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rationalised in terms of a theory for three-dimensional heat flow. The ceoling curves were obtained for a wide range of
welding conditions in which the welding current, voltage, speed and interpass temperature were varied, with the joint
geometry being fixed to ISO-2560, the standard geometry for all-weld-metal tests. With the help of a recent model for
the prediction of microstructure in weld deposits, the heat-flow analysis is used in understanding the effect of heat input
on the microstructure of low-alloy steel weld deposits. It is demonstrated that the results can be used to predict trends
in microstructure as a function of heat input, by analysing a large amount of published data on weld deposits.

Introduction

The way in which a weld deposit cools from the liquid state
is known to have profound effects on its subsequent prop-
crties, homogeneity, microstructure and state of residual
stress (see [1-6]). There is now a model [5] capable of esti-
mating quantitatively the microstructure of the fusion zone
of low-alloy steel welds deposited by arc welding tech-
niques, as a function of the chemical composition. The aus-
tenite grain structure and the cooling curve of the fusion
zone have, however, to be measured experimentally in
cach case. This clearly limits the usefulness of the model,
the original aim of which was to enable the theoretical de-
sign of welding consumables and procedures.

For many applications, an approximate knowledge of the
cooling time between specified temperatures is a sufficient
characterisation of the cooling conditions of the weld de-
posit. On the other hand, a calculation of the microstruc-
ture requires a detailed knowledge of the cooling rate at
any temperature where the austenite to ferrite transforma-
tion becomes thermodynamically possible [5].

In this paper, we attempt to rationalise cooling curves
obtained from the fusion zones of arc welds. There is no re-
liable method for calculating such cooling curves as a func-
tion of welding current, voltage, speed, interpass tempera-
ture, arc transfer efficiency and joint geometry. This is not
surprising since the deposition process is by nature turbu-
lent, with heat transfer between the arc plasma, flux, base
metal and the molten deposit itself. For manual metal arc
welds, there must additionally exist random fluctuations
due to human error. Bearing these difficulties in mind, our
aim was to try and represent quantitatively the major vari-
ables controlling the cooling behaviour of arc welds of a
given joint geometry, and to use these results in relating
heat input to microstructure.

Experimental

The welds were deposited using the manual metal arc and
submerged arc welding techniques, the joint geometry be-
ing compatible with 1SO-2560: such joints are commonly
used in the development of electrodes. The welding was
carried out in the flat position using a stringer bead tech-
nique, the parent plate thickness being 20 mm. The plate
length used was 330 mm and 550 mm for manual metal arc
and submerged arc welds respectively, the half width of the
plate being 150 mm in each case. 4 mm diameter electrodes
(proprietary designation ESAB OK 48.00) were used for
manual metal arc welding, and a medium manganese 4 mm
diameter wire (OK Autrod 12.22) combined with an alum-
inate basic flux (OK Flux 10.71) was used for the submer-
ged arc welds. The welding current, voltage and interpass
temperature were systematically varied to cover a range ty-
pical of normal applications. The actual conditions used are
presented in Table I, which also contains other data to be
discussed later.

Weld cooling curves were obtained by harpooning Pt/
Pt-13 Rh wt. % thermocouples at an angle of about 45° to
the vertical, into the centre of the weld deposit, immedi-
ately after the passage of the welding arc. The cooling
curves were recorded on a Philips PM9832 chart recorder.
Interpass temperatures were monitored using temperature
crayons and thermocouple probes placed on the weld sur-
face.

Results and discussion

The nature of heat flow during welding can be two-dimen-
sional, three-dimensional or somewhere in between these
extremes, depending on the energy input and effective
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Table I: Details of welding conditions used to deposit manual metal arc (MMA) and submerged arc (SA) welds. 1, V, S and T,
represent the welding current (Amps), voltage (V), welding speed (mmls) and interpass temperature (°C) respectively. The constants
C, and C, are derived using Eq. (1b), with the units of Q being Jim. At is the time (seconds) taken to cool from 800 — 500°C. R is
the linear correlation coefficient representing the fit of the experimental data to Eq. (1b).

Weld I v T, S C C, R At Bead
MMA1 180 24 25 1.2 3.4 2.480 0.998 31.2
MMA2 180 24 100 1.2 223.3 1.833 0.985 38.0
MMA3 180 24 200 1.2 50.0 2.064 0.997 63.3
MMA4 179 24 250 1.2 5.9 2.417 0.969 89.3
MMAS 166 23 25 1.7 120.4 2.293 0.997 10.7
MMAG6 167 23 100~ 1.7 435.7 1.770 0.990 18.1
MMA7 167 23 250 1.7 18081.0 1.201 0.991 23.3
MMAS 167 23 25 3.4 228.4 1.889 0.995 6.3
MMA9 167 22 100 3.7 3574.0 1.461 0.990 6.7
MMA10 ' 167 23 200 3.5 200.6 1.878 0.993 14.7
MMAI11 180 24 250 3.6 2316.7 1.515 0.995 15.1
MMA12 180 24 250 3.6 472.4 1.742 0.995 19.5
MMAI13 180 3 240 4.0 1191.1 1.695 0.998 8.4
MMA14 190 3 250 4.0 1795.7 1.632 0.995 8.9 *
SA1l 450 30 250 6.7 2657.4 1.609 0.988 15.6 3
SA2 450 30 250 6.7 1967.0 1.637 0.980 17.9 7
SA3 550 30 250 6.7 2842.3 1.647 0.996 143 4
SA4 550 30 250 6.7 603.0 1.784 0.972 30.1 8
SAS 550 30 250 6.7 2337.0 1.640 0.974 18.1 11
SA6 650 30 250 6.7 330.9 2.003 0.990 17.9 5
SA7 650 30 250 6.7 392.9 1.884 0.974 30.3 9
SA8 650 30 250 6.7 1445.0 1.616 0.991 39.8 13
SA9 650 30 250 7.0 29894.1 1.188. 0.959 23.0
SA10 580 29 175 9.2 11141.8 1.392 0.992 9.3 6
SA1l 580 29 175 9.2 4470.2 1.498 0.986 12.2 10
SA12 580 29 175 9.2 275.7 1.937 0.980 13.6 14
SA13 500 30 250 7.0 16079.0 1.304 0.986 16.6

w

* data from [5].

plate thickness [7-10]. For welds of the geometry used in
the present study, cooling curves are best represented in
terms of the theory of three-dimensional heat flow [5]. The
magnitude of the cooling rate, (dT/dt), is then approxi-
mately given by [7]:
dT/dt = 2rk(T—-T,)(Qn) (1a)
where k is the thermal conductivity of solid iron, Q is the
electrical energy input per unit length of weld deposit and 1
is the arc energy transfer efficiency, taken to be 0.775 for
manual metal arc welds and 0.95 for submerged arc welds
[1]. For three-dimensional heat flow and at temperatures
well below the melting point, the cooling rate in the fusion
zone is virtually independent of position [7].

Eq. (1a) has been found to be inadequate in representing
experimental cooling curves [5]. Other heat flow models
(such as that of Rosenthal [10]) were also found [5] unsuit-
able for application to the fusion zone. If Eq. (1a) is re-
written as
dT/dt = (C/Qn) (T-T)< (1b)
and if C, and C, are taken to be adjustable constants, then
it accurately represents cooling conditions over the tem-
perature range 800-500°C [5]. The time At taken for the
weld to cool between 800 and 500°C can be calculated by
integrating Eq. (1b):
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At = [QW/(C,(1-C)] [(T-T)" 2] ¢ 49

The experimental cooling curves were analysed using Eq.
(1b), and the values of C, and C, together with the correla-
tion coefficients (R) describing the fit with Eq. (1b) are
given in Table I (the units of Q in Eq. (1b) are in J/m). Eq.
(1b) is an excellent representation of individual cooling
curves, although the values of C, and C, vary widely be-
tween different experiments; large values of C, lead to
small corresponding values of C, and this makes Eq. (1b)
sensitive to variations in cooling rates. From the point of
view of obtaining a general equation for describing the
cooling curve, this approach is unsatisfactory since differ-
ent constants apply in each case. A better method would be
to put all the experimental data together (rather than ana-
lyse individual curves) and then apply Eq. (1b) to the entire
set of data; results using all the data are summarised in Ta-
ble 1I.

Table 1I shows that Eq. (1b) can be used to approximate
the cooling curve data, especially if the manual metal arc
and submerged arc welds are dealt with separately. The ac-
tual experimental data are illustrated in Fig. 1. The level of
prediction seems reasonable in view of the complications
involved in considering heat flow in the fusion zone. Some
of the scatter illustrated in Fig. 1 arises because in welding
technology, the interpass temperature does not imply that
the whole assembly being welded is at T, but that the weld
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Table I1. Analysis of all experimental data. The first standard
error (SE) is for the regression constant (In[C,]) in a plot of
In[(dTIdt)Qn] versus In[T—T]; R represents the correlation
coefficient for the plot. The second standard error is for the
regression coefficient C,.

C, SE C, SE R
All data of Table I 33812 0.525 1.491 0.086 0.816
MMA data of Table I  1324.8 0.511 1.600 0.083 0.900
SA data of Table I 4359.0 0.524 1510 0.087 0911

is at a temperature T, before the next bead is deposited; the
parent plate remote-from the weld (say at a distance X)
need not be at T, and is usually at a temperature T, < T;. As
welding proceeds, the gradient [(T,—T,)/x] decreases with
the bead number in multipass welds. Consequently, the
heat flux away from the weld reduces even though the
welding conditions (I, V, S, T)) are kept constant, since the
diffusion of heat varies directly with this gradient. This ef-
fect was observed experimentally in submerged arc welds,
where repeat experiments showed that At increases with
bead number for constant I, V, S and T; (Table I).
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Fig. 1. Plots of In{(dT/dt)Qn} versus In{T—T,}, showing the fit of
the entire data set for a particular welding process, with Eq. (1b).

a) Manual metal arch weld data; b) submerged arch weld data.
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Effect of heat input on microstructure
Analysis of published data

Having established an approximate method of relating the
cooling curve to welding parameters, it should be possible
to analyse published experimental data on the influence of
heat input on the microstructure of low-alloy steel weld de-
posits, using the model developed by Bhadeshia er al. [5]

The microstructure of welds is complex, consisting of al-
lotriomorphic ferrite (a) which grows diffusionally at aus-
tenite (y) grain boundaries, Widmanstitten ferrite (ay)
which nucleates at a/y boundaries and grows by a dis-
placive mechanism in the form of thin wedge shaped plates
at a rate controlled approximately by the diffusion of car-
bon in the austenite ahead of the interface, acicular ferrite
(@,) which nucleates intragranularly at inclusions but whose
detailed transformation mechanism is not clear, and fi-
nally, microphases consisting of mixtures of martensite, de-
generate pearlite and retained austenite, all formed from
the residual austenite remaining untransformed after a, a,
and a, have formed.

Implications of using approximate cooling curves

The method of computing the microstructure has been de-
scribed in detail in [5] and will be summarised later; it is in-
structive to examine first the implications of using the co-
efficients of Table 1I, rather than the measured cooling
curve, on the accuracy of microstructure prediction. Fig. 2
illustrates the effect of using the coefficients of Table II on
the calculated microstructure, as compared with calcula-
tions based on the measured cooling curve. Agreement be-
tween the measured microstructure and that calculated is
best when the measured cooling curve is used; the heat
flow parameters given in Table II can nevertheless be used
in estimating the trends in microstructure when the exact
cooling curves are not known. »
The evolution of microstructure must depend on cooling
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Fig. 2. An illustration of the influence of using the heat flow par-
ameters given in Table 11, on the calculated microstructure of four
low-alloy steel, manual metal arc weld deposits. The welds, in an
order which gives a decreasing amount of allotriomorphic ferrite,
have the compositions Fe-0.029C-0.558i-1.08Mn, Fe-0.061C-
0.538i-1.01Mn, Fe-0.080C-0.588i-1.15Mn and Fe-0.100C-0.55Si-
1.02Mn respectively. The lines represent the actual microstructure,
as measured by Bhadeshia et al. [5], the dots represent the micro-
structure as calculated using the measured cooling curve [5], and
the triangles represent the microstructure calculated using the
MMA parameters quoted in Table 1. The microstructure calcula-
tions are all carried out according to the model presented in [5].
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Table 111. Data on austenue grain width (taken to be equivalent
to L,) as a function of C, Mn, Si and Q (after Evans [13-15].

L, pm C wt.% Si wt. % Mn wt.%  QkJ/mm
84 0.055 0.35 1.93 0.6
93 0.051 0.32 1.80 1.0

100 0.045 0.26 1.69 2.2
134 0.047 0.25 1.73 4.3
105 0.045 0.30 0.65 1.0
102 0.044 0.32 0.98 1.0
99 0.044 0.32 1.32 1.0
94 0.045 0.30 1.72 1.0
94 0.059 0.33 0.60 1.0
92 0.063 0.35 1.00 1.0
86 0.066 0.37 1.35 1.0
80 0.070 0.33 1.77 1.0
73 0.099 0.35 0.65 1.0
69 0.098 0.32 1.05 1.0
66 0.096 0.30 1.29 1.0
63 0.093 0.33 1.65 1.0
67 0.147 0.40 0.63 1.0
63 0.152 0.41 1.00 1.0
62 0.148 0.38 1.40 1.0
62 0.141 0.36 1.76 1.0
74 0.050 0.26 1.73 0.7
82 0.059 0.32 1.80 1.1
93 0.052 0.29 1.73 1.5
100 0.054 0.27 1.62 1.8

rate since the nucleation and growth rates vary with tem-
perature; there is however, an additional effect due to the
dependence of the austenite grain size (which has a major
effect on microstructure) on heat input, an effect which has
not been quantitatively characterised previously. The alloy
composition also influences the y grain size** and the fol-
lowing analysis was carried out to quantitatively express
these relationships.

The austenite grain size of Fe-C-Si-Mn MMA welds

In low-carbon steel welds, solidification begins with the
epitaxial nucleation and cellular growth of d-ferrite from
the melt. The columnar y grains then evolve by the trans-
formation of d-ferrite. The morphology of the resulting vy
grains can approximately be described as consisting of
space-filling hexagonal prisms of length ‘c’ and cross sec-
tion side-length ‘a’ [5, 11]. It turns out that because ¢ > a,
only the parameter a needs to be measured or predicted in
order to calculate the microstructure.

Weld deposits are usually examined in transverse section
(on a plane normal to the welding direction) and in this sec-
tion, the y grains have an anisotropic, columnar shape. It is
usual to express the “size” of the grains in terms of a “grain
width” which really is a measurement of a mean lineal in-
tercept (L,,) determined by superimposing test lines on a
fransverse section, not in a random orientation relative to
the microstructure but in a direction normal to the major
axes of the grain sections. In these circumstances, the test

** Inclusions in welds have been suggested {17, 18] to limit the size of aus-
tenite grains in weld deposits, but recent work [5, 11] shows this is not the
case since the driving force for y boundary motion during the 8 to vy trans-
formation increases indefinitely with undercooling so that boundary pin-
ning by inclusions is ineffective.
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Fig. 3. Plot of calculated austenite grain width (Eq. (4)) versus
measured widths as reported by Evans [13-15].

lines should all approximately be parallel to the basal
planes of the hexagonal prisms and it has been shown that
[11, 12}

L, = ma cos{30°}/2 (3)
Evans [13-15] has published several measurements (Table
IHI) of austenite grain widths for Fe-C-Si-Mn manual metal
arc welds deposited using a variety of welding conditions
and electrode compositions for a weld geometry consistent
with ISO 2560. A multiple regression analysis of the grain
width (taken to be equivalent to L) versus C, Si, Mn and
Q gave the following relation for the range of compositions
given in Table III:

Ly, (um) = 64.5 — 445.8(wt.% C) + 138.6(wt.% Si)
= 7.591(wt.% Mn) + 16(Q, kJ/mm) 4
The level of agreement between experimental data and Eq.
(4) is illustrated in Fig. 3, the multiple correlation co-
efficient for the plot being 0.97. Evans does not quote the
oxygen or inclusion content (these two quantities are di-
rectly related [16]) of the welds, but the high value of the
correlation coefficient indicates that any effect tue to in-
clusions must be small.

Further analysis of published data on the
relationship between microstructure and heat input

Evans has published quantitative data on the influence of
heat input on the microstructure of low-alloy steel weld de-
posits. The data are presented in Table IV. It should be
possible to predict the microstructural variations listed in
Table 1V using the model developed by Bhadeshia et al. [5].
The model has been tested successfully for Fe-Si-Mn-C al-
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Table IV. Quantitative data on the variation of microstructure
with heat input and chemical compositition (after Evans [13]).
The data are for manual metal arc welds (18O 2560, welded in
the flat position using DC + and with T, = 200°. The
microphase content, which should be very small, is implicitly
included in the acricular ferrite and Widmanstitten ferrite volume
fractions.

No. C Si Mn Q Ve Vv, v,
wt.% wt.% wt.% kJ/mm

1 0.044 032 0.62 0.6 056 0.13 0.31
2 0.046  0.31 0.96 0.6 0.38 0.11 0.51
3 0.050  0.38 1.42 0.6 0.26  0.05 0.69
4 0.055 0.35 1.93 0.6 0.19 004 0.77
5 0.037 029 0.60 1.0 0.60 0.14 0.26
6 0.039 029 0.94 1.0 0.40 0.11 0.49
7 0.048 0.35 1.41 1.0 030 006 0.64
8 0.051 0.32 1.80 1.0 0.21 0.06 0.73
9 0.038 0.24 0.55 2.2 0.64 0.13 0.23
10 0.036 0.24 0.89 2.2 0.41 0.11 0.48
11 0.042 0.28 1.37 2.2 0.34  0.06 0.60
12 0.045 0.26 1.69 2.2 0.25 0.06 0.69
13 0.043 020 0.52 4.3 0.67 0.16 0.17
14 0.042 020 0.93 4.3 045 0.15 0.40
15 0.043 0.24 1.37 4.3 0.37  0.06 0.57
16 0.047 0.25 1.73 4.3 0.27  0.06 0.67

loys and for Fe-Si-Mn-Ni-C welds and the method is illus-
trated in Fig. 4a.

The model requires an input of chemical composition
(from Table 1V), the austenite grain parameter ‘a’ (previ-
ously measured, but in the present work calculated using
Eq. (3) and Eq. (4)) and and the cooling curve of the weld
deposit, over the range 800 — 500°C. In the absence of an
experimentally determined cooling curve, Eq. (1b) and the
data of Table II can be used to provide calculated cooling
rates. As can be seen from Table 1V, Evans used 0.6, 1.0,
2.2 and 4.3 kJ/mm heat input to produce the manual metal
arc welds and reported corresponding At measurements
(for the range 800-500°C) as 4, 7, 13 and 34 s respectively.
These data are well represented by Eq. (1a) if C, =1.60
(Table II), but taking C, to be 1324.8 (Table IT) overesti-
mated At (7, 11, 24, 47 s) values so that C, was set equal to
2155.0, giving good agreement with Evan’s reported At
values (4, 7, 15, 29 s).

Having established the input data, the next step involves
the calculation of multicomponent phase diagrams (Fig.
4a), time-temperature-transformation (TTT) and contin-
uous-cooling transformation (CCT) diagrams, which when
combined with the cooling rate equation gives the various
reaction-start and finish temperatures. The calculated
phase diagrams, TTT and CCT curves and transformation
temperatures are not included in this paper for space con-
siderations. The volume fraction of allotriomorphic ferrite
can be predicted by assuming the paraequilibrium thicken-
ing of layers of ferrite [5], and is given by:

V, = 2.04[4qCy(a—qC,)/a%)] + 0.035 (5a)

where C; = tan (30°).

Widmanstatten ferrite is the next phase to grow on further
cooling and its volume fraction v, is given by:

101

vy, = 3.34G(a—2qC;,)t¥a> (5b)
where G is the a, growth rate and t, is the time during
which a,, forms. The time interval t, required for an a,,
plate to grow across a partially transformed Y grain is given
by:

t; = 2(a sin(60°) — q)/G (5¢)
To account for physical impingement between a, and a,, a
further time interval t_ is defined; if t; <t a, growth oc-
curs essentially without impingement and t, = t;. If on the
other hand t; > t, then t, = t,, irrespective of the amount
of austenite remaining untransformed. t, can at the mo-
ment only be determined by fitting egs. 5a—c to data from
just one weld; using the data of weld 1 (Table IV), t. was
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Fig. 4a. Flow chart illustrating the steps involved in the calculation
of the microstructure. M,, B, W, are the thermodynamically calcu-
lated martensite, bainite and Widmanstitten ferrite start tempera-
tures respectively, T, and T, are the temperatures at which al-
lotriomorphic ferrite formation begins and ends respectively, qis
the half-thickness of the a layer at the y grain boundaries, t, is the
time available for a growth, t, is the time required for an a, plate to
grow across a y grain, t_is the maximum time available for unre-
stricted a,, growth prior to hard-impingement with intragranularly
nucleated a,. V,, v,, v, and v,, represent the volume fractions of a,
a,, a, and microphases respectively.

high alloy content

Fig. 4b. Schematic diagram illustrating the development of micro-
structure in weld deposits. The hexagons represent cross-sections of
columnar y grains whose boundaries first become decorated with a
uniform layer of polycrystalline a (illustrated thickness = q)and a,,
growth follows later. Depending on it growth rate G, a,, then imp-
inges with a on the opposite boundary (low-alloy content), or with
a, nucleated on inclusions (black dots) in the case of high-alloy de-
posits. The digram takes no account of the influence of alloy con-
tent on ‘a’.
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Fig. 5. Plots of the calculated volume fractions of (a) allotrio-
morphic ferrite and (b) Widmanstitten ferrite, versus the experi-
mental measurements of Evans [13], for the welds listed in Table
V.

found to be 0.095 s, and it is this value which is used in the
subsequent analysis of all other welds.

In Evan’s measurements, the volume fraction v, of acic-
ular ferrite is given by v, = 1 — v,, — V, so that any micro-
phases are implicitly included in the v, and v, measure-
ments. Since the volume fraction of microphases in such
welds are usually small (~< 0.05), this approximation is
reasonable and is also used in the present calculations.

Fig. Sa shows that the calculated V, values are in reason-
able agreement with those measured. Fig. 5b shows that
the measured v, values are also in reasonable agreement
with those calculated; the two values which depart most
from experimental measurements are from welds with ex-
ceptionally high values of V,, when small errors in the lat-
ter lead to relatively large errors in v,, since v,, values are
small in the present alloys.
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Conclusions

Experimentally determined cooling curves for manual
metal arc and submerged arc welds of a particular geome-
try have been rationalised in terms of a simple three-di-
mensional heat flow equation which represents the cooling
rate (over the temperature range 800 — 500°C) as a func-
tion of welding current, welding voltage, deposition speed
and interpass temperature; the cooling rate is assumed to
be independent of the position within the fusion zone of a
given bead. Individual cooling curves accurately (correla-
tion > 0.95) follow the form of the cooling rate equation,
but the certain parameters (C;, C,) within the equation
vary in each case. However, if all the cooling curves from a
particular welding process are analysed together, then the
level of agreement between theory and experiment de-
creases somewhat (correlation 0.9), but the cooling curves
can all be rationalised by just two constants. The latter ap-
proach has to be adopted for microstructure modelling in
cases where experimentally measured cooling curves are
not available; this should inevitably lead to errors in the ab-
solute levels of calculated quantities, but trends in micro-
structure can nevertheless be predicted.

Published experimental data on the variation of micro-
structure with heat input have been analysed using the heat
flow equation and a model for the development of micro-
structure in low-alloy steel weld deposits. The results are
on the whole in good agreement with theory. The austenite
grain size can empirically be expressed as a function of the
alloy composition and heat input to a high degree of ac-
curacy, without taking any account of the presence of in-
clusions.
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