
CHAPTER 5

A MODEL FOR THE STRENGTH OF THE AS-DEPOSITED REGIONS
OF LOW-ALLOY STEEL WELD METALS

5.1 NOMENCLATURE

The following nomenclature is used in this Chapter:

a allotriomorphic ferrite

aa acicular ferrite

aw Widmanstatten ferrite

~ delta-ferrite

!:i.0' increment in yield stress

I austenite

€ true strain

€ true average strain

€~ true plastic strain in softer phase of a dual-phase steel

€~I true plastic strain in harder phase of a dual-phase steel

€UTS true strain at ultimate tensile stress

€y true strain at yielding

€ strain rate

fl. shear modulus of iron-base solid-solution single crystal

Ty shear stress of iron-base solid-solution single crystal

0' true stress

0'Q microstructural strengthening due to allotriomorphic ferrite

0'a microstructural strengthening due to acicular ferrite

O'Fe yield strength of fully annealed pure iron as a function of temperature
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and strain rate

O"micro strengthening due to microstructure

0"micro~ strengthening due to microstructure at the yield stress

O"micrOUTS strengthening due to microstructure at the ultimate tensile stress

O"ss; solid solution strengthening imparted due to an alloying element i

O"UTS ultimate tensile stress

o"w microstructural strengthening due to Widmanstatten ferrite

0" y yield stress

n regression function defined in Eqn. 5.19

A area of cross-section of a tensile specimen

a, b regression coefficients used in the analysis of strength

C regression constant used in the analysis of strength

Cequiv carbon equivalent

2 weld metal alloying element (i = 1, ... , k)

J number of weld analysed (j = 1, ... ,35)

K strength coefficient

Ka microstructural strength coefficient for allotriomorphic ferrite

Ka microstructural strength coefficient for acicular ferrite

Kw microstructural strength coefficient for Widmanstatten ferrite

n strain hardening exponent

na microstructural strain-hardening exponent for allotriomorphic ferrite

na microstructural strain-hardening exponent for acicular ferrite

nw microstructural strain-hardening exponent for Widmanstatten ferrite

P applied load

T absolute temperature

Va volume fraction of allotriomorphic ferrite in weld microstructure
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Va volume fraction of acicular ferrite in weld microstructure

Vw volume fraction of Widmanstatten ferrite in weld microstructure

Vaj volume fraction of allotriomorphic ferrite in weld j

Vaj volume fraction of acicular ferrite in weld j

VWj volume fraction of Widmanstatten ferrite in weld j

X Experimentally determined microstructural strengthening at the yield
stress minus calculated microstructural strengthening at yield stress

X average carbon concentration in alloy

Y Experimentally determined microstructural strengthening at the ulti-
mate tensile stress minus calculated microstructural strengthening at
the ultimate tensile stress

5.2 INTRODUCTION

Much fundamental work has recently been done on the prediction of the micro-
structure of steel weld deposits (Bhadeshia et al., 1985; Bhadeshia et al., 1986;
Svensson et al., 1986), and it is now possible to estimate the as-welded micro-
structure as a function of chemical composition and thermal history. While the
work on microstructure prediction has made good progress, it is the properties of
welds which ultimately determine the quality of that weld. The aim of this work is
to try and predict strength as a function of alloy concentration and microstructure,
and also over a wide temperature range. Many welds are used or tested at non-
ambient temperatures, and it is then not sufficient only to be able to predict their
strength at room temperature.

The solidification of low-alloy steel weld deposits starts with the epitaxial
growth of delta-ferrite (8) from the parent plate grains at the fusion boundary.
The high temperature gradients involved in arc welding cause solidification to pro-
ceed in a cellular manner with the grains having their major axes following the
direction of maximum heat flow. On further cooling, allotriomorphs of austen-
ite (,) nucleate at the 8/8 cell boundaries, and anisotropic, growth along these
boundaries leads to the formation of columnar austenite grains which closely re-
semble the original 8-ferrite morphology. On cooling to temperatures below the
Ae3 temperature, the first phase to form is allotriomorphic ferrite (0'). The fer-
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rite nucleates at the columnar austenite grain boundaries, which rapidly become
covered with a nearly uniform layer of 0'. Following this, Widmanstatten ferrite
( et w) nucleates at the 0'/ 'Y boundaries and grows by a displaci ve mechanism in
the form of thin, wedge-shaped plates at a rate approximately controlled by the
diffusion of carbon in the austenite ahead of the interface. At the same time, a
third phase, acicular ferrite (O'a), which consists of a series of non-parallel arrays
of bainite laths, nucleates intragranularly (Yang and Bhadeshia, 1986; Bhadeshia,
1987). Finally, very small volume fractions of "microphases" are found within the
acicular ferrite consisting of mixtures of martensite, degenerate pearlite and re-
tained austenite, all resulting from the austenite remaining untransformed after
0', O'w, and O'a have formed. However, microphases comprise typically only 1-
3% of the weld microstructure, and it is the three morphologically distinct phases
-allotriomorphic, Widmanstatten, and acicular ferrite- which can be said to form
the primary microstructure (Bhadeshia et al., 1985).

5.3 METHOD

It is normal practice to express the weld metal strength as a function of the alloying
elements present. Equations used in such analyses typically state the yield stress
as follows:

0'Y = C + a wt%Mn + b wt%Si + ...

where C is a constant,

(5.1)

and a, b, ... are supposed to define the role of alloying additions (Bailey and
Pargeter, 1978; Bosward and John, 1979; Evans, 1981).

Identical equations have been derived to allow for the estimation of the micro-
structure of the ultimate tensile strength of a weld, O'UTS (Bailey and Pargeter,
1978; Samuel, 1984). C and the other coefficients are found by regression anal-
ysis on a given set of data, and, as such, are highly specific to that set of data,
and doubtful in extrapolation. This approach is inadequate, as shown by a wide
spread of coefficients obtained by different workers for the strengthening effects
of individual elements, (summarised by Judson (1982), and Abson and Pargeter
(1986)). (The diversity is hardly surprising, since the weld strength is a function
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of the heat input, interpass temperature, columnar grain size, dislocation density,
&c.). More importantly, such an equation ignores the effects of thermal history
since the microstructural reheating that occurs during multi-pass welding, and also
post-weld heat treatment, does not change the composition of a weld, and yet alters
its strength. The strength clearly must also be a function of the microstructure.
Most welding variables (e.g. heat input, preheat temperature, welding geometry),
manifest themselves in altering the microstructure. Also, it does not allow for any
means by which the strength of a weld at yield and at UTS may be related.

In a multi-phase system, such as a weld deposit, the overall strength will be
strongly related to the strengths and volume fractions of the phases present, an
optimum high strength, high toughness, microstructure being associated with a
high proportion of acicular ferrite. The simplest assumption from this would be
that the mean strength of the weld should be linearly related to the strengths and
abundances of the phases present (see, for example, Tweed and Knott, 1987a). This
"rule of mixtures" is most commonly used for predicting the strength of composite
materials, when a ductile matrix is reinforced by brittle (Kelly, 1966), or even
ductile (Ahmad and Barranco, 1970; Davis and Scala, 1973), continuous fibres,
although strictly the rule shows the upper bound of the strength since the fibres
and the matrix are assumed to fail simultaneously (Fukuda et al., 1981).

The following model is based on the assumption that the strength can be
factorised into components due to the intrinsic strength of iron, solid solution
strengthening, and the contributions from the three major phases (a, aw, aa)
which constitute the microstructure:

k

a = aFe + Lass; + amicro
i=l

(5.2)

where aFe is the strength of fully annealed pure iron as a function of temperature

and strain rate,

ass; is the solid solution strengthening due to an alloying element i, t

t Allotriomorphic ferrite appears in weld deposits to grow without the redis-
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and Umicro is the strengthening due to microstructure.

Substituting for Umicro, Eqn. 5.2 may be written,

k

U = UFe + LUSSj + Vaua + Vwuw + Vaua
i=l

(5.3)

where Va, Va, and Vw are the volume fractions of the allotriomorphic, acicular,
and Widmanstatten ferrite phases respectively.

To express the stress as a function of strain, it is assumed that the true
stress/true strain curve in the plastic region can be approximated by (Nadai, 1931)

(5.4)

where € is the true strain

n is the strain hardening exponent

and K is the strength coefficient, equal to the value of the flow stress at €n = 1.0.

This equation describes a state of stable plastic deformation, and, although
alternative descriptions exist, it is this equation which has been most successfully
applied by various workers to describing weld metal tensile behaviour in this regime
(Tweed, 1987bj McRobie and Knott, 1985).

Using this relationship, Eqn. 5.3 has been further extended to become

tribution of substitutional alloying elements during transformation (Bhadeshia et
al., 1985), Gw grows by a paraequilibrium mechanism (Bhadeshia, 1987), and Ga

growth is diffusionless (Yang and Bhadeshia, 1986j Strangwood and Bhadeshia,
1986) with subsequent rejection of carbon into the residual austenite. This means
that the solid solution strengthening contribution from substitutional elements is
identical for all three phases.
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k

(J = (JFe +L (Jss. + VO'KO'€n", + VwKw€nW + VaKa€n"
i=l

(5.5)

where KO', Kw, and Ka are strength coefficients, and nO', nw, and na are strain-
hardening exponents for allotriomorphic ferrite, Widmanstatten ferrite, and acic-
ular ferrite respectively.

Since the layers of allotriomorphic ferrite that grow at the I grain boundaries
do not usually extend very far into the grains of austenite, the assumption is made
that the allotriomorphic ferrite grain size, as limited by hard impingement along
the I grain boundaries, does not vary significantly between welds in low-alloy steels.
The plate morphologies of Qw and Qa are generated by displacive transformation,
and it is also assumed that any variations in their sizes are not significant, relevant
to the other variables (Bhadeshia and Svensson, 1988). The austenite grain size is
ignored in this calculation because the grains are usually too large to contribute
significantly to strength.

In order to calculate the strength of pure iron, (JFe, and the effect of alloying
elements on solid solution strengthening, (JSS, published data have been collected
for the temperature range 100-750K. Data for the normal yield stress of pure
annealed polycrystalline b.c.c. iron as a function of strain rate and temperature
have been taken from three sources (Conrad and Fredrick, 1962; Altshuler and
Christian, 1967; Kimura et al., 1981). The individual effects of five ferrous alloying
elements (Mn, Si, Ni, Cl', and Co) on the yield strength of pure iron as a function
of concentration and temperature are obtained from work due to Leslie (1972),
and information on the effect of nitrogen on the strength of high purity iron, as a
function of temperature (at a strain rate similar to that used by Leslie), is obtained
from the work of Kitajima et al. (1979). The detailed data were represented on
computer as cubic splines which allow a continuous representation of (JSS with
temperature (Hayes, 1974). Thus although in this work only room temperature
strength is considered, in fact, (JSS can now be estimated from 100 to 750K. Nitrogen
is assumed to be in solid solution, and strain ageing effects in the as-welded micro-
structure are taken as negligible. It should be noted that many elements, such
as nickel, manganese, and nitrogen, give softening at certain concentrations and
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temperatures. This occurs because distortion of the atomic lattice, particularly at
low temperatures, can locally reduce the Peierls-Nabarro barrier and facilitate slip.

The solid solution strengthening of iron at 298K has been determined for phos-
phorus (Leslie, 1972), molybdenum, aluminium, and vanadium (Takeuchi, 1969),
titanium (Takeuchi et al., 1968), and boron (Irvine and Pickering, 1963), and, in
the absence of further data, the strengthening due to these elements is taken to
be athermal. Although this is a simplification, it is not a serious one since it has
become apparent from this work that typically not less than 90% of the solid so-
lution strengthening in a low-alloy steel weld deposit is due to manganese, silicon,
and nitrogen. vVhere necessary, shear yield stress data were converted into normal
yield stress data using the Tresca criterion (Dieter, 1976) t.

The effect of carbon on the strength of ferrite has been investigated by Chilton
and Kelly (1968), and Norstrom (1976). However, the solubility of carbon in ferrite
in contact with cementite decreases with temperature, and at room temperature
is less than 1O-3at% (Hansen, 1958), and consequently the solid solution strength-
ening due to carbon need only be included for temperatures greater than 200°C.
In fact, during the cooling of a weld, the ferrite grows in contact with austenite
rather than cementite, so that it is the solubility with respect to cementite that
needs to be considered, but this is not expected to be very different (Bhadeshia,
1982). Oxygen and sulphur are assumed to be present in the form of inclusions,
and not to be in solid solution (Steel, 1972).

Although data for a variety of strain rates had been collated, (typically in the
range 5.0x10-6 to 1O-2s-1), for the following work a value of 2.5x10-4s-1, as used
by Leslie, was chosen. A listout of the program written to allow the calculation of

aFe and L:7=1 ass. as a function of temperature is given in Appendix 3.

In order to calculate aa, aa, and aw, data on 35 welds was taken from four
sources (\Vidgery (1976), Bailey and Pargeter (1978), Cunha et al. (1982), and
Dowling et al., (1986)] for which experimental results for yield stress and ultimate
tensile stress from primary (unrefined) all-weld metal specimens were given, to-
gether with the volume fractions of a, aw, and aa comprising them. The welding
conditions are all different, but these differences are all taken into account, since

t Popular earlier data from Lacy and Gensamer (1944) were not used since the
interstitial content of their alloys was not rigorously controlled.

76



175

150
125
100
75 N

50 E
z

25 ~
o
-25
-50
-75
-100

1000

700
TEMPERATURE ("C)

300

400
TEMPERATURE ('K)

Co

200

Si
/-- •..•••.......

I Ni '-..,.
I '---------_ ----.--.:::: - ....••..•..I j/M n .---=_~_ "'",

''-..,. I f/ ~. __ ._____ ""'-..,.
.........~ C r -__ .-.:::::::.~

/ --~ ~~---------------

100

12
10
8

6.-
vi 4--
l/l 2>

t>
<J 0

-2
-4
-6

0

Figure 5.1: Effect of solutes on the strength of polycrystalline iron as a function of
temperature for 3 at. % concentration of solutes.

!:la- = increment in yield stress. (€ = 2.5 x 10-4 / S).

One of a series of graphs given by Leslie, W. C. (1972), Me tall. Trans., 3, 5-26.
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they cause different resulting microstructures.

From Eqn. 5.2, the strenghening due to microstructure at the yield stress

k

amicro,l = ay - aFe - Lass.
i=l

where ay is the yield stress.

Similarly

k

amicrOUTS = aUTS - aFe - 2:: ass.
i=l

where aUTS is the ultimate tensile stress.

At the yield stress

where €y is the true strain at yielding.

(5.6a)

(5.6b)

(5.7)

Since proof stress is usually measured at 0.2% plastic strain, a fair assumption
for €y is to take it as corresponding to the point of 0.2% plastic strain. Accordingly,
€y was taken as 0.002.

The ultimate tensile strength should now be considered. The onset of necking
corresponds to the transition from smooth necking to local fracture and may be
defined by the Considere construction (Considere, 1885).

The true stress
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P
(f =-

A

where P is the applied load

and A is the area of cross-section of the tensile specimen.

(5.8)

Necking occurs when an increase in strain produces no increase in load, ~.e.
dP =0

Therefore, from Eqn. 5.8

Therefore

dP = A d(f + (f dA = 0

d(f -dA
(f A

(5.9)

(5.10)

During deformation, the volume of the specimen is taken as constant, i. e.

d(AI) = A dI + I dA = 0

Therefore

dI = -dA = dE
I A-

Combining Eqns. 5.10 and 5.12 gives

d(f
- =(fdE

For (f = J( En, therefore, Eqn. 5.13 means
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Therefore

€ = n (5.15)

Therefore, necking occurs when the true strain equals the strain-hardening
exponent. Thus, the strengthening due to microstructure at the utimate tensile
strength, i7microUTS' may be written

(5.16)

It should be emphasized that the coefficients Kex, Kw, and Ka, and nex, nw, and
na are not directly comparable to the coefficients K and n in Eqn. 5.4, since the
strengthening due to pure annealed iron, and that due to microstructure has been
removed. The different values of strain in the three phases takes into account that
the post-yield strain will not be uniformly distributed, with the harder constituents

deforming less (Tomota et al., 1976; Tweed and Knott, 1987b). Realistically, the
phases have different yield strengths and deformation should be inhomogeneous.
However, in the absence of detailed data on the deformation characteristics of the
individual phases, and on the grounds that the phases are not too dissimilar, we
assume that the strain in any phase is the same as the average overall sample
strain, i. e. deformation is homogeneous. For example, Figure 5.3 shows the case
calculated for a ferrite/martensite dual-phase steel, when the mechanical properties
of the constituent phases are quite different. It can be seen that although the initial
strain increments (as a function of the average strain, €") are quite different in the
two phases, as the softer phase work-hardens, the rate of straining in the two phases
becomes about equal. Since the true strain at the ultimate tensile stress is very
much greater than the true strain at yielding, it is a good approximation to assume
homogeneous deformation at the ultimate tensile stress, although near the yield
point it is very likely that the softest of the phases will yield first.

The data used give experimentally determined values i7micro~, i7microUTS' Vex,
Vw, and Va. For a given weld, let

(5.17)
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k
Reference Designated 0' y O'UTS O'Fe + L: O'SSj O'rnicrou O'rnicrOUTS

i=l

Weld ID. MPa MPa MPa MPa MPa
vVidgery,1976 D 563 696 336 227 360

11 J2R 503 604 295 208 309
11 J2RR 504 608 299 205 309
11 0 569 689 364 205 325
11 Q 582 710 289 293 421
11 R 547 650 325 222 325
11 S 569 734 346 223 388
11 U 573 714 377 196 337
11 X 535 630 316 219 314
11 Y 560 692 311 249 381

Bailey and
Pargeter,1978 31 405 580 303 102 277

11 63 405 560 361 108 263
11 29 440 600 274 166 326
11 23 375 505 277 98 228
11 25 400 525 263 137 262
11 59 425 575 318 107 257
11 27 345 480 256 88 223
11 33 370 520 264 106 256
11 35 435 560 271 164 289
11 61 420 530 279 141 251
11 37 415 545 265 149 279
11 39 425 565 273 152 292
11 41 385 530 265 120 265
11 67 425 560 265 160 295

Cunha
et al., 1982 13 421 504 297 124 207

11 14 631 726 309 322 417
11 15 540 645 324 216 321
11 16 484 587 287 197 300
11 17 537 628 295 242 333
11 18 453 596 283 170 313
11 19 520 593 270 250 323

Dowling
et al., 1986 B1 624 657 259 365 398

11 B4 618 668 262 356 406
11 K6 627 661 275 352 386
11 K8 599 699 290 309 409

Table 5.1: Calculation of O'rnicrou and O'rnicrOUTS for welds used in the analysisof
strainhardening coefficients.
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Weld No. (jrnicro~ (jrnicrouTs Va Vw Va

D 227 360 0.17 0.01 0.82
J2R 208 309 0.31 0.04 0.65
J2RR 205 309 0.25 0.01 0.74
0 205 325 0.16 0.02 0.82
Q 293 421 0.02 0.02 0.96
R 222 325 0.22 0.04 0.745
S 223 388 0.09 0.02 0.89
U 196 337 0.29 0.02 0.69
X 219 314 0.24 0.0 0.76
Y 249 381 0.12 0.01 0.87

31 102 277 0.43 0.22 0.35
63 108 263 0.44 0.31 0.25
29 166 326 0.40 0.08 0.52
23 98 228 0.45 0.27 0.28
25 137 262 0.24 0.18 0.58
59 107 257 0.35 0.21 0.44
27 88 223 0.37 0.21 0.42
33 106 256 0.39 0.25 0.36
35 164 289 0.38 0.10 0.52
61 141 251 0.39 0.08 0.53
37 149 279 0.37 0.25 0.38
39 152 292 0.29 0.24 0.47
41 120 265 0.41 0.16 0.43
67 160 295 0.46 0.08 0.46

13 124 207 0.35 0.24 0.41
14 322 417 0.08 0.92 0.0
15 216 321 0.18 0.03 0.79
16 197 300 0.25 0.18 0.57
17 242 333 0.24 0.07 0.69
18 170 313 0.22 0.07 0.71
19 250 323 0.36 0.44 0.20

B1 365 398 0.0 0.0 1.0
B4 356 406 0.0 0.0 1.0
K6 352 386 0.11 0.0 0.89
K8 309 409 0.05 0.03 0.92

Table 5.2: Summary of (jrnicro~ and (jrnicrOUTS together with volume fractions of

phases present in the welds.

81



and let

(5.18)

Eqn. 5.16 defines the condition that all phases achieve plastic instability at the
same strain at which the sample as a whole begins to neck. The values of Ken no,

Bc. thus obtained will reflect the different hardening rates necessary in order to
satisfy this condition, so that it is expected that the allotriomorphic ferrite, which
starts off relatively weak should have a high value of strain-hardening exponent,

By the least squares method, and giving the values for O"microll and O"micrOUTS

equal weightings, the best fit for the data is when the function n is a minimum,
where

35 35

n{Ko, Kw, Ka, no, nw, na} =LX2 +Ly2

j=l j=l

where j is the number of sets of data analysed (j = 1, ... ,35).

(5.19)

This minimum can be found by taking the partial derivatives of Eqn. 5.14 with
respect to Ko, Kw, Ka, no, nw, and na as follows:

an 35 35

aK = 2 L {X.Vo, (O.002)ne>} + 2 L {Y.Vo, (note>}
o j=l j=l

(5.20a)

(5.20b)

an 35
-a '" = 2 L{X.Va (O.002)na

}
I\.a .

J=l
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+ 2 L {Y.Va, (na)na

}

j=l
(5.20c)



an 35
ana = 2 ~ {X,Vai Ka In(0.002).(0.002)n",}

)=1

35

+ 2 I)Y,Vai Ka (na)n", {I + In(na)})

j=l

an 35
an

w
= 2 ~ {X,VWi Kw In(0.002).(0.002)nw

}

)=1

35
+ 2 :L[Y,VWi Kw (nw)nw{l + In(nw)})

j=l

an 35

ana = 2 ~ {X,Vai Ka In(0.002).(0.002t"}
)=1

35

+ 2 :L[Y,Vai Ka (na)n"{l + In(na)})

j=l

(5.20d)

(5.20e)

(5.20f)

Eqns. 5.15a-f will all equal zero when a valid solution is obtained. In order
to find this condition, a NAGt FORTRAN subroutine was used which estimates
partial derivatives of the functions supplied from their arguments, and uses these
to rapidly reach the solution nearest to a set of supplied "best guess" values. This
achieved using a convergence technique described elsewhere (Powell, 1970).

5.4 CHOICE OF GUESSED VALUES

Since Eqns. 5.15a-f were non-linear, there would be more than one solution for
the equations, and so the selection of the initial guess values would be extremely
important. vVelds Q and 14, which have very high percentages of acicular ferrite
and \Vidmanstiitten ferrite respectively (see Table 5.2) were treated as single phase

microstructures, and knowing O'y, O'UTS, and E~=lO'SSi' values for Kw, nw, ]{a,

and na were found using Eqn. 5.5. Ka and na were then found by substituting

t @National Algorithms Group Ltd., 256 Banbury Road, Oxford, U.K.
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these approximate values into Eqn. 5.5 using the data for weld 67, which contains
46% a. The values thus derived are as follows:

5.5 RESULTS

Ko = 202 MPa
Kw = 504 MPa
Ka = 526 MPa

no = 0.595
nw = 0.072

na = 0.094

After 22 iterations, the arguments of Eqns. 5.20a-f were all less than 10-6, and the
following values for the coefficients were obtained:

Ko = 124 MPa
Kw = 478 MPa
Ka = 499 MPa

no = 0.644
nw = 0.0812
na = 0.103

Substituting in Eqn. 5.5 gives two general equations:

O'"mjcro~ = 2.26Vo + 289Vw + 263Va

O'"micrOUTS = 94Vo + 390Vw + 395Va

More generally, the overall strength of a weld may be written:

k

0'" = O'"Fe +L O'"SSi + Vo.124eo.644 + Vw.478eo.0812 + Va.49geo.l03
i=l

(5.21a)

(5.21b)

(5.22)

Measured and calculated values for yield strength and ultimate tensile strength
for the 35 welds are plotted in Figures 5.4 and 5.5 respectively.
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5.6 USING THE MODEL

Figures 5.4 and 5.5 show that the overall ability of the equations to predict the
tensile strength of the as-deposited regions of a wide variety of welds and welding
conditions is very good. It can be seen from Eqn. 5.21a that allotriomorphic ferrite
has a yield strength only a little greater than that of pure iron, whereas acicular
ferrite and Widmanstatten ferrite are much stronger. Widmanstatten ferrite is ex-
pected to be stronger than allotriomorphic ferrite. Qw grows by a displacive trans-
formation mechanism, and should have a higher dislocation density (Bhadeshia,
1981). Furthermore, Widmanstatten ferrite laths in weld deposits typically have
carbides aligned along them, and these will contribute to the strength. The mi-
crophases present in acicular ferrite would contribute to the strength of Qa in a
similar way. Although, allotriomorphic ferrite work-hardens much more than Wid-
manstatten ferrite and acicular ferrite with no ~ na > nw, its strength at UTS
is still much less than that of the other two phases whose microstructural con-
tributions are effectively identical. It should be noted that to predict weld metal
yield stress and ultimate tensile stress is of potential use in fatigue analysis, since
the ratio between the two will give an indication of susceptibility to fatigue crack
propagation (A. S. M., 1985).

Figure 5.6 shows the true stress/true strain curve for a hypothetical Fe-0.06C-
0.35Si-1.0Mn wt% weld metal microstructure containing equal volume fractions of
allotriomorphic ferrite, Widmanstatten ferrite, and acicular ferrite, calculated using
Eqn. 5.22. The figure illustrates how the relative strengthening contributions of the
three phases alter during plastic deformation. It can be seen that allotriomorphic
ferrite provides little strengthening in the early stages of plastic deformation, but
work-hardens rapidly as deformation progresses to contribute appreciably to the
overall strength. Note that the relatively large plasic strains have caused the elastic
region to be compressed into the y axis. Such results provide an explanation for
the recent experimental observations of Oldland (1985), who worked on low-alloy
C-Mn and C-Mn-Nb SA weld metals containing up to 60% allotriomorphic ferrite,
and noted that weld metal yield strength and ultimate tensile strength correlated
strongly with the volume fraction of allotriomorphic ferrite present in the welds.
This can be appreciated quantitatively from Eqns. 5.21a and b, where a small
change in Vo will lead to a large change in observed strength.

In order to demonstrate the general applicability of the model for strength, the
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tensile behaviour of a series of low-alloy C-Mn welds containing 0.35 wt% Si, with
systematically varying carbon and manganese concentrations has been calculated
using volume fractions which are themselves calculated using the phase transfor-
mations model for the calculation of weld metal microstructure described earlier
(Bhadeshia et al., 1985). Precise details of the calculation of the volume fractions of
the phases in the welds described are given in Bhadeshia and Svensson (1988). The
carbon and manganese contents were chosen, together with the fixed percentage
of silicon, to reflect simple nominal chemical compositions that might be typical
of low-alloy steel weld deposits, although, in fact, the model is able to accommo-
date all of the major elements that are commonly found in low C-Mn weld metals.
Figures 5.7a and b show how the yield stress and ultimate tensile stress vary with
manganese content for different carbon concentrations. The results are extremely
interesting. First of all, it can be seen that additions of both manganese and carbon
will lead to an increase in weld metal tensile strength. Manganese provides solid
solution strengthening, and both manganese and carbon act to increase the size of
the austenite phase field, and so reduce the driving force for ferrite formation at any
given temperature. This behaviour promotes the formation of acicular ferrite, at
the expense of allotriomorphic ferrite, and also Widmanstiitten ferrite. It can also
be seen how the change from 0.03 wt% C to 0.06 wt% C leads to a much greater
increase in tensile strength than when going from 0.06 wt% C to 0.10 wt% C. This
explanation for this is that as the carbon concentration decreases to low levels, the
kinetics of the allotriomorphic ferrite transformation increase rapidly. The concen-
tration profile of the carbon ahead of the advancing interface is strongly dependent
upon x, the average carbon concentration in the alloy, and becomes very steep (i.e.
diffusion away from the interface becomes very rapid) as the carbon concentration
tends to zero. Thus, increasing the carbon content from 0.03 wt% C 0.06 wt% C
has a much greater effect upon the ultimate volume fraction of allotriomorphic
ferrite, and so mechanical properties, than increments at higher carbon concentra-

tions.

This observation provides an answer as to why two empirical different carbon
equivalent equations have emerged over the years. The carbon equivalent of a steel
is a measure of its weldability, and is most usually calculated as follows (Easterling,

1983):
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C . _ C Mn Cr + Mo + V Cu + Ni
eqUlv - + 6 + 5 + 15 (5.23)

This equation describes approximately how the alloying elements present will
alter the transformation behaviour of the steel during welding, and it is generally

supposed that a steel will be weldable if Cequiv < 0.4. At low carbon concentrations,
however, Eqn. 5.22 is found to be unreliable, and an empirical equation due to Ito
and Bessayo (1968) is preferred:

Mn + Cu + Cr Si V Mo Ni
Cequiv = C + 20 + 30 + 10 + 15 + 60 + 5B (5.24)

It can be immediately seen that the apparent influence of substitutional alloying
elements on weldability is been found to be much less for low-carbon steels as
indicated by the larger denominators in Eqn. 5.23. This can be understood in terms
of the greatly increased potency of carbon additions at low carbon concentrations,
when the influence of substitutional alloying elements on weldability relative to
that of carbon is correspondingly reduced. At higher carbon concentrations, they
have a more noticeable effect.

Figures 5.8a and b plot the true stress/true strain curve for a set of welds
with varying manganese and carbon concentrations. The strain experienced during
uniform deformation is readily calculable from (j y up to the ultimate tensile stress.
The ultimate tensile stress is calculated from the criterion specified in Eqn. 5.18.
It can be seen that ductility, as indicated by true strain, increases with decreasing
tensile strength.

Finally, it should be said that an important conclusion of this work is that, in
terms of mechanical properties, there is no advantage in increasing the amount of
vVidmanstatten ferrite in a weld deposit. Acicular ferrite has superior mechanical
properties to those of Widmanstatten ferrite (Otterberg et al., 1980; Dolby, 1982;
Abson and Pargeter, 1986), and yet, as this work shows, has equivalent tensile

properties.

5.7 SUMl\IIARY

The strength of the primary regions of a range of low-alloy steel weld metals has
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Figures 5.8a and b: True stress/true strain curves for six hypothetical welds cal-
culated up to the ultimate tensile stress for varying (a) carbon and (b) manganese
concentrations. The deposit base compositions are (a) 1.0 wt% Mn-0.35 wt% Si,
and (b) 0.06 wt% C-0.35 wt% Si. (Welding conditions are as in Figure 5.7).



been investigated as a function of microstructure and composition. It is demon-
strated that the yield strength and ultimate tensile strength may be estimated by
summing the strength of pure iron, the solid solution strengthening due to the
alloying elements, and a contribution due to microstructure. The microstructural
contribution is further factorised into the individual effects of the three phases:
allotriomorphic ferrite (a), Widmanstatten ferrite (aw), and acicular ferrite (aa).
It has been possible to rationalise data from a wide range of welds using a unique
set of parameters for the model which describing the flow stress and work-hardening
behaviour of the individual phases.

The model has been used to construct true stress/true strain curves for a series
of hypothetical welds with a representative range of chemical compositions. Calcu-
lated tensile behaviour has been interpreted in terms of the kinetics of microstruc-
tural development in the weld deposit. It is suggested that the development of
two different empirical carbon equivalent equations, one for very low carbon steels
and one for general steels, has come about because of the different kinetic con-
ditions that exist at low carbon concentrations, when a small change in carbon
concentration leads to a large change in mechanical properties.

It is noted that increasing the volume fraction of aw in a weld at the expense of
acicular ferrite is undesirable, since this is detrimental to toughness, and yet does
not increase the strength of the weld.
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