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FREFACE

The Navy Department through the Bureau of Ships is distributing this report
to those agencies and individusls who were actively associated with the research

work.

This report represents a part of the research work contracted for under

the section of the Navy's directive "to investigate the design and construction
of welded steel merchant vessels,"
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ABSTRACT

A detailed study was made of a low carbon ship plate steel, both
“as received" and Yas welded", by utilizing hardness tests and eccentric
notch bar static tension teste at various temperatures. Considerable non-
uniformity was revealed in the "as received" plate, that is, loczlized
areas showed relatively high transition temperaturesz. 4 brittle-ductile
transition zone was found to exist between =40 and =-80°F for the investigated
steel.

4 zone of maximum hardness occurred at the Jjunction of the weld metal
and the heat affected zone, from which the hardness (Rockwell B) approached
that of the unaffected plate, 4 gzone of minimum duetility (eccentric notch
strength) was found 0,3 to 0.4 inch from the weld centerline. This zone
was located by using the eccentric notch bar tension test at low tempera-
tures.

The zone of low ductility is thought to be the zone which is heated

to the maximum suberitical temperature, with the further possibility of



INTRODUCTION

] This report summarizes the work completed on a project sponsored by the
éhip Structure Committee and conducted under U, S, Navy contract No, NObs=45470
and covers the period from July 1, 1947 to Septemher 1, 1948,

Recent investigations have shown that a steel structure may fail in a
brittle manner if subjected to severe service conditicns, These service cordi-
tions may include multiaxial stresases (biaxial or triaxisl stress states), stress
concentration, low temperature, and section size. Congsiderable attention has
been drawn o these factors with the occurrence of failures in welded merchant
ships.

If a metal is loaded under a combination of the above mentioned embrittling
factors, the ductility may be reduced to a low value. Under these conditions the
ductility becomes a more important measure of the structurels resistance to
fracture than its strength., For example, if a crack is assumed to be propagating
through a welded ship structure, several of the above mentioned embrittling
faztors are present. If the metal is capable of retaining a relatively high
ductility, redistribution of stress occurs with plastic flow and the fracture
prcbably will not be major in nature. However, if the ductility is reduced to
a low value, the crack may well propagate with little difficulty, and be
accompanied by small ensrgy absorption,

Since the number of failures in ship structures increased with the
adoption of welding techniques, it was thought that welding procedures caused
some change in the properties of the plate., Investigations (1) (2)% showed
that the process of welding altered the microstructure of the plate material
adjacent to the weld in'such # marmey as to make the metal, in some cases,

more notch sensitive than the unaffcocted plate materials It would seem,

*Numbers in parentheses refer to the bibliography at the end of the report.
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therefore, that welding may cause an otherwise ductile steel to react in a
brittle manner. Furthermore, if the welded structure is viewed as a unit it
would be expccted that under severe loading condiiions fracture would be in-
itlated or at least propagated through the region of lowest ductility.

Tests on large welded structures ard assembliss (3) (4) have yielded
data on the over~all behavior of welded structurss. However, these tests are
costly and, therefore, the need was recognized for a test which would allow
investigation of suwall volumes of metal and still include the various em=
brittling factors.

Several types of specimens have been designed to satisfy the above men-
tioned requirements. The "cleavage-tear testh (5) combinecs eccentric loading
with a stress raiser, However, the tear test averages out a fairly large
volume of metel. On the other hand, the eccentric notech bar static tension
test permits the testing of small volumes of metal and includes the same
eccentric loading in the presence of o stress raiser as the tear test,

It has béen shown by screral investigators that this test can be used
to differentiate émong various heat treated steels (6) and can also be used to
reveal brittle zones in welded plate (2)s- In this test the nonuniform stress
distribution of bending is superimpdsed ‘ori the effecct of the stress raiser
(notchy to yiéld'a loealized point of high longitudinal tension stresses. It
can he éeén; therefore, that the small volume of metal subjected to this high
tension stress will determine the properties of the specimen. If this volume
of metal has a low ductility, fracture will be initiated at this point., On.
the other hand,'if the ihﬁgfeht‘duCtility is relatitely large, the eccentricity
wiil be gradually eliminated as plastic. flog ccecurs and the}étfeﬁéﬁh properties

will approach those of the concentric notch test (7). For strains below the
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Another advantage of the eccentric notch test is the fact that the
added effect of embrittlement at low tempsratures is easily superimposeda
In view of the above considerations the ececentric notch bar static tension

test was chosen for the investipgation reperted herein.
MATERTIAL

The ship plate selected for the initial phases of this investigation was
one of the sc-calied "project” steels which have bcen investigated by other
groups under the sponsorship of the Ship Structure Committes. TIor the purposes
of this investigation, steel C, which eariier resecarch work had shown to have
a high traaziiion temperature, was chosen. [t was felt that any welding
effects would be at a maximum in this plate. The properties reported for "CW

steel {8) (S) are as follows:

TABLE I

PROPERTIES OF “C" STEEL PLATE

~-Chemical Analysis--
Carbon Manganecse Phogphorous  Sulfur Silicon Adumimea
0.24% 0. LER ' 0.012% 0,026%  0,05% "0,015%
Nickel  Copper - Chromium  HNolybdenum -~ Zin Hitrogen .
0.02% 0.03% 0.03% 0.005% 0,003%. . C.009%
. Vanadium Arsgnic
0,028 0.01%
-~Mechanical Properties
Yield Tensile Elongetion
Pcint Strength in 8 inches
~Rsi R, _pexcent ..
39,000 67,400 25,5

* Ratio of maximum load to original area.



-4 =
The steel was semi-killed with 1/3 1b. aluminum per ton of steel being added
to the mold and was available as 3/4 inch, as-rolled, plate,

PROCEDURE

Welding Technigues

The welding of the ship plate was performed at the Battelle Memorial
Institute under clesely controlled conditioﬁs¢ Details regarding the welding
procedure are given in Figs. 1 and 2,
ach weldment was constructed of twe plates
These plates were sectioned from one large plate by flame cutting and then 3/4
inch was machined from the edges to be welded in order to eliminate the effect
of the flarme cutting, The cut faces were then nmachined to a 30 degree bevel
with a 1/8 inch root face syrmetrical with respect to the center planc of the
nlate. The nochined edges were then magnifliuxed for evidences of Laminations
or other defects,

The plates were insulated from the steel welding table by ashbestos shects
and the double-V joint was set up using a 3/16 inch root cap and a copper
back-up bar coated with a thin layer of wollastonite. The plates were then
tack welded using oné inéh tacks at each end aﬁd at the center of the plates,

A set of two steel lugs 3/4 inch thick were weldsd on both ends of tho
asgenbly for ground connections to the welding machine, In cach case the
ground connections were adjustcd so thet the dircetion of welding was away
from them, It was fclt that this procedure would reduce the amount of arc blow,

The welding data are given in Table II,

* The 24" dimension was tnken parallel to the rolling direction of the plate,
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No restraint other than the tack welds was used on the wcldments and
since tvo inches from eoch snd of the plate were to be diseardsd, no runoff
tabs were required. All welding wos manual using E603I0 electrodes, 3/16 inch

in diameter, with rcoverse polarity.

TABLE I

[

WELDING DATA

.

Horniechfeger « D, C. Welder

Electrode 3/16 F 601C Reversed Polarity
Current 150 Amps Pass 1
165 Amps Passcs 2-6
Vcltage 25 Volits
Welding Speed 3.6 in/min Pags 1
4.8 infuin Pogses 2-6

Elcetrode Burn Off .
rate 2.5 in/min

o s )

. ———  ——

The weldmgnts were preheated to 100°F prior teo the first weld pass.

Lfter each pags the weld Joint was cooled normally in air until tﬁe tempgraturo
was again lOOOF, and then the next pass was made, \

Before welding, the length of the joint was marked at one dnch intervals
with 600°F Tempilag. After each weld pass wos completed, the position of the
600°F isotherm was measured. New Tempilaq was applied ﬁridr to‘each pass
until the Weldment was completed,

After completion of wolding, the welded joint was sand blasted and then
radiographed for weld imperfections. |

Three weldments were made for this phase of the investigation.



Specimen Preparation

In preparing the specimens, 1/2 inch strips were cut from the welded
plates perpendicular to the weld, one sitrip being used for hardnsess surveys,
Each strip was etched with a 10 percent solution of ammonium persulfate so
that the weld area was visible and, in particular, so that the weld centeriine
could be accurately located, The specimen locatisns were then laid out so
that the notch bottom was the desired distance from the weld centerline; and

an +
30 T

of the plate. The general layout of specimens for a weldment is given in
Fig. 3 and the location in the thickness dimension of the platc in Fig. 4.
The distributicn cf specimens shown in Fig. 3 is for the determinantion of the
piroperties across the weld, Additional specimens to investigate the properties
of the unaffected plate were located four to five inches from the weld center-
line,

The notch test specimen is shown in Fige 5. These specimens had a
circunferential 60 degree V-noteh, removing 5C percent of the cross sectional

area, and a root radius less than 0,001 inch.
Tosting Procedure

The specimens were tested in fixtures designed to yield a nominal notch
eccentricity of 1/4 inch, see Fig. 6. The specimens were placed in adapters
so that the fiber to be tested was on the tension side, Fig. 7. The tank for

low temperature tcsting is shown in Fig. 6.

5°F below the desirsd testing temporature, The setup was then allowed to

stand until the testing temperature was reached, The warming cycle was slow
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and occurred at a rate of approximately 1 to 2°F per three minutes. This slow
rate of temperature change was accomplished by insulating the cooling tank,
Since the time for testing was approximetely 1/2 minute, it was concluded
that the testis were performed at a constant temperature.

Cooling was accomplished by mixtures of isopentane, dry ice, ond liquid
nitrogen. Temperatures were measured by placing a pentane thermometer directly
begide the specimens, A1l tests were at constant speed and at = low rate of
strain,

The eccentric noteh strengith or ratic of maximum lecad to original area
of the notch cross section was determincd for each steel,

After fracture, the fractured surfaces were inspected for flaws,

Hordness Survags

Hardness distributions for the as welded plate are shown in Fig. 8.
Hardness values (Rockwell B) are given for several levels through the plate
thickness.,

In general, the hardness began to increase at apnroximately oune inch
from the weld centeriine, becoming a maximum at 0.1 to C.,2 inch in the center
of the plate (axis C), 4 minimum then occurred at the weld centerline. The
hardness of the unaffected plate was uniform (RB = 75}, Recent hardness
surveys {vo be reported later) made with a Tukon Microhardness Tester showed
that a number of hardneses peaks are preser
cach weld pass secms to produce a region of hardness. Consequently, the
hardness distribution shown in Fig. S ﬁay be an over-simplified picture of
the hect affected zone because the Rockwell B impression averages out the

hardness over a fairly sxtensive region of metal as compared to the miero-

hardness indenter,
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However, the extent of the heat affected zons can be estimated to be
approximately one inch from the weld centerline. As mentioned in the procedure,
the position of the 600°F isotherm was measured during welding end was found
to be about 0.8 inch from the weld centerline. Temperature measurements that
were made on a subsequent "A' steel weldment; welded under similar conditions,
showed that the 600°F isotherm measured at the ccnter of the plate was the

same distance from the weld centerline as that measured at the plate surface,

increase in hardness wos heated above 60C0°F during welding, This fact will

be discussed further in the Discussion of Resulis,

Metallurgical Structure

A macrograph and a seriles of photomicro
various structural zones are shovn in Fig. 9,

The mac:ograph shows the overall structure of the weld and the heat
affected zone; it can be sees that each weld pass gives rise to a heat affected
zone which combines with the zones from the other passes to give an overall
neat affected zone.

The series of photomierographs are represchtative of the structures en-
countered in the ééﬁter of the plato at various distances from the weld
centerline,

The weld metal (Fig. 9b) is a fine graincd structure which has been
obviously refined by the last weld passes, The weld junction is well defined
by the sudden large change in grain size at 0,08 inch (Fig, %9). With in-

creasing distance from the weld centerline the grain size of this structure

which has been cooled from above the upper critical decreascs (Fig, 9d).



-9 -

The structure resulting from transformation from the temperature range hetween the
upper and lower critical is shown in Fig. 9e, This structure merges into the
structure of the parent plate (Fig, 9f) which is composed of pearlite surrounded
by ferrite.

Fecentries Voteh Tegts

Two series of tests were conducted on this phase of the investigation. The

ina anvatatrsad A0
1o LUlndLp uoUu Ul

[o TR

affected plate as a function of testing temperature. The second series of tests
was on the distribution of eccentric notch propertiss across the welas at selected
testing temperatares.

1. Unaffected Bage Plate = The results of the eccentric noteh tests on the

unaffected base plate are shown in Fig. 10, In view of the hardness distributions,
tests on material beyond ore inch from the weid centerline were considered to be
representative of the unaffected plate. Twenty-five or more iests were msde at
most of the temperatures investigated.

A ductile-brittie transitlon zone* is seen in Fig. 10 to oceur between =40 to
-809F. I% is also noted that considerable scatter oceurred at the various testing
temperatures, Normally, as the ﬁeétiné temperature is lowered the degree of
geatter is small until the traﬁsition_zone is reached. At this point, previous
investigations on the effect of testing temperature indicate considerable scaiter
ghould occur, While this latfer case was found in the transition zoné for the

plate, the overall degree of variation seemed to be greater than normally expected,

Tam AT L Llm Ando cdlmrae S TS 1) Parmtlmm 3nddantasa a +endernyr A nove
L1l eliad LIJJ.JU, LI Ud el oIIVWIL ddl L lige WY LWL LVAMGL LMWL LW VT G UDlld Ly L el

tain values of notch strength to occur with greater frequency then others at a

particular testing temperature. With this in mind, the data in Figure 10

* Ag peinted out in the introduction, a change from high to low values of cceen-
tric noteh strength is accompanied by a change in noteh ductility din the same
di io
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were analyzed statistieally, Fig, 11, It is scen that at room temperature

ond at ~10°F the results were foirly wiform, However, at lower temperatures

the distribution of propertics changes apprecicbly. The nmumber of tests pro-

ducing low values inereased; yiclding =z double maximum, At the lowest temper-
ature, -80°F, most of the tests recsulted in low values, but high values still

occurred. In addition both pesks occurred at app:oximately the some value of-
notch strongth for the various testing temperatures. It should be pointed out

that phneromena such as thes
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number of tests are performed to mnke a statistical analysis possiblea

The fractured surfaccs of these specimens were exomined for the type of
fracture, All of the fractures for specimens tested at -10°F and below were
of the cleavagze type. At room temperature the specimens showed 10 to 15

percent siear with the remainder clsavags.

2. Az Tslided Plate -~ In Figs, 12 to 16 the dsitributions of cccentric

noteh strengths across the weldments arc shown for various testing temperatures.
The results at room temperature, Fig. 12, indicate that the cceentrice

notch strength was fairly uniform across the weld. However, a region of high

neteh strengths, indiecated by the dashed lines, probably was missed. This

would appear to be the ense if the other distributions of noteh strengths

and the hardness surveys are considered. In generzl, however, it can be said
that the distribution of cecentric notch strength at room temperature follows
the hardness distribution,

The distributions at the lower temperaturcs have the same gencral trends.

The uvnaffected plate. showed constant properties up to- the heat affected zone

where a pronounced minimum occurred at 0.3 to G.4 inch from the weld centerline,
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Th: eccentric notch stremgth then rosc to a2 meximum value in the structure
rear the juncticon of th
0,15 inch from the weld centerline), A lower notch strengih was thon observed
in the weld metal,

It is of interest tc note that while the degree of plus-minus vaoriation
increascd for the unaffected plate with decreasirg testing temperaturc, the
degree of variation decreased for the zone showing minimum propertics, This
would mean that ot the testing temperature, -8OOF, the material which showed
the minimum cccentric notech strength values wos slmost complotely noteh sehsi-
vive and brittle, At the some time the weld metal, especiolly ot the weld
centerline
all of the specimens were taken from the center of ths plate thickncss, the
specimens from the weld had a uniform refined grain size because of the re-
keating from vthe final weld passes,

The miriwam in notch properties occurrcd at the same loeation and became
mere proncunced as the testing temmerature was lowered. .These phenomena con
be seen if overange curves for the varlous testing temperatures are counsred,
Fig. 17. Furtherrore, it should be notcd thnt the moximum value of notch
strongth had approximately the same absolute valve and also the same icention

frr +the wrarnian
100 LNC variocu
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tiie decreose in noteh strength with temperaturc.

Subscquent tests on A steel weldments, welded under the same welding
conditiong, have shown a gimilar minimum in cccentric notch strength at 0,3-
0¢4 inch from the weld centerline ond o maximum ot 0,1-0,2 inch.

By cross plotting the eccentric noteh strength values* for a given locatlon

ag a fuuction of temperature, it is possible to further investigate the

* Volues token from average curves in Fig, 17.
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transition temperatures of various positions in the plate. Four locations
were selecteds 1) The weld centerline, 2) 0,1=C.2 inch from the weld center-
line, 3) 0.3-0.4 inch from the weld centerline; and 4) the unaffected plate,

These data which are plotted in Fig, 18 show that the 0,1-0,2 inch location

did not exhibit s in the range of testin
investigated., The weld metal also showed no transition temperaﬁure in the
range investigated, but probably would heve a higher transition teﬁperature
than the 0,1-0,2 lccation, On the other hand, the unaffected plate and the
0,2«0¢4 inch position did show transition ranges as indicated. The difference
in these transition temperatures can be shown by plotting the transition
temperatures from Fig, 18 as a function of distance from the weld centerline,

Fig, 19, The zone of low ductility, 0.3~0,4 inch from the weld centerline,

is definitely defined by its high transition temperature.
DISCUSSICE OF RESULTS

Unaffected Plate

From an examination of the eccentric notch properties of the unaffected
plate it is evident that considerable ncrvniformity existed in the parent
material.

At room temperature, where 25 tests under identical conditions were
made, the degree of wvariation was relatively small, All but three tests

fell within

1]

3 to 4 percent of the average value, Of the three remaining
tests, one had a value 14 percent above the average and the other two were

8 to 9 percent below the average of the tests, In general, it may be said,that
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at room temperature the material was relatively uniform and the method of testing
yielded reproducible results., This peint is important when considering the re-
sults obtained at lower temperatures.,

In contrast to the results at rcom temperature, a great deal of variaztion
in test results cceurred as the testing temperature vas lowered. For exauple,
at ~10°F the results, Tig, 10, began to vary appreciably, This temperature
vas well above the transition temperature for the parent plate aﬁd, therefore,
the same type of distribution of eccentrie notch strength values as found at
room temperaturs would be expected, However, the distribution of eccentric
noteh strength values was spread over a greater range of values; the chree
of variation being approximately & 10% of the aversge value with a few tests
15% above and below the average. It would seem quite possible that certain
iocalized positions in the plate had relatively high transition temperatures,
which resuited in increaged deviation of the test values from the average.
‘Jince the eccentric notch specimen tests a localized area of metal; the
chances of including these areas of poor propertics are quite high.

As the testing temperature was lowered further, the plus-minus variation
of the results became increasingly greater. This is expléined by the fact
that the normel scatter encountered on passing through the transition tempera-
ture range was supcrimposed on that observed at the higher témperatuxe, Then,
as the testing temperature became even lower, the areas that yieclded high

values were embrittled, and the scatter was again reduced. At extremely low

H

temperatures all the values would be low.

It should be pointed cut, however, fhat at a testing temperature of 'SOOF,
high values of notch strength still cccurred. It would seem, therefore, that
if any treatment were used to improve the plate proper, the result would be

seen as g shift of more values to the high side,



As Welded Plate

A recent investigation of thc annealing of low carbon steel strip (10)
yielded informaticn that may be used to analyze the results of the hardness
surveys and distribution of noteh strength for the as welded platc., This in-
vestigation showed that three factors operate to make a steel hard when cooled.
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irst of these is the gamma=-alpha transforme
reduced grain size and, therofore, higher hardness, It should alsc be pointed
cut that if the cooling through the transformation range is sufficiently fast, a
martensitic structure results., This structure remains relatively hard but
dugtile on tempering.

The second factor is termed the solution effect and is cssentially the
formation of a supersaturated solid sclution that is harder than the equilibrium
mixture, For stcel, this corresponds to the maximum solid solubility of carbon
in alpha iron end would depend on very rapid cocling from the lower critical
tomperature.

The third factor is asgoviated with the second onc and results from the
precipitation of carbide from the supersaturated solld solution, If the rate
of cooling is relatively rapid; but slower than wabter quenching, those two
factors cccur mﬁre or less simultansously. However, in any case an increase
in hardness accompanied by a decrease in ductility is cobtained. It should also
be pointed out in commocetion with these last two effects thet the rate of

cooling from 600°F has no offect and that apparently no hardening occurs below

this temperature, With the foregoing discussion in mind, the conditions on

centerilne into the parent platoc that represented all temperatures from the

melting point of the metal to room temperaturc, It is also known that the
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cooling rate was fairly rapid since a large molume of relatively cool metal

was

1»1'1

1t to the weld., Therefores,

adjacen
above were present,

Examination of the hardness distribulions shows that a maxinum hardnesss
oceurrced at the junction of the weld metal and heat affected zone of the plate,
This corresponds to the first hardening factor discusscd above, From this
pesk the hardnuss decreased graduslly to the hardness of the unaflfected plate,

he shape of this curve is similar to the solid solubility line of carbon in
alpha iron and should represent alsc the tenperature gradient that was present
when cooling began after welding. This deeresse in hardnoss then indicates
&) of nagnitude of the last two hardenin
mentioned proviously; namely, the sgolution and aging cffects. In addition, two
other phencmena should be mentioned in this respoet. The position of the GOQOF
isotherm detormined during welding approximated clesely the point where the

ardness apgroached that of the unaffected plate, This agrees with the con-
ception that heating. and cooling below this tempersture does not affact
hardening. In addition, a previous investigation on hand welded plate (2)
indicated that the hardening beyond the pesk can be elininated by stress re-

lieving fellowed. by slow cooling., This latter phenomenon would be expected

Pt

£ the hardening was coused by the solutio =ffocts.,

.
and aging

0

While the hardening offcets arc fairly clear, the guestion of the notch
strength {(ductility) minimum is not nearly as lucid. Unfortunately, hardness
is 1ot capable of showing duetility distribution, The maximum hardness was
agsocinted with & maxinum ductility while a minimum ductility occurred at a
lower hardness, -Howcver, it may be said that the distribution of eccentrie

notch strength was the samc as the distribution of hardnuss, except for the

noteh strength minimu,
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Solution and aging effects are accompanied by both increased hardness
and decreased ductility, as pointed cut, These two effects would be a maximum
at the point heated to the maximum suberifical temperature,* Therefore, it
is gquite possible that these effects are sufficient to result in the obéerved
ductility minimum, In addition, two other possibilities should be mentioned.
On cooling from the welding temperature there is a fairly good chance for
strain to occur. This phenomenon could lead tc strain aging and resulting
embritilement., 'Secondly, there is also the opportunity for the formation
of small quantities of intermediate producté, A previous investigation on
heat treated low alloy steels (11) showed the damaging effect of these inter-
mediate'products on the strength properties of a martensitic structure.

In regard to any treatment designed to improve the broperties in the zone
of low duciility, the same line of reasoning can be applied as to tne pro-
perﬁies of the unaffected plate, The absolute value of the notch étréngth
ninimum remained practically constant at the lower temperatures, ~40 to ~-80°F,
At the same time, the number of tests that yielded high values decreased with
deéreasing testing temperature. This‘latter phenomencn resﬁlted in less
gcattering of values, Any improvemeﬁt in this zone would ngcessarily result
in a.double changekin the scattering.chéracteristics, ‘At théihigﬁer‘temper-
atﬁres the scatter band would be shifted upward or the scattering would be
reduced by eliﬁination of the low values, At the lower temperatures the

scattering would be increased by the additicn of high values.

¥ Tt would seem, therefore, that an accurate determination of the thermal
gradient would be desirable in future work,
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" GONCLUSITONS
The foliowing general conélusions may be drawn:
1. A brittle-ductile transition zone existed beitween -40 and -80°F for
the "C" steel plate using the eccentric notch bar tension test.

2, The parent "C" gteel plate had localized areas that were notch sensitive
at relatively high testing femperaturess

3. Hardness surveys are useful to esvaluate the effect of welding cn the
hardening of the plate material, but do not necessarily indicate ductility.

4o A zone of high hardness and high ductility existed at the junction of
the weld metal and heat affected zone.

5. A-zone of low ductility does exist and its position can be devermined
by means of the eccentric notch bar tension tests performed at low temperatures,
| 5. The dusctility (notch sirength) minimum was probably associated with
the maximum suberitical temperature that was reached on welding the plate,

The additionzl effects of strain aging ard intermediate iransformation products
may also cause this embrittlement.
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