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ADMINISTRATIVE INFORMATION

this is o summary of work conducted under Task Area SH606,
Task 01724, on Uydrofoil Materials, Work Unit 1153%-003.

LIST OF ABBREVIATIONS

cpm - cycles per minute

cu ft/hr - cubic feet per hour
°F - degyrees Fahrenheit
ft-1b - foot-pound

hr - hour

in. - inch

in/hx - inches per hour

in/min - inches per minute

ksi - thousand pounds per square inch
min - minute

No. - number

psi - pounds per sduare inch
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INTRODUCTION

Struts and foils of Navy hydrofoil craft are presently
constructed of various high-strength steels, stainless steels,
or aluminum alloys. These low alloy steels and aluminum alloys
require coatings for corrosion protection. There is a need for
pertinent data on a wider selection of alloys, particularly
nickel-base alloys, for future selection of strut and foil
materials. Niederberger, et al,1 have investigated the per-
formance of 2?2 nickel alloys in quiet seawater. Three alloys
exhikited no general corrosion, pitting, or crevice attack, but
only one, Rene 41, was of sufficiently high strength to be
attractive for hydrofoil use. Those alloys which were sus:ceptille
to moderate crevice corrosion included only one material
desirable for struts and foils, Inconel 718.

Precipitation-hardenable stainless steels have been used
with success in hydrofoil craft. Most experience has been
cbtained with 17-4 PH, which is subject to crevice corrosion
and has nonuniform properties in large section sizes. The alloy
has been replaced in certain commercial applications by 15-5 PH,
which is similAar in composition. Although both alloys can be
made by either air or vacuum melting, the 15-5 PH grade appears
to be “te more rcadily available alloy in vacuum-melted form.

It was included in this investigation because of possible future
use in hydrofoils.

The purpose of this investigation is to evaluate weldments
of three allovs, Rene 41, Inconel 718, and 15-5 PH stainless
steel, for possible hydrofoil applications. A brief descript:ion
and history of each alloy is provided, along with mechanical,
seawater corrosion, and corrcosion fatigue data for welded plate
in various heat treatments. This is a final report containing
a summary cf information previously presented, as well as new
information.

ST B DN CGACIO  ein enSRRRTUORIPEY ) DRI gt o e

P Y
v

i
!
{
!

lsupelbcrlpts refer to similarly numbered entrice in the Techn:- |
cal References at the end of the text. :

0528 1

T ey e Ty r e s Gy e £ ey Y £ Y = e ,,‘J



T

Loz L

-
Gl ol |

© nart 7 47000 SN0 MRCTSEOINR

PR ——————

i . s
EEIXSOETENORAT A4 AL . .- SV I M - rAmAIT A e e mwiaee Lncwmeer = e e o e PP Sy, TR SRt - o o R

*AC KGROUND
15-5 PH STAINLESS STEEL

A precipitation-hardenable martensitic stainless steel,
15-5 PH is similar in composition and properties to 17-4 PH
stainless steel, which was used as strut and foil
material on the USS TUCUMCARI (PGH 2). It was originally
developed for high-temperature use by Armco Steel Corporation.?
High strength is obtained by the precipitation of compounds of
copper, columbium, and tantalum _n a matrix high in chromium
and nickel. This 15-5 PH allov has generally better properties
than 17-4 PH, due to the elimination of a delta-ferrite phase.”
Like its predecessor, 17-4 PH, 15-5 PH is subject to crevice
corrosion, although perhaps not as severely, as it is reported
to exhibit superior res.stance in laboratory tests in salt fo
and chloride pitting solutiorns.®

Welding of 15-5 PH is similar to that of 17-4 PH and has
rteen well documented. Usually, 17-4 PH welding wire is used.
Heat treatment consists of a solution anneal at 1900° F,*
followed by aging at 900° to 1400° F, d=pending on desired
properties.*

Alloy 15-5 PH has been nused in several applications in
lieu of 17-4 PH, where better transverse properties, better
impact properties, or larger section sizes are requirea. For
these reasons it has been used successfully in gas turbines in
aircraft. Due to its similarity to 17-4 PH and its reported
uniformity of properties in larger section sizes, this alloy
was considered to be a good candidate to succeed 17-4 PH as a
strut and foil material.

*A list of abbreviations used in this text appears on page 1

4528 2
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RENE 41

Rene 41 was developed by General Electric Company as a
high-temperature turbine alloy. It is a nickel-base alloy,
high in chromium, cobalt, and molybdenum. Its high strength
comes from the precipitation of a gamma-prime phase consisting
of Ni1zAl and NijTi, and from the s»lid scolution effects of
chromium and molybdenum. The cobalit addition retards recrystal-
lization. Heat treatment usually consists of solution annealing
at 1975° to 2150° F, followed by water quenching, and aj1ng at
1400° to 1800° 7 to precipitate “he coherent ordered face-
centered - cubic, gamma-grime compounds.®

Unfortunately, the rapid precipitation of gamma prime 1in
this alloy creates severe weldina problems, sv:h as micro-
fissuring and strain-age cracking. Strain-age cracking occurs
upon heating the metal a‘ter welding. Between 1400° and 1650° F
as the precipitation reaction begins, the metal ductility is
severely reduced., Grain boundaries are weakened by adsorption
of oxygen.” Maximum thermal ctress also occurs at thesc temper-
atures. This combination of factors may result in scvere
cracking i1n metal when residual stresses are present. The
cracking can be minimized by overaging the base plate before
welding, giving a ductile base material to absorb much of the
residual siress,’ or by postweld heat treatment in vacuum or
an inert a'mospherc, such as argcn, to eliminate oxygen embrit-
tlement.

Microfissuringy, due to partial liquefaction of the metal
during weliling, occurs rainly at the weld root where shrinkage
stresses are encountcred.: This may be avoided by using a more
ductile ma:erial, such as Hastelloy W, for the root passes, a
procedure hich slightly lowers joint cfficiency. (Joint
efficiency 1s the ratio of the tensile strengths of welded to
unwelded material.)

chb +1 has becen used successfully for critical aivrcraft
and rocket components subjected to high temperatures, such as
after ~purncer polits, nozzle vartitions, turbines, and structural

hardware .’ Straln-agce cracking and microfissures have, however,
been fcund ccasionslly in various welded components. © The
prirary res< cohe for better welding techniques Lo oliminate

these orobl oo 2 has been carried out Ly Gener.! Blectric Company
and Rocxoetii. Division of North American Aviation, mostlsy on
sheet and . ate un to 2/3 anch thick. oOnly recently were the

gqond scawatcr Torrosion propertics of this alloy recognized and
the material considered for high-strength marine coplicataons.,
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INCONEL 718

Inconel 718 was developed by the International Nickel
Company originally for high-temperature turbine use. Like Rene
41, it is a nickel-base alloy high in chromium, cobalt, and-
molybdenum, with strengthening by a gamma-prime coherent pre-
cipitate. However, the gamma prime consists of N1zCb, which
precipitates much more slowly than the NizAl and Ni3Ti compounds
: in René 41. This considerably reduces the problem of strain-
age cracking, since residual stresses can be relieved before
the onset of the precipitation reaction.!! Heat treatment
usually consists of solution annealing at 1700° to 1850° F,
followed by aging at 1150° to 1325° F; or annealing at 1900°
to 1950° F, followed by aging atc 1200° to 1400° F, depending
on the properties desired.!?
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Welding of Inconel 718 is easier than Rene 41, due to a
lesser tendency towards microfissuring and strain-age cracking.
] Gas-tungsten-arc (GTA) welding me2thods have been well documented,
while gas-metal-arc (GMA) welds have met with only moderate
3 success.''''® cConsiderable welding research has been done on
- this alloy by the industry.'' As a result of this research,

Inconel 718 has seen considerable use in high-temperature
applications 1in aircraft and rockets, 1Its resistance to sea-
water has aiso been documented,! and,although its use for
hydrofoil craft has been considered before, corrosion fatigue
tests of weldments have not been performed.

\A4

MATERIAL, WELDING AND HEAT TREATMENT

{ 15-5 PH STAINLESS STEEL

One annealed bar of 15-5 PH stainless steel, 1 1/2 x 5 x
144 inches was obtained from Armco Steel. This bar was sub-
sequently cct into four 36-inch-long pieces for welding. Four
25-pound spools of 0.045-inch-diameter 17-4 PH stainless-steel
wire were obtained for welding from National Standard Company.
Chemical compositions of these materials are given in table 1.

.
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TABLE 1
CHEMICAL COMPOSITIONS OF STAINLESS STEEL

Chemical 155 PH B Materiai?-u PH Wit :
-) ar lre
Composation Heat 1W0516 Heat 602575
Cr ! 14 .59 : 16 .41 ;
Ni * 4.61 ! 4.83 {
Ccu | 3,21 ! 3 .62 '
Chb ! 0.21 ; 0.7
C a 0.02¢C : 0.040
Mn ; 0.16 ; 0.56
P : C.015 : c.016
S : 0.011 e 0.019
Si 0.35 z 0.50
Ta 0.01 : 0.01
Fe Remainder ! Rema.nder

Figure 1 shows the sequence of welding and heat treating
of the 15-5 PH bars. Two 36-inch weldmerts were made, one of
which was subsequently reannealed at 1900° F for 1 1/2 hours and
aged &t J075° F for 4 hours, and cut into blanks. Base mctal
blanks were machined into tensile and impact swmecimens. Wcolded
blanks were machined into tensile, 1impact, and smooth fatigue
specimens, Lhree types of corrosion specimens, and side bends.
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Welding was performed with an automatic GTA apparatus by
the Younygstown Welding and Engineerirg Company. The optimum
Wy weld joint geometry for this material was found to be a double
! "U" groove type, as illustrated in figure 2. Filler wire was
17-4 PH svainless stcel. Weld parameters also appear in figdre
7.
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Two passes were first put on one side. The opnosite side
was then back-ground to sound metal, and after dye-penctrant
inspection was performed, two move passes were put in. One weld
exhibited cracklike indications which were then removed, and
the weld was inspected with dye penetrant and ¥Y.-rays. Because
no indications of cracking were seen, two more passcs were placed
on this side. Subseduently, passes were completed in scets of
four, on alternating sides, until there were 60 passes on onc
side and 62 on the other.

The second welded plate, after back-grinding, had four
passes welded »nefore it was X-rayed for defects. Because the
X-rays were clear, the plate was turned and cight passecs welded.
Passes were then complcted in sets of four, alternating sides,
until one side had 55 and the other 59.

Both plates were X-rayed after welding and dye-penetrant
inspection was performed. One X-ray showed 2 to 4 inches of
longitudinal weld cracks, while the other was clear. The plate
showing the clear X-ray was selected for testing.

INCONEL 718

Four hot-rolled and annecaled Inconel 718 plates were
obtained from Huntington Alloy Products Division of the Inter-
national Nickel Company, Incorporated. Two plates were 1 x 6 x
48 inches and two were 1 x 6 x 72 inches. The latter plates
were cut to give four picces 1 x 6 x 36 inches. Three €9 -pound
spools of 0.045-inch~diamcter Inconcl 718 weldingy wirc were
also obtained from the Intcernational Nickel Company. The chemical

compositions of these materials appear 1n table 2,

Figure 3 shows the sequence of welding and heo. treating of
the plates. The 36-inch platcs were aged before welding  and
the 48-inch plater aftes welding. Aging before welding simu)ates
the conditicn of sepair welds, while postweld aging simaulates o
heat-treated ‘abxricated structurc,

Welding was performed with an automatlic GTA apparatus by the
Youngstown Welding and Bngjincering Combhany . ‘The ant v wie 1
joint geomelry for this material was foucd to be a sangle "6
groove and the fillaer wise wWas Ineonel 7380 The we L s g o
are listed, and o drawing of the welding sctun apnocars an
figurce .
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TABLE 2 3
CHEMICAL CO“20S1'TIONS OF INCONEL 718
Chemical - Matorial ' ' ;
Compos it ion Incorcl 718 Plate ‘ Inconel 718 Wire
Heat HT83CPEK f Heat IPT%): BOE !
N1 53,69 54,58 -
Cr 18.5% 17.91 .
Fe 17 .37 17 .00 K
Ta 5.23% ' 0.01
Mo 2.93 2,96
| Ti 0.98 0.99
! Al 0.68 .49 i
Si 0.7 0.19 ;
Cu 0.13 0.0Y
, Mn 0.12 0.0
1 o 0.06 : 0.04
' Co 0.03 0.04
S 0.007 : 0.007
P 0.006 ; 0.011
'; B 0.0029 : 0.C072

?
i

A reinforcement pass was {irst made on the back of the
land. The nlates were then reversed and the remaining Jand was
back-yround until dyc-penctrant inspection revealed no avcas
where weld metal had not penetrated.  Two passes wore then laad
1n the weld root. A 1/8-inch bow was then put in the plates
in the welding fixture and the root was then X-rayed to cnsure
that no porosity or cracks existed. All three welded plates
were found tce be sound. The plates were then welded approxi -
matcely 1/7 of the way up until they straghtened out duc to the
shrinkayce of the weld mecal upon solidification,  They were
ajain mechanically bowed back 1/4 inch and X-rayed., JIndications
of lincar ¢racking appecarcd n the 4einch-=long weld.  These
were ground out and insvected by dvc-penctrant.  the two 2G-i1nen
welds appearcd sound.  The remaining passces were completed and
the ovlates flattened.,  The final welds were Xerayed., 1t was
noted that the longer weld contained longitudinal craocks about
€ 1nches leng while the shorter weld:s anpearcd sound.  Appro:xi-
mately 72 to 20 passes were uscd on cach weld.,
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RENE 41

One plate of Rene 41, hot-rolled, pickled, and annealed,
1 x 36 x 48 inches, was obtained from Union Carbide Corporation
Two 25-pound spools of 1/16-inch-diameter bare drawn René 41

weld wire we.e also obtained from this source., The chemical

compositions of tliese materials are given in table 3.

TABLE 3
CHEMICAL COMPOSITIONS OF RENE 41

S 1
Chemical Piatc wire
Compositionjjiecat 2490-0-8147 {Hicat 2490 -3-8147
|
Cr 18.36 12.78 }
Mo 9.70 9.83 j
Fe 3.1 0.97 !
C 0.11 0.09 '
Si 0.16 0.1C i
S 0.007 0.007
Mn 0.01 <0.01 |
B 0.00¢ 0.005
Al 1.57 1.49
Ti 3.11 3.16
P - - |
v - - s
Co 11.76 11.11
N Remarnder Remailnder

/

All plates of Rence 41 were originally overaged Ly the heat
treatment, 197°° © for 1/¢ hour, furnace cooled at 40° F per
hour. The seyquencce for welding and subscyuent hcat trcating
the René /1 plate 1s shown :n figure ,, Postweld rearneal ing
was donc in an inero atmosphere to reduce the tendency {or
strain-age cracking, In order Lo heat the welds gquickly
throv » the cratical range of temperatures to avold cracking,

a higher anncalina temperature was uscd,

ek
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Welding was performed at this lahoratory with an automatic
GTA apparatus. The optimum weld joint gcometry for this material
was found to e a double "V" configuration. The weld parameters
and weld joint ycometry appecar in figure 6. After the root passes
were placed on cone side, the plates were back-yground to eliminate :
root crackiny whecre penetration of the weld metal was difficult. '
Dyc -penetrant inspection was performed after grinding to ensure
complete removal of any cracks. Welding was then completed, -
alternating sides after each group of several passes to minimize
distortion. 5

s oarokrtaSibe i by - F

Dye -penctrant and radioygyraphic inspections werce per formed
after welding. While onc weld showed no indications of cracks,
X-rays of the other indicated about 6 inches of cracking in the
root.

EXPERIMENTAL PRCCEDURES

TENSILE TESTS

Duplicate standard 0.50%-inch-diameter tensile specimcns
were tested for each base material in each heat treatment.
15-5 PH and Inconel 718 transversc-weld specimens were tested
in each heal Lreatment. The strain rate was 0.002 in./in./min
un to the point of yieldiny.

i
i
é
i
;;
g
:
;

CHARPY V-NOTCH IMPACT TESTS

Triplicate Charpy Y"-notch spccimens werc tested for cach
base material in cach heat treetment. 15-5 PH and Inconel 718
transversz-weld speeimens were tested in cach heat treatment
at room tcmperaturce and at -80° ¥,

DYNAMIC TEAR 1MPACT TESTS

Triplicate L /8-inch dynamic tear impact specimens were
tested for cach basce material in each heat treatment. 15-5 PH {
and Inconcl 718 transversc-weld specimens were tested at room :
temperature and at =80° F.

FPAT1IGUE TESTS

T T A e SO T A TR R e

Ten smooth specimens were taken from welded plates of
Inconcl 718 1n bLoth heat treatments and 15-9 P which had been
postweld aged,  Jlalf were run in air and half in Scvern River
water,  All speccimens were run at a frequency of 1450 cpm in
fully reversed bending,

Ly g
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GENERAL CORROSION TESTS

Duplicate panels, 1/4 x 3 x 1lu to 12 inches, were cut from
welded plates of each material and heat treatment and were
exposed in natural seawater for 1 year at the Francis L. LaQue
Corrosion Laboratory, Wrightsville Beach, North Caroluina.

CREVICE -CORROS1ION TESTS

Duplicate panels, 1/4 x 3 x 10 to 12 inches, were cut from
welded plates of each material and heat treatient. M crevice
was created in the center of each panel tv Zixina a l-inch-
sjuare piece of matching material on one 1u4e and a l-inch
square c¢f nylon on the other. Both crevice pieces were held
in place by the same nylon nut and bolt. These specimens werc
expcsed in natural secawater for 1 year.

STRESS -CORROSION TESTS

Two bent.pbeam stress-corrosion specimens were taken from
welded plates of each material and heat treatment. One was
stressed to 50% of the yield strength and the other to 90% of
the yield strength. These specimens were exposed in natural
seawater for 1 year. 1In addition, modified wedgc-~-opening-loading
(WoL) fracture specimens were employed to determine the values
of Kic and Kig.. for Rere 41 base metal.

METALLOGRAPHY

Metallographic specimen preparation was accomplished by
grinding through 600-grit paper and polishing with 0.3- and
0.05- micron diamond paste. The nicke)-base alloys w~re then
etched for a minimum of 30 seconds with aqua regia; 807 1cil, 205"
HNO 3. The stainless-steel spenimens were ctched for about 10
seconds in Fry's rcagent, Macrophotographs of the welds and
50X microphotoyraphs of the weld root werc then taken.

RESULTS AND DISCUSSION
14 -5 P STAINLESS STELL

Results of the tensile and impact tests on 195 PH stain-
less stee! are presented in table 4. The data indicate that ]
postweld reannealed and aged 15-45 PH werforms as well as base ;
material except in 1mpact., As-wclded material exhibited lowct
elongations, reductlon ot arecas, and mpact propertics than

4528 10




postweld reannealed and reaged material, although the reduction
of area value was still similar to that of the base metal..
Tensile failures of as=welded material generally occurred in the
weld,

. TABLE 4
MECHANICAL PROPERTIES OF 15-5 PH STAINLESS STEEL

! Basc Plate welded (Op Anncaled Basc Plute)
! Postwe ld
. N e p
E Mill Anncalcd Aged 1075 As -Welded, |Reanncaled 190C¢° v
Trans- Longl1= Trans- Lony1i- Transverse |and Aged 107,° ¥
verse tudinal :vcrso tudinal FrANSVErse
| 1‘
Yield strength, ksi 12¢ 150 th9 - ; -
Tensile strength, ksi | 156 % 156 153 156 f 155
| i
Elongation, % 1 19 ; 15 19 11 i 17
e ; ! ‘
Reduction of arca, ¢ | 63 48 62 49 i o4
' J
Charpy V-notch cnerqgy,| :
ft-1b ; ;
! ! : ! I
RT P33 42 67 19 : 40
-80° F | 28 23 26 | 11 . 17
i . i
5/8-Inch DT enerqgy, ! | :
ft-1b i
l :
RT ! 613 583 ! 713 293
3 ; ’
~-80° F ) 4o 113 i ¥ 112

ERT ~ Room temperature.
\DT =~ Dvnamic tecar.

Results of the fa:igue and corrosion fatigque tesfs on
15-5 PH are presented in figure 7. The endurance limits for
welded material in air and in Severn River water are 43 and 29

ksi, respectively.

Results of all the general corrosion tests indicate that
although only small surface pits may be visible, they freguently
did not indicate the true extent of subsurface corrosion attack
as revealed by radiographic techniques. As-welded general cor-
rosion panels displayed behavior suggestive of lIAZ corrosion
under certain conditions. One specimen displaved intense cor-
rosion initiating at the ecdge of the low-tcmperature side of
the weld HAZ area. 1t extended approximately 3/4 inch along

4528 11
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the HAZ and resulted in complete penetration of the 1/4-inch
panel. Attack was so well defined that the angle of the

weld edge could be accurately determined. Intense local-

ized insidious pitting/tunneling occurred in the basc plate
parallel to, and about 1 1/4 inch away from,the weld. The
duplicate specimen displayed no attack in or around the weld
area but did show severe localized pitting/tunneling attacX in
an area parallel to, and approximately 1 1,4 to 2 inches away
from, the weld.

As -welded crevice-corrosion panels experienced dramatic
classical intense knife-edge attack in the low-temperature side
of the weld HAZ, as illustrated in figure 8. 1In both specimens
the attack under the l-inch-square crevice areas produced by the
washers was about 1/32 inch wide, completely penetrating the
specimen and clearly following the angle of tr= weld edge.
Knife-edge tunneling initiated at the crevice and extended up
to 3/8 inch along the HAZ outside of the crevice area beneath
the surface. Preferential attack of the base metal beneath the
crevice was also observed.

One as-welded stress-corrosion-cracking (SCC) panel
developed intense crevice corrosion at the ends in conftact with
*he stressing fixture, causing unloading and invalidating the
stress-corrosion portion of the t~st. This specimen displayed
insidious pitting/tunneling corrosion but experienced no
preferential attack at or around the weld. The second specimen
experienced no appreciable crevice attack at the fixture, but
still was subject to ins‘dious pitting/tunneling. 1In addition,
knife-edge attack was seen on the second specimen in the low-
temperature HAZ area, a shown 1in figure 9, clearly outlining
the weld for a short distance before being overridaen by the
tunneling attack. It is difficult to tell from outward
appearance if this knife-edge attack was due solely to pref-
erential attack of a sensitized region or whether stresses in
the specimen were aiso a contributing facter. Figure 10 shows
a posible cause of this attack, The upper section of this
figure pictures the microstructure of the as-weld specimens. The
knife-edge attack occurred at the low-temperature edge of the
heat-affected zone. The micrograph shows a dark phase located
precisely in the area of the attack which may be a contributing
factor.

4528 12
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Four high-magnification scanning electron photomicrographs
of selected areas of the microstructure compose the lower portion
of figure 1C. The left-hand photo shows the fine dendritic
structure existing in the weld metal. The next photo shows a
fine, equiaxed structure with acicular regions existing in the
middle temperature heat-affec.ed zone, resulting from the heat
of welding, Betwe=en these two areas is a region within the
high-temperature, heat-affected zone where partial liguification
probably has occurred, causing distinct outlining of the grain
boundaries. The right-hand photo shows the coarse structure of
the base metal. Next to this is a photo of the region where the
dark phase corresponding to the area of knife-edge attack occurs,
This structure shows that the precipitates i.d a preferred
orientation. The prior grain boundarios are also evident.
Unfortunately, further analysis of this structure is not
practical due to the narrow width of 'the zore where it exists.

None of the re-hcat-treated specimens expericnced pref-
erential attack at the weld or HAZ arcas. All specimens were
subject to catastrophic pitting/tunneling attack which in some
cases completely removed up tc 2 square inches of the 1/4-inch
panels. 1In addition, cxtensivec crevice corrosion was present
under the 1l-inch-sgquarc washers on the crevice panels. The
stress-corrosion tests werce invoI.dated dne to specimen relaxa-
tion caused by crevice: -.orrosion at the specimen ends contacting
the stressing fix*urc. Under Lhe crevice pieces, the base metal
was attacked somewh.t p.efcrentially to the we'd metal.,

INCONEL 718

Results of the tens . le and impact tests on ILhrconel 7:i8 are
presented in table 5., The data indicate that welded material
exhibits a 25 reductior. in vicld strength and clongation com-
pared to aged bhasc plate. The impact properties of the welded
plates are however, higher. ‘'ensile failures were in the weld.
Postweld aging, although uw.roving the tensile ¢trength,
causes severe reductions in <fuactility and impast! propertics,

The heat crcated during the wellir; ¢f ajged Inconel 718
by the large number of passces, partially ages the previously
laid beads, improving their strength. The mechanical properties
of this wcld, with 1ts higher strength than anncaled plate, and
bettcer ductility than overagyed plate, arce desirable for repair
welding consideratjons without postweld heal treatments,

Aging after welding qgives hugher strengths and lower duectilities
than welding aged plate with no subscedguent hoat treatments,
44928 12
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TABLE 5
MECHANICAL PROPERTIES OF INCONEL 718

B Base Metal Welded (On Anncalcd Basc Plate) !
[ "Mi1l Annealed |Aged 1325° -1150°F Preweld Postweld
Trans- | Lorgi- [Trans- Longi- ! aged 1325°-1150° F Aged 1292%° -1150° F
verse tudinal |verse tudinal Transverse Transverse
1
Yield strength, ksi - ! 59 152 bo155 - -
{ '
Tensile strength, ksi - 125 186 i194 i 141 182
Elongation, & - 40 11 1 15 i 8 U 1
i : i
Reduction of area, % - i 30 14 . 17 ! o1 : 5 [
! i |
Charpy V-notch energy, ! bt o ! i
ft-1b ! ! ‘ : 3
! : ‘ ; ’ 5
RT 46 - w22 | 32 : 9 :
-80° F 41 - 11 18 25 ‘ 6 ;
5/8-1nch DT energy, ‘ ; i ‘ }
ft-1b ' ) 1 i
. ' : ] . E
RT (A 17 195 ! 80 .

Results of the fatigue and corrosion fatigue tests are
presented in figure 11. Data for both heat treatment conditions,
preweld or postweld aging, in air and in Severn River water, all
fell within the same scatter band with a lower limit of 29 ksi.

Inconel 718 experienced no general corrosion and only minor
and very scattered pitting, possibly due to crevices under marine
organisms. HAZ corrosion was present, initiating only at severe
crevices. The material in all heat treatments did, however,
experience extensive crevice corrosion, primarily under crevice
washers and holding fixtures. Stress-corrosion data was not
possible to obtain due to specimen stress relaxation caused by
corrosion at the fixture.

No significant problems were encountered during welding
of Inconel 718 even in the aged condition. 1Inert atmosphere
heat treatments were not necessary and strain-age cracking was
not present. The data indicate that if microfissuring were
present, it has an insignificant effect on mechanical properties.

4528 14
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Unfortunately, because this material work hardens rapidly,
thick sections were extremely difficult to saw, even when over-
aged. Sawing speeds were about 4 in/hr on the l-inch plate when
carbide-tipped blades are used, compared with 12-16 in/hr for
HY ~130 steel. Speeds were improved using a carbide wheel, up
to 20-25 in/hr. Drilling likewise required care and the usc
of a sharp, carbide-tipped drill was mandatory.

Gk ALY

chet

Y PN

RENE 41

ORIV I

Results of the tensile and impact tests for René 41 basc
metal are presented 1in table €. Data could not be obtained for
welded material, because of the difficulty of producing sound
welds, as explained in Appendix A. As expected, aged base plate
is stronger and less ductile than overaged base plate. Elonga-
tion and reduction in area are approximately edqual, 1ndicating
rapid work hardening. This is supported by the absence of siy-
nificant necking in the test specimens. Differcnces in Charpy
energies between room tempeirature and -230° F are slight, indi-
cating no ductile-brittle tranformation in this range.

TABLE 6 ,
MECHANICAL PRGPERTIES OF RENE 41 BASE METAL

’ T ) PR S §
: Overaged 1975° F iAnneulcd ‘lboo 3
“and Aded 1400° 1
j L ..._ﬁﬁ._.

lyield strength, ksi e 172

TAPRY N TN P TS W o e -

‘Tensile strength, ksa 165, i 1772 ;
! '

iElongation, ¢ o . 16

e

iRcduction of arca, 19

- e—rian—
\.
PRERTAN. 7 )

ft-1b

[T T

i KT 11

]
1
l
.Charpy V-notch cncrqgy, l
' |
| |
| |
: | i
: -80° v | 1 ,l ) _
. _— - —_— 1.
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Welded Rene 41 experienced no corrosion attack of any kind
in seawater. All surfaces still! had maclilning marks and were
b bright after l-year exposures. No stress-corrosion failures
were observed. Two modified WOL fracture specimens, loaded to
59.5 and 77.6 ksi Jin. showed no crack extension after 1 year
in seawater. The final values after exposure were 55.5 and
70.1 ksi Jq;t due to the wedging effect of corrosion proaucts
from the loading bolt. Therefore, the Kigec value for this
material is greater than 77.6 ksi vqn. The air value of K
(the invalid Kj,. value) determined from the third specimen
was 86.6 ksi ¢Qﬁ7

A disadvantage of René 41 is its poor machinability in
thick sections. Sawing and drilling were even more difficult than
Inconel 718, due to the high work-hardening coefficient of the
material. Grinding did not appear to be exceptionally difficult,
however.

CONCLUSIONS AND RECOMMENDATIONS

The corrosion properties of René 41 are extrem:=ly desirable,
as this material appears to be immune to attack in seawater.
Inconel 718 has corrosion properties slightly superior to 15-5
PH and a cogrosion fatigue strength which s edquivalenl. Howevelr,
neither Rene 41 or Inconel 718 is recommended for hydrofoil strut/
foil applications in their present stagec of development, due to
their difficulty of fabrication. Struls and foils consist of many
elabnrately machined sections heid together ky a variety of weld
configurations. As machining and welding of thick sections of
these nickel-base alloys are very difficult, tnese materials
should not be used on hydrofoils without further investigation
of their machinability and weldability.

Although not performing as well in scawater corrosion as
the other two allcys, 15-5 PH stainless steel is cousiderably
easier to fabricate and therefore warrants consideration for
hydrofoil struts and foils. The crevice corrosion scen on the
test specimens should not be a proklem on retractable fo1il
designs. However, the HAZ attack could present problems 1n the
use of this material. Additional rescarch is nceded to deter-
mine whether this problem can be eliminated by the use of low-
temperaturc heat trecatments or by compositional control.
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ANNEALED BAR

4 BARS, 1 1/« X 5 X 30 1IN,

|

1

1st PAIR
WELDED

(DOUBLE U GROOVE)

2nd PAIR
WELDED

(DOUBLE U GROOVE)

—

| Wewp METAL |

T

CORROSION TESTS -

GENERAL, CREVICE, STRESS

REANNEALED A AGED
1900° F FOR 1 1/2 HR,
AIR COOLED PLUS
107%° F FOR % HR,

AIR COOLED

)

PASE METAL

WELD METAL

IMPACT

TENSTION TESTING
TESTINCG

CORROSION TESTS - GENERAL,

FATIGUE TESTS -

CREVICE, STRESS

AIR AND SALT WATER

Figure 1

Welding and Heat Treatments
1% -5 PH Stairiless Ste=l
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Arc Voltage - 10-12

Arc Current, amperes - 17%-22%
Travel Speed, in/min - 17
Wire Feed, in/min - 30-%H2
Interpass Temperature, ° F - 150 Maximum
Gas, cu ft/hr
Torch
Helium - 34
Argon - 12
Trailing Shield
Argon - 30
Back Shield
Argon - 10
No. of Passes
First Weld
Top - 02
Bottom - G2
Second wWeld
Top - 55
Bottom - 59

|

WELD JOINT

Figure 2
Welding Parameters
1¢.-% PH Stainless Stecl

{
t
1
1
]
!
1
1
{
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ANNEALED PLATES

2 PLATES
1 X 6 X 48 1IN,

't PLATES
1 X 6 X 50 1IN,

|

WELD
(SINGLE U GROOVE)

l

AGED 1325%° F FOR * HR, VURNACE
COOLED AT 3C° F/IR TO 115,0° v,

'E HOLD FOR 10 1R, AIR COOLED
i WELD
(SINGLE U GROOVE)

4 [ ..
E WELD METAL BASE METAL BASE METAL WLLD MIETAL
¢
: TENSICN TESTS
i IMPACT TESTS
b |
¥ CORROSION TESTS - GENERAL, CREVICE, STRESS
%' MECHANICAL TESTS - TENSION, IMPACT, FATIGUL 1IN
i AIR AND SALT WATER
J’: -
)
g_,
¢
‘¢ Figure 3
L Welding and Heat Treatments
H Inconel 713
i
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Arce Vel tage -1
Arc Current, amuerces [ W ARRSLI N
Travel Speed, 1in/min - 12
Wirce Feed, 1n/min - 50

Interpass Temperature, ° F - £00 Maximum
Gag, cu ft/hr

Torch
e drum - 5
Argyon -1
Trailing Shield
Argon - M
Back Shiceld
Arycn - 1
No, of Passcs
4aInch Weld -7
4-1nch Welds -4,

SACK-UP GAS TROUGH

WELDING FiATURE FOR " THICK PLATE

Figure 4
Welding Parameters
inconel 718
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b
1
3
? ANNEALED PLATE 3
f 1 X 36 X 48 1IN, 1
i OVERAGEDl
: 1675° F FOR 1/2 HR, FURNACE COOLED AT ,0° FAIR :
t 1 PLATE, 1 X 24 X 36 IN. 4 PLATES, EACH 1 X G X 30 .N, :
E 1 :
: N 1
4 TENSION TESTS
| IMPACT TESTS lst PAIR 2nd PAIR )
F NOTCH BEND TESTS WELDED WELDED :
E
£

REANNEALED AND AGED |
g 2150° F* FOR 2 IR,
} WATER QUENCHED PLUS
b 1400° P FOR 1€ HR,
! AIR COOLED
i [ weld Metal l ‘jase MetalJ LBase MetaﬂLWeld Metal ]
, TENSION TESTS
: IMPACT TESTS
F
i, | CORRCSION TESTS |
F GENERAL, CREVICE, STRESS
3
*» ARGON ATMOSPHERE
4
¢ ;
5' Figure & ;
: Welding and Heat Treaments :
i Rene 41 :
4 1
2u< i
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Arc Voltage - 13 Cas, cu f+/hr
Arc Current, amperes - 29%0-300 Argon
Travel Speed, in/min - 0 Torch - 30
Wire Feed, in/min - 20 Trailing Shield - .0
Interpass Tempera- - £0-150 Back Shicld - 0
ture, ° F
22.5°
\
1" PLATE PLATE
N—— l2 1" _— +
Figure 6
Welding Parameters
Rene 41
24<
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Figure 7
Fatigue Data
15-5 PH Stainless Stcel
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COMPLETE PENETRATION KNIFE
EDGE CORROSION AT LOW-
TEMPERATURE EDGE OF HAZ

FUSION
LINE

’KNIFE-EDGE CORROSION AT

LOW-TEMPERATURE EDGE OF
WELD HAZ

Figure 8
Knife-Edge HAZ Corrosion of As-Welded
15-5 PH Stainless Steel in Crevice Areas
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As W lded

Figurce 9
Knife-Edge HAZ Corrosion of

14 -5 P!l Stainless-Stecel
SCC Speceimen
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APPENDIX A,
WELDING OF RENE 41

i Welding of René 41 in l-inch thick section sizes had not
previously been attempted. Any efforts in this direction were
therefore of an experimental nature. For thesec tests, 2 pairs
. of plates were to be welded.

O bedre ad

el s, m Bl

PROCEDURE

The first pair of Rene 41 plates were originally welded in «
single "U" groove weld joint conf:guration. Roct pisses were
made manually with Hastelly W filler wire and subsequent passcs
were made automatically with René 41 filler wire. The resultiny
weld appeared sound, with no evidence of cracking or porosity.
X-ray inspection indicated no trace of cracking, lack cf fusion,
or porosity. Despite all efforts at mechanical restraint, the
plates began to distor* and bow upwards during weldiry due to
shrinkage as the weld metal solidified. The resultant plate
was bowed 15 to 20 degrees and was unsuiltable for obtaining
specimens.

This plate was subsequen’ly cut apart and a double "V"
groove weld joint machined on what had been the out:ide edges.
The second paii of plates also had a double "'V groove inachined
in them. This double "V" joint appears in figure l-A. Since
the weld root was now in the mid-thickness of the plate, ond
because root cracking on the first (distorted) wecld was abscnt,
it was decided to use René 41 instead of Hastelloy W for the root
passes. The balanced heat inputs (welding alternately above
and below the root) inherent in the usc of the double "V grocve
weld joint essentially eliminated the plate distortion.
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Welding vas performed with an automatic GTA apparatus.

1 The location of passes on the two final welds appear in figure
; 1-A. The plates in the upper drawing were welded with a small
root gap while those 1n the lower drawing wvere butted togecther.
The mismatch becween the lower nlates was 1/8 to 1/4-inch. 1In
each weld, after the root passes were placed on one side, the
plates were back-ground to ecliminate root cracking where penc-
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tration of the weld metal was difficult. Dve-penctrant inspec-
tion was performed after grindinyg to ensure complete removal of
any cracks. Welding was then completed, alternating sides after
cach group of scveral nasscs to minimize distortiron,
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Dye-penetrant and radiographic inspections were per formed §
after welding. While one weld showed no indications of cracks, :
X-rays of the other indicated about 6 inches of cracking in the
root.

In spite of precautions, all specimens taken from both welds
showed evidence of cracking in the root area where weld metal
had not penetrated. The lower plate in figure 1-A, tested as-
welded, showed more severe indications, with unfused sections
of base plate as wide as 1/3 inch.

DISCUSSION

Adequate wedds could not be mede <on René 4) material. This
was Jdue to the undetected flaw caused by incorrect welding pro-
cedure, After the first weld passes, insufficient back-grinding
of the land was perlormed, causing a root crack to be present
during subsedquent passes.

Figure 2-A presents macrophotographs of the Rene 41 welds.
The upper photograph shows the almost complete penetration of
the first pair of plates while the lower shows the gross bacse
plate mismatch and lack of penetration of the second pair of
plates. The angle of the crack was measured to be 22.5 degrees
from the vertical, as expected from weld joint geometry.
Figure 3-A shows microphotographs of both plates which reveal
this same crack, even in the better weld. Notice that the
cracks are perfectly straight, whereas HAZ cracking Or milro-
fissuring is expected to be intergranular.

Also the crack stops in the first weld bead, indicating
no root cracking problems in the welded material. The absence
cf Wicrofissuring indicates the effectiveness of overaging
Rene 41 base plate before welding to produce a sound weld root.

The inability of the first dye-penetrant inspection to
reveal the extensive root crack is probably due to folding over
and masking of the crack when the root was ground. This problem
might be solved by using carbon-arc gouging instead of grinding
or by increasing the root gap so that the plates will not pull
together during the first pass.
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The fact that no strain-age crucking o1 inicrofissuring
oczurred ‘ndicates the effectiveness of poscweld annealing in
an inert a‘mosphere and of welding overaged base plate in
controlling trese problems., The problem encountered would
appear to bu one of welding procedure rather than a lack of B
weldability of the material. This difficulty doess, however, : 4
indicate a need four welding rezcorch and development before
the material is avzailable for st-ut and foil applications.
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Figure 2-A
Renc 41 Welds (4X) 34<
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Figure 3.p
Rerde 41 Weld Cracking (50X)
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