  impact values
are tabulated in Table VIII.

It caL be see n from the dat a in Table VIII that the impact r e s i s t ance  of
all welds in the 0. 614 cm th ick plat e was equal to or greate r  that :  that of the
base metal . Ir.terestingly, there were two dist inct  bao meta l  impact strenet h
levels , i nd i ca t ing  that there was a maj or and importan t diffe r ’ :nce  in mef .ai1ur~~r
between th e  various as—received plates of o .Gb cm HY— l 3C stocs woi ch  were pro—
oiled for the study . Gross d i f fe rences  in inclusion content  ned previous ly been
noted in metaliography , giving rise to the opinion that  the  p lates  us ed to fab-
ricat e specimens A— 3 , A—b and A—b and having b ase line Cha -i’r i mp ar t  s t renotho
averag ing 514.6 joules , were most probab ly rare—earth  t reated , .:~ ~reas the  p lates
used to fabr ica te  the remaining weld s amp les and having Iharsy imp ac t  value s
averaging 36 .9 jou les were not . This is pres ently being ve r i f i0 l  by the cdectr .
ns l cr o j . . t u se.  T i e  Charpy values measured in the bas e itstal were not w id ely
scat tered , ; it fe sl into two close groupings , giving sui port to the  h-eve
thacry . Weld metal impact values in the 0 .6 14 cm plate closel y followed p arent
material values wi ts  s~~oc1Lrr .en A— 8 being the single exce~ Lion . W L l d  A—8 , however ,
was not sh ie lded  on the root side due to an error in i ts  1’ ih r icat i on .

In the O . o~; cm mater ia l, since  the  welds exhibi ted ~eod q’ ali’y in X—r ay

~ad iogr aHy , notches were  placed in three di f f e ren t  locat ions  ir ;  an e f fo rt to
evaluate these three  areas . Potch loca tions  included t h e  w~ l d ~eeter line , the
heat ; f f e ct e d  zone , and a location w i t h i n  the fusion zone h adodi ay between thes e
loca t ions .  The data on specimens t~— i through A—6 where notch  p o s i t i on s  ~~~re

var ied  sy.;tematically , clearly indicat e -i, that there was no ma ,~or 1 f ’ferer . ce fri
properties of nctched impact specimen s as a funct ion of loca: i on w~ th in  the weld

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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and HAZ . The two HAZ—notched values did appear to ‘be a bit lower than those
produced by the other notch locations , but they are cert ainly not significantly
different. All 0. 614 cm welds including specimen A—8 which was not properly
shielded appeared to meet Navy requirement s for HY— 130 weld impact toughness ,
although A-8 was the only value below the parent metal as a result of the fab-
rication error.

The intermediate thickness 0.95 cm thick welds did not , on the whole , ex-
hibit good quality. Most of these welds exhibited considerable steady porosity
as evidenced by the X—rays in Fig. 5 and their interpretations in Table V.
Despite this apparent difficulty in welding , other mechanical properties as
measured in tensile and bend tests did not appear to be problematic. During
the course of the investigation , however , no welding paraneters capable of pro—
ducing porosity—free , or even nearly porosity—free welds were found, and so the
0.95 cm thick welds were tested despite their known internal flaws. Surprisingly ,
Charpy impact strengths , as exhibited in Table VIII were almost all equivalent
to or better than the base metal values . The one notable exception was specime n
B—14 which registered a 17 percent decreas e in impact resistance. All others
were within 10 percent and several were greater with the average parent metal
value being 31.7 joules , somewhat less than the weld average of 32.6 joules .
Base metal values for the 0.95 cm plat e were all consistent and were lower than
the lower group of values in the 0.614 cm plate, indicating that the overall
metallurgical quality of the 0.95 cm plate was not as hi gh as for the th inne r
material. This factor, along with the greater plat e thickness was felt to be
responsible for the increased difficulty in welding this thickness and the fact
that only porous welds were produced. If thickness were the key element , it
would be expected that the 1.27 cm material would prove even more difficult to
weld , however the X— rays ( Fig. 6) and observations in Table IV at test  to the fact
that bet ter  welds were made at this thickness . The base metal impact values on
aU of the 1.27 cm plates were hi gh as compared to the other thicknesses (except
for the specifically high—valued 0.614 cm material) , and it was ultimately con—
firmed by electron mi cropro’be analysis that the 1.27 cm thick materi al was rare—earth
earth treated. In this thicker , rare—earth treated material , a s i gn i f i c a n t
decreas e in weld metal impact strength was obs erved with the base metal averaging
151.3 joules and the welds averaging io6.o joules. This indicates that, when
the bas e metal’s metallurgical quality is sufficiently h i gh ,  it is not possible
to improve it enough through the localized refinement and puri fication which
occur during laser welding (as detailed below) to compensate for the reduction
in impact strength which naturally accompanies more rapid quenching in alloy
steels , and which produces increas ed tensile and yield strengths , and hi gher
hardness • It is , however , si gnif icant  to note that the 106 joule average Charpy =

impact value is considerably in excess of the normally required average Charpy
impact value of 714.14 jou.les for the —l.14°C—2l.l°C temperature range. Table VIII
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indicates , also , that even the lowest impact value, 80.7 jouJ ,es , whi ch occurred
- - in a weld which was far from optimum, exceeds the required value. In addition

to purely metallurgical factors , it should be remembered that the welds were
not physically perfect , having a certain amount of porosity . The relative ex-
ten t to which poros ity influences the impact strength compared to metallurgical
fac tors is not quant itatively know n , but qualitatively , it appears to be small,

- - 

. 
and this has been verified by other studies (Ref. 10).

In an effort to define somewhat more clearly the relative importance of
metallurgical and physical factors , experiments have been planned which include
reducing the thicknesses of the original 1.27 cm thick plate and 0.95 cm thick
plate to 0.95 and 0.614 cm respectively . We can then weld 0.05 plate with a
Letter rare earth—treated metallurgical structure and compai-~ it to the appar-
ently lowest qual ity 0.95 cm plate welded and reported upon above. In addition ,
we will reduce some of this poor 0.95 cm plate to 0 .6 14 cm and see how the laser
welds made at that th icknes s compare with those already fabricated in the some-
what better apparent quality (but not rare—earth treated) o.~b cm plate above.
These experiments are planned to shed additional light on the importance of
metallurgical quality on ability to autogenously laser weld and on the impor— -

‘

tanc es of both the metallurgical quality and physical quality of the weld on its
impact resistance . In addition , fractography i s being performed on the impact
fract ures and is planned for the dynamic tear specimens discussed below in an—
other effort to sort out the relative roles of physical and metallurgical factors .

Dyn amic Tear Tests

The dynamic tear test results are summarized in Table IX. These tests
were performed at the U. S. Naval Research Labs under the direction of Dr. Ed

~etzbower.

It can be seen in Table IX that the dynamic tear energies for the 0.25 in.
( ‘ .6 14 cm) specimens were uniformly high , ranging from 123 to 193 ft—lbs (167 j ) .

‘ Using sizing fac tors as reported by Brenna and McCaw (Ref. 11), this would con—
vert to 1150—1803 ft—lbs (l559_2141414 j) in a 5/8 in. (1.59 cm) dynamic tear

specimen or 10,350—16,227 ft—lbs (l14 ,029_2l ,9914 j )  in a 1 in. ( 2 . 5 1 4  cm) dynamic
tear specimen . These values considerably exceed the highest base metal values

on the R/d) diagram , and although the tests conclude that the specimens were
obviously quite tough , the results are not considered fully “valid” as a re—

suit of the unduly small specimen thickness. The value for specimen A— 3 is

unrealistically high probably becaus e of f ailure to reset the dyn ami c t ear
machine before this test and was thus eliminated. Likewise , the value for A—8

is too low and was suspect because no notch depth is shown. The B specimens ,

3/8 in. (0.95 cm) thick also showed good values , but not as high, as the i/14 in.

(0.614 cm). These specimens exhibited some porosity and occasionally substan-

tial porosity , but still showed ~T energies in the mi ddl e of the normal base
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metal range . The average value , converted to a 1 in. specimen was 5580 ft—lb s
(7563 j ) ,  which is actually above the middle of the range indicated on the BAD
diagram . The specimen size was marginal , and so the “validity” of these tests
cannot be fully assured.

The half inch (1.27 cm) specimens showed ductile ~T f ractures as clearly
indicated in Fi g. 13, and were considered to be “ fully valid test specimens” .
The values for these specimens , as shown in Table X , were again equivalent to
the high end of the normal base—met al range for HY—130 steel ; 6698 ft—lbs
(9077 j) average. Values for specimens C—i and C.-9 were negatively influenced
because of excessive porosity . The results of the dynami c tear testing of HY—
130 alloy have thus shown the layer welds in this study in all thicknesses to
be hi ghly tough and fracture resistant . A detailed analysis  of these DT tests ,
including fractographic observations , is planned , with the results to be dis—
tributed in the form of a separate report because of their highly significant
nature as far as the Navy ’s current interests in laser welding are concerned.

Quantitative Analysis of Metallurgical Structure

In clusion count and size measurement s , and electron beam microprobe analyses
were performed on two samples from each of the three thickness categories of
laser—welded HY—l30 steel plate. All specimens were observed at 145 magnifica—
tions , and samples were selected based on the numbers of inclusions of lOu in
diameter or above . The “best case” and the “worst case” in each thickness
category were chosen for investigation with the “best cas e” (bc) being the weld
with the fewest resolvable inclusions and the “worst case” ( w c )  being the wel d
wi th the great e~.t number of resolvable inclusions within a given thickness cate-
gory. As indicated in Table X and clearly doc umented in Figs . 114—19 , all three
specimen thicknesses exhibited marked reduction in resolvable weld inclusion - —

content ( iOu resolution limit) as compared with an iranedi ately adj acent equal
area of base metal. This was true for both “bes t cases ” and “worst cases ” , as
well as for all plate thicknesses. (Note: Reduction in magnification of t h e
ori ginal photomicrographic maps which required encircling of inclusions for
clar ity in Figs . 114—19.) The percentage of resolvable inclusions retained in
each cas e is also given in Table X. In the best noted example of fusion zone
purification (1.27 cm or “c” plate), 82 percent of the resolvable inclusions
were eliminated from the weld fusion zone during the process of deep penetration
laser welding . In the wors t observe d examp le involving the “A” plat e , 1414 pe r-
cent of the resolvable inclusions were eliminated. Investigation of the inclu-
sion count dat a in Table X surprisingly indicated a t rend tow ard greater fusion
zone purification with increased specimen thickness.  Although this effect was
not predicted , it is most prob ably explained by the fact that the thicker sec-
t ions requi re greater specifi c energy inputs , allowing more time for inclusions

_ _  ~~~~ ‘ - -.-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -
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to be vaporized and aspirated from the weld. The proposed physical mechanism
for fusion zon e purification during deep penetration laser welding is explai ned
in Ref .  2 .

Table XI contains the results of an inclusion size distribution study , and
indicates that the effects  of laser welding on inclusion size w i th in  the resolv-
able range were uncertain. For example , in the 0.6 14 cm plate , one specimen
exhibited a major (68 .6% ) decrease in maximum inclusion size , while the other
specimen exhibited a sizable (6 0% ) increase. There was , however , an overall
trend towards a minor reduction in weld fusion zone inclusion si ze as compared
to the base metal. These dat a favor explanation of weld properties as a result
of eliminating in clusions , rather than s imply ref in ing them .

Res ults of electron beam microprobe analysis of inclusion compositions are
given in Table XI I .  X—ray patterns for represent ative inclusions of the two
characteristic types found are shown in Figs. 20 and 21. The microprobe analysis
revealed the presence of two distinct types of inclusions . The inclusions fo un d
in the samples of 0 .6 14 and U. 95 cm plate were all alumi n um oxi des wi th smal l
amounts of adhering free calcium (Fig.  20 ) .  All of the inclusions fo ur d in the
1.27 cm thick plate were lanthanum/cerium oxides (Fig. 21), indi cating that
this thicker plate was rare—earth t reated.  No rare—earth oxi de inclusions were
fo und in the A and B plates , and no aluminum oxides were fourni in th e  C plates.
( Although impact tes t ing subsequently revealed that some of the- 0.6 14 cm thick
plat e had hige impact res is tance and was probab ly rare—ea rth treaned , it
happened that the two 0.6 14 cm specimens selected for microprob e analy si s  uoing
th e  “best and worst case” criterion were both lower impact resistance specimens
and so contained only inclusions of the Al—O + Ca type.  The pres enc e of rare
earths in the other specimens is pres ent ly being veri fi ed. ) Although numerous
inclusions were sampled in each of the six selected specimens , no other ty n e s
of inclusi ons were found in either the welds or the base metal .

In an e f fo r t  to establish wh at happened to the inclusions which were elirn—
m ated from the weld fusion zones of a specimen characteri zed by the  Ai/O type

= 
of inclusion , a quantitative electron microprob e analysis was performed on weld
and base metal . Results of the analysis failed to show any increase of alumi:ium
in the matrix (noninclusion area) of the weld fusion zone , and , in fact , revealed
a small decrease. It was apparent from these dat a that the constituents of the
missing inclusions were , most likely , not retained in the welds. A similar

determination for oxygen was made previously and was reported in Ref .  2. This
gi ves added support to the mechanism of inclusion removal previ ously proposed in
Ref.  2 which involves preferent ia l  vaporization of nonmetallic inclusions as a
resul t of their  preferential absorption of the lO .6u CO 7 las er radiat ion , and
aspiration of these vaporized inclusions from the deep penetration cavity .

114 
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SUMMARY OF RESULTS A1~D CON CLUSIONS

1. Three series of test welds were produced in HY—13O alloy steel plate
provided by the U. S. Navy DTNSRDC . Three thi cknesses of plat e were welded ,
0.6 14 cm , 0.95 cm , and 1.27 cm. Laser powers ranged from 6.0 to 12.8 kW , with
welding speeds between 1.27 and 2.96 cm/ sec .

2. AU welds were visually inspected , X— rayed, and mechanically tested in
bending, tension , impact , and dynamic tear. Weld, HAZ , and base metal hardness
and ndcrostructure were also evaluated , and bend test specimens were also magm a—
fluxed following testing.

3. X—ray examin ation revealed that welds in 0.614 cm thick material were
“ X— ray clear ”. Welds in the 0.95 cm plate were typically the poores t , with
severe porosity in a variety of distributions . Welds in the 1.27 cm thick
plate were of considerably better quality than those of the thinner 0.95 cm
plate , exhibit ing sparse , fine porosity in most cases.

14 , The nature of the inclusions in the .i . 27 cm thick plate indicated that
this  materi al was rare—earth treated , which accounted for the better “welda—
bili ty” of this thicker material .

5. Weld beads in all thicknesses exhibited acceptable cross sections with
only an occasional tendency for “widening” at the center of the bead. Boot and
face reinforcements were adequate in almost all cases. It was possible to pro—
d.uce adequate bead shapes following suitable parameter adjustment in all cases.

6. iul 0. 614 cm and 0.95 cm thick weld specimens survived 3t guided bend
tests without  failure. The 1.27 cm thick specimens survi ved 2t guided ben d
tests , also without failure. All specimens were magriafluxed , and no cracks were
foun d following ben d tests .

7. Microhardness measurements revealed the average weld fusion—zone hard-
ness to be R~ 39.8. HAZ hardness was highest, at R~ 143.2 compared to average
base metal hardness of Bc 314.14.

8. Tensile test specimens did not fail in the welds. UTS values ranged
from 961 to 1076 MPa with elongations from 12.0 to 15.7%. Strength and duc-
tility values within the three thickness categories related to observed base—
metal inclusion content.
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9. Impact values in the 0.614 cm thick plate , as measured at two tempera-
tures , were all in excess of base metal. In the 0.95 cm material, although
there was considerable porosity , nearly all impact values were equivalent to
base metal or higher. In the rare—earth treated 1.27 cm material, impact  values
were uni fo rmly below the base metal , due to a hi gh base metal level , but all
values were substantially in excess of Navy specifications for HY—l3t) welds at
the two temperatures.

10. Dynamic tear test results in all thicknesses were at the high end of
base metal HY—130 values as indicated on Navy HAl) diagrams. Though the validity
of the o.614 cm and 0.95 cm tests is doubtful due to “specimen size -effects”, the
lici cci tests were fe l t  to be fully valid. The dynamic tear ~-:sts serve to
hign .i ght the high fracture toughness which can be achieved i:. 111—130 laser
welds.

II. ~ii antitative analysis  of HY—1 30 laser weld s t ructures  showe d decreases
in resolvable (lou) inclusion content ranging from 1414 to 82 p~-rcent considering
ai.t three thicknesses welded and the best and worst  case ifl eacn thickness ,
thorL5 u~ oi ,’ documenting the fusion zone purification effect in these welds .

is. A trend toward greater purification with increasing plate- thickness
wi :: notes. This t r e n c  was not anticipated. A plausible explanat ion  based on
i n c r ~~-i se i  specifi c energy input with thickness was proposed.

.. 3. Studies c t  the inclusion size distribution indicated that the sff€-ots
t fu s i o n  ssr :e puri fi cati on during laser welding on the i nc lu s ion  size d i st r i —

b st i c~n were un c er t a in .

i icsctror .  beam mi croprob e analysis indicated inclu sions  in the O. L = h
h . -~ cm t h i c k  plates to be aluminum oxides wi th  s ma l i  amo unts of calcium ,

ing -:nveritional deoxidation practice. In the . . i T  cm th ick  i cate ,
1’~~’. : i u m / c’ sium oxide s were predominant , ind ica t ing  rare—earth treatment.

i, . t~i~u . t i t a t i ve  electron beam microprobe analysis  of weld and base metal
in the 0.~ ~ and O .- ? t  cm thi ck plates failed to show any increase of aluminum in
toe matr~ x ( n c n i o c l u c i o r t  area) of the fusion zone , indicating t h a t  the constit—
uen~~; o~

’ t i e  miss ing inclusions were most likely not retained in t he  welds .

- . hased on the above results , it was concluded that t h e  laser welding

~ ro~-e:s is capable of making acceptable and mechanicali~ excellent welds in HY—
130 il loy steel through 1.27 cm thickness. Weldability of the  alloy is improved
by Letter deoxidation practice (rare earth treatment) although substantial elm —

ination of inclusions by the Fusion Zone Purification effect was observed and
-~u-uicitatively verified in all cases of laser welding encountered in this study. 
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Table I

Nominal Composition of RY—l3O Alloy Steel

Element Wt Percent

Fe Bal

C 0 .09— 0.11

0 .25

Cr 0.50

No 0.140

V 0 .07

Ni 5.50

~~~

- 
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Table II

HY—130 Welding Conditions Investigated

Series A 1/4 in. (0.64 cm) Thick Material

Welding Speed
Sp # Welding Power—kW (in./min) (cm/sec)

A-l 10.0 70 2.96

A—2 10.2 60 2.514

A—3 10.0 80 3.39

A—~4 6.0 140 1.69
A—S 6.0 140 1.69
A—6 6.0 140 1.69
A—7 6 .o 140 1.69

A—B 6.0 140 1.69

Series B 3/8 in. (0.95 cm) Thick Material

B—l 10.0 50 2.12

B—2 10.0 30 1.27

B—3 10.0 140 1.69

B—14 10.0 140 1.69

B—S 10.0 140 1.69
B—6 10.0 140 1.69

Series C 1/2 in. (1.27 cm) Thick Material

0—1 12.8 140 1.69

0—2 12.2 50 2.12

C—3 
- 

12.0 l28’~ 5.142*

10.0 30 1.27

C—5 10.0 30 1.21

10. 0 30 1.27
C—7 10.0 30 1.27

c— 8 10.0 30 1.27
C—9 10.0 30 1.27

*Dual pas s weld attempted from two sides (128 in /m m (5 . 142 cm/sec)
each side ) 

- - -. . - - - - - -~~~~~~~~~~ - - -~~~~~~~~~-~~~~ - - , ‘-- .-~~~~~~~~~~~~~~~
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Table III

Dynamic Tear Tes t Speci men Si ze

T ( i n .)  D ( i n .)  L ( i n . )  W ( i n . )  S iz ing  Factor (w 2/~f)

0 .625 1.625 7. 0 1.125 1.0000

0 .5 1.625 7. 0 1.00 0.707 1

0 .375 1.250 7.0 0 .750 0. 31445

0 .250 1.000 7. 0 0 .500 0.1250
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Table IV

Visual and X—Ray Inspections of IIY—l3O Laser Welds

Specimen #~ Power (kW ) Speed ( cmj sec) Inspection Results

A—l 10.0 2.96 Scattered porosity
A—2 best case 10.2 2.514 Scattered porosity , some nonuni-

formity of bead, step offset
between plates

A—3 10.0 3.39 Isolated , grouped porosity , co me
undercut & underbead spatter

A—4 6.0 1.69 Excellent apparent weld quality
A—5 worst case 6.0 1.69 Excellent apparent weld quality
A—6 6.0 1.69 Good , but not quite as good as A— S
A— 7 6.0 1.69 Excellent apparent weld quality

— A—B 6.0 1.69 Porosity—free. Ineffectively
shielded on the back side.

B—l 10.0 2.12 Severe, uniformly distributed
porosity

B—2 10.0 1.27 Heavy,  fai rly uniformly distributed
porosity

B— 3 worst cas e 10.0 1.69 Fai rly heavy , medium—sized porosity
throughout. Uneven bead , Poor
metal fl ow at end of weld

B—It 10.0 1.69 Initially heavy porosity , then
intermittent. End of weld is good

B—S best case 10.0 1.69 Various sizes of pores along entire
length

B—6 10.0 1.69 Relatively free from porosity. Some
lack of fusion & “choppy” bead

C—i worst case 12.8 1.69 Considerable porosity (some large)
and spatter

C—2 12.2 2.12 Severe porosity along entire length

0—3 12.0 5.142 dual Fine line of root porosity & some
pass sizable pores

c—It 10.0 1.27 Isolated porosity — rest of weld
is good
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Table IV ( Cont ’ d)

Sp~cimen /#~ Power (kW) S~eed ( cm/ sec) In~pection Results

C—5 10.0 1.27 Porosity near end , instability at
start , center okay

C—6 10.0 1.27 Generally good with separated
porosity

C—I 10.0 1.27 Sparse porosity only
c—8 10.0 1.27 Large porosity , shielding was

marginal
C—9 10.0 1.27 Ends not fully shielded , isolated

pores

* “A” specimens 0.614 cm thick , “B” specimens 0.95 cm thick ,
“C ” specimens 1.27 cm thick 

- -— —~~~~~---
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Table V

Summary of Bend Test Results

Nominal
Plate Loading Maximum

Specimen Thickness Width Bend Rate Load Ma~~aflux
No. 

— 
(cm) (cm) Radius cm/sec 

_______ 
Ins~ection*

A—i 0.614 1.27 3t .0014 7153 Crack free
A—2 6779
A—3 6726
A— It 71420
A—S 7099
A—6 7313
A— I 6s66
A—8 .021 6939

B—l 0.95 1.91 3t .021 26690 Crack free
B—2 26160
B— 3 26160
B— It 25350
B—5 24820
B—6 25350

C—i 1.27 2. 5 14 2t .0014 59380 Crack free
C—2 — — —

C—3 — — —
c—b 2. 5 14 .021 58050
C—5 58050
c—6 - 58050
C— 7 57380
c—8 58050
C—9 — —

*Fields oriented to reveal cracks both parallel to and perpendi cular to the welds
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Table VI

HY—l3O Laser Weld Hardness Values

R c Hardness
Sample No.  Weld Fusion Zone Heat Affected Zone Bas e ~-1etal

A—S ( T )  39.8 1414 . 5  33.3

A-2 41.3 1 4 1 4 . 5  36.5

B—S 140.2 142.9

B-3 38.8 141.8 33.5

C— l 39.3 142. 9 33.14

C-7 39.9 142.7 ~~~~~5 

~~~~~-- ‘ - —~~~~~~ -.—-~~~~~~~~~~~~~~~~~~~~~ - .-~~~~~ A
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Table VII

Results of Tensile Tests on Laser—Welded HY— 130 Steel

Specimen No. Speci~~ n Diameter UI’S (Kpsi) UTS (~~~a) % Elongation

A—i 0.125 143 984 15.0
A—2 0.128 139 958 12.0
A—3 0.128 ibo 9614 13.9
A— It 0 .127 ibi 973 12.0
A—5 0 .128 1140 96 14 12.1
A—6 0 .127 141 973 12.5
A— I 0 .127 142 980 13.7
A—B 0 .126 ibi 969 12.14

B—i 0 .188 i56 1076 13. 14
B—2 O .i87 1514 1062 13.5
B— 3 0.188 155 1069 14.1
B— b 0.187 154 1062 13.7
B— S 0.188 153 1058 13.3
B—6 0.188 152 1051 13.0

C-l 0.250 1143 983 14.5
c—b 0.251 139 961 14.5
C—5 0.252 iIto 962 14.9
c—6 0.251 1141 970 114.6
C—I 0 .251 ibi 970 15.7
c—8 0.252 1141 970 114.6
C—9 0 .252 1142 979 15.2
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Table VIII

Results of Charpy V-No tch Impact Tests on
Laser—Welded HY— l 3O Plates

t es t  Parent Metal Notch Weld Metal
Specimen temp Location Location Impact
________ ~~~~~~~ j  ~.j - iu l e s / f t — i / ) in Weld (joules/ft—#) Comments

-
- A_±* :1.1 ic.2/~o.O* HAZ 32.5/214.0*

A —h _ l . i. c - c .  /28. 0 RAZ /~TELU 31.3/27.5
51.5/38 .0 HAZ/WELD 53. 6/ 39.5

A—h —1.14 3~ ic/27.0 WELD ~ 36. 6/27 .0

~i . 3 / h 7 . 5  WELl) ~ 148.8/36.0
— i • 53. b / 39.5 HAZ 50.8/ 31. 5

~t — 7  cl.l 37.2/27.5 WELD ~ 37. 2/27.5
21.1 ;h .8/143.5 WELD ~~, 38.5/28.5 Weld not shielded

on back

L_ l* 21.1 32. S/~~,.0* WELD ~ 35. 2/ ht .O*
— 1. 14 ic.2 j i c .5  WELD (~. 14l.14/3ñ.5

2—3 cl.1 3 1.2/23. 2 WELD ~ 31.2/2 3 .0
B— h —1 . 14 31. 2 / 2 3.5 WELD ~. 2e .2/ i ) .5
2— 5 21.1 33.1’ 214 .5 WELD %

32. 5/ 214 .2 WELD ~ 29.~~/22. O

( — J  21.1 156.6/115.5 WELD Q lO6.14/7b .5

C ’  — l’oorest welds , no
—3 — specimenc fabricated

c—It 21.1 1146.14/108.0 WELD ~ 8 0 . 7/ 5 9 . 5
C— 5 — 1. 14 153.9/ 113.5 WELD (~. 1014.14/7 7 . 0
— : — ~~

- 21.1 1IC/ .B/l09.O WELD (
~, 109. 2/ 80.5

C—7 —1. 14 IH .3!iic.5 WELD ~ 1214 .1/91.5
2—8 21.1 150 . l/ J J i . 0  WELD ~ 123.0/9 1.0

h i . 1  1514.8/1114.5 WELD ~, 914.O/ e) .5

*}{alf si ze specimens use -I due to plate tic ckness

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table IX

Dynamic Tear Test Results — HY— l30 Laser Welds

No tch Double—Pendulum Equivalent I/I’ Energy
Specimen Depth LIr Energy 5/8” Specimen

No. T( in ) W ( i n )  W2/i~ ( in)  ( ft —~~~) j~j  ( ft—ib )

A—i .179 .502 .107 .017 123 167 1150
A—2 .177 .5014 .107 .011 123 167 1150
A—3 .183 .503 .108 .007 668* 905 6185*
A—b .186 .505 .110 .011 176 239 i6oo
A—5 .185 .5014 .109 .012 186 252 1706
A—6 .180 .50 3 .107 .010 193 262 1803
A—i .182 .503 .108 .013 182 2 147 1685
A—8 .180 .506 .109 — 147** 614

B—i .3314 .751 .330 .017 1142 192 1430
B—2 .333 .751 .325 .009 1142 192 1436
B—3 .335 .753 .328 .008 1614 222 500
B— It .322 .753 .322 .011 281 381 872
B— 5 .322 .751 .320 .012 326 14142 1018
B— 6 .32 7 .752 .323 .008 150 203 14614

— 

c—i .1465 .998 .679 .009 bob 5148 595
c—b .1459 .996 .672 .011 562 762 836
C— 5 .1470 .997 .681 .012 637 863 935
c—6 .1455 .997 .6~a .020 14142 599 659
C— 7 .1459 .998 .675 .008 5146 7140 809
c—8 .1462 .998 .617 .019 1455 617 672
c—9 .1461 .997 .675 .008 3714 507 5514

I.
*Machine probably not reset

**No notch depth recorded

~

. 
~~ - - ~~~~~~~.-
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Table X

Inclusion Counts for Equivalent Weld Fusion
Zone and Bas e Metal Areas

( lOp minimum resolvable inclusion size)

Pe r centage of 
-

Sample Bes t or Inclusion Count Inclusions Retained

- 
No.  Worst case Weld Fusion Zone Base Metal Weld/Bas e 

-~~~~~~~~~ 
-

A- 5 ( T)  BC 39 120 32 .14

A-h WC 51 91 56 .0 - -

2— 5 BC 18 36 50 .0 
-

B— 3 WC 100 3214 31.0

C—i WC 302 214 .5 -

C— i BC 12 6~ 18.0 
-

I I

_ -.~~~~~~~~ --~~~~~~~~~~~~~ —~~~~ - - .  -~~~~~~~~~~~~~~ -
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Table XI

- Range of Inclusion Sizes for HY— 130 Laser -

Weld Fusion Zones and Base Met al

Inclusion Size Range ( p )
Sample No . Weld Fusion Zone Base Metal

A—5 ( T )  10—25 10—67

A—2 io—bO 10—25

B— 5 10—15 10—30

L B— 3 10—35 10—140

C—l 10— 50 10—50

- C—i 10—20 10—30
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Table XII

Principal Elements Comprising Inclusions in
HY— l 30 Bas e Metal and Laser Welds

— (Electron Beam Microprobe Analysis)

Inclusion Composition
Sample No. Weld Fusion Zone Base Metal

A-5(T) - - :
A—2 Al—Ca—O Al—Ca—0

3— 5 — —

B— 3 A/L—Ca—0 Ait—C a—0

C—i La— Ce—0 La—C e—0

C—? La—Ce—0 La—C e— 0

30 
- - ~~ ~~~~~~~~~- - -  -
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SECTIONING OF TYPICAL HY—1 30 LASER WELD TEST PLATE FOR
MECHANICAL TESTING AND METALLOGRAPHY
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MECHANICAL TEST SPECIMENS OF HY—130 LASER WELDS
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CROSS SECTIONS OF LASER WELDS IN 0.64 CM THICK HY—130 STEEL
4X M A G N I F I C A T I O N
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CROSS SECTIONS OF LASER WELDS IN 0.95 CM THICK HY—130 STEEL
7.5X MAGNIFICATION

S. -~ 
-
~~

5#

B-i 

- -

:~~~ 
~~~~~~~~ 

- i.- . , .l-11?
~~~~~~~~~~~~~~~~~~ ~ ~• i ~-i. iii

5 B (

17 - 02-  4 2



- -~~~~~~~~2 - -  - -
~~~
- --

~~
- - -

R77— 9 11989-- 10 FIG. 10
CROSS SECTIONS OF LASER WELDS IN 127 CM THICK HV—130 STEEL
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TY PICA L R ESULTS OF BEND TE STS ON THR EE THICKNESSES OF LASER W E L D E D
HY — 130 STEEL PLATE
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TYPICAL HY—1 30 LASER WELD TENSI LE SPECIMENS FOLLO WING TESTING

W E L D  L f l C- ’ IO N -

V

- 
‘S

‘— 1 X

77 01 ~9 I 

--- - - -  .— -—- --- . ---- -i-- —--.----- .,-.-.-- —---- 5-— -~~~~~~-



.-- -
~~~- - - .. - 5-~~~~~

_ --- .---—5-~~~~~.-—-- — _ — -._ - ~
_._ --

R77- - 91 1989— 10 FIG . 13

DYNAMIC TEAR SPECIMEN OF 1.27 CM THICK LASE R—

WELDED HY— 130 PLATE
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DISTRIBUTIO N OF INCLUSIONS IN THE WELD FUSION ZONE AND EQUIVALENT A DJACEN
BASE METAL - - 120 INCLuSI ONS WELD FUSION
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~~~ FIG. 17

UIVALENT ADJACENT A REA OF BASE METAL IN HY—130 LASER WELD SPECIMEN B—3

SIONS WELD FUSION ZONE — 100 I N C L U S I O N S

IGINAL PHOTOGRAPHIC MAP REQUIRED ENCIRCLING OF INCLUSIONS FOR CLARITY .) 
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FIG. 18
r ADJACENT AREA OF BASE METAL IN HY—130 LASER WELD SPECIMEN C—i

WELD FUSIO N ZONE - - - 74 INCLUSIONS

GRAPHIC MAP REQUIRED ENCIRCLING OF INCLUSIONS FOR C L A R I T Y.)
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FIG. 19

IVAL ENT ADJACENT A REA OF BASE METAL IN HY—130 LASER WELD SPECIMEN C—7

~ S WELD FUSION ZONE - 12 INCLUSIONS
AL P H O T OG R A P H I C  MAP R E Q U I R E D  EN C I R C L I N G  OF INCLUSIONS FOR C L A R I TY .) 

-
~~~~~~~~~~~~~~~~~ -- -  —I

r / 0

-. 5 
0

- 0 .~

0

0

• 0 

~~~~~~~~ 
- -:-

G

0

- 
. 

• 0
- ~- 

.
r - - - 0 .:

0 
p

0
0 0

- 
0 

0 

0 

0 

0 

0 

—



S 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --

R77 — 9 1 1989 —10 FIG. 20

ELEMENTAL MICROPROBE ANALY SIS OF REPRESENTATIV E INCLUSION COMMON
TO WELD AND BASE METAL OF 0.64 AND 0.95cm THICK HY—130 PLATE
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R77—911 989— 10 FIG. 21

ELEMENTAL MICROPROBE ANALYSIS OF REPRESENTATIVE INCLUSION COMMON
TO WELD AND BASE METAL OF 1.27cm THICK HY—130 PLATE

(NOTE: ILLUMINESCENCE OF INCLUSION DURING A N A L Y S I S  I N D I C A T E D  INCLUSION W A S  AN O X I D E )
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