
UNCLASSIFIED

AD NUMBER

AD030560

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; Feb 1954.
Other requests shall be referred to Wright
Air Development Center, Wright-Patterson
AFB, OH 45433.

AUTHORITY

ASD ltr, 13 Jan 1972

THIS PAGE IS UNCLASSIFIED



d Ser-ica I chnicl Iformation fge
-Because of our limited supply, you are requested to return this copy WREN IT HAS SERVEDYOUR PURPOSE so that it may be made available to other requesters. Your cooperation
will be appreciated.

7/27P1,1 
__ 

,..-..,

I' .. 4'"

-. ~.. .** -- -... -... 'I-% . ... .I '

ICE: WHEN GOVERNMENT OR OTHER DR.AjVhjt%3, SPEC IFICATIONS OR OTHER DATAFlSh'OR ANY PUIRPOSE OTHER THAN IN~ COE'NECTION WITH A DEFINITLY n?.LATED'ENItMEfMN PnOCUREM.E.ENT OPERATIOIN, T1E U. S. COVIERNMEN'V THEREBY INCUR3*.aSPo'.T,3iTY, NOR ANY ORLIGATION W:ATSOEVER; AM THE FACT THAT THENMI LXAY HAVE b'ORMULATED, FMINISFIEDI) OR IN~ ANY WAY SUPPLIED THEDwXGS PCFATOORTH AAI NTriBEEGfEDYS
L..A'rION OR OTHE RWISE AS IN ANY MANN1r,11 LICZNIN TEHLDER OR ANY OTHER

S%03Ž 011 COXO'0RATLON, O11 CONVEYING ANY MI-XIC4TS Ofl4-PERMISSION TO MANUFACTURE,OR SELL AýNY PATEi'M1'';D 1NVL NTION TkIAT'1AY IN ANY WAY DlE RELATED TMERETO,

J AI T SE VhI CvE CE MTER
' 

T 
..

B U I L

""3

•," .J

, 
t b ,.a~h tlJ



w-.'-TEChINICAL REPORT 52-3322

LT:.

CASE OF CRAKING1 IN HIGH-STRE.NGTH WELD METALS.a

* A. 1. JACOBS
P. J. AIBIPPEL

* C. H. VOLDMICH

BATTELLE MH4MORIAL INSTITUTE

FEItRU.RY 1954

witLour AIR DEVELOP'MENT CFaNTFR

.4r



* * AIX TRUINK:AL REhPORtT 59-322

CAUSES OF CRACKING IN HIGH-STRENGTH WELD METALS

P. J. Rieppel
C. a. POUPIrCA

" '~ Battelle Mernoriti Inotitute

February 1954 2

Materialm Laboratory
Contract No, AF 33(038)-12019

flDO No. 615-20 (A-B)

Wright Air Dnvelcipment canter
Air Remearch and Development Command

United States Air Force
Wright-Patter.i~on Air Force Base. Ohio



* I s.,,•

-. i

FOREWORD

* •:.This report was prepared by Battelle Memorial Institute, undur USAF .
Contract No. AF 33(038)-12619. The contract was initiated under Research "
and Develupmnent Order No, 615-20 (A-B), "Welding, Brazing and Solderit"g
"of Metals", and was admninistered under the gtlýtction of the Materials I
Laboratory, Directorate of Research, Wright A'r Development Genter# with"" "
Major L. P. Marking acting as project engineer.
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ABSTRACT~

This r,-otdsussa eprmna netgano h asso

12 193 S' ecfcly th okcuu o-uciiyadwl-e

tihn o grain oudrt iess and iclusrioen#ntwoo thie steels.o fThe cauesulof

although In an early StAgd, indicate that low..sulfur contents are av.Stociated
with high hot ducLi-lity and high resistance to hot cracking, They also stag-
gust kt ?0151ib18 relationahip between low- meltinU intergraiiular filmis and law
hot ductility.
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Causes o f Cr acking in
High-Strength Weld Metals

The objective of this investigation is to obtain fundamental information _ '
on the causes of cracking in high-strength weld metals used to Join high-
strength alloy steels, and, on the basis of this knowledge, to devise methods
for preventing such cracking. This report summarines experimental work
done during the third contract period from August 12, 1952, to August 12,
1953.

In the first contract period, a literature survey was made to supply k ..
background information on the cracking problem. This informnation is
prescnted in t',o summary report, dated August 12, 1951. This survey
indicates that hot cracking, the most prevalent form of cracking found in.-.
"high-strength weld metals, is the result of low strength and low ductility in *,.. *

the temperature range from the liquidum down to about 1500 F. Therefore, A,
in the second contract period, the groundwork was laid for correlating hot
strength and hot ductility with hot-cracking susceptibility, and all three
with composition, Apparatus was developed for measuring hot strength and
hot ductility of weld metals as they cooled down from the molten state, In
addition, four different weld-rietal cracking tests were investigated. These
developments are described in the summary report, dated August 12, 1952. "

The present report discusses; (i hot-tension tests on high-purity
SAIV 43XX-type steels and high-strength weld metals, and revisions made
in the testing apparatus; (2) the development of a modified Lehigh restraint
specimen, and tests on special heats df steel using this specimen; (3)
nietallographic studies of SAE 4340 steal used in hot-tension tests; (4) the
preparation of new heats of steel for hot-tension and weld-metal cracking
studies; and (5) the drawing of special welding wire.

I..
SUMMARY

A lirrmited number of hot-tension and weld-metal cracking tests were
conducted on special high-strength steels during this report period. The
hot-tension tests had to be discontinued midway through the report period

whin the induction-he't-ing unit broke down. Also, considerable effort was
spent on the development of a suitable cracking test for evaluating the
special steels, For these reasons, the data presented in this report are in
an early stage, It rn,ity be that the most valid conclusion that could be .

draiwn from these data is the following: standard SAE 4340 steel has much
lower ductility in the temperature range 2400 F to 1950 F, and it is much . .'
more susc-ptible to hot cracking than low-sulfur SA.E 4340. These differences .
between the two steels are sizable and clear cut.
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The work described in this report is surmmarize~d in the following
s c ti on a.

liot-Tension Studio.s

-- Hot-tension tests were conducted on one high-sulfur and five low- .
sulfur SAE 13.XX steeal, and on two steesa simulating high-strength weld.

*me tal compositions. The hot-tension tests were conducted in the tempera-
ture range 2700 F to 1800 F as the specimens cooled from, the molten state.
Tile tesit restilts indicated that increases in sulfur and carbon contents
lowered( hot ,;trength and ductility, sulfur having the greater effect on
ductility and carbo.n onl strength. T1he scatter in the test results, however,
together with the porosity in the test specimens, allowed the need for
modification of the testing apparatus. Changes were made so that porosity-
was greatly reduced. The data o~biained so far are being checked, usingt

* the modified apparatus. The hot strength and ductility of Additional
experimewntal heats of steel simulating high- strength weld-metal composition
are being determined,

* Weld-Metal Cracking Tests

ConiAiderable effort was spent an the development of a test specimen,
* hereafter referred to as the restrained wveld specimen, which would exhibit

Various levels of restraint on a weld deposit. This specimen was patterned
after the Lehigh restraint specimen. The experimental restrained weld0
specimen diffrrs from the Lehigh specimen It% two respects: (1) it consists
of two jiarta wulded together Instead of being one integral plate; and (2) It
uses a double-vae joint instead of a double-U joint. The changes are aimned
at reducing the cost of the specimen and making it possible to run seve ralJ
tests on a smiall quantity of special steels. Welding-procedure tests were
made with plain-carbon-steal base plate and commrercial- steel wire$ using
the incrt-gai* cmuniitgiable-clectrocle proces~s. After procedures and
techninqUCiS were etitablished, the relative crack~ing susiceptibilities of high.
and low-sulfur SAEZ 4340 titeels, which were deposited in base plate of the
manie cumipositilon, were determrincd at three levels of restraint, The low-
S~lfur deposit showed less hot cracking at the nmuximurn restraint, which is
the ldghcst restritint level of the specimen, than the high sulfur allowed at
mninirmum restra'int. Th~is illustrated that the high-sulfur steel was much
l-Tire crack suscuptible tham fiie low-suilfur steel, These data are in rigree-
muent with the hont-teniiion properties of these0 two steels. All the steel
CoMpositionli for which hot-tension data tire available will be tested uiiing
the restraineri weld specimens in all attempt to correlate data fromn the two
kihnds (it tests, Cirrular -groove aind circular-patch tc~its will be Conducted

WADC 'rR s2-3zz, Part 2
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also, as a check an the restrained weld tests and to determine if either of
¶ these tosts is more satisfactory or simpler to use..

A hecat of high-purity SAE 43XX composition wasn prepared to m1Akj
additional base plate and wire for cracking tests. About 8-1/2 pounds of
3/32-inch high-purity SAE 43XX wire were drawn from, 1/4-inch rod-for the
tests. The rod had been processed fromi the heats discussed in the summary 9
report, dated August 12, 1952.

Metallographic Studies

'rhe difference in fracture, behavior between low- and high-sulfur
hot-tension specimeLns suggested a possible dependence of fracture type on
nic ro structure, Therefore, a metallographic study was made to determine -

the relationship between the nature and distribution of nonmetallic in-
clusions in the grain boundaries and the fracture behavior of the hot-
ductility specimens.

A limited correlation was found between the hot ductility and the
room- temperature mnicrostructure of the melted zones of hot-tension
specimens. rhis was demonstrated by the presence of films rich in FeS
in the grain boundaries of the high-sulfur SAE 4340 specimens which
exhibited brittle fracture above 1950 F. No films -rich in FeS were found in '

the grain boundaries of the low-sulfur specimens. The change from ductile
to brittle fracture in the low-sulfur specimens occurred between 2300 F and

p2400 F. Light-etching networks were present in both the high- and low-
Lsulfur SAE 4340 specimens. It appears that these networks contain MnS

tooether with some of the metal-alloying elements (chromium, molybdenum,
manganese, and nickel), ....

Wvld deposits of low- and high-sulfur SAE~ 4340 were examined for
evidence of sulfide segregiation in the grain boundaries. Similar light-.
etc~hing networks were found in both the weld deposits and hot-tension
specimens, However, the siorimetallics were in the form of very small
globules (lilnprsed throughout the network of the weld d~eposits, as compared
with globulOW n nd -sulfirle film a in the grain boundaries of the hot-tension

The major part of the work in the next report period will be devoted to
a continuation of the hot-tensiio: and welci-rmetal cracking tasta on special 9
steel compositions. The objectiv,: will he to obtain further evidence that
data fromn the two kinds of tests can be cor related, If this can be dlone,
then two basic problems miight be answered: (1) the temperature raknge in
which cracking occurs; and (Z) the naturc and degree of impurities or alloy
idlditions that c-nuise cracking.

WADC *LR 52-322, Part 2 3



STUDY OF 1Ill1-i-TEMPERATURE DUCTILITY, CRACK~ING
SUSCEPTIBILMITY, AN ETALLOGRAPHiC STRUCTUREj'~ 4OF SPECIAL SAE 43XX STEELS

During the previous contr~ct period, apparatus warn developed for
rapid induction meltimg of the center section of a metal bar, then fracturing
it in tension during the cooling cycle. This was devised to mimulate a weld
deposit subject to tenbion stresses from shrinkage and other factors as it
cools dlown fromi the molte~n state. Provisions were made for measuring the
teniporature of the melted z~one, the load required to fracture the bar, and
the elongation of the test section.

No referencos wc re found in the literature on hot-tension tests of
we'lds coniducted during~ cooling fronm the melting temperature. Therefore, A
the ntudies in this investigation may have been the first to simulate welding
conditions. The object was to find a relationship amiong composition,

r eItullographic structure, hot-tension properties, and cracking .uuceptibili. i A'
ties of various weld metals.

The first series of hot-tension tests was run on commercial SAE 4340 .4 and AMS Cl IllI steels, The data obtained from the two steels showed that
strength and ductility increased with decreasing temperature in the range
from 2600 F to 1800 F. The free- machining AISI C1111 steel was less
ductile than the alloy stee~l, It., low ductility is thought to be due to its high
nulfur content.

The original apparatus and the data on commercial SA.E 4340 and
AISI C 1111 steels were discussed in the suimmary report, dated August 12,
1952.

Hot-tension tests were continued on spucial heats of SAE 43XX-type .

steel and on high-strength weld-matal compositions, in the contract period
starting August 12, 1954. These are discussed below.

Hit-Tempe rature Tension Tests on Hi~h-

Purity SAIE._3XX Steels anlfg-Srn

WVeld MetalsI

0Fiv,.high-purity SAE 43XX hcats and one standard SALE 4340 he atY
were Made for hot-tension- studies. Their compositions are given in
Table 1.

V"S
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TABLE 1. COMPOSITION OF 111GH-PURLTY AND
STANDARD AE 43XX STEELS

Heat Chemical Composition, per cent

Number C Mn Si Ni Cr Mo S P ""'

1 0.33 0.76 0. Z6 1.91 0.83 0.25 0.005 0.008 "

2 0.45 0.64 0. 33 1.88 0.82 0. Z6 0.008 0.005
3 0. 59 0.66 0.29 1. 93 0.81 0. Z6 0.006 0.007

4 0.46 0. 66 0.20 1. 94 0.83 0.26 0. 037 0.026

5 0.46 0. 77 0.25 1. 89 0.90 0. 24 0.008 0,004 .---

6 0,46 0.69 0. 21 1. 83 0. 82 0.21 0. 006 0.004

Heats Nos. 1, 2, and 3 differ mainly in carbon content. These values :. "'"
vary from 0. 33 to 0. 59 per cent. Heats Nos. 2 and 4 have similar composi- J ,
tions, except for sulfur. Heats Nos. 5 and 6 are low-sulfur, extra-low-
phosphorus SAE 4340 heats. Hot-ductility data were obtained for all six
heats. (A seventh heat, which has to be tested, was also prepared, Its
basic composition is similar to that of Heats Nos. 2, 5, and 6. In addition,,
it contains misch metal which may tie up the sulfur more effectively than

A would manganese.) I' 'i

Hot-tension tests were -made using the same apparatus described in
the summary report, dated August 12, 1952. The specimens were melted
by induction heating and, on the cooling cycle, were fractured at a pre-
ileocted temperature in the range from 2700 F to 1800 F, Stress and strain
were measured by a specially designed weigh bar and extensometer, -
re spectively.

The experim.ental results are presented in Figures I through 4 for
Heats Nos, I through 4. The hot-ductility values for Heats Nos. 1, 2, and ,.
3 are compared Ln Figure 1, while the hot strengths for the same heats are
compared in Figure 2. These comparisons show the effects of carbon on ,
hot strength and ductility. Similar comparisons for Heats Nos. 2 and 4, In
Figures 3 and .4, show the effects of sulfur on hot-tension properties.

Thelh data from tests on Heats Nos. 5 and 6 showed unusual scatter,
indicating the need for atn improvement of the testing apparatus. The
changies made in the apparatus are described in Appendix I. 'rests on Heats
Nos. 5 and 6 are being repeated.."]...

,i -Two commercial high-strength weld-metal compositions also were '..
- studied before the apparatus was modified. The compositions are shown
- on page 8.
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chenlijal Caq;T1positjiI, per cent
Electrode C Mn Si Cr Ni MO V P,

C 0.14 0.75 0.48 0.95 I1.7 0.80 0.18 0_021 -

D 0,12 1.00 0.50 1.20 1.30 0.60 0. 13 0.015 --

Trhe electrodes have the same designations used In the summary report ofI
August 12, 1952.

The weld-metal specimens were machined from deposits in a single- '.I
vee joint in l-inch-thick SAE 4340 steel. Machining was done transverse to
the direction of welding so that unly weld metal would be melted in the hot- I
tension tests. The data obtained are plotted and compared ip Figures 5 and
6.

'rho retiults from thL hot-tension tests conducted thus far in the pro- 4

gram showed some scatter, and several points will be checked before they
arc considered reliable. However, results obtained from the various
steels indicate general trends which are believed to be correct. Possible
sources of error that were inherent in the original apparatus arp discussed I
in Appendix 1.

From an examination of Figures I through 4, it appears that increases
"In carbon and sulfur contunts result in lower hot strength and ductility. It \ Al. •

appears also that sulfur has more influence than carbon ok hot ductility and ,
less on hot strength. The firmt observation is supported by tho curves in ' ... '
Figures 5 and 6. Weld Metal D (0. 121o carbon, 0.015% sulfur) is stronger
and more ductile than Weld Metal C (0. 14% carbon, 0. 021% sulfur) in the '",
2400 F to 1800 F temperature range.

The detrinmental effect of sulfur on the hot ductility of tensile specimens .
was demonstrated further by examination of the fractured tensile specimens.
"The specimens from Heat No. 2 (0, 008% sulfur) showed a sharp change 3
from brittle to ductile fracture between 2400 F and 2300 F, while those from .
klHeat No. 4 (0. 037% sulfu.r) showed brittle fractures all the way down to
1950 F. As a result of this difference in behavior between low-sulfur and U.
high-sulfur SAE 4340 heats, metallographic studies (discussed later) were
carried out in an attempt to correlate brittle- and ductile-fracture types I I..•"-

w ith r nic ro structure . 1 ,'. '
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Weld-Metal Cracking 'rests on Low- and
T.ihgSulfur SAE 4340 Steel

In order to run tests on cracking susceptibility, it was necessary to
reduce experimental heats (six high-purity and one standard) of SAE 43XX
steel to wire. Since the wire diameter was to be 3/32 inch, the 1/4-inch
wire rolled originally had to undergo a 62. 5 per cent reduction. Wikea of
SAE 43XX composition work hardens rapidly. Therefore, each heat had to
be annealed three or four time,. he drawling procedure. Elaborate
precautions were taken to prevent pickup of oxygen and other elements that
might contaminate the high-purity steels, This was accomplished by sealing 1,.
the wire in .a retort in which the pressures were reduced to as low as sev-
eral tentths of a micron.

CrAcking susceptibility testo were run on low- (Heat No. 2) and high-
sulfur (Meat No. 4) SAE 4340 steels using a mrdified Lehigh restraint specS-
men and the inert-gas consumnable-electrode process. (See Appendix [I for
development and nature of modified specimen and welding procedure.).

In the first test, high-.sulfur (0, 037% sulfur) SAE 4340 wire was de- . '
posited in base metal of the same composition. In the second test, low-
s ultur (0, 00876 sulfur) SAE 4340,wire was deposited in low-sulfur SAE 4340
base metal. Both welds were made at a restraint level of 4 inches, that is,
X' in Figure 24 (Appendix 1I) -as 2 inches.

The spo. t men welded with high-sulfur wire is shown in Figure 7, and ,
the one welded with low-sulfur wire is shown in Figure 8, The crack In the - ,.b, ,:
high-sulfur deposit extends the length of the weld, while only a crater crack ,1 t
is visible in the low-sulfur weld, After removal from their frames, both 9..
inserts were fractured in a bending press. The halves of the high-sulfur
insert are shown in Figure 9., The presence of a blue oxide coating (darkest
temper color in Figure 9) on the fracture face of the high-sulfur deposit
indicated a hot crack, There is no such discoloration of the low-sulfur
fracture, also shown in Figure 9. The dark streak in the fracture face is
the result of a ridge between the base metal and weld metal. Check tests
at the 4-inch restraint level confirmed these results. I

rhe next restraint levels tried were 2 inches and 8 Inches of the .
restrairied weld specimnen. The high-sulfur comtposition was tested at the%
1-inch level, and the low-sulfur composition at the a-inch level. The high-
sulfur weld metal cracked about one-half the leenUth of the weld at this low
level of restraint. The low-sulfur weld developed a hot crack about I/Z inch '
lonig when tested at the high level of restraint. Check tests are in progress.
So far, the results are In accord with hot-ductility data obtained on these
steels.
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* The low Rmount of hot cracking obtained with the low-sulfur weld

deposits is very encouraging. It appears that controlling sulfur may be
one important meiins of controlling hot cracking. *

Some of the low-saul fur te at spec imenm. c old cracked at temrperatures
between 80.0'F and room temperature, It to believed that this type of crack-

ing can be controlled by proper preheating and postheating of the weldments.

Further work alnng theme lines is in progress.

Metallo.,raphh. St.dles of Low- and Hih-Sulfur
"SAE 4340 Steel

As mentioned in a previous section, the fractures of the low-sulfur

tension specimens changed abruptly from brittle to ductile behavior in the

temperature range 2400 F to 2300 F, while the fractures of the high-sulfur ,

specimens remained brittle down to 1950 r. A metallographic study was.

started as a result of these findings. The study attempted to correlate the

hot ductility of low- an2• -t.)-sulfur SAE 4340 with the segregation of non-

mutallics in the grain I- ,,•L nae of the melted zones of teuted hot-tension
specimens.

Microstructures of Fractured

The first phase of the nietallographIc study represented an attempt to
correlate the hot ductility and microstructures of tented hot-tension speci- ,
mens, Longitudinal sections were taken through the multed wones of [rac-

tured low- and high-sulfur hot-tension specimens. The pollshed-and-etched
structures are ahown at 100X In Figures 10 and 11. A representative strut-

tura of the steel shown in Fillure i1 appears In Figure 12 at 500X, The X
change from brittle to ductile behavior, as the teot temperature was low-
eredt, Is maniifested In Figure 10 by the change from equiaxed to elongated *

grains. The atrorturern themselves are martonsitic (or bailnitic) In nature,
,Through them run light-etc.hing networks, upon which attention was focused.

F ~Two techi~nques were used tu p~rove that the ligh~t-etching networks are

not a separnte phase but mnrely of ouch a nature that they etch more slowly .

i'..• ~and the .second involved repolishing and re-etching with e:xtremelIy dilute..',"

C.:-i, picral. Overetching broutght out the usual martonsitic structure in the lip.,

ar eas. The extremely dilute picral, which attacks the metal slowly and unt-
formly, showed a single mart.nsitic structure. The light-etching networks
were thought to be rirh in xttgregatCs, and, for this re.ison, etched slower. . •
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Figure 12 shows that sulfides segregated into the light-etching areas.
Inclusions rich in iron sulfide were identified by their anisotropic behavior
under plane-poLarited light in all the high-sulfur SAE 4340 specimens exam-
itied. None was found in the low-sulfur SAE 4340 specimens. The photo-
micrograph at 500X in Figure 12 illustrates the tendency of the sulfide to .
appear as an extremely thin film in the light-etching areas. (Tn this case, it
is broken up by globular sulfides.) It is pale yellow in color, but takes on a
brownish tinge when exposed to air. At SOOX, it does not have a sharp out- - .
line. The photomicrograph in Figure 12 also illustrates the tendency of ...-...
fissures to be present in the vicinity of these sulfides.

Nonferrous sulfides segregated into the light-etching areas of both
low- and high-sulfur steels. Manganese sulfide (MnS) probably predomil-
nates, with solid solutions of iron sulfide in manganese sulfide and other
combinations also possible. Pure manganese sulfide is light gray and has,"""
a distinct outline. The nonferrous sulfides occur in globular as well as in
stringer form,

Figure 12 does not confirm or deny the existence of nonsuifide segre-
gates. Two experiments were tried to determine If thc light-etching areas

'* might contain extra carbon, or one or more of the metallic elements such
as nickel, chromium, molybdenum, and manganese.

*'' !The object of the first experiment was to determine if carbon segre- .
gation caused the light-etching areas. The mating half of the low-sulfur jl
specimen shown in Ftlure 10 (testing temperature 2300 F) was placed In the
furnace at 1600 F, and held for 2 minutes. This was sufficient time for
segregated carbon but not the metallic elements to diffuse. The last step in

'. the procedure was a water quench,

It cannot be concluded from the photomicrograph in Figure 13 that the
carbon had segregated. The light-etching network Is too well preserved to
draw even a qualitative conclusion. Therefore, it was concluded that con-
centrations of other elements were present in the liiht-etching areas. j

het "In the second experiment, the mating half 6f the high-nulfur specimen
-"'shown in F'igure L I (testing temperuture tZ00 F) was br'ougjht tip to 1600 F

in a cold furnace, and held at that temperatture fur 20 minutes, The total
heating time at temperatures above 1375 F (Ac 3 tenlmprehture for SAE 4340) '
was about 55 minutes. rhis should have been sufficient tirn( for segregated
carbon to go into solution. The specimens were wA,=Lter clu,'iu-hed from 1600F.

", The same genernl network seen in Figure II (ths lIg temp.er&.'ura % -2Z00 F) persists in the heot-treated mate shown In FiB1 Iry, 14. Sonme liffu-

sionr most have occurred, since it is not completely preservcd. The k,' rbon
was certainly diffused by this treatment; therefore, the light-etching areas
must cnntain a concentration of one or more of the other alloying elements.
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Microstructures of Weld Deposit,

A metallographic study was made of high- and low-sul-fur SAE 4340
S. weld deposits to determine the nature and distrLbution of nonmetallic in-

clusions. The filler wires were deposited in restrained weld-test specimens
using the inert-gas consumable-electrode welding process. Transverse
sections were taken through hot-c racke-d portions of the welds for examina-
tion. Nickel was electrodepdsited on the frftcture surfaces to prevent oxi-
dation and drnage of the sp,-cimen.

Two photomicrographs of the high-sulfur specimen are shown, one in
Figure 15 at IOOX, and the. other in Figure, 16 at 50OX. The inclusions
occur as small highly dispersed globules (Figure 15). The lighter ones are
probably sulfides; the dark ones may be silicates (Figure 16). Duplexed
inclusions also are evident, The network seen in Figure 15 is actually light m m

etching, but was photographed in relief so that the inclusions could be shown
more clearly, It is the same typo of network that was observed in Figures 10

* "a and II. Therefore, it is possible that similar segregation has taken place in
the weld deposit and hot-tension specimens. The low-sulfur specimen
appeared to differ from the high-sulfur specimen only to the extent of having " * .
fewer sulfide.inclusions, The study of weld deposits will be continued in an ,
attempt to draw further comparisons between the microstructures of tested
hot-tension specimens and weld deposits. -. ,

Discussion of Results

Tests on low- and high-.sulfur SAE 4340 steels have shown that hot-
tension and cracking-susceptibility data may be correlated. Furthermore,
meallographic studies of the same steels indicated a possible dependence
of hot ductility on grain-boundary conditions.

The ability of sulfur to lower hot ductility was demonstrated in
Figure 3, and its role as a promoter of hot cracking was shown in a corn-
parison of Figures 7 and 8. Therefore, there is reason to believe that a
dire:t relationship exists between hot cracking and low hot durtility, and
between hot cracking and high sulfur content. The photomicrograph in
Figure 12 shows a low-melting film (FeS) which rtay be responsible for low
hot ductility and, consequently, hot cracking.

It is well known that low-melting compounds like iron sulfide (melting
point 2183 F) segregate in network patterns. The alloying elements may
form low-melting constituents which segregate also, so that the true solidus
temperature fer an SAE 4340 steel, weld deposit might conceivably be lowered
by several hu,,i.red degrees. It is believed that segregAtion of low-melting
constituents \v'u.-ld promote hot cracking in weld deposits. -
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Most often, cracks were found in areas of high iron sulfide concentra-
tion. The possibility that the cracks initiate and propagate alonag liquid

films of iron sulfide is strongly suggested. Figure 12 shews cracks in the

vicinity of iron sulfide. The cracks contain debris from the polishing

Iron sulfide was found In the high-sulfur SAE 4340 specimens, but not
in the tow-sulfur specimrens. It it were found in segregated patches In the

low-sulfur speelmens with little hot ductility, a relationship might have been

posulaedbe'tween critical concentrations of iron sulfide and brittle frrAc-
ture Suc itrelationship should not be rul'-d ou *t, however, until higher

magnifications than 500X have been used. The possibility remaina that
F other low-melting constituents are related to brittle fracture.

It was inpacted that most of the sulfur in the two heats studied would
be tied up asMnS rather than FeS. The manganese -to- sulfur ratios in the
low- and high-sulfur heats were 80/i (0. 64/0. 008) and 18/1 (0. 66/0. 037),
respectively, compared with a ratio of about 5/i in commurcial steels.

It further toost confirm the findings that hot-tension and cracking-V
susceptibility data can be correlated, then the following problems would be
nearer solution: (1) the temperature range In which cracking occurs; and
(2) the nature and degree of impurities or alloy additions which cause-
cracking.

FUTURE WORK

F~uture work will follow the pattern of work to date. Further hot-
* ~tension testing and weld-cracking testing will be done on special comnposi-

tions of weld metal.

liot -Tension Tests

flot-tension tests are being made with the modified hot-tension appa-
ratus to check the da~ta presjented in this report. In order to conser-'e
miaterial for these check tests, 2-Inch lengths were cut from the undrilled

* ends of the hot-tension specimenms nlready tested. These pieces were flash
welded to 2- 1/2-inch by I/2-inch lengths of SAE 4130 steel at both ends to
mrake new hot-tension specinmenij. Other hot-tension tests will be meiie on
specimens froin Heat No. 7, which is the low-sulfur SAE 4340 heat contain-
ing nilach metal. Misch mectal may be very effective in tying up sulfur.

WADC TR 52.32A, Part 2 23



Ina addition, two Z0Q-poaund induction heats of steel were made to study
the effects of sulfur, and sulfur plum misch metal., on the hot-tension and
hut-cracking properties of ii weld-metal composition. The com'positions of
the hetits are similar to that of weld mietal, deposited. with an E12016 type
0!ec~trude (Weld Metal C), as shown in Table 2. The chief differences are
the sulfur content and the presence of rnisch metal and aluminum in the
experimental heats, as shown In Taible Z..

rABLEZ~. GO MPOSIT-ION~ OF EXPELiMENA L HEATS FOR
HO0T-TENSION SPECIMENS AND FILLER WIREfrA

Heat Chemical CorIML3081tion, pe con

Number C Mn Si NIt C r Mo, V S _I

8-A 0. 14 0.88 0.55 1.77 1.00 1.00 0.19 0.007 3.066r

8-B As above, plus three pounds 'per ton of rnisch metal I*.. I

9-A 0. 15 0.78 0.51 1.73 0.93 1.03 0. 19 0.031 0.0851 '2:

* 9-B As above, plus three pound* per ton of musch metal.I :;

Commercial 0. 14 0.75/ 0. 48- 1. 75 0. 95 0.80o 0. 18a 0. 021 * .. ,

Weld Metal CV)
(EI2016)

(1) Atislysed apectraoraphiically. other alemrents determined chemically.

thebasc mteral or he owsulur 0. 07016 ulfr)heat was electrolytic
Iron containing (0. 00 ercn sulfur) S cuil and argon-gaswre

One-half ot each huat was forged and rhlled Into 1I/ 16-Inch and 1/4-e
inch rouinds fov mnachining hot-tension specimens anddrwnweigwr,
r esape ct iv elIy.

* Weld-Nieta Crcking ToosI .5

Restrained weld tests ire In progress with low- and high-stilftr SAE f
F) weld depoxits to determine the highest degree of restraint without

cr,-cking. After the effect of stilfur on cracking susceptibility has been
* ~studied, the same type of test will be used to study the other compositionsW
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1. ~investigated in hot-tension tests. Attemipts will be made also to eliminate
cold cracking which occurs occasionaClly inthe Lehigh tests. This might be
reduced by using a small amouni of preheat.

Further tests are being planned with circular-groove and circular-
patch specimnsna The data obtained frorm them should s~erve an a check~ on
the Lehigh teat data.

Data for this report are recorded In Laboratory Notebook~s No. $4855,1
pp 94-100, No. 7893, pp 1-100p and No. 8318, pp 1-43.,
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APPENDIX I

Modification ofHot-Tensin esting Apearatus

During the course of testing over 100 hot-tension specimens, consid-erable difficulty was mntountere d with porosity and shrinkage cavities I n the
\%Melted area uf the test bars.' Various minor adjustments in the apparatusT"Uroved the condition but did not reduco it effectively. Repeat tests wereofteNw uired to obtain reliable data. An unusUal amount of trouble waslencountered while teieting high-purity Heats Nos. 5 and 6.

It wasn decided, at this point, to completely modify the apparatus to6eliminate the operating problem. The major features of the original appa-1" foratus that needed Improvement were:
I . Thetanrtz sleeves for retaining the melt. These sineves

were not u Torm n11). Iiteas-roeceied condition, theID varied by 15 per cent. A method of obtaining uniform
dimensions was needed so that the melted section of the5
test bar would be uniform.

2. ligmen ofupper and lower halves of specimen duringmnelting The paatu dId not 'prevent the two halves ofthe specimen from going slightly out of alignmenit during..melting. This increased the problems with quartz sleeves Uand shrinkage cavities. 
'

3. Provisions to allow shrinkage while melted specimren
cooled. There w-as evidence in some tests that restraint
to normanl shrinkage occurred during cooling to test tem-
perature. Better provisions to allow free shrinkage were

'p needed.
4. Temperature-. nieaunini~jis~tem. In sorn' '.oses, temper-

aturc rneasurcinents were questionable, was believed
that more direct and reliable meatsurementv might be mrade.

Changes In the apparatus were made to overcome the deficiencies.They are shown in Figures 17, 18, and 19.

The firs, change was made in the qtiartz sleeves used to containmoltcn metal. As receivecd from the manufacturcr, the tubing from which
the slueves a~re made has a 7. 5 per cent tolerance in the nominal l/2-inch
10. Thereafte~r, rnany-of the sleeves were consideraibly oversize. When
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the specimen was melted, more metal was needed than was available to fill
the oversize retaining sleeve. This, naturally, left voids as the melt
cooled down, and this condition increascd the normal problems expected
from shrinkage.

Experience 'showed thAt the beqt resdults were obtained when the ID of
the t.uartr. sleeves was 0. 008 inch greater than the diameter of the hot-
tension specimens. Two methods were tried to size the ID of the as-'
"received tubing to the desired value. In the first method, a 3/8-inch
diamond wheel was uped to grind undersize tubing. The grinding was slow
and expensive. In the other method, oversize tubing was evactiated and
then heated and drawn over i tungaten mandrel. This was comrparatively
easy end inexpensive and will be used in uubsequent tests.

The second change Is concerntid with maintaining the alignment of the
two halves of the specimen. The change is represented by the sleeve bear-
Ing (Figures 17 and 18) and the apparatus on the weigh bar (Figures 17 and.. '..;19).

V The third change provides for free, unrestrained shrinkage during
vooling to test temperature. The cap screw (Figure 18) is preset so that
when the bearing nuts have moved the distance "y", the specimen can stillshrink freely the distance"W', The cal% screw also serveas a guide for

alialnment of the upper and lower halves of the specimen when the center Is
melted.

The fourth chnnge in the apparatus helped to eliminate cavities. By
setting the hearing nuts (Figures 17 and 18) according to the amount of over-
size of the quartz sleeves, the guide (Figures 1? and 18) can be made to
drap the ditstance "y" (F'igure 18) by its own weight when the specimen melts.
The 4pccCLinen shortens an arnount 'y"t as rnotteui metal flows Into the space
between the specuinen and the mleeve. This shortening action L'oirpensates
for thte lo! uf nmetal and prevents the formnation of voids. It may be useful
Salso to2 purge out nsnes from the melt.

In early tests, it was believed that some of the voids In the melted
zones of tested hot-tension specimens may have buen due to oxidation prod-
tict s. Therefore, an inert gs was Introdtced Into the quartz tube (Figures

" T ,18 and 19). Argon was uined in qeveral experimnts. Oxidation was not "
eliminnted, indicating the need for more work on this part of the apparatus.
"However, it appearm that shrinkaige was more to blame than gases for void* J formation.

rTemperature rnmeaurements were considered accurate within +50 F

on the batsis of past experience and calihritlons. In the hot-t~nsion tests so

fa-r, ti-niperature van measured at A point 1/13 Inch fromn the edge of the
n-elted zone, after calibrtiting with a thevrnocouple placed in the center of
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the uelted ltone Wr hai bee strtn red measuring th,e temperature of
the melt direty. Direct meauren ent should be more reliable than tapepara
inditrect type. The disadvantag~e is possible contamination of the melt by ,,5-f.
the therimwouple nmaterial, To prevent contamination3 high-purity alumina ''

thwrmausule protectors are bmiie used.

Ae.smtaslnumber oftesti were run with the modified equipment. An .to b n w
pAE 4340 specimen melted in one of then tests is shown mn Fgre 20, and .::-

to its let, far 'omparisrn, Is shown another rAeu4340 specimen which,
was melted using the DrliCnal apparatus. The radipgraph in Figure 21 show2
the sound aieited zone in the specimein referred to in Figure 20, right. .. ,e
Figure 2. uhows the ruelted '•onc in 3 specimen melted before the apparatus '•
was modified. "

aTests with the modified apparatus ha~d to be discontinued when the • •
Sinduction heating unit broke down midway through the report period. Re- '•,,,.i

aplaeean,,nt parts have been obtained and the necessary repairs made, and ',".'
Stesti tre heitij• resumed. aA
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APPENDIX 11

J I~nvtsti ation of Weld-Metal Cracking Tests.6

Four types of weld-metal cracking tests had been tried as of
August 11, 1952, the date of the last summary report, in an attempt to d#.., ~
correlate cracking susceptibility with hot ductility. They word the double-
yee buitt joint, circulnr groove, circular patch, and double fillet. The
double-vee butt-joint specimen wAs unsatisfactory, because It required
restraint to- make the weld deposit crack, and the restraint could not be
reproduced accurately from t~est to test. The circular-groove and circular-
patch tests %earmed to be of the "So -no-go" variety on the basis of limited
data. The douuhl-!.lIlet specimen was found to be too savere in its originalr
form. It could be readily modified, however, so two series of tests were o ~
run in the present report period, using a less severe form. The results
were iinconclusive. Although they were encouraging, it was decided not to
make additional tests Immediately. Usually, there are many unknowns
involved ini a new test and several teial tests are required before the results
are conclusive. Instead of going ahead with the double-fillot test, resortp
was madie to a modificaition of the Lehigh restraint test, which was first
reported in the literature In 19460~).

The first modified specimen Is shown in Figure 23. This differs
* .Ifrom the original specimen In one respect: it consists of two parts, frame

and insert, inbtend of being one solid plate. The idea was to connerve high-
purity SAE 4341) steel by furnace. brnzing it in the form of an insert to a
plain-carbon-steel frame. The restraint offered by the specimen to the
weld is variable, increasing as '10 of Figure 23 ts Increased. For each
weld-metail compogition studied, a determ-ination is made of the smallest -

"1XII that will cause cracking. The more crack-sensitive weld-metal corn-
* position will be associated with the smaller "x" necessary for crack

fo rmrat ion.

Two chaniges were mnade In the first modification. The first one sub-
stituted wulding (E7015 electrode) fur brazing, anti the second tine, a double-
vec for a d..ublo-U joint (Figure Z4). The advantages of welding over furnace

* h~raz~ing are: (1) It is a faster process; (2) it can better ninsure high hot ~
strength; and (3) the weld joint can be designed to facilitate removal of the

(1) Stolit. R. nl., *ro. s. s,. Kicoeady, L. I.. And rAin. G. E.. "Ouandlative Scame~nient of thie Cracking,~.,,. "

Tentlency In Wclds," Weldin8 lournai 1. 2.5 (9) hhsN1 (1048).

WADC TJR 52-322, Part 2 37
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insert for inspection. Temperature meastirements have indicated that the . U

-idL*N of the insert reach a maximum temperature of about 650 F during

welding. Therefore, the air Sap between the frame and the insert (Figure

2.1) shotild not affect the test results. With respect to the joint design, the

uiblk-Yee -type Joint is much less expensive to machine than the double-U ,

type. ;" " -::re

The steel tenMposMtOns studied• In -racking tests will be the same ones .,,

for whic:h h at-.,tr e~n gth anti hot-ductility data are obta'ined. F"iller wire of , :.. ,,.

these compositions will be depomited in Inserts of the same composition,
= using dlt inert-gas consumnble--electrode process. This process was chosen

becau.th it is possible to deposit high-pu'ity weld metals without cuntarol-
dnating lii with elements frorn fluxes and other sources. .s.

Teste were rin to establish welding procedures and techniques and

details in the spec•imeti design. In those tests, commercial steel wire

(3/34 IWeh) was deposited in plain -carbon-steel inserts, A set of conditions
was eaitablished, which is presented below: .

Wire feed - 90 1pm I : 0

-Carriage speed - 15 ipm 1 "

Welding current - 370 to 390 amp
Arc voltage - 31 to 32 volts I ' ....

Heat input - 47,880 joules per inch '. .

Ltength of electrode consumed -. 42 in.

Time of weldin; u- t8 sec u .:(

"-rimiie uf wtlrdling" in the nbhve list is total time, that is, the time required
to wel-d at 7-inch length of Joint. The length of joint under full restraint is • "."'

only S Wch~es, since iturtin4 and runoff taba are uscd (Figure 24). The

atatrtring taib provides an opportunity to preadjust the arc length; the runoff

tab re=duces crnter formation. A typical iead 1m 1/4 inch hih, and is-

centrailly located in the jo4.t.

AJ J: PJ It: C B V/bep. ,
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