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Abstract:

The mechanical properties of weld metal are a direct result
of the action of the welding arc cbnditions on the base plate-
electrode combination selected through alterations of the de-
posit geometry, chemistry and thermal history. The present ex-
perimental study, conducted on the consumable electréde, ihert
gas shielded (M.I.G.) welding of mild steel, investigated \se—
veral facets of this weld metal property dependence, o

Such geometric parameters of practical interest as weld
width, height, penetration depth, nugget area and reinforce-
ment area were correlated to the effect of current and travel
speed on net heat input as corrected for changing arc effi-
ciency. Discontinuities were noted in weld geometry at volt=-
ages and current levels assoclated with the spray-drop transfer
mode transition. Under conditlons of spray transfer, voltage
increases produced increased weld width, yet significant de-
creases in weld height, penetration, and reinforcement area,

This anoﬁalous decrease in weld penetration, noted gener-
ally in several welding processes, was found to be caused by
the decreass in depfh of the characteristic finger penetration
agsociated with the M.I.G. process,

New-insight into the phenomena of undercutting is provided
by experimental observations of the width of base plate melted
under independent variations of travel speed. It was shown
that, with increasing travel speed, this gouged width rapidiy
approaches a constant value which was a linear function of
power Input to the arc. From these observations it was con -

cluded that the lateral range of oscillation of the cathode



2 -
spot is independent of travel speed and increases with power
input giving rise to this minimum melted width. Hence under-
cutting will occur when the weld metal lacks sufficient fluid-
ity to fill this groove width,

Variations in weld heat input without alteration in weld-
ing arc conditions were achieved by ﬁreheating weld plates,
Such beads exhiblited increases in geometry which were propor-
tional to the enthalpy supplied the plate by the preheating.
Thus penetratlon, to cite the parameter of greatest practical
importance, 1s a linear function of heat input if arec condi-
tions are maintained constant. It was also observed that
preheating prevented undercutting by increasing bead width
‘and not by decreasing gouged widtho

Segregation in the weld bead was found to be strongly ln-
fluenced by weld geometry. Such segregation, accentuated by
intentional additions of cérbon and sulfur to the weld plate
in the path of the arc, was most pronounced under conditions
where a well defined narrow finger ﬁenetration was produced,
Microhardness surveys, sulphur printing and microscopic ob-
servation revealed both layering of segregated strata paral-
lel to the fusion line, as well as presence of alloy-poor
regions at the finger tip.

A general study of the austenite grain orientation and
austenite grain size 1n weld beads indicated that freezing
patterns were slgnificantly different as each variation of

weld parameter produced a different weld contour,



Introduction:

The mechanical properties of a metal structure depend
on the chemlcal analysis, thermal and strain history of
the various portions of the structure, Thus one might pré-
dict the service behavior of a welded structure if one
knew the composition, mechanical and thermal history at
each point in the body,

Determination of such data for the nonfused portions

of welded specimens (the heat affected zone) has consti-
tuted a major effort in welding research in recent years,
The present study will look at variations in such chemistry
and thermal treatment of the weld metal itself, seeking %o
establish a ratlonal basis for forecasting the structure,
and hence the mechanical behavior of weld metal,

The most fundamental. approach to such a correlation of
welding conditlons and weld properties would be the calcu-
lation of the time-temperature relationships in any given
portion of a weld by appliqation of basic principles of
heat transfer, followed by the experimental verification of
such relationships, The chemical analysis of any point
could then be calculated on the basis of known reaction rates
and such predicted analyses verified by microchemical analy-
sis. The high thermal fluxes associated with the welding
process, as well as the relatively small volumes of metal
affected by such fluxes,; have combined to raise serious ex-
perimental obstacles to such determinations of microchemis-

try and micro-thermal history,



i

Temperatures in the welding process have been predicted
by Résenthal(l)f Rykalin(2), and Wells(3)%, among others,
but'experimental verifications, though accurate away from
the weld pool, develop groéé deviations there. Basic short-
comings of such overly simplified mathematical models lie
In assuming the weld arc, a finite region where complex
chemical and electrical phenomena occur, to be a point or
line source of heat; and in failure to consider the release
of héat of fuslon on solidification,

} In consumable electrode welding, the electrode metal 1s
melted and crosses the arc to the work under the propelling
electrical, magnetic and gravitational forces. The retard-
Ing forces on a glven drop include the surface tension
forces associated with the formation of the free surface
of the globule. Such globules on entering the weld pool
give up heat to the cold mass of surrounding base plate and
receive heat from the action of the passing arec, |

Though any given portion of the weld metal experiences
rapid Qransient thermal effects, a quasi-steady state exists
feor temperatures considered with reference to the arc itself,
Predictions of shape and location of isofhermé-belbw the
melting range, which describe the heat éffeoted zone , have
been experimentally verified and correlated to metallurgical

structural changes encountered in pradtice°

+ Figures in () refer to Bibliography at end of dissertation.



However, experimental results describing isotherms In
the weld metal poél are almost nonexistent and even measure-
ments of peak pool temperatures are both sparse and in poor
agreement; For the case of steel weld metal, Erokhin(lL) re-
ported the temperature of globules leaving steel electrodes
to be between 2000°and 2400° C, a value considered too high
by Jackson(5); who states that globule temperatures are not
expectea ta be much above the melting point of the electrode,
Calorimetric measurements of mild steel weld pools produced
by the submerged arc process indicated an (apparently mean)
temperature of 1770° C, Christensen and Chipman(6), after
| failing to obtain reproducible thermocouple readings of
'covered electrode weld pools, calculated a maximum tempera%
ture of néarly 2000° C on the basis of chemical analyses of
slag-metal reactions in the process, Christensen(7) at-
tempted further measurements by thermocouples and could con-
clude only that "liquid weld metal temperatures above 2000° C
may be expected in the case of steel....directly beneath the
arc only".

An indication of the magnitude of thermal gradients
which exist within the limited confines of a weld pool may
be found in the work of Rabkin(8), who performed such‘
measurements in welds of aluminum, an element exhibiting
much higher thermal conducﬁivity than iron. Rabkin found

temperatures ranging from 1600° C beneath the arc to 1100° C



“at the sides of a weld puddle produced under automatically
controlled conditions, Simlilar measurements were made by
Frumin(9) for steel welding, whose results are not yet avail-
able to the author,

Lack of more complete thermal data has prevented much
quantitative analysis of chemical changes produced by the
weldlng process., However, some largely qualitative evidence
has appeared; agein primarily in the Russian language, to
Indlcate that a variety of anomalous chemical inhomogeneities
can be produced under certain welding procedures, *

Since freezing rates in weld pools are generally quite
high, interdendritic spacing would be expected to be much
smaller than commonly encountered in othsr cast structures
and hence microsegregation caused by partition of impurities
into interdendritic interstices would be on & much finer
scale In welds., However, severalﬂtypes of macrosegregation
are noted in weld metal which are unique to the highly dy-
namic freeziﬁg donditions produced by the passage of such
intense heat sources over massive base plates which quench
effectively through intima?e liquid-solid contact. Such
evidence of segfegation is at vafiance with commonly held
opinions that weld beads are homogeneous in alloy content
by virtue of the drastic mixing action of the arc and the

high degreé of superheat received by the pool,



Livshits(10), Bruk(ll) and Petrov(l2) have presented
microchemical analyses, metallographic and asutoradiographic
evidenée of the formation, during the welding process, of a
palr of narrow zones at the fusion line, which can differ
quite drastically 1n carbon content 1f the base plate and
weld metal contaln widely different amounts of elements which
are strong carbide formers., The degree of this highly lo6-
alized impoverishment and enrichment can extend well beyond
the range of gross carbon content of base plate and weld
metal, To trace one posslble case of such segregation, con-
sider a base plate-electrode combination which under a given
set of welding condlitions yields weld metal whose average
carbon content 1s less than the base plate and whose content
of such alloying elements as vanadium, chromium, titanium,
etco., 1s also less than the base plate., During the weiding
process, these elements in the strip of base plate in the
heat affected zone at the fusion line wlll deplete the thin
zone of liquid weld metal in contact with it of carbon,
produéing movement of carbon In a direction opposite tb the
concentration gradient of that element. Such action, leav-
ing a zone of carbon ehfiched metal below the fusion line
and carbon impoverished metal above, would be accentuated
by any subsequent heat treatment process which would allow
additional time for the carbon atoms-to seek the carbide

forming elements,



Makin(13) has presented autoradlographic evidence of
the formation of narrow éones, depleted in phosphorus, at
the weld bead extremities in the welding of fully austenitic
stainless steel, which he has ascribed to rejection of this
element to the center of the weld puddle during freezing.

No evidence of such a segregation of sulphur under these con-
ditlions was found by Makin,

A more general mode of macfosegregation has been noted
by Maskara and Rossoshinskii(1ll), Petrov(l2), Bruk(ll),
Movchan(1l5), Poznak(16), and Makin(1l3) for the heterogeneous
distribution of carbon, sulphur and phosphorus in the freez-
ing of steel wéld metal, Such investigators report the for-
mation of series of thim layer lines; alternately enriched
and impoverished in the elements listed above, extending par-
allel to the fusion line and persisting well into the weld
bead. Such stfatification is finely spaced near the fusion
line and becomes progressively coarser toward the top of
the weld bead, and is most frequent for welding conditions
which produce high rates of cooling and a sharp temperature
gradient in the weld pool before the solidification front,

Explanations of the mechanism of formation of such
strong, highly localized concentration gradlents all ascribe
them to the discontinucus nature of the freezing of weld
metal. Such discontinuity may arise from rapid fluctuations
in heat and mass fransferred‘by the‘arc setting up wave-like
action in the pool and/or'by the release of latent heat of

fusion by solldifying metal. The nature of such freezing
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interruptions has been described as either simple thermal
arrest while excess heat 1is dissipated or even remelting of
some metal,

Obéervﬁ%ions of such layering under conditions where
freezing occurred subsequentwto cutting off the source of
heat, as In craters of are welds or in weld nuggets gro—
duced by spot welding, leads to the conclusion that 1ayef—
Ing can result just from thermal Imbalance produced by re-
lease of 1atentjﬁeat of fusion, though fluctuations in the
heat source may serve to magnify the effect,

During such arrests in the solidification process, time
is available for diffusion of such elements as carbon, sul-
phur and phosphorus,, from the solid layer to the liquid
metal in contact with it., This enriched layer will be con-
stralned from freezing immediately both by the need for dis-
sipation of the heat of solidiflcation of the solid layer it
is in contact with, and the fac§ that such enrlichment serves
to depress ﬂhe freezlng range of the liquid. The process
willl be repeated after ﬁhis layer freezes and seeks to re-
lease its latent heat., Thus it can be reasoned that a high
cooling rate will'encourage layering by 1ncréasing the rate
at which the latent heat of fusion is released, while a high
temperature gradient in the liquld metal before the solidi-
fication front will increase the perlod of the thermal.arrest

and augment segregatlon,
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Muir(l7) studied the chemical heterogeneity of welds
by depositing mild-steel wire on 18-8 austenitic stainless
steel base plate by the metal arc inert gas shielded (MIG)
process. The pattern of mixling in the.weld pool could
then be studied by macro-etchiné of weld sections, (The
welding conditions this 1nvestiéator used produced a well
def'lned finger at the base of the weld bsead penetratiotg a

phenomenon which is generally observed in MIG welding of

steel with monatomlc gas mixtures.) A zone of heterogeneity

at the base of the beads was found and termed layering,

Such layering did not take the form. of continuous, thin,

‘alternate layers of enriched and impoverished metal, but

was composed of 1slands of base plate composition, seeming-
ly ehtrapped’by the turbulence of the weld bead and frozen
before diffusiop could teke place, Increasing voltage and
deefeaeing oxygen content‘in-the cover gas had the simulta-
neous effects. of 1ncreasing the severlty of the finger pene-
tration and the extent of island layering described above.
To support the theory that such islands were formed as de-
scribed above, alterations in the degree of turbulence pProe=
duced by varying the angle of inclination of welding torch
to the travel directlon resulted in corresponding changes
in the amount of layering exhibited,

The examples presented above illustrate how the complex
thermal processes act with the initial base plate geometry,

and plate-electrode ehemistry to determlne weld structure,
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chemistry and hence properties., Welding parameters influ-
ence properties through a rather involved set of interactions
‘producing changes in the compléx modes of heat and mass
transfer through the arc, Thus a change in a weld parameter
will produce alterations in the characteristics of the arcy
j.e., 1ts length, width, temperature, mode of metal transfer,
etc, Such arc events, and thelr dependence on electrical
conditions has been studied extensively (primarily in non-
consumable electrode welding to reduce variables operative)
and have been summarized by Jackson(5) and Lesnewich(lB)°

The tle between such arc events and corresponding ther-

mal patterns set up in the weld pool is a crucial link in
the wgldihg process which;, because of extreme experimental
difficulties, has received little attention in the past,
Direct investigation of these relationships 1s not within
the scope of the present dissertation., The present work is
concernediwith direct measurements of the effects of these
thermél patterns on weld metallstructure and chemisﬁry9 the
final link in the dependence of weld properties on weld prow
cess parameters, It is expected, however, that through just
such systematic observatlons of the effects of arcs on weld
metal, conclusions may be reached as to the probable nature

of the ano event-thermal pattern interactions,



12

Experimental Procedurse:

The investigations carried out in the Eoupse of this
dissertation can be divided into three major experimental
programs, -

The first séage was the preparation of a?series of
single pass;, bead on plate; metal arc shielded lnert gas
consumable electrode welds (MIG), over a wide range of weld-
ing condlitions with subsequent macro and microanalysls of
the weld metal so produced through measurementé of hardness,
chemicgl analysis, weld bead geometry, and grain structure.

A secona program involved the preheating—of plates and
thelr subsequent welding at pléte femperatures as high as
1600° F. Resultant weld beads were examined to note how the
preheat condition had altered their geometry and structure,

In the third phase; alloying elementé 1n“the form of
crushed powders weré added to the weld metal Ey welding over
the powders arranged in a shallow groove on the base plate,
The primary Interest of this program was the determination
of the location of such alloying elements in the weld ﬁugget.
as an indication of segregation tendencies of the welding

process,

Welding Procedure:
All welding was performed with a Linde SWM-3 inert gas
metal arc controller and an H-16 MIG torch, The inert gas

mixture employed,'at a total flow rate of 55 cubiec feet per
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hour, was 'M-5', which contains 95% argon and 5% oxygen for

increased arc stability, All welding was performed by direct

current, reverse polarity (by this convention the weld wire
is positive.) The welding wire employed was 1/16 inch dia-

| meter Oxweld 65 and the base plate was one inch thick ABS=B

mild steel. Their analyses are presented in Table I.

The torch was mounted on a Linde type OM-Li8 Machine

Carriage whose travel speed (S) could be varied by an electro-
nic governor over the range of 3 to 90 inches per minute.
The base plate was held by grounding clamps to a stationary
bed during welding., Welding power was supplied by a West-
inghouse "Rectarc" rectifier set rated at 800 amperes., Weld-
ing current (I) and voltage (V) were varied in turn over a range
from 235 to 450 amperes and from 18 to L0 volts, though, as
noted in the Results Section, arc stability could not be
maintained at all possible combinations of these two para-
meteors utilized,

Bead-on-platé welds were laid along the longitudinal
axls of 6-inch by 12-inch by l-inch plates which had been
prepared by surface grinding and cleaned of adherent oil

and dirt,

Metallographic Examination:

Transverse sections were sawed from all welds prepared,
The desired section, selected randomly from any part of the
weld 1ength except the first'and last two inches, were sur-

face ground and polished metallographically, These sections
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were then etched by immersion in a 5% nital solution and
examined,

A studio-type macrocamera, capable of from bx to 15x
magnification, was employed to photograph each weld section,
These macrophotographs, enlarged 2x, were studied to deter-
mine the parameters illustrated by Figure 1:

a. penetration - p

b. weld width - w

c. weld height - h

d.- reinforcement area - R

e, area of base plate melted - B.P.M.

f. contact angle of weld bead on flat base plate - e

Linear dimensions were calculated by measurement of a
calibrating inch scale photographed with each specimen, The
areas noted were determined by planimetry, using the average
of at least five readings for each value reported,

To détermine the degree to which the random transverse
sections selected for study were actually representative of
the geometry of the entire weld established between initial
starting transient conditions, and formation of the end
crater, four weld beads were selected at random and sectioned
transversely at four or five evenly spaced intervals. The
linear dimensions of each of these sections were found to
vary by less than 2% for aﬁy one weld bead. Thus 1t was felt
that the single random sampling method provided valid infor-

mation about the geometry of the weld beads prepared,
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The contact angles noted were measured on the macro-
graphs by drawing a tangent to the weld bead at the base
pla te with the aid of a 3x hand magnifier. The contact
angle e was then read with a protractor to the nearest

1/2° interval,

Alloy Additions:

The base plates previously described were prepared for
welding with single alloying élement addition by machilning,
on the longitudinal axié, a circuler groove of 5/8 inch
radius and 0,060 inch depth. TInto this groove was placed
either carbon or sulphur bearing powder prepared by crush-
ing, screening and rejecting all particles larger than 50
mesh. For carbon additions, chips of a 4% C cast iron were
utilized, and FeS powder was added when S was desired,
‘Chemlcal analyses of these two powders are presenteé in
Table II. |

The powders were weighed into one gram lots, and
placed into the groove at thé raﬁe of one-half gram per
inch of groove length, The powders were held in place by
- application of Microbraze,; a proprietary brazing cement,
:Subsequent holding of the plates at 350° F for two hours
prior to welding drove off the organic binders in the ce-
ment, and the remainder of the Mlcrobraze vaporizes, with-

out residue, in the heat of the welding process.,
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Plate Preheating:

Several series of welds were prepared by welding over
platés preheated as high as 1600° F., For such experimental
conditions, smaller plates (3 inches by 6 inches by 1 inch)
were selected for convenience, since the plates were pre-
heated in an sgir furnace to a temperature above the weld
plate preheat level desired, transferred to the welding table
and then welded when at the desired temperature, Plete tem-
beratﬁre wés read with a chromel-alumel thermocouple imbedded
into the center of the plate, (It was determined experimen-
tally by comparison of room temperature weld geometry, that
there was no significant difference in weld size between the
subsize and normal plates for the relatively rapid welding

speeds employed in the preheating study.)
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RESULTS AND DISCUSSION:

Penetration:

Weld penetration, defined as the maximum extent of the
weld nugget into the thickness of the plate relative to the
original base plate surface, was found to vary, in different
modes, with changes in the three welding parameters studied,
Such a definition of penetration has practical value, for it
describes the abillity of a weldlng process to provide a
fusion zone of sufficlent depth to bond components into a
mechanically Integral weldment. Yet penetration so measured
.is actually the sum of the crater depth below the base
plate surface and fusion depth below the crater, For a
basic understanding of the effect of welding conditions on
évgnts occurring in the weld pool, separation of penetration
into these components 1s essentlal, since the crater is the
iiquid‘surface level which the arc contacts, }

Unfortunately measurements of crater level during
various welding conditions are almost non-existent in the
literature, owing to the extreme experimental difficulties
associated with such studies. It has been hypothesized(5)
that crater level may vary from plate leéevel to the entire
penetratlion level depending, of course, on conditions em-
ployed,

Reborted penetration data was énalyzed'by Jackson(19) ;"
who found that such penetration was proportional to an em-
pirical welding technique performance factor which he cal-

culated to beVﬁ I* . This relation was fbund to hold for
sy®
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available data on covered electrode welding, submerged arc,
and MIG welding(5), the constant of proportionality varying
with the particular process and welding materials employed.

In the present investigation, the variation with current
was most direct; Flgure 2 indicates that, with other condi-
tlons constant, penetration is linearly proportional to cur-
rent over the range studied., Furthermore, the parallelism
of the plots at the two‘voltages studled indicates the sim-
plicity bf the 1lncrease in penetration as higher heat inputs
are broduced by augmented current, (The current level of
the discontinuity in the data obtained at 2l volts coin-
cides with the transition current from spray to drop trans-
fer at lowering currents as observed during the welding oper-
ations, and is in agreement with Lesnewich(18),)

Increasing travel speeds, as shown in Figure 3, cause
8 general decrease in penetration with the exception of ex-
tfemely low speeds at the lower current levels, where an
anomalous increase in penetration was'measured° At such ex-
tremely low speeds, a relatively thick layer of molten weld
metal builds up beneath the impinging arc, thus cushioning
the deep penetrating argon arc. With slightly higher speeds,
the protective layer of melt thins out to allow the arc to
act more fully on the solid plate,

The depth of this molten layer below the arc was mea-
sured by Rabkin(8) in the automatic welding of aluminum at

390-l430 amperes and 34-41 volts. He found this depth fairly
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constant at approximately 0.l5 inches at speeds below 11
inches per minute, and then decreasing sharply to less than
0.04 inches at 1L inches per minute. (These quantitative
results are pertinent, of course, only to the particular con-
ditions investigated, but they do affirm the postulated be-
havior pattern of this molten layer.)

Intultion might lead one to conclude that changes in
travel speed influende penetration, and other weld bead parm-
meters, simply by altering the heat input per unit length,
Before exploring the validity of such an assumption, some
discussion of the calculation of such heat input is in order.
From electrical measurements of current flowing thréugh the
circuit, voltage drop between weld wire contact and base
plate ground, and arc travel speed; one may compute the en- .
ergy consuméd by the welding process per inch of weld pro-
duced, However, energy losses occur in the arc as radiation,
metal splatter, etc, |

Two methods of determining the efficiency of energy
transfer by the arc may be considered. The more direct me-
thod would be to measure, by calorimetry, the total energy
rise in the base plate and thus domputeg

Ey =T§é%" Where

= total energy rise in plate

length of weld bead

q

1

I = welding current
V = welding voltage
S

= travel speed
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ThisAmethod was utilized by Christensen(7), who rerorted a

consistent efficiency, Ej, of 0,66 to 0.69 in MIG welding

of mild steel over wide variations of welding conditions°
An alternative method defines melting efficiency as:

E, = NA (AH) 16 Where NA = nugget aresa
Iv/s

AMH = enthalpy required to
melt and superheat a
unit weight of weld
metal
6 = density of weld metal
There are two assumptions Implicit in defining this as a
measure of the efficiency of energy transfer by the arc,
First the weld metal is assumed to have a uniform maximum
(or average) temperature, 1900° K, and secondly it is as-
sumed that the rate of heating below the arc is so great
that the entire depth and width of any differentiai volume
of the weld 1is melted Instantaneously. As the arc travelsy
a very steep thermal gradient exists in front of ifo
With the limifing assumptions in mind, E; was calculated
for each bead produced and plotted against travel speed in
Figure L, It is readily apparent that 'E,a is strongly depen-
dent on speed but relatively independent of current level,
Effective heat input was defined as (NA)lAHG or E, (IV/S)
and thus can be seen to be proportional to measured nugget
area. Penetration at the various current levels was seen to

behave in quite regular modes with this EHI parameter (Figure 5).
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Penetration, at low EHI, is independent of current level
employed aﬁd breaks away from tpis‘common behavior at var-
ious heaﬁ'inputs. The travel speed at which each current
level series breaks away was calculated from the experimen-

tal points closest to the break,

Current Penetration at breakaway Travel speed ab
: breakaway
260 amperes ‘ 0,120 inches 27 inches per minute
300 . ‘ 0,200 2l
350 e * 0,225 23
1400 ) | 0,330 16

Further observation of Figure 5 shows that each current
level rapidly approaches a constant penetration level inde-~
pendent of EHI (and hence of speed) at lower speeds than the
above critical speed., This maximum penetration is a linear
function of welding power input (Figure 6) and its existence
indicates that the blocking molten'layer‘limits the range of
utility of the process studied. In passing it should be
noted that extremely high heat input welds, beyond the range
described, were in excess of thg capacity of the equipment
employed, Though it may be argued that the quant:?.tative>r°e--=
sults may be in error at the highest current levels, the max-
imum penetration levels noted at lower currents are well
within the limits to avoid the influence of plate thickness
on weld heat flow. A modest extrapolation of Figure 5 to

zero EHI leads one to expect zero penetration,
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Voltage exerts a most curilous effect oﬁ peneération
(Figure 7). All voltage increases above 2l volts, despite
the resultant increased electrical eneréy consumption, re-
sulted in linear drops in penetration at all current levels
studied. Voltage increases below the 2l volt level, at 260
and 390 amperes, however, resulted in penetration increases.
These welding conditlons produced the only arcs exhibiting
drop transfer. (Welds above 300 amperes were all of the
spray transfer mode, and attempts to lower their voltage
below 2& volﬁs falled to establish a stable arc,)

The above correlations of penetration to independent
variations of welding conditions show the pitfalls of seek-
Iing 2 single empirical expression of penetration as a func-
tion of all welding parameters, i.e., a uniform increase in
voltage\may produce a change 1in penetratidn ﬁhose magnitude
and sign will depend on the complete set of parameters of
the welding précess.

Further inspection of the etched transverse_sections
revealed a pattern to the geometry of the melted base plate
region, Thls geometric pattern may best be described by
the édmittedly arbitrary scheme sketched in Figﬁré 8. The
fused base plate of all bead on plate welds produced could
be divided into, two regions: an elliptical region of meas-
ured height A, and a "finger" of height B, B being caloulated
as the difference between total penetration p and height A.

In most cases the elliptical bath could be easily constructed
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by extrapolation of the weld fusion llne's reentrant region.
As illustrative examples of the variety éf penetration shapes
produced, bead A-5 presents a very shallow, but wide ellip-
tical bath and a deep penetration finger, while the penetra-
tion in bead L-2 1s formed almost entirely by the weld el-
liptical bath,

The formatlion of a penetration finger 1s a rather unigue
phenomenon associated with the MIG welding process. Brey-
meier(20) has described the finger penetration in MIG welding
of steel as the reéuit of the high velocity and force which
the liquid particles achleve while traveling across the weld-
ing arc, Baker(2l) et al, attribute such penetration to the
plasma jets associated with the sharply defined lonization
core characterisﬁic of monatomic gas arcs,

Hence the base plate will be fused in two distinct re-
gions, the finger formed by the intense impinging are¢ action,
and the elliptical béth formed with time by the inevitable
conduction of heat away from the hot weld bath centered
around the oscillating cathode sbot in direct current, re-
verse polarity welding., Thus it would appear reasonable
that the ellipticel bath's dimensions depend only on the
rate of heat dissipation into the plate, while the finger
slze appears to be more closely related to the actual elec-
trical conditions prevalling in the arc, These hypotheses
are borne out by considsration of A and B, heigﬁts of the el-
liptical bath and finger region respectively, as functions of

the Independently varied weld process parameters,
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The height of the elliptical portion, A, increases
markedly with voltage rises, but appears relatively insen-
sitive to current changes at this weld travel speed. Even
more surprisingly this parameter goes through a maximum

with speed variations., These maxima varying as néteds

Amperes Speed of A maximum ;.f
250 45 (Inches per Minute)

300 ' 33

350 35

1,00 . 28

L50 25

Consideration of A as a function of EHI (or'nugget area)
In Figure 9 retains; as expected, the maxima at the welding
speeds Indicated and accentuates the famlily of curves for.
the Individual. current levels investigated, with the excep-
tion of the ploé for 260 aﬁperes which is displaced to
higher values of EHI than woula be expected. These maxima
in A may be rﬁtionalized by consideration of the fhermal
pattern which apparently is operative during the welding
process. Thus, at high speeds, A increases with decreasing
speed as more heat is made avaiiable per inch of weld to in-
crease total penetration, But as speed decreases further,
the molten layer alters the melting pattern to yleld a wider,
yet thinner elliptical pbol'butbdoes not alter the dependehce

of the penetration finger on travel speed;, as shown later,
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Finger height B shows a marked linear decrease with,
1ncreésed voltage (Figure 10) with the same maxima at 2l
volts for 260 and 300 ampere levels as noted in analysis of
total penetration in Figure 7. Viewing the two figures re-
ferred to above, as well as the effect of voltage in increas-
ing A, establishes that it is the fin'gef height B which is
responsible for the anomalous decrease in penetration with
voltage‘increasese

Proceeding to inspection of B as a function of current
at the constant speed of 20 inches per minute and at various
voltages (Figure 11), it 1s seen that B increases strongly
with current and the rate of such increase ls the same for
both voltage levels investigated., Combination of this in-
formatlon with the linearity noted in Figure 10 leads one
to state that, above 2l volts, B is linearly dependent on
current and voltage by the relation: ¢

B = -0.,0174 V + 0,110I + constant,
B exhibits general dsoresmse with increased speeds (Figure 12).
The higher current level weld series show an abrupt change
in slope at around 30 inches per minute, while the lower
currents have only & gradual finger shortening to the high=
est speeds tested. The failure of this family of curves to
behave regularly, i.e., their tendendy to Intersect is not
rectified by plotting B égainst EHI in Figure 13. The pat-
tern of behavior in the relatlonships between B and speed ap=-

pear too complex for analysis at this time, though it may be
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noted that B does exhibit a tendency to reach maxima at
high EHI at each current level,

An appreciation of the relative magnitude of the con-
tributions of the finger and elliptical bath reglons to total
weld penetration may be gained from Figure 1L, Here the
ratio B/A is presented as a function of speed variations at
each current level. The general behavior of rapid increases
in the relative magnitude of finger helght with decreasing
speed 1s apparent at all current levels., Indeed it is only
at extremely high speeds that the’magnitude of A attains
significant influence on the magnitude of total penetration.

Figure 15 records the generally linear decrease of the
B/A ratio with voltage increases. The relative positions
of the pléts for each current level indicate that B/A in-
creases with increasing current level,

Thus measurements based on the arbitrary division of
each weld bead into an elliptical bath and a finger area
cast considerable light on the anomalous dependence of pen-
etration on welding conditions. To summarize the evidence
discussed:

lo Except at extremely high travel speeds, finger
height dominates the magnitude of the penetration dimension.

2, This finger decreases in height markedly with
voltage increases and increases with current. Finger height
generally increases with effective heat input rise resulting

from lowering of travel speed, these increases soon leveling

out at high heat inputs.
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3; The depth of the elliptical bath increases as
voltage rises. At constant voltage, and speed, depth A
is relatively insensitive to current, yet goes through a
maximum with speed variations, Despite this generally
erratic behavior, these changes In A influence total pene-

tration very lilttle except at extremely high speeds.

Weld Width:

Weld width, defined as maximum width of the weld metal
bead (which was always found at the original base p1ate
surface in these bead-on-plate welds) was noted to in-
crease rather uniformly with welding variable changes which
promoted increased heat inputs., Thus, Figure 16, increas-
ing speeds resulted in decreasing weld widths., (On these
same axes are indicated the maximum width of melted bass
plate measured in cases of undercutting. The significance
of these melted width measurements will be discussed later
under the topic of Undercutting.)

Conversion of these speeds to the form of Effective
Heat Inputs ylelded the family of width-EHI curves in Figure
17, At low heat inputs this family of genersally parallel
curves forms a series of straight lines whioh extrapolate

to the following approximate widths at zero heat input,

Current (amperes) . Width at zero EHI (Inches)
260 0.15 '
300 | 0,12
350 : 0.08
oo - 0,03

450 0,00
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Since Increased current levels were usuallf accompanied by
slightly higher voltages for maximum arc stability, evidence
was sought thét the inverse relation between width (at con-
stant heat input) and current level, noted in Figure 17, was
indeed due to current variations. Observations made at 260
and 300 amperes, where the same voltage could be used for
both series of welds, indicated that widths at 300 amperes
were consistently lower. Further evidence may be gathered
from Figure 18, which indicates that independent increases
of voltage produce either increases or no change in weld
width, At low amperages, in the range of voltages‘used in
the travel speed variation series (24-31 volts), width is
fairly constaent with voltage, while at higher amperages,

width increases markedly with voltage increases. Since width

does decrease steadily with rising current level, the current .

itself must be exerting such a powerful influence on the 5ro-
cesses respbnsible for weld bead width that 1t overpowers

the slight and erratic changes wrought by the minor accom-
panying voltage modifications., A possible cauéé for this

weld width decrease will be postulated aftér consideration

of the effect of welding current level on the relative amounts
»of weld wire and base plate melted during production of the

woeld bead at a later point in this dissertation,

Weld Reinforcement Height:
The height of weld beads above the original plate sur-

face was found to decrease with increasing travel speed at
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eéch current level Investigated, However, these relation-
ships (Figure 19) present rather wide scatter from a family
of parallel curves, The direct correlation of height with
EHI (Figure 20) is relatively precise and yilelds just one
common curve for all the current levels studied.

Large independent variations in voltage produce changes
in height which are incon;istent with the above result, In
Filgure 21, 1% can be seen that height decreases erratically
wlth rising voltage. Increasing current (Figure 22), as ex-
pected from the results pictured in Figure 20, causes steady

Increase in weld heights,

Reinforcement Area:

Reinforcement cross sectional area (or reinforcement
volume per unit weld length) was shown to vafy inversely with
speed at each current level investigated (Figure 23), Further
insight may be obtalned by considering reinforcement as a
funetion of EHI (Figure 2} to yield several interesting
conclusions,

l. Reinforcement is a different linear function of EHI
at each current level, each such curve exhibiting a change
in slope and exérapolating to zero at zero EHI, Relnforce-
ment increases at constant EHI, in inverse relation to cur-
rent level, .

2. Such a plot does not relate two'completely indepen-
dent variables., Since EHI is linearly proportional to the
sum of reinforcement and base plate melted areas, the actual

function pictured is R/R+ BPM = K (a constant).
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Reinforcement shows an increase with current increases as
seen in Figure 25. The area of reinforcement also exhibits

a general -decrease with voltage increases (Figure 26). Con-
sideration of reinforcement area as a function of heat input
changed by speed and current yields Figure 27 which indlicates
a single relation between these two quantities. In addition
roinforcement area is a linear function of heat input below
approximately 60 kilojoules per inch,

The area of base plate meltedy, on the other hand, is
highly éensitive to the current level selected., Hence Figure’
28 indicates the manner In which the base plate melted areas
increases with heat input. At any given current level, this
increase is linear and then undergoes an abrupt decrease in
slope with further Iincreases in heat input. The conditions
accompanying such slope changes are presented below:

Current (amperes) Conditions for slope break Speed
Heat input (Kilojoules/in.) In./min,

260 25 15
300 | 23 19
350 Ll 12
400 55 12,5
1450 55 15

Further study of Figure 28 shows that at a constant
heat input, base plate area melted increases with the currént
level studied° Thus the sharp increase in BPM with current
at constant speed and voltage reflects both increased heat

input at the higher current as well as an intrinsically
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greater base plate melting ability. Figure 29 records the
varying effect of voltage on BPM and, in contrast to rein-
forcement melting, base plate melting increases with voltage
except at extremelj high voltages.

Combining these two melted areas, we find that total
nugget area 1s a linear function of heat input below a cer-
tain breakaway ihput which increases with current level
(Figure 30)., Thus at low heat inputs, the reinforcement
behavior predominates, while at high heat inputs, the large
changes in base plate melting behavior due to current level
begin to assert their influence. Hence total nugget area,
measured at 20 inches per minute (which is just in the low
heat input zone noted above), is a linear function of cur-
rent (Figure 31) and is relatively insensitive to voltage
(Figure 32) except at low amperages, where maxima with volt-
age noted in reinforcement and BPM behavior act in conjunc-
tion,

Analysis of this complex process of melting and deposi-
ting weld mefal may be simplified by considering the para-
meter of melting ratio, defined as the ratlio of base plate
melted area to total nugget area, Tﬁus the influence of
travel speed may be seen in Figure 33 where this melting:ra-
tio decreases from maxima at low heat inputs produced by
speed'variations, while it should be noted that melting ratio
i1s qulite sensitive to current level studied, As could be in-

tuitively concluded from weld area data previously presented
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current level and heat input exert strong influence over

the size of the bead as well as the concentration of elec-
trode metal in the weld nugget. Melting ratio generally
Increases with current (Figure 3l) and behaves erratically
with voltage (Figure 35), exhibiting maxima at low currents,
being constant at an intermediate current, and increasing

markedly at a high current level,

Plate Preheating:

From geometry parameter data previously analyzed, 1t
can be seen that variations in amperage and voltage cause
significant changes in weld configuration which may not be
calculated on the basis of their effects on heat input alone.
Thls result wdsg not surprising in view of the effect of cur-
rent and voltage on the welding arc, Varlations in welding
speed also prove, to some surprise, to cause weld geometry
changes beyond those which could be related to the effect of
these speeds on heat input alone,

It was thus sought to vary the heat input to the weld
without changing welding parameters which might alter pro-
cesses occurring in the weld arc, Since welding speed
changes proved to generate alterations in weld bead geome-
try beyond those expected from heat input considerations,
the preheating of weld plates was undertaken as a source of

such independent heat Input variation,
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In calculating a parameter to describe the contribu-
tlon of the preheating process to the thermal conditioné of
the weid, several assumptions were made:

1. The weld metal has a mean maximum temperature of
1900° K.

2. The plate temperature has negligible effect on pro-
cesses occurring in the weld arc,

3. The sole effect of preheat is to decrease the en-
thalpy needed to melt and superheat the base plate melted
metal.

The parameter AHT Where: AHp = HT‘H298°K

Ay 9000k Myg00°x = Hig00°x -~ H298°x
was selected since it represents the fractlon of the enthalpy
required to melt and superheat the weld metal which is sup-
plied by the preheat process.

Penetration was found to increase linearly with
AHT/AngoooK for all three welding conditions investigated,
namely 300 amperes, 2l volts at 20 and 35 inches per minute,
and ;10 amperes, 28 volts with 30 inches per minute. As
noted in Figure 36, the rate of change of penetration with
preheating under all of these diverse welding conditions is
constant, Figure 37 presents a series of representative
macrosections of weld beads produced with varying amounts of
base plate’preheating° It may be noted that the dependence
of the fused contour of the base plate on preheating ié dif-

ferent for the two welding amperage levels studied., At 300
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amperes, 1ncreasing preheat decreases the relative height
of the penetration finger, while at }410 amberes, the finger
aresa and elliptical pool retain their relative proportions
of total penetration., It appears that increasing preheating
promotes not only increased penetration but increased oppor-
tunity for formation of the elliptical weld pool by encoura-
ging the sidewise flow’of heat prevented by rapid weld arc
travel, At L10 amperes, a large elliptical weld pool al-
ready exists when welding at.room tempersature, hence the
ratio of finger to bath height remains unchanged with pre-
heating., |

In this régard it is interesting to contrast the rela-
tive insensitivity of wldth to preheating at the 300 ampere
level (Figure 38) with the marked widening caused by pre-
heating before welding at 410 ampereé° This, coupled with
the general increase in base plate area noted under all
conditions (Figure 39), indicates that the increased heat
In preheated 30§ ampere plates is expended in filling out
the long, narrow weld contour to the more semlcircular
shape noted at 400 amperes without preheating, while the
preheat enthalpy at the higher current level is available
for a general increase in all weld dimensions,

Reinforcement was fairly independent of preheat condi-
tions, to affirm the assumed insensitivity of arc conditioné

to preheating (Figure j0). Yet some increase in reinforcement
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area was noted at the highest preheat temperatures. Thils
anomaly could be perhaps attributed to the oxidized surface
of plates, prehsated in alr, releasing small amounts of ele-
ments to the arc atmosphere which increases the burn off

rate of the eiéctrode°

Weld héight (Figuré L41) decreased uniformly with pre-
heat, This decrease in weld height would indicate that the
molten reinforcement metal remains hotter longer when in
contact with the preheated base plate, and the resultant
lower surface tension forces allow formation of a less
peaked bead.

To check the validity of the assumption that the sole
role of preheat is to raise the enthalpy of the base plate
metal melted, AH wassdefined as H1900°K - HTo Then if the
above assumption 1s correct:

AHTl (BPM)Tl = Ny, (BPM)T2 Where: AHT, = AH at preheat

tamperature Ti

or AHqp, = constant BPMp, = base plate
BPMp, 1 melted when
preheated to T3
Thus Figure 42, which shows the linearity of 1/BPM as a
function of AH, affirms the hyperbolic relation postulated

on the basis of the assumed role of the preheating process,

Undercutting:
Undercutting, a practical consideration which restricts
usable welding Speeds, results in the formatlon of damaging

longitudinal grooves alongside the weld bead where a portion
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of the melted base plate region has not been filled by the
molten wéld metal., - The relation of maximum travel speed at-
tainable without undercutting 1s recorded in Figure 43 as a
function of electrical conditions during welding. As inspec-
tion of this figure will show, the appearance of undercutting
does not occur at a constant travel speed nor does it coincide
with a set value of heat input, for indeed the heat input for
undercutting Iincreases strongly with welding current. Below

are the welding conditions noted at first sign of undercuttings

(23;2222) (Inchegpggg minute) (Kiloj§i§ZsIggEtinch)
260 L5 8,32
300 33 13.1
350 - 30 18,9
hoo 30 23,2
450 25 ‘ 33.5

An interesting experimental observation on thils phenome-
non may be gathéred from Figure 16, which recbrds melted
width as a function of weld travel speed. The width of the
hole melted in the base plate, at speeds where undercutting
is seen, rapidly levels off with speed and approaches a mini-
mum value, These limiting undercut widths are plotted in
Figure l)i and seen to be proportional to the electrical power
of the welding arc, -This width behavior may be related to
the transverse amplitude of oscillations which the cathode

spot has been reported to undergo in reverse polarity welding.
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This cathode spot travel width, being independent of travel
speed, apparently lncreases linearly with weld power and is
thus responsible for the minimum weld width here reported,

Hence undercutting may be viewed as being caused by the
weld metal lacking sufficiently high fluidity to fill, at
high speeds, the constant width weld groove., This cause of
undercutting is also considered by Lesnewich(18) who postu-
lates that localized heat generated by cathode sputtering
action develops a gouge near the arc and undercutting 1s pro-
duced if éufficient metal 1s prevented from flowing into
these regilons,

Weld plate preheating was found to relisve this under-
cutting by supplying more heat to the base plate; thus aiding
to fill these gouges° Thus on preheating an increment of
heat input i1s added to the weld by the preheated base plate
and the appearance of undercuttling is retarded, without al-
tering welding parameters. Examination of width of preheated
welds (Figure 38) indicates that'the minimum width of the
undercut hole is not changed by the preheating treatment,

hence the fluidity of the weld metal is the factor affected,

Weld Crater Length:

The length of the weld bath can be measured only at the
weld crater, formed at interruption of. the welding arc. The
depression in the weld bead at the c¢rater is formed partially

by the lack of further molten metal to compensate for metal
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shrinkage and partially by the weld pool's height being some
distance below the weld bead height under the steady state
conditions of welding,

Rykalin, through a theoretical consideration of thermal
processes during welding, concludes that the length of the
weld pool 1s proportional to the product of welding voltage
and amperage and that such length is independent of travel
speed of the arc, From Figure L5, it may be seen that at the
two constant electrical conditions considered, only minor
variationsrexist in bath length as a function of travel speed,
yet these minor variations follow the same distinct saw tooth
paettern for both conditions, Consideration of bath length
as a function of voitage Indicates a near constancy in bath
length éxcept at the low amperages, which again exhibit the
discontinuous behavior below 2l volts previously associated
wlth transitlon in arc transfer mode.

Though Rykalin presents experimental measurements of
weld craters for the submerged arc and covered electrode
processes, he does not consider MIG welding directly., For
the processes he did investigate, crater length increased
with arc power at the rate of 0,67 to 0,92 inches per killowatt,

To test Rykalin's relationship directly, bath lengths
at a variety of amperages are presented in Figure U6 as a
function of arc power. Though linearity is noted, the curves
are separated at the two voltage levels considered and ex-

trapolate to a predicted weld length at zero power, not of
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zero as predicted by Rykalin, but of approximately 0,6 inches.
The curves thus have the form:
L =K (IV) + A Where:
K = constant= 0.9 inches/kilowatt
A = constant= 0,6 inches
Thus the rate of change in bath length with arc power
predicted by Rykalin has been verified experimentally as
long as only current variations are considered. The invar-
iance with voltage and the anomalous extrapolation to zero
power must be considered in the light of the several ways the
physical process of welding differs from its mathematical
model, Thus the latent heat of solidification and actual po-
sition, width and temperature of the cathode spot require fur-
ther experimental and theoretical consideration,.
Another approach to verification of Rykalin's relation
lies in variation of the effective temperature elevation for
melting through preheating. Thus in the postulated relationg

L=gqg Where: g = power input

2T AT, A\ = thermal conductivity
Ts = melting point of base plate
the factor Tq is reduc¥ed by each preheat temperature, Ty, and
L should be proportional to the factor l/Ts ~-Ty, with variations
in temperature, As Figure 47 records, L does indeed follow
this iInverse rela tion with the exception of a sharp rise in
bath length at 300 amperes at the highest preheating temper-

ature, It is interesting to note that all this increase oc-

curs in the bath length behind the arc, for the length of the



Iy

bath in front of the arc remains constant with preheating in
agreement with Rabkin's observations in the preheating of
aluminum weldments. This expéfimental observation would lead
one to surmise that the process creating the forward bath
contour, being insensitive to plate temperature, may either
be radiation from the nearby arc or erosion by highly super-

heated (> 1900° K) weld metal propelled directly under the arc,

Weld Contact Angles:

The high thermal gradients in the molten weld pool, which
have made experimental observations of the freezing process
difficult, are least severe in the lateral extremities of the
weld pool. Here, ﬁhere weld metal, base plate and atmosphere
meet in line contact, an attempt was made to assess weld
metal surface tenslon through contact angle measurements.

The experimental rgsults are limited iIn several ways:

1. Surface contraction on freezing cannot>be compen-
sated for to yield actual liquid-solid contact angles,

2. Though all plates were prepared in the same manner

prior to welding, gas coverage on the area in question dif-
fered with bead wldth,

3. Temperature gradients and degree of undercooling
in the various beads could not be determined.

i, The magnitude of hydrostatic and magnetic_forces
operative on the liquid weld metal in contact with solid

base plate was unknown.
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The correlation between the wetting angle, e, and weld-
ing speed at the various current levels studied is similar
for all the conditions presented in Figure;MB, Wetting of
the base plate by the weld metal is poor at low speeds, and
then goes through a maximum at intermediate speeds. The ad-
vent of undercutting and the wetting maxima occur at roughly
the same speeds at each current level, Thus the decrease in
wotting at high speeds coincldes with the increasing extent
of undercutting, though measurement of wetting in undercut
beads 1is rather difficult. However, the wetting angle data
presented does lead one to conclude that the appearance of
undercutting at high travel‘speeds cannot be ascribéd to a
lack of wetting actlon between bead and plate, for it is at
precisely those speeds that the wettability is maximized,

A possible cause for the increase iIn e at low speeds
may be the effect of slow travel speeds on the temperature
distribution in the lateral extremities of the weld pool,
Since the surface tension of liquid metals decreases gen-
~erally with temperature increases, the decreased wetting at
low speeds can be ascribed to a lower local bath tempera-
ture., Though the fuslon line, at all speeds, represents an
isothermal (liquidus temperature) condition; the tempera-
gradlent in the bath adjacent to this line is a function of
the bath width and thickness,

Evidence presented earlier of the minimum melted width
indicated that the cathode spot travel range has a finite

width dependent only on electrical ccnditions in the arc,
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Assuming that arc temperatures are lndependsnt of travel
speed would mean that the temperature gradient near the
fusion line would become Iincreasingly flat at low travel
speeds., Hence the weld contour in the vicinity of the 1i-
quid-golid-gas intersection would be expected to reflect
this decreased mean melt temperature at low travel speeds.
Proceseding on this basis, it may be argued that the
thermal gradient in the weld pool near the fusion line is
also lowered by the plate preheating operations. Thus it
would be predicted that higher prehesting temperatures
would tend to produce higher contact angles, indicating
lower wettabllity. This was borne out experimentally gquilte
strongly, as plotted in Figure LJ9, and since e increases
monato&ically with the AH parameter to values of 90° at
preheating temperatures above 1400° F, with relative lack
of dependence on the particular welding condition employed,.
It should belnoted that this increase in surface ten-
slon at the lateral extremities of the weld pool occurring
with preheating is a local condition peculiar to such weld
areas, for the general change in shape in the reinforcement
of such welds produces wider and lower beads with increased
preheating. This appearance variation would indicate that -
any increase in surface tension in the extremities of the
weld bead plays a negligible role in determining weld con-
tour compared to the large alterations in thermal_pattern
induced by the preheating process, primarily manifested as

large lncreases in solidification time,
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Graln Size:

| Mechanical properties of two alloys of similar chemical
analysls and phase composition may be altered markedly by
relative size or preferred orientation of grains. Since
steel 1s a complex alloy which undergoes several phase
changes during 1ts thermal history, a brief discussion of
the meaning of grailn slze of such steel weld metal is in
order.

Though any Fe-C alloy with less than 0.5% carbon cooled
from the liquid state, under equilibrium conditions, will
first solidlfy out ér.ferrite prior to a peritectic trans-
formation to austenite, such =a Jﬁferrite grain size has
little meaning for steel weld metal due to its rapid freez-
ing rate and the high atomic mobllity at the peritectic
temperature wilping out traces of prior grains., It 1s the
austenite grain slze, delineated by proeutectold transfor-
mation products, whlch plays a prime role in behavior of
the structure, both by influencing transformatlon klnetics
and morphology, and by the areas of weakness represented by
the segregated proeutectold., The grain size of the transfor-
mation product itself will play an important role in deter-
mining mechanical behavior,

For the specific case of steel weld metal, austenite
grain size as measured at the fusioh line was sesen to change
markedly with welding conditions. These graln sizes, meas-

ured perpendicular to the major axis of the dendritic gralns,
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are plotted in Figure 50 as a function of the square root
of linear heat inﬁut, a/S .

Since the complex sequence of transformation in such a
steel effectively limlts the detection of segregation which
would delinsate the interdendritic interstices by metallogra-
phic means, the relatién betweeh such austenite grain size
formed by solid state transformation and interdendritic space~
ing formed during solidification must await further investi-
gation with methods more sensitive to chemical inhomogenei-
ties, such as autoradiography. However, comparison of the
behavior of these two structural parameters with welding con-
ditions does reveal similarities,

Brown and Adams(22) studied the MIG welding of a single
phase, aluminum alloy which exhibits no solid state trans-
formations, The Interdendritic spaclings were measured from
the resultant segregation pattern and the Investigators
-found them to be a linear function of the sqﬁare root of the -
lineal heat input in agreement with behavior predicted from
theoretical consideration of the constitution supercooling |
process and analyses of heat transfer rates in weld pools,

I = 8 DAT &

M(1-k) Cq Where: I, = dendrite spacing
AT = degree of constitu-
tional supercooling
M = slope .of liquldus line
Co= overall solute concen-
tration
1-k = segregation coefficient
t = solidiflication time
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t = Hg
2
2 K G, S(Tp-T,)

Where heat of fusion
welding arc power
thermal conductivity

specific heat of solid

arc travel speed
initial plate temperature
liquidus temperature

<
Hwno [No o

Q

+3
8

Combination of these two equations leads to the predictions
that

a., I® = A (q/S), when welding conditions afe varied at
a set plate temperature, and

be L® = B (1/T,-T,)®, when plate temperature is varied
at constant welding conditions, A and B being mat-
erial constants of the alloy being welded.

Since austenite grain size does follow the behavior pat-
tern a. above, with some varlance noted ét extremely high
heat inputs, 1t might be expected that the predicted behavior
with plate temperature would be obeyed during the preheating
experimental series., However, measurements of austenite grain
wildth in such weld beads revealed mixed results, witﬁ welds
produced at 300 amperes and 20 ipm showing the predicted in-
creased width with higher plate temperatures, while welds of
the other two experimental conditions studied remaineﬁ fairly

constant in austenite width with temperature,

Segregation and Freezing Patterns:
Metallographic examination of etched weld cross sections
revealed a tendency, increasing with travel speed, to forma-

tion of bands of chemical inhomogeneity running roughiy paral -
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lel to the weld fusion line. Reference to longitudinal sec-
tions 6f the same weld beads reveals that these lines are
transverse lntersectlions of curved surfaces appearing to
originate at the weld root and fading away in intensity in
the reinforcement area., Figure 51 depicts the 6ccurrence

of such layer lines in a series of'weld beads prepared with
variations in weld travel speed and a series 1in which weld-
ing voltage was the varilable.

As outlined in the Introduction, it has been proposed
that such layer lines are the result of brief interruptions
-in the freezing of steel weld metal assoclated with the time
lag required to dissipate the head of solidification. Such

thermal bulldup causes a thermal arrest, or even remelting
of portions of the bead, thus allowing such rapidly diffus-
ing elements as carbon, sulphur and phosphorus to remove
themselves from the solid weld metal, cross the solid-liquid
Interface, and enter the liquid phase, which offers greater
solubility for them. When.thié enriched liquid subsequently‘
freezes on resumption of the solidification process, another
palr of alternately impoverished and enriched layers has
been created in the weld bead.

Note that at higher speeds? the layer lines become
more accentuated and assume a greater proportional depth,
In the upper portions of the welds, grains grow close to
verticaily, indicating the heat flow direction exerted by the
base plate, but in the weld finger, heat 1s abstracted from

the narrow sides of the bead also, giving rise to the varied
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patterns seen, A general effect noted at low travel speeds
is the 'bending' of the austenlte gralns near the surface in
the direction of arc travel, a result perhaps of a skin cool-
ing effect augmented by the cooling of the trailing cover
gas stream,

Various types of crater appearances were noted in the
longitudinal sectlons. A-7 1llustrates a crater where the
leading wall of the melted hole 1s bare of deposited weld
metal and thus apparently was fused solely by radiation from
the arc and not by the latent heat of superheated electrode
drops. While such 'clean' craters were noted at the higher
travel speeds, lower speeds produced craters lined with weld
metal to indicate that either a different mechanism of cra-
ter formation is operative or that the electrode metal, at
‘higher travel speeds, does impinge on the leading wall but
fails to wet it. ’

Several curious effects were noted in macrographs of
welds deposited at various voltage levels, At the lowest
voltage, an extremely deep finger was produced that lead to
formation of two distinctive freezing patterns as the upper
weld section froze vertically, while austenite grains formed
in the finger strongly inclined towards the welding arc,

The boundaries of such grains in the finger region are al-
most perpendicular to the weld pool boundary lines as delin-
eated as layer line segregation., Thus 1t would appear that,

here on the center line of such welds, heat is abstracted by
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the weld pool wall in a unique pattérn, reflecting perhaps
the low degree of superheat in’the'finger. At higher volt-
ages, the decrease in penetration documented previously can
be traced In the decrease In the finger'freezing mode zone,
The lack of sufficient mixing Betweén reinforcement and base
plate metal manifests 1ltself in deep finger penetratlon beads
by the entrapment of small islands of higher carbon metal
(from fused base plate) in the fusion line area as seen in
beads L-1 and L-5,

Surveys of the microhardness of a -number of welds pre-
pared in the present study revealed a correlation; in speci-
mens exhibiting marked layering, between the location and
periodicity of hardness minima or maxima and the pattern of
chemical Inhomogeneity delineated by metallographic treat-
ment, As an illustration, Figure 52 traces the contour lines
of hardness minima observed iIn a series of traverses of the
cross section of weld bead A-2, whose 1§yering 1s quite ap-
parent in Figure 5l. Noting that the spread in hardness be-
tween minima and maxima was from roughly 250 DPH to 350 DPH
respectively, it may be concluded that such hardness varia-
tions are due to strong segregation of carbon over the short
distances between layer lines,

In addition to such highly locallized carbon segregation
across layer lines, gross segregation in the weld pool was
note& and acceﬁtuated in welds made over the 4% carbon cast

iron powder previously cemented in the arc travel path. One
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such specimen, M-3, welded at 300 amperes, 24 volts and 30
inches per minute over such carbon enriching powder exhi-
bited gross differences in etching characteristics in var-
jous areas of its macrostructﬁre (Figure.SB)o From obser-
vation of this figure, the cross sectlonal afea of the bead
may be divided lnto three distinet zones. Zone A, at the
fusion line; possessed the characteristic pearlitic-acicular
ferritic microstructure observed in unalloyed beads. The
very dark macroetching of the uppermost zone C was explained
by its bainitic microstructure; whose appearance suggested
that thls zone had the structural proportions expected from
a 0,40 to 0,50% carbon steel., Zone B was seen to be inter-
mediate between the others in etching characteristics as4
well as apparent carbon content based on microstructural ob-
servatlion, Microhardness measurements of thils weld nugget
showed that Zone A had an average characteristic hardness of
73 on the 15-N scale, Zone B, 78, and Zone C, 82, Chemical
analyses of chips removed from each one of these zones sub-
stantiated the Inferred macrosegregation of carbon, for Zone
A contained 0.14% carbon, Zone B 0,24%, and Zone C 0.42% as
listed in Table IV,

Segregation patterns, similar to those described above
for the case of carbon as solute, were clearly delineated by
welding over iron sulphide powder placed over defined lengths
of the grooved centerline of base plates., Subsequent sulphur
printing of longitudinal sections of such weld beads allows

experimental observation of the mode of sulphur distribution
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as a function of welding parameters. Figure 5l presents such
prints of two typical specimens studied. M=-81, welded at

300 amperes, 2l volts and 15 inches per minute, and S-62,
welded under the same conditions but at only 6 inches per
minute, provided several observations of interest., The spa-
tial reletionships in such sulphur prints may be easily es-
tablished if one differentiates the characteristic 'salt and
pepper! pattern of the relatively coarse sulphides in the
base plate from the general darkening of the sulphur enriche-
ed weld rﬁetal° Due to the inherent fineness of sulphide par-
ticles in the unenriched weld metal, such areas fail to dar-
ken the photographic emulsion,

As seen in M-81, a definite sulphur free volume exists
at the finger of penetratioﬁ attesting to the lack of mixing
noted previously in carbon enriched weld metal, This extent
of the sulphur free strip goes through a maximum with travel
speed at a given welding condition as illustrated in Figure
55, However, even at extremely low travel speeds, such as
produced S-62, entrapment of sulphur-poor regions is noticed,
indicating the relatively short reaction times of liquid-
liquid contact for homogenization in the weld finger., The
characteristic layer lines may be noted in both prints by
gradations in shading, the analogy to wave-like deposition
and solidification of weld metal being strongly suggested by

these figures,
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Conclusions:

To summarize the eorrelations found between weldlng
conditions and weld geometry, 1t may be stated that:

1. Reinforcement area 1s the one weld geometfy para-
meter which is dependent on heat input without regard to
the particular combination of process variables employed,
This suggests that the major influence of welding parame=
ters is on the pattern of arc interaction with the base
plate rather than on arc power or anode events,

2., Weld parameters strongly influence both the effi-
ciency of meltiné base plate and the contour of such fused
areas., The mechanism causing the Inverse relation of pene-
tration to voltage and the failure of penetration to exsceed
maxima dependent on arc power requires development of further
experimental techniques to determine crater height and iso-
therms in the weld pool. Any analysis of thermal effects in
the weld pool must take into account the probable wave-like
movements of the heat conducting medium under the arc. On
this violent action in the finger must be superimposed the
extent of lateral heat flow through perhaps more calm por-
tions of the weld pool,

3. On this basis; the more regular increase in width
with weld parameters increasing heat input may be understood
as the result of the lateral steady state heat flow removed
from the turbulent; very high temperature arc region. 1In a

similar fashion, the dependence of weld height on EHI with-
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out regard for the current-speed combinations employed is a
result of the height forming at a considerable distance,
equal to the crater length, behind the arc as the reinforce-
ment metal, whose volume depends only on heat input; seeks
to £111 the melted width under the influence of surface ten-
sion forces. ,

i, Weld penetration is a linear funetion of heat input
increases provided by preheating. It was seen that this pen-
etration 1increase resulted from a larger elliptical weld
pool and not from finger length increases,

5. Undercutting of weld beads was demonstrated to be
agsociated with the minimum width of base plate melted at
high travel speeds., This lower limit to width, which in-
creases with arc power level, is belleved to be a result of
the lateral amplitude of oscillation of the cathode spot on
the base plate being independent of travel 8peed, and thus
becomes an intrinsic limitation of this particular welding
process, It was found that this undercutting is not the re-
sult of high travel speeds decreasing weld metal-base plate
wetting, for the éontact angle e of weld metal in the viecinity
of the undercut region is at a minimum at travel speeds where
undercutting is first encountered, which would indicate high
weld metal temperatures in these localities, Weld preheat-
ing alleviated undercutting not by reducing this minimum

wldth, but by producing a lower, flatter reinforcement aresa,
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Thus undercutting would be expected to reappear at higher
travel speeds, even in preheated plates; since the volume
of weld metal which seeks to fill the minimum melted width
bcontinually decreases with travel speed.

6, Weld crater length was found to agree with theore-
tically predicted behavior only with variations in current,
since the bath le ngth proved to be independent of voltage
and dependent on travel speed, The mode of Increase of bath
length with preheating temperature agreed with theory and the
length of the forward portion of the bath (the distance from
the arc measured in the direction of arc travel) was indepen-

dent of prehsating,

7. Austenlite grain size 1s a function of theat input,
which indicates that this grain size 1s a function of solidi-
ficatlion time, a characteristic noted in other casting pro=
cesses studled,

8. Several modes of macrosegregation were noted in
the weld beads studied by metallography, microhardness sur-
veys, sulphur printing and chemical analysis, and were accen-
tuated and delineated by intentional additions of C and S to
the weld pool, These modes included:

8., The formation of 1ayéring, parallel alternate
strate of enriched and impoverished weld metal
bol Gross segregation of the weld pool, result-
ing in the tip of the penetration finger being
poor in alloying element added to the pool

. Entrapment of small pockets of weld metal of

base plate composition in the weld bead.
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These segregation patterns were seen to vary in definite re-
lation to welding parameters. The(lajering grew more prow-
nounced and persisted to a greater depth in the weld bead
with higher travel speeds. The dead zone, noted above in

b, was found to reach a maximum thickness with travel speed
at a given current level, Thus this dead zone extended to
maxima of 0,06 and 0,08 inches in total penetrations of

0.16 ana 0,20 inches respectively for the two current levels
studled,

9, Closely tied to such segregation phenomena is the
intricate pattern of dependence of pattern of ffeezing of
the weld metal on the welding conditions which dictate con-
tour of weld pool, temperature distribution in the weld
pool and distribution of alloying elements. The complex
changes in weld geometry which were discussed previously
are important in determining the direction of crystal growth
in various portions of the pool. For instance, extremely
low voltages lead to the formation of a deep finger which
chills the pool strongly in a lateral direction, Thus the
lateral growth of grains in the finger of such welds con-
trasts strongly with the almost vertical growth noted in
the elliptical pool and the strong chilling action is be-
lieved responsible foe the creation of the dead zone in the

finger.
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Table T

Chémical Analyses of Weld Materials

Mn
si
Al
Ti

Zr

Welding Wire Base Plate
0,08% 0.26%
0,018 0,037
0,01 0,015
1.l2 0,76
0.56 0,01
0,06 ———

0,10 ———

0,04



Mn

Si
Ti

Fe

Table II

Weld Addition Analyses

4% ¢ cast iron drillings
L. 02%
0.019
0,26
0,036
1,01
0,026

balance

Fe-S powder
0,1%

33.

0,16

0,008

0.6l

0,012
6ly .3
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Mn

Si

Teble IV

Chemical Analyses of Weld Metal Drillings

(300 A, gi%, 30 ipm)
0.15%
0.027
0,012
1,04
0,27

M-3

60

(300 A, 24 Vv, 30 ipm)

Zone A
0.14%
0.018
0,012

0,95
0,27

Zone B
0.2L4%
0,02l
0,013
0.97
0,26

Zone C
0.42%
0,029
0,013
1,01
0.25
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BASE PLATE

FIG.I. SCHEMATIC ILLUSTRATION OF BEAD ON PLATE WELD.
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FIG. 8. SCHEMATIC ILLUSTRATION OF SEPARATION OF PENE -
TRATION INTO ELLIPTICAL WELD POOL DEPTH, A,
AND FINGER HEIGHT, B, AS WELL AS TWO REPRE-
SENTATIVE WELD BEAD CROSS SECTIONS INDICATING
EXTREME A/B RATIOS.
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FIG. 9. ELLIPTICAL POOL DEPTH A, AS A FUNCTION OF E.H.I.
AT DIFFERENT AMPERAGE LEVELS.
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FIG.10. PENETRATION FINGER HEIGHT, B, AS A FUNCTION
OF VOLTAGE AT 20 INCHES PER MINUTE AND THE
CURRENT LEVELS INDICATED.
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FIG. 1. FINGER HEIGHT, B, AS A FUNCTION OF WELDING CURRENT
AT 20 INCHES PER MINUTE AND AT TWO VOLTAGE LEVELS.
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FIG.12. FINGER HEIGHT, B, VERSUS TRAVEL SPEED.
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FIG. 14. PENETRATION RATIO (FINGER HEIGHT/ELLIPTICAL
POOL DEPTH) VERSUS TRAVEL SPEED.
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FIG.15. PENETRATION RATIO, B/A, AS A FUNCTION
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AT 20 INCHES PER MINUTE AND CURRENT LEVELS
INDICATED.
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FIG.16. WELD WIDTH AS A FUNCTION OF TRAVEL SPEED.
. DOTTED LINES INDICATE WIDTH OF MELTED HOLE
IN BASE PLATE FOR CASES OF UNDERCUTTING.
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FIG. 20. WELD REINFORCEMENT HEIGHT AS A FUNCTION OF
EFFECTIVE HEAT INPUT.
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FIG.2l. WELD REINFORCEMENT HEIGHT AS A FUNCTION
OF VOLTAGE AT 20 INCHES PER MINUTE.
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FIG. 22. WELD REINFORCEMENT HEIGHT VERSUS CURRENT
LEVEL AT TWO SET VOLTAGES.
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OF TRAVEL SPEED.

0



REINFORCEMENT AREA ~INCHES?

161

12

.08

.04

1 1 1

FIG. 24.

10 20 30 40 50
EHI.

REINFORCEMENT AREA AS A FUNCTION OF EFFECTIVE
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FIG. 26. REINFORCEMENT AREA AS A FUNCTION OF WELDING
VOLTAGE AT 20 INCHES PER MINUTE.
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FIG. 29. BASE PLATE AREA MELTED AS A FUNCTION OF
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FIG. 34. MELTING RATIO AS A FUNCTION OF WELDING CURRENT.
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FIG. 37. EFFECT OF PREHEAT TEMPERATURE ON WELD
C(())NTSOURS PRODUCED AT 410 AMPERES
VOLTS,
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FIG. 38. WELD BEAD WIDTH AS A FUNCTION OF PREHEATING
ENTHALPY PARAMETER.
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FIG. 4. WELD REINFORCEMENT HEIGHT AS A FUNCTION OF
PREHEAT ENTHALPY PARAMETER.
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FIG. 44. MINIMUM W!DTH OF BASE PLATE MELTED AS A FUNCTION
OF ARC POWER.
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FIG. 5. REPRESENTATIVE TRANSVERSE AND LONGITUDINAL
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FIG. 52. MAP LOCATIONS OF MINIMA NOTED IN MICROHARDNESS TRAVER-

SES OF WELD A-2. X PARAMETER IS HORIZONTAL DISTANCE
FROM WELD CENTER LINE-WHILE Y IS VERTICAL DISTANCE
FROM ARBITRARY ORIGIN APPROXIMATELY 0.015" BELOW
FUSION LINE. MINIMA INDICATED ARE GROUPED IN CONTOUR
LINES I....¥II WHOSE PERIODICITY AND SPACING STRONGLY
RESEMBLE LAYER LINES NOTED IN THIS WELD BEAD.
(SEE FIG. 51.)
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MACROSTRUCTURE OF WELD M32, PREPARED BY
WELDING OVER 4% C IRON POWDER. NOTE WIDE

VARIATION IN STRUCTURE FROM TOP TO BOTTOM
OF WELD. | (10X —NITAL ETCHANT )
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