
Computer Model for Multipass Repair 
Welds in SA508 Class 2 Alloy 

A computer model helps to automate CTA W repair welding 
in a nuclear reactor 

BY P. J. ALBERRY 

ABSTRACT. A predictive methodology 
for the calculation of heat-affected zone 
hardness distributions in thick-section 
multipass welds in SA508 Class 2 material 
is described. The methodology devel
oped has been incorporated into a com
puter model that has been used to 
develop an alternative repair technique 
to the ASME XI "half-bead" technique. 
The alternative welding procedure identi
fied by the model involves the deposition 
of six layers of weld metal using a mech
anized gas tungsten arc welding (GTAW) 
process. Welding parameters identified 
for each layer produce successive refine
ment and tempering in the underlying 
heat-affected zone. Predicted hardness 
distributions are compared with hardness 
data taken from various six-layer welds 
together with predicted and measured 
hardness distributions for the ASME XI 
half-bead technique. 

Introduction 

In 1979, EPRI (Electric Power Research 
Institute) initiated a research contract EPRI-
RP1236 entitled "Repair Welding of Heavy 
Section Steel Nozzles," at Babcock and 
Wilcox, Alliance, Ohio. This project was 
designed to define and validate an alter
native to the ASME XI half-bead repair 
procedure for boiling water reactor (BWR) 
nozzles. Both repair procedures are in
tended for use without postweld heat 
treatment. The half-bead procedure uses 
a layer-by-layer refinement and temper
ing technique and is carried out manually. 
Half of the first layer of weld metal is 
manually ground off to facilitate the re
finement and tempering action of subse
quent layers. The heavy dependence on 
time-consuming manual activities was con
sidered to be a serious practical limitation 
in a BWR environment, due to the pro
longed exposure to radioactivity. Conse
quently, the alternative technique was 
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designed to be capable of mechanization. 
A computer model for the CTAW 

process was used to facilitate the weld 
procedure development. This work was 
carried out in three phases. The first 
phase was to establish the basic welding 
metallurgy for SA508 Class 2 heat-affect
ed zones (HAZ), and has already been 
reported (Ref. 1). The second phase, 
which is reported here, details the use of 
the computer model to develop a viable 
GTAW welding procedure. The third 
phase, a computer model sensitivity anal
ysis of the likely variability of the ASME XI 
half-bead technique and alternative 
GTAW technique, will be reported short-

iy. 

Computer Model 

A detailed description of the computer 
model for the prediction of weld HAZ 
structures produced by the GTAW pro
cess has been produced by Alberry, 
Brunnstrom and Jones (Ref. 2). 

Weld HAZ's in a given material consist 
of a range of structures that reflect the 
thermal cycles experienced. Thermal 
cycles with peak temperatures close to 
the melting point are experienced near 
the fusion boundary and usually result in 
the formation of coarse-grained struc
tures. At greater distances from the 
fusion boundary, the thermal cycle peak 
temperatures decrease progressively and 
more fine-grained structures are formed. 
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Eventually the thermal cycle peak tem
perature decreases below the A ^ and 
the base material structure is only tem
pered. This basic unit for a single weld 
bead is shown in Fig. 1. 

In multipass welds, the HAZ formed by 
the deposition of a single weld bead can 
be modified by the superposition of suc
cessive adjacent weld bead deposits. The 
second thermal cycle modifies the struc
ture of the primary HAZ. Consequently, 
in the HAZ, the thermal cycles experi
enced at different positions will vary 
widely, depending on distance from the 
fusion boundary. 

The microstructure and properties at 
any given position in the HAZ will be 
determined by its thermal history, grain 
growth kinetics, phase transformation 
and tempering behavior. The thermal 
history will depend upon the welding 
conditions, joint geometry, the weld 
bead shape, the spatial positioning of the 
weld beads and the resultant overlap of 
their HAZ's. The phase transformation 
and tempering behavior will be deter
mined by chemical composition, prior 
structure, the austenite grain growth 
kinetics, the peak austenitizing tempera
ture and the heating and cooling rates 
during the thermal cycle experienced. 

Thus, to define the structure and 
hence infer the properties obtained in the 
HAZ of a given material composition, it is 
necessary to describe: 

1) Weld bead shape. 
2) The thermal cycle as a function of 

welding procedure in all regions of the 
HAZ. 

3) Prior austenite grain growth as a 
function of prior structure and weld ther
mal cycle. 

4) Transformation behavior as a func
tion of thermal cycle and prior austenite 
grain size. 

5) Tempering effects as a function of 
thermal cycle experienced by a given 
transformation product. 

Elements 3-5 have been characterized 
in detail for SA508 Class 2 (Ref 1). 

The thermal history can be calculated 
from standard heat-flow equations, but 
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the position of the fusion boundary can
not be calculated accurately. To over
come this, the weld bead dimensions are 
established for a given range of welding 
conditions and the measured position of 
the fusion boundary is used as a refer
ence point for the heat-flow calculations. 
The HAZ isotherms are thus calculated 
relative to the known position of the 
fusion boundary. This ensures that the 
heat-flow calculations are carried out in 
that region of the HAZ where conductive 
heat transfer dominates. This provides a 
better estimate of the spatial position of 
the fusion boundary and associated HAZ 
relative to the plate surface than would 
be achieved using point-source heat-flow 
calculations alone. 

The following sections describe the 
empirical measurement of weld bead 
shape carried out by Babcock and Wil
cox, some multiple thermal cycle weld 
simulation experiments carried out to val
idate the algorithms used for hardness 
prediction, and the calculation of a po
tential repair procedure and its subse
quent practical validation. 

_ i ^ — : — ^ 

Weld metal 

Coarse-grain HAZ structure 
grain size 3* 0.05mm 
Fine-grained HAZ structure 
grain size < 0.05mm 

Intercritical region Fig. 1 —Schematic 
single weld bead 
and HAZ structure 

Experiments and Results 

Weld Bead Shape Measurements 

A series of ten weld beads were de
posited using the GTAW process on 
SA508 Class 2 base plate. The base plate 
composition and welding conditions used 
are given in Tables 1 and 2. The welds 
were sectioned, polished and etched in 
2% nital - Fig. 2. Weld bead width, height, 
central joint penetration and distance 
from the fusion boundary to the Aci 
isotherm were measured. These values 
are given in Table 3. 

Table 1—SA508 Class 2 Material 
Compositions (wt-%) 

Weld Simulation 

Weld simulation specimens, 200 mm 
long (8 in.) and 9 mm (0.4 in.) in diameter, 
were machined from a block, 
130 X 75 X 75 mm ( 5 X 3 X 3 in.), of 
SA508 Class 2. Weld simulation tech
niques (Refs. 1, 3), using a machine similar 
to a Gleeble, were used to cycle a series 
of 14 specimens through a range of 
double weld thermal cycles correspond
ing to a multipass weld. The first thermal 
cycle for each specimen was chosen with 
a peak temperature of 1300°C (2372°F), 
to reproduce the coarse-grained HAZ 
region of a single weld bead (Ref. 1) — 
Table 4. Each specimen was then sub
jected to a second thermal cycle each 
with a different peak temperature 
designed to produce a range of retrans-

High-speed dilatometric measurements, 
with a sampling frequency of 10 Hz, were 
carried out during the heating and cool
ing portions of each weld thermal cycle. 

Diametral strain and temperature were 
logged automatically using a Hewlett 
Packard 9825 minicomputer. Data plots 
of temperature versus strain were pro
duced for each thermal cycle in the series 
and for each peak temperature selected. 
The percentage phase transformation 
was determined from the deviation from 
linearity of the temperature-to-strain plots 
assuming that the percentage transforma
tion was proportional to diametral strain. 
Specimens were sectioned longitudinally 
and the Vickers diamond pyramid hard
ness (Hv) was measured at a load of 10 kg 
(Hv 10 kg) at the center of each speci
men. These values are given in Table 5 

Element 

C 
Mn 

P 
S 
Si 
Ni 
Cr 

Mo 
V 

Nb 
Al 
Ti 
B 

Cu 
Sn 
As 
Sb 

Base Plate and 
Weld Simulation 
Specimens Single 

and 
Double Cycles 

0.23 
0.62 
0.010 
0.018 
0.17 
0.95 
0.28 

0.70 
0.01 
0.01 
0.017 
0.01 
0.001 
0.062 
0.015 
0.020 

Furnace 
Tempering 
Specimens 

0.24 
0.61 
0.017 
0.010 
0.31 
0.93 
0.39 

0.72 
0.025 
0.013 
0.015 
0.01 

0.073 
0.023 
0.040 

<0.01 

fo rmat ion 
w o u l d be 
adjacent 

and temper ing effects 
caused by 

w e l d beads 

that and 
the deposi t ion of sing 

dur ing weld ing. inclc 

Table 2—GTAW Welding Conditions^ 

Weld 
Bead 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

(a) Ref. 10. 
fb) Wire Type 

Current 
A 

200 
220 
220 
220 
220 
135 
160 
190 
180 
180 

E70SIB. 0.89 -mm 

Voltage 
V 

11.0 
11.0 
11.0 
11.0 
11.0 
9.0 

10.0 
10.0 
9.5 
9.5 

diameter. 

Travel Speed 
mm/s 

2.54 
2.54 
2.96 
3.39 
3.51 
2.54 
2.54 
2.54 
1.52 
1.52 

the hardness measurements f r o m 
e w e l d 
ded in 

thermal 
Table 4. 

cycles 
No te 

Wire Feed Speed<b) 

mm/s 

31.3 
31.3 
31.3 
31.3 
31.3 
10.6 
12.7 
16.9 
27.5 
27.5 

(Ref 
that 

1) are 
Vickers 

Preheat 
°C 

21 
21 
21 
21 
21 

100 
100 
100 
200 
300 
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Fig. 2 —Mechanized 
GTAW single weld 

bead deposits on 
SA508 Class 2 

material (Ref. 10) 

d iamond pyramid hardness and Knoop 
d iamond hardness are equivalent. An 
approx imate convers ion to the Rockwel l 
C scale can be obta ined by dividing the 
Vickers hardness value by a factor o f 
10. 

Computer Model Algorithms 

The compute r mode l requires a series 
of algorithms for the calculation of w e l d 
bead dimensions, HAZ isotherms, the 
HAZ hardness o f the appropr ia te trans
fo rmat ion p roduc t and the temper ing 
effects o f those thermal cycles that d o 
not cause ret ransformat ion. These algo
rithms are descr ibed in the fo l low ing 

sections, and their validity is tested 
against exper imental measurements. 

Weld Bead Dimensions 

Bead Width and Joint Penetration 

The compute r mode l requires algo
rithms fo r w e l d bead w i d t h and w e l d 
bead central joint penet ra t ion. These are 
shown in Fig. 3 p lo t ted w i t h gross heat 
input = V l v - 1 w h e r e V is the we ld ing 
vol tage, I is the we ld ing current and v is 
the travel speed. 

Straight-line relationships we re o b 
tained using a least squares regression 
analysis and are s h o w n together w i th the 

95% conf idence limits about the points: 

mean bead w i d t h = 0.0077 (gross 
heat input) + 3.54: r = 0.95 (1) 

mean penetrat ion = —0.0002 (gross 
heat input) 4- 1.48; r = - 0 . 1 3 (2) 

whe re r is the correlat ion coeff ic ient. 
The observed straight-line relationships 

are entirely empir ical, valid over the 
range of existing data, and have no phys
ical or theoret ical basis; they are used for 
computat iona l convenience. They imply 
that the w e l d bead dimensions are c o n 
stant along the length of a single bead 
and d o not vary f r o m bead to bead. 
Since this is unrealistic, a measure of the 
we ld bead variabil ity can be input t o the 
mode l using a randomized value selected 
f r o m the scatter about each of the 
straight lines s h o w n in Fig. 3, w h e r e the 
distance b e t w e e n the 95% conf idence 
limits represents four standard deviat ions. 

Bead Height 

Since the G T A W process used was 
cont inuously w i re fed , the w e l d bead 
height cannot be calculated exclusively 
f r o m the gross heat input. It is assumed 
that all the w i re is mel ted and depos i ted 
o n the plate surface w i th little spatter and 
that the t o p surface of the w e l d bead can 
be represented by the arc o f a circle. This 
has previously been s h o w n to be a g o o d 
approx imat ion for gross heat inputs in the 
range of 522-1825 J / m m (21-72 J / in ) , a 
range of w i re feed speeds o f 11 -19 
m m / s (0.4-0.75 in./s) w i t h a w i re d iame
ter of 1.2 m m (0.045 in.) and travel 
speeds in the range 1.7-4.2 m m / s 2 . 
Howeve r , these assumptions wil l also be 
tested here. It can be s h o w n that: 

Table 4—Weld Simulation Hardness 
Measurements'3' 

Table 3—Measured Weld Bead Dimensions 

Weld 
Bead 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10<b> 

Bead 
Width 

mm 

9.91 
11.20 
10.41 
9.91 
8.38 
7.37 
7.62 
9.02 

11.9 
12.1 

Bead 
Height 

mm 

1.17 
1.05 
0.95 
0.89 
1.00 
0.50 
0.60 
0.65 
1.20 
1.40 

Central loint 
Penetration 

mm 

1.40 
1.91 
1.27 
1.14 
1.27 
1.14 
1.52 
1.65 
1.00 
1.05 

Distance from Fusion 
Boundary ACi 

mm 

2.00 
2.19 
2.33 
1.89 
1.85 
1.61 
1.95 
2.00 
3.33 
3.57 

Calculated 
Value of Arc<a) 

Efficiency -q 

1.18 
1.24 
1.61 
1.22 
1.22 
1.15 
1.22 
1.11 
1.46 
1.16 

(a) This value is required to predict the fusion boundary. ACT distance and is not strictly an arc efficiency that cannot have a value 
greater than unity. The average value of ij is 1.25, wi th a standard deviation of 0.17. It is required for convenience as a curve-fitting 
parameter to produce an empirical fit to the observed data. 
(b) Erratic bead, average of two sections. 

Single Weld 
Thermal 
Cycle"3' 

1300 
1200 
1100 
1050 
1000 
950 
900 
850 
800 
700 

Vickers 
Hardness 
Hv 10 kg 

468 
471 
449 
341 
357M 
303 
267 
239 
238 
202 

Prior 
Austenite 
Grain Size 

mm 

0.100 
0.080 
0.040 
0.030 
0.015 

<0.015 
<0.015 
<0.015 

•u 0.02 (Base Plate) 
1- 0.02 (Base Plate) 

(di Ref i 
(b) The nomenclature refers to a we ld thermal cycle wi th 
heating and cooling rates resulting f rom a heat input of 1 
k | /mm and a preheat of 100°C with the given weld thermal 
cycle peak temperature. 
(c) This value differs f rom Alberry and Lambert (Ref. 1) 
because additional measurements have been included. 
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•K (WD) 2 WFS 

4 v 

i 4ha 

4h2-Fa : 

y \ 3 6 0 \ 2 8 h / 

)M^)) 
Table 5—Weld Simulation Hardness Measurements**' 

(3) 

w h e r e W D is the w i re diameter, WFS is 
the w i re feed speed, h is the randomized 
we ld bead height and a is the randomized 
bead w i d t h —Fig. 1. 

Calculated values of bead height are 
s h o w n in Fig. 4 p lo t ted against the mea
sured values. The agreement b e t w e e n 
the pred ic ted and measured values is 
reasonable. 

HAZ Dimensions 

Previous worke rs (Refs. 4 -6) have 
s h o w n that a know ledge of the we ld 
thermal cycle can be used to pred ic t the 
rapid austenite grain g r o w t h that occurs 
in the HAZ's o f low-al loy ferrit ic steels. 
The final grain size is given by an equat ion 
of the f o r m : 

D : E A exp 

^ tT« 
RT(t) 

(4) 

w h e r e t-rf is the t ime at wh i ch t ransforma
t ion t o austenite starts, txs is the t ime at 
wh i ch t ransformat ion f r o m austenite t o 
the ferrit ic t ransformat ion p roduc t is 
comp le ted dur ing the cool ing per iod of 
the cycle and all grain g r o w t h ceases, 
Q A p p is the apparent act ivat ion energy 
for the grain g r o w t h process, A and n are 
constants over the exper imental range of 
condi t ions, A t is a t ime step used fo r 
numerical integrat ion, R is the gas con 
stant, and T(t) is the instantaneous tem
perature in K. 

In the methods used to evaluate Q A P P , 
A and n have been descr ibed (Ref. 4). Ba
sic metallurgical constants for SA508 Class 
2 are given in Table 6 (Ref. 1). T(t) is eval
uated f r o m a three-dimensional heat - f low 

Double Weld 
Thermal Cycle<b' 

1300, 
1300, 
1300, 
1300, 
1300, 
1300 
1300, 
1300, 
1300, 
1300, 
1300 
1300 
1300 
1300 
1300 

1300 
1200 
1100 
1000 
900 
880 
860 
840 
800 
750 
700 
650 
600 
550 
500 

Measured Vickers 
Hardness HV 10 kg 

461 
464 
451 
455 
426 
443 
390 
354 
315 
318 
349 
349 
388 
405 
424 

Measured % 
Transformation 

on Second Cycle 

100 
100 
100 
100 
100 
86 
62 
38 
0 
0 
0 
0 
(I 

0 
0 

Calculated Vickers 
Hardness Hv 10 kg 

470 
469 
463 
456 
450 
441 
402 
$71 
322 
343 
365 
384 
401 
415 
424 

(a) Ref 1. 
(b) The nomenclature refers to a weld thermal cycle with heating and cooling rates resulting from a heat input of Ikl/mm and a pre
heat of 100°C with the given weld thermal cycle peak temperature. 

equat ion fo r thick plate (Ref. 7): 

T(t) = T„ + 

Table 6—Basic Welding Metallurgy of 
SA508 Class 2 Heat-Affected Zones 

2k0R 1 

exp ( - Av£) exp ( - XvR1) 
(5) 

fo r a surface point source mov ing w i t h 
constant veloci ty, v, along the x axis o f a 
f ixed rectangular coord inate (x,y,z) sys
tem. 

T 0 is the initial (preheat) temperature , 
K, k is the thermal conduct iv i ty , G is the 
solid angle in radians for the heat conduc
t ion path , 0.5 X - 1 is the thermal diffusivi
ty, and g = x —vt, w h e r e it is t ime. 

R1 = V ? + y2 + z2 w h e r e <j> is the arc 
p o w e r def ined as j /Vl , V and I are the 
we ld ing vol tage and current, and ?? is the 
arc eff iciency, wh i ch depends u p o n the 
we ld ing process (Refs. 8, 9). 

The value o f rj in this investigation has 
been de termined empirically f r o m the 

Dynamic Aci 
Dynamic AC3 
Grain growth constant 

Grain growth activation 
energy 

Grain growth exponent 

808 °C 
892°C 
2.1 X 1012 

mm 1 3 s _ 1 

460 kj mo le - 1 

1.3 

measurements of the we ld bead d imen
sions given in Table 3. Since the posi t ion 
of the fusion boundary is measured, the 
HAZ can be accurately descr ibed if the 
heat - f low mode l correct ly predicts the 
distance f r o m the fusion boundary to the 
A c i isotherm. Values o f ?j, wh i ch correct
ly predict measured fusion boundary Ac-i 
distances, are shown in Table 3. The 
average value at the centerl ine of the 

9 5 % confidence 
imits 

-I* s tandard 
deviat ions 

1.4 
E 
E 

j _ -

E1 1.0 
QJ 

JZ. 

TD 
ru 
OJ 

* 0.6 
OJ 

IT) 

3 0.2 

-

, / , i 

yfyi 

v/* Theoretical 
s^ slope = 1 

1 1 I 1 I 1 I 

X s^A 

line 

, 1 . 1 , 

Fig. 3 

400 800 1200 

Cross heat input , J /mm 

- CTA W weld bead dimensions versus gross heat input 

0 0.4 0.8 1.2 

Measured bead he igh t , mm 

Fig. 4 — Comparison of calculated and measured weld bead heights 
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4.0 

E 

„r3.0 

2.0 

1.0 
Theoretical line 
slope = 1 

0 1.0 2.0 3.0 4.0 
Measured fusion boundary to Ac-| isotherm distance, mm 

Fig. 5 — Comparison of calculated and measured fusion boundary toAc-i 

500 

400 

300 

200 

100 -

0 _ 
0 400 800 1200 

Thermal cycle peak temperature, C 

Fig. 6 — Measured HAZ hardness after a single weld thermal cycle 

1600 

weld pool is 1.25. This does not imply an 
overall arc efficiency of 1.25, which is 
clearly impossible, but represents a local 
value that provides a best fit to the 
experimental data. The positions of all 
other isotherms are then calculated rela
tive to the position of these two using the 
average value of y\. Since weld beads are 
known to be inherently variable, the use 
of a single value of T\ can only be approx
imate. The fusion boundary to the Aci 
isotherm distances calculated using the 
average value of 77 are compared with 
the measured values in Fig. 5, showing 
that the approximation is reasonable. 

Algorithms for Prediction of HAZ Hardness 
Resulting from Phase Transformations 

Single GTAW weld thermal cycles with 
high peak temperatures produced 
coarse-grained martensite, or coarse
grained martensite and lower bainite mix
tures, which correspond closely to the 
microstructures observed at the fusion 
boundary of the weld HAZ's (Ref. 1). 
Weld thermal cycles with lower peak 
temperatures produce finer-grained mi
crostructures, the prior austenite grain 
size decreasing with peak temperature. 
Thermal cycles with peak temperatures in 
the range ~800°-900°C(1472°-1652°F) 
produce various degrees of reaustenitiza-
tion, resulting in intercritical structures, 
that are representative of those at the 
HAZ-base metal interface. 

The decrease in grain size with thermal 
cycle peak temperature causes a shift in 
the continuous cooling transformation 
curve, which promotes the formation of 
higher temperature transformation prod
ucts at a given cooling rate. A given weld 
HAZ could contain martensitic transfor
mation products at the fusion boundary 
changing progressively to lower bainite, 
upper bainite and ferrite as the grain size 
decreases at increasing distances away 
from the fusion boundary. Some basic 
metallurgical constants for SA508 Class 2 
are given in Table 6. In this material, even 
HAZ's adjacent to a single weld bead will 

contain a range of grain sizes and trans
formation structures that will have char
acteristics as-welded hardnesses. The 
actual HAZ hardness produced depends 
on the separate contributions from those 
elements taken into solid solution, the 
grain size, the carbide distribution, the 
transformation product and dislocation 
density. These effects are taken account 
of empirically using the algorithms 
described in the following section. 

As-Welded HAZ Hardness Algorithms for 
Single Weld Thermal Cycles Derived from 
Weld Simulation Specimen Measurements 

Various algorithms are required to cal
culate the as-welded HAZ hardness val
ues as a function of position in the weld 
HAZ. Initially, the HAZ hardness produced 
by the deposition of a single weld bead is 
required. This can be calculated by first 
using the heat-flow equation to calculate 
the weld thermal cycle and using the 
weld thermal cycle to calculate the prior 
austenite grain size (Equation 4). This 
determines the transformation product 
on cooling for which the appropriate 
HAZ hardness has been measured from 
weld simulation specimens as a function 
of thermal cycle peak temperature — 
Table 4. These values are plotted in Fig. 6. 
The as-welded initial hardness distribution 
can be represented by the following 
algorithms: 

T < Ac,; Hv = 202 
A d < T < 1200; Hv •• 
T > 1200; Hv = 470 

0.633T-290 
(6) 
(7) 
(8) 

Equation 7 was obtained by least 
squares regression and has a correlation 
coefficient of 0.91. The equation has no 
known theoretical basis and is used for 
computational convenience. 

Table 7 shows a comparison of mea
sured weld simulated and weld HAZ 
hardnesses from different regions of the 
HAZ corresponding to coarse, medium, 
fine, very fine and intercritical prior aus
tenite grain sizes. The values are in rea

sonable agreement, which reflects the 
accurate weld simulation of the transfor
mation products and the precipitate dis
tribution present in weld HAZs. 

As-Welded Hardness Calculations for 
Multipass HAZ's Derived from Weld 
Simulation Specimen Measurements 

Multipass weld HAZ's are more com
plex than single pass weld HAZ's. They 
experience multiple weld thermal cycles 
with peak temperatures ranging between 
the melting point and the preheat tem
perature. These thermal cycles can 
change the transformation product or 
temper the HAZ structure or leave the 
structure basically unaltered, depending 
on the peak temperature experienced 
and the cooling rate. The two basic 
mechanisms responsible for these 
changes are carbide dissolution and pre
cipitation and grain growth while the 
material is austenitic. 

Austenite is grain boundary nucleated 
on heating so that the grain growth 
process is repeated for each weld ther
mal cycle as soon as transformation to 
austenite on heating is complete. In low-
alloy ferritic steels, grain growth is usually 
inhibited after transformation to a ferritic 
product on cooling. The presence of a 
stable precipitate distribution in the aus
tenite can inhibit grain growth and some 
inhibition may also occur during the early 
stages of carbide dissolution on heating. 
However, carbide dissolution is rapid and 
complete by 1200°C (2192°F). Thus, the 
final prior austenite grain size achieved is 
largely characteristic of the last thermal 
cycle experienced if the peak tempera
ture experienced exceeds 1200°C. Thus, 
the HAZ hardness produced for a double 
or multiple retransformation is given by 
the algorithms 

A c 3 < T < 1200; Hv = 0.067 
(T - Ac3) 4-449 (9) 

T > 1200; Hv = 470 (10) 

where T is the peak temperature of the 
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last thermal cycle. Note that for multiple 
thermal cycles, at least one of the previ
ous thermal cycle peak temperatures is 
required to exceed 1200°C. 

If all the weld thermal cycle peak tem
peratures experienced are less than 
1100°C, the HAZ hardness may be 
derived from the single cycle algorithm 
(Equation 7). 

This last assumption clearly underesti
mates the hardness since multiple thermal 
cycles in the range Ac3-1100°C will pro
gressively dissolve the carbides, eventual
ly producing a hardened condition. This is 
discussed further in another section. 

Algorithms for Prediction of HAZ Hardness 
Resulting from Tempering Effects Derived 
from Furnace Heat Treatment Specimens 

The tempering curves for a range of 
HAZ structures were determined (Ref. 1) 
by furnace treatment of samples pro
duced by weld thermal cycle peak tem
peratures of 1300°, 1200°, 1100°, 1050° 
and 1000°C (2390°, 2192°, 2012°, 
1922° and 1832°F). Each specimen was 
tempered in a furnace for 0.5 h at tem
peratures of 300°, 400°, 500°, 600°, 
650° and 700°C (752°, 932°, 1112°, 
1202° and 1292°F). Three separate Vick
ers hardness determinations were carried 
out on each specimen. For each of the 
microstructural conditions, the tempering 
results were plotted against the Larson-
Miller parameter (LMP) defined as 
(1.8T4-492)(20 + log t) (11) 

where T is the temperature in °C and t is 
the time in hours. 

These results are shown in Fig. 7. The 
hardness results were fitted to parabolic 
equations using a regression technique 
that produced the following algorithms 
for HAZ's. Note that the results for speci
mens that had experienced weld ther
mal cycle peak temperatures above 
1100°C were indistinguishable and have 
been combined to produce a single algo
rithm. 

peak temperature > 1100°C: 
Hv = 435 4- 8.0 X 10"J 

(LMP) - 3.6 X 10"7 (LMP)2 

peak temperature 1000°-1100°C: 
Hv = 372 + 6.1 X \0~i 

(LMP) - 2.6 X 10~7 (LMP)2 

peak temperature < 1000°C: 
Hv = 311 4-4.0X 10"3 

(LMP)- 1.8 X 10"7(LMP)2 

(12) 

(13) 

(14) 

The use of only three HAZ conditions is 
a major assumption that will be examined 
further in another section of the paper. 

The HAZ hardness of a multipass weld 
deposit is determined by the particular 
combination of weld thermal cycles 
experienced at a given position in the 
weld HAZ. The initial cycles can produce 
hard, intermediate or soft starting struc

tures that can then be progressively tem
pered by the action of various lower 
peak temperature weld thermal cycles, 
which do not produce a retransforma-
tion. The HAZ hardness produced after a 
tempering weld thermal cycle can be 
calculated using Equations 15 to 17. First, 
the Larson-Miller parameter for the weld 
thermal cycle is calculated by numerical 
integration. Effectively, this is done by 
dividing the weld thermal cycle into a 
large number of discontinuous isothermal 
steps such that the time interval for each 
step is short with respect to the weld 
thermal cycle. The Larson-Miller parame
ter for the arbitrary temperature and time 
interval is: 

(1.8 T(t) 4-492) (20 4-log At) (15) 

where T(t) represents the time depen
dence of the weld thermal cycle and At is 
the time step for numerical integration, 
taken as 0.1 s. 

However, it is not possible to summate 
individual Larson-Miller parameters for 
each time interval. It is necessary to select 
an arbitrary normalizing temperature, 
chosen as 800°C in this case. Each Lar
son-Miller parameter is converted into an 
equivalent time at 800°C (1472°F), tr300, 
and the equivalent times summated for 
each isothermal step across the weld 
thermal cycle. The equivalent time at 
800°C for the weld thermal cycle is given 
by: 

log (Zi t;800) = 

Si 
-(1.8T(t)i4-492)(204-log At) 

1932 
20 (16) 

The constant, 1932, arises from the 
choice of 800°C as the normalizing tem
perature. The Larson-Miller parameter for 
the weld thermal cycle is then obtained 
from the equation, 

LMP = (1932) (20 + log Eitj800) (17) 

500 

- 300ir 

100 

Peak T Grain size 
C pm 

-1100 40-80 

Table 7—Comparison of As-Welded 
Hardness Values for Single Weld Beads and 
Weld Simulation Specimens'"' 

Weld HAZ Weld Simulation 
Hardness Hardness Grain Size 
Hv 10 kg Hv 10 kg in HAZ 

455 
450 
350 
275 
225 

450-471 
400-450 
311-375 

267 
238 

Coarse 
Medium 
Fine 
Very fine 
Intercritical 

(a) Ref. 1. 

The tempering effects can then be esti
mated by substituting the calculated Lar
son-Miller value for the weld thermal 
cycle into Equations 12 to 14. 

Algorithms for Prediction of HAZ Hardness 
Resulting from Partial Retransformation 

Prior sections have dealt with the HAZ 
hardness produced from transformation 
effects for single and multiple thermal 
cycles and the tempering of each of the 
possible as-transformed structures. How
ever, regions of the HAZ that experi
ence weld thermal cycles with peak tem
peratures between the Aci and Ac3 are 
only partially transformed. The resultant 
HAZ hardness can be estimated from a 
knowledge of the fraction transformed as 
a function of peak temperature. Table 5 
shows that the percentage transforma
tion is approximately linear, with peak 
temperature between the Aci and Ac3. 
That fraction of the HAZ that is retrans
formed is given the HAZ hardness appro
priate to the condition as described by 
Equation 7, if the previous cycles had not 
exceeded 1100°C. If the previous weld 
thermal cycle peak temperature had 
exceeded 1100°C, then the simplifying 
assumption made is that the hardness of 
all transformed regions that experience 
peak temperatures in the range Aci-Ac3 

will have HAZ hardnesses approximately 

Fig. 7— Tempering 
curves for SA508 
Class 2 HAZ 
structures 

+ Hardened condition 

• Softened condition 

o Intermediate condition 
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Note 

That the f irst thermal 
cycle peak temp was 
1300°C fo produce an 
initial HAZ in the 
hardened condition 
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Fig. 9 — Calculated and measured as-welded HAZ hardness for a six-layer 
mechanized GTA W weld repair procedure (Ref. 10) 

equal to the as-transformed hardness of 
those regions that experience a peak 
temperature equal to the Ac3, i.e., 449 Hv 
as described by Equation 9. That fraction 
of the HAZ that is not retransformed 
starts with an initial hardness appropriate 
to the particular condition produced by 
any transformation resulting from the 
preceding thermal history. This untrans-
formed fraction of the HAZ is then tem
pered by the thermal cycle as described 
by Equations 12 to 14 as appropriate to 
the particular hardened condition. 

The average HAZ hardness is then 
determined by the method of mixtures, 
i.e. 

Hv = (iA X HvNew) 4- (1 - ,/0 
(Hvold) (18) 
where \p = fraction transformed 
l_lvNew _ hardness of new transforma
tion product 
Hvo l d = hardness of old transforma
tion product. Note that this is further 
tempered. 

Validation of Transformation and Tempering 
Algorithms Using Weld Simulation Specimen 
Measurements 

Prior sections describe a series of algo
rithms for the calculation of HAZ hard
ness as a result of retransformation, tem
pering and a combination of both. Clearly, 
there are many possible combinations for 
experimental validation, and so effort has 
been concentrated on the HAZ in the 
hardened condition since this condition 
represents the maximum HAZ hardness 
that will require softening during welding. 

Table 8—Welding Conditions for Computer 
Model Validation 

W e l d i n g 

Parameters 

Current, A 
Voltage, V 
Travel Speed, mm/s 
Wire Feed Speed, mm/s 
Wire Diameter, mm 
Preheat, "C 

Layer N u m b e r 

1 2 3 - 6 

180 200 220 
11 11 11 

3.60 2.96 2.54 
16.5 25.0 27.5 
0 8 9 089 0 8 9 

150 150 150 

The combinations of weld thermal cycles 
used are given in Table 5, and the agree
ment between measured and calculated 
HAZ hardness produced by retransfor
mation, temperature and a combination 
of both are shown in Fig. 8. 

Figure 8 shows how an HAZ, which had 
initially experienced a weld thermal cycle 
peak temperature of 1316°C (2400°F), is 
affected by various second thermal 
cycles with peak temperatures in the 
range 20"-1300°C (68°-2372°F). Note 
that the first thermal cycle produces a 
HAZ in the hardened condition. Second 
thermal cycles with peak temperatures in 
the range 20°-808' !C (68°-1456°F), i.e., 
up to the ACT temperature, temper the 
initial structure by various amounts pro
ducing a progressive decrease in hard
ness with peak temperature. The com
parison of weld simulation hardness mea
surements and calculated hardness values 
derived from the algorithms expressed 
by Equations 6 to 17 show reasonable 
agreement. 

For all second thermal cycle peak tem
peratures above 892"C (1608°F), the Ac3 

temperature, the structure is fully trans
formed, and since it previously experi
enced a thermal cycle peak temperature 
in excess of 1100°C, i.e., 1300°C, the 
HAZ structure is also fully hardened. Con
sequently, the HAZ hardness produced 
by all those second thermal cycle peak 
temperatures above the Ac3 are 
described by Equations 9 and 10. The 
resultant hardness changes are caused by 
transformation effects. 

In the intermediate range of second 
thermal cycle peak temperatures, be
tween the Ac-i and Ac3, hardness 
changes are caused by a combination of 
tempering and transformation effects, as 
described in a prior section. 

Computer Model Validation 

A series of five mechanized GTAW 
welding procedures identified by the 
computer model were validated experi
mentally (Ref. 10). The welding proce
dure detailed in Table 8 proved to be the 

most suitable for practical applications in 
cavity geometries. Hardness traverses for 
this procedure were calculated using the 
algorithms described previously using the 
computer model with randomized bead 
dimensions. The calculated maxima and 
minima from 150 independent hardness 
traverses across the HAZ are shown in 
Fig. 9, together with the measured hard
ness values taken from the separate tra
verses (Ref. 10). 

The calculated and measured values 
for each of the five validated weld 
deposits were in reasonable agreement 
given the complexity of the situation and 
possible segregation in the base plate. 
The example given in Fig. 9 is typical. 

Discussion 

Weld Bead Dimensions 

The computer model used requires 
suitable algorithms for the description of 
weld bead shape which has an idealized 
geometry as shown in Fig. 1. This has the 
disadvantage that the model is not gener
ally applicable but is only valid over the 
range of conditions used to obtain the 
weld bead dimension data. In the present 
case, the database for weld bead dimen
sions is sparse. However, the computer 
model uses randomized weld bead data 
whose scatter is directly related to the 
scatter measured in the empirical data
base. 

The computer model now has the 
capability to examine the effects of weld 
bead variability on a given weld. Since 
weld bead variability is the inherent 
source of weld variability, it allows the 
possibility to examine possible weld-to-
weld variations, which could be impor
tant in some nuclear repair applications. 
This may help to define the level of 
experimental validation required to 
establish a given level of confidence that 
any given weld is adequately represented 
by a given set of test samples whose 
properties are well established. The 
agreement between the scatter of the 
hardness measurements and the band-
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width of the calculated hardness maxima 
and minima envelopes (Fig. 9) indicates 
that the sparse weld bead dimension data
base used, together with the limited 
extrapolation in welding conditions, does 
not introduce any serious errors into the 
hardness calculations. 

HAZ Dimensions 

The HAZ dimensions are calculated 
using standard heat-flow equations. 
However, an average arc efficiency, r), 
has been used to constrain the calcula
tions to fit the measured distance from 
the fusion boundary to the AO| isotherm. 
Since the fusion boundary distance is 
determined empirically, adjusting r\ is 
equivalent to fitting the HAZ dimensions 
empirically. The heat-flow calculations 
are effectively calibrated against two 
fixed points in the HAZ, thereby over
coming most of the known limitations of 
classical heat flow. The alternative is to 
use a much more sophisticated finite 
element model that correctly models 
convective flow in the weld pool for a 
moving source with wire additions. At 
present, even the most sophisticated 
models cannot predict weld bead and 
HAZ dimensions from first principles 
(Refs. 11-17). 

Computer Model Validation 

Generally, the agreement between the 
measured and calculated hardness tra
verses is reasonable —Fig. 9. The band 
describing the hardness maxima and min
ima is in reasonable agreement with the 
measurements, given the coarseness of 
the algorithms derived from Fig. 7. In fact, 
the calculated shape fits the measured 
maximum HAZ hardness data points to 
within 10%. The discrepancy may be due 
to plate segregation (Ref. 10). For exam
ple, the specimens used to derive the 
tempering algorithms contained 0.39 wt-
% Cr and 0.31 wt-% Si in contrast to the 
weld bead base plate and weld simula
tion specimens, which contained 0.28 
wt-% Cr and 0.17 wt-% Si-Table 1. This 
composition difference can lead to hard
ness variations of about 20 Hv 10 kg 
(Refs. 18, 19). 

In summary, therefore, the results 
demonstrate the feasibility of a welding 
technique where successive welding 
passes are used to control the HAZ struc
ture and hardness. This provides some 
confidence that the structure and proper

ties of the HAZ's of non-postweld heat 
treated weldments can be left in a soft
ened metallurgical condition. The exten
sive program carried out by Babcock and 
Wilcox under the main EPRI contract RP 
1236 has measured the mechanical prop
erties of such repairs to underwrite the 
service integrity. However, it is unlikely 
that such techniques will have a major 
effect on the as-welded residual stress 
distribution and further work is required 
to assess the fitness for purpose of weld 
repair situations that do not involve post
weld heat treatment. 

Conclusions 

1) The predictive methodology, in the 
form of a computer model, has the 
potential to be used for rapid weld eval
uation of procedures and weld process 
parameter optimization. 

2) A six-layer mechanized GTAW 
weld repair procedure, which uses the 
principles of layer-by-layer refinement 
and tempering during welding, has been 
identified as an acceptable alternative to 
the ASME XI half-bead technique. 

3) Detailed hardness distributions 
across SA508 Class 2 heat-affected zones 
can be predicted for the mechanized 
GTAW process from a knowledge of the 
weld bead dimensions, welding process 
variables and basic heat-affected zone 
metallurgy. 
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