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Numerical Prediction of Microstructure and 
Hardness in Multicycle Simulations 

A.S. Oddy and J.M.J. McDill 

Thermal-microstructural predictions are made and compared to physical simulations of heat-affected 
zones in multipass and weaved welds. The microstructural prediction algorithm includes reaustenitiza- 
tion kinetics, grain growth, austenite decomposition kinetics, hardness, and tempering. Microstructural 
simulation of weaved welds requires that the algorithm include transient reaustenitization, austenite de- 
composition for arbitrary thermal cycles including during reheating, and tempering. Material properties 
for each of these phenomena are taken from the best available literature. The numerical predictions are 
compared with the results of physical simulations made at the Metals Technology Laboratory, CANMET, 
on a Gleeble 1500 simulator. Thermal histories used in the physical simulations included single-pass 
welds, isothermal tempering, two-cycle, and three-cycle welds. The two- and three-cycle welds include 
temper-bead and weaved-weld simulations. A recurring theme in the analysis is the significant variation 
found in the material properties for the same grade of steel. This affected all the material properties used 
including those governing reaustenitization, austenite grain growth, austenite decomposition, and hard- 
ness. Hardness measurements taken from the literature show a variation of+5 to 30 HV on the same sam- 
ple. Alloy differences within the allowable range also led to hardness variations of +30 HV for the 
heat-affected zone of muitipass welds. The predicted hardnesses agree extremely well with those taken 
from the physical simulations. Some differences due to problems with the austenite decomposition prop- 
erties were noted in that bainite formation was predicted to occur somewhat more rapidly than was found 
experimentally. Reaustenitization values predicted during the rapid excursions to intercritical tempera- 
tures were also in good qualitative agreement with those measured experimentally. 
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1. Introduction 

REPAIR welding of 2.25Cr-l.0Mo steels without postweld 
heat treatment has been the subject of a number of long-stand- 
ing research programs. During repair welding, the thermal his- 
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tory of the first pass creates a hard martensitic structure in the 
coarse-grained heat-affected zone (CGHAZ). Hydrogen-in- 
duced cracking in this location is a strong possibility unless 
corrective measures are taken. One method has been the reduc- 
tion of the local hardness to below 250 HV through postweld 
heat treatment of the welded structure. This is expensive and in- 
convenient to apply in situ. The development of temper-bead 
and weaved-weld techniques to avoid this has been the subject 
of many experimental studies. If numerical procedures could 
be developed that accurately predict the effects of multiple 
thermal cycles, then the search for successful techniques could 
be shortened and the expense reduced. 

Nomenclature 

A 

Ael 
Ae3 

B 
Bs 
g 

go 
/40 

Tempering pre-exponential factor H 
Equilibrium austenite start temperature, ~ H= 
Equilibrium austenite completion tempera- k 
ture, ~ L 
Tempering rate time-constant, K log(h) 
Bainite start temperature, ~ Ms 
Austenite grain diameter, lam n 
Initial austenite grain diameter, lam Q 
As-quenched hardness, HV R 

Superscripts 

Hardness, HV 

Fully-softened reference hardness, HV 

Pre-exponential grain growth factor 

Larsen-Miller parameter, K log(h) 
Martensite start temperature, ~ 

Grain growth power 

Grain growth activation energy, cal/mol.K 

Universal gas constant (1.987 cal/moi.K) 

t + At Value at end of time step t 
Subscripts 

Value of start of time step 

B 

P 
O 

Relevant value for bainite fraction 
Relevant value for pearlite fraction 
Initial value at formation 

oo 

Y 

Fully recovered reference value 
Relevant value for ferrite fraction 
Relevant value for austenite fraction 
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A crucial part of  microstructural predictions of multipass 
welding in chromium-molybdenum steels is the development 
of  procedures to deal with the special aspects not found in typi- 
cal, single-cycle weld analyses. Figure 1 shows a thermal his- 
tory typical of the CGHAZ in a three-layer weld. The most 
obvious problem is the occurrence of multiple reaustenitization 
cycles. The relatively high interpass temperature leaves a re- 
tained austenite fraction that could decompose during the re- 
heating of the second pass. For instance, for 2.25Cr-1Mo steel, 
the M s temperature is 394 ~ and M90 was 280 ~ The inter- 
pass temperature usually specified is 260 ~ This leaves an ap- 
preciable retained austenite fraction when reheating from the 
next weld begins. Austenite decomposition during reheating 
will therefore occur. The assumption in Ref 1 that austenite de- 
composition occurs only during cooling is no longer valid. Fur- 
thermore, intercritical reheating leads to partial austenitization 
and the creation of  austenite fractions with elevated carbon 
contents. During the weaved third pass there are several, rapid 
excursions to intercritical (T > Ael) and supercritical tempera- 
tures (T > Ae3). The short duration of  each pulse and the rapid 
cooling before the next excursion ensure that the austenite frac- 
tion formed is far less than the equilibrium value computed 
from the peak temperature. It also follows that austenite forma- 
tion will be occurring during cooling as long as T > Ael and the 
current austenite fraction is less than equilibrium. Equilibrium 
austenite formation models as found in Ref 1 will lead to totally 
erroneous predictions by overestimating the austenite formed 
in each excursion. A transient reaustenitization model is essen- 
tial. These difficulties were addressed in Ref 2. The algorithm 
uses the basic relationships in Ref 1 modified to accommodate 
the special problems of  multipass welds. 

A further general problem concerns the reduction in heat-af- 
fected zone (HAZ) hardness that occurs by tempering from 
subsequent weld passes. Reheating of the transformation prod- 
ucts formed in the first weld cycle causes tempering and a re- 
duction in hardness. This is the fundamental idea behind 
temper-bead and weaved techniques. Inclusion of  these effects 
in an algorithm that allows multiple cycles of  austenite forma- 
tion and decomposition is also essential. Problems specific to 
the alloy examined can also occur. When applied to steels with 
moderate alloy contents, the relationships described in Ref 1 
can become inaccurate. Specifically, alloy-dependent coeffi- 
cients for austenite grain growth and austenite decomposition 
kinetics must be altered for 2.25Cr-l .0Mo steels. This report 
concerns the additions made to allow microstructural predic- 
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tions of  2.25Cr-1.0Mo steels that include tempering. The algo- 
rithm is compared with the results of physical simulations of 
the microstructural evolution in the CGHAZ of a 2.25Cr-1Mo 
weld (Ref 3-6). 

A series of material properties governs the metallurgical 
processes of  austenite formation, grain growth, austenite de- 
composition, and tempering. Efforts were made to find and use 
the best material coefficients from the available literature. Un- 
fortunately these properties were not always consistent when 
taken from different sources and in some cases conflicted with 
measurements made in Ref 3 to 6. Furthermore, in Ref 3 alloy 
differences alone are estimated to cause a difference of 30 HV 
in the hardness of the tempered CGHAZ. What this points to is 
the sensitivity of material properties to the range of allowable 
alloy contents within the nominal specification. Rather than al- 
ter the values to suit the measurements in Ref3 to 6, the proper- 
ties were used as taken from the sources. 

2. Method 

The basic structure of  the microstructural  predict ion al- 
gori thm is essentially the same as that described in Ref  1. 
The ordinary differential equations (ODEs) proposed by 
Kirkaldy and described in Ref 1 form the basis for the underly- 
ing mathematics. When redeveloping the algorithm, modifica- 
tions in Ref 2 allow austenite formation or decomposition 
during heating or cooling, multiple reaustenitization cycles, 
and transient reaustenitization. Equilibrium considerations de- 
termine austenite formation or decomposition rather than as- 
suming only decomposition during cooling and formation 
during heating, as in Ref 1 .The carbon content of the austenite 
becomes the critical factor at intercritical temperatures, and for 
this reason carbon content of the austenite must be tracked 
through the cycle of  formation and decomposition. Multiple 
reaustenitization cycles create situations where a given phase 
fraction might be a mixture of  old and newly formed subfrac- 
tions. Careful averaging of quantities such as austenite grain 
size, carbon content of  all phases, and hardness is essential. 

The transient reaustenitization model is divided into two 
consecutive processes. The first is the dissolution of the iron- 
carbide phases and the creation of  an austenite fraction of  eu- 
tectoid carbon content. After the dissolution of all iron 
carbides, the second process, that of carbon diffusion into the 
remaining ferrite fractions and the conversion of that ferrite 
into austenite, occurs. Austenite formation begins as soon as 
temperatures rise above the equilibrium value Ael. Rapid heat- 
ing raises the apparent austenite formation temperatures Acl, 
Ac3 above the equilibrium values Ael, Ae3. Predictions were 
compared in Ref 2 with measurements made on a SA508 cl. 3 
steel. Increasing the heating rate from 1 to 70 ~ raised the 
measured Acl from 730 to 760 ~ and the measured Ac3 from 
840 to 870 ~ Predicted values followed this closely as Acl in- 
creased from 737 to 774 ~ and Ac3 from 818 to 886 ~ Con- 
sidering the experimental difficulties, the agreement was quite 
good. 
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2.1 Grain Growth 

The role of austenite grain size in the austenite decomposi- 
tion kinetics is central to microstructural predictions. Austenite 
decomposition ODEs in Ref 1 show the strong effect of 
austenite grain size on kinetics. References 3 to 6 also demon- 
strate that multiple reaustenitization cycles can be used to re- 
fine the grain structure left in the CGHAZ of the first pass. This 
reaustenitization and grain refinement can convert the marten- 
site left by the first pass into bainite. The general relation used 
for austenite grain growth is 

dg ( k ] expf -Q]  (Eq 1 ) 

where g is the austenite grain diameter, t i s  time in seconds, Tis 
the temperature in K, Q is the activation energy for grain 
growth, and k is a pre-exponential factor. The terms n, k, and Q 
are material properties. 

The experimental examination of austenite grain growth in 
HAZs for 2.25Cr- 1Mo in Ref 7 recommended value for n quite 
different from the usual value of  2. From the results of  physical 
simulations of  grain growth in the HAZ of 2 .25Cr-lMo welds, 
Ref7  recommended the use of 

n = 3 . 1 7  

k = 2.79 x 109 (Eq 2) 
n 

Q = 4.3 • 104 cal/mol �9 K 

for g in microns and t in seconds. 
Grain growth cannot begin before the dissolution of the sec- 

ondary carbides has occurred. This is accomplished in Ref 1 by 
preventing grain growth until temperatures exceed some pre- 
cipitate dissolution temperature. This depends on the alloy and 
chemical species involved. For the microalloyed steels exam- 
ined in Ref l, a value of  1044 ~ was used. Dilatometric tests 
on 2.25Cr-lMo steel in Ref 7 involved heating to and cooling 
from 1100 ~ at various rates. Austenite grain sizes of  13 to 25 
pm were measured, indicating that the dissolution temperature 
was below I 100 ~ Therefore, 1044 ~ was kept as the precipi- 
tate dissolution temperature for 2.25Cr-1Mo steel. 

Grain growth, like every other physical process, is affected 
by material properties that vary with alloy content. Some of the 
grain growth results presented in Ref 7 appear to be in conflict 
with measurements reported in Ref 3 and 4 and micrographs 
presented in Ref 5 and 6. Comparisons are difficult; however, 
prior austenite grain diameters for heavier welds (>1.1 kJ/mm) 
in Ref 7 are substantially smaller than those found in Ref 3 to 6 
for peak temperatures of approximately 1350 ~ These com- 
parisons are scarcely conclusive, but are indicative of  potential 
differences. The most likely explanation is that small differ- 
ences in alloy content are affecting the austenite grain growth. 
In spite of these potential difficulties, the austenite grain 
growth equations in Ref 7 were adopted for this investigation. 

2 . 2  Austenite Decomposition Kinetics 

A series of ODEs are used in Ref 1 to describe the kinetics of  
ferrite, pearlite, and bainite formation from austenite. Polyno- 
mial equations are used to describe the alloy dependence of  
these terms. Although the results are very good for a range of  
low-alloy steels, they become increasingly inaccurate for 
higher alloy contents. This is especially true for alloys where a 
secondary austenite bay opens between the ferrite and bainite 
start lines. The 2.25Cr-lMo steels certainly fall into this cate- 
gory as Ref 8 demonstrates. 

Extraction of the relevant coefficients from an isothermal 
transformation diagram is a trivial exercise. The coefficients 
used in this investigation for the austenite decomposition kinet- 
ics of 2.25Cr-1Mo steel were taken from Ref 8. Figure 2 shows 
the resulting isothermal transformation diagram when the spe- 
cific coefficients extracted from Ref 8 are used in the ODEs 
from Ref 1. The prior austenite ASTM grain size is 5 to 6 (ap- 
proximately 60 I.tm diameter). 

Evidence of some sensitivity to alloy content can be found 
in many sources. In Ref 6, alloy differences for two samples, 
both nominally SA387 Gr. 22 steels, caused a 30 HV difference 
in hardness after three weld cycles. Additional citations in Ref  
8 for other examples of 2.25Cr-1Mo steels show that the equi- 
librium critical temperatures also vary considerably; for exam- 
ple: 

871 ~ < Ae3 < 900 ~ 

728 o~ < Ae ] < 804 ~ 

528 ~ < B s < 600 ~ (Eq 3) 

380 ~ _< M s < 420 ~ 

The values used in this investigation for the critical tempera- 
tures were Ae3 = 871 ~ Ael = 804 ~ B s = 528 ~ M s = 394 
~ These are the values obtained from Ref8,  but again they ap- 
pear to conflict with data in Ref3,  where Ael < 780 ~ 
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Fig. 2 Isothermal transformation diagram for 2.25Cr-IMo 
steel (grain size: 5 to 6). Source: Ref8 
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2.3 Tempering and Hardness 

Temper-bead and weave welding techniques are intended to 
replace postweld heat treatment as the means of  reducing the 
HAZ hardness. These techniques share a common process in 
that reheating tempers and softens the HAZ left by the first 
layer. Including these effects in a numerical model requires the 
solution of three problems. First, the degree of tempering must 
be related to measurable quantities such as hardness. Second, 
softening rates must be defined in terms of time and tempera- 
ture. There do not appear to be universally accepted relation- 
ships strongly rooted in metallurgical theory for each of  these 
problems (Ref 9). Finally, whatever relationships are used, 
each requires material properties to describe different alloys. 
Various relationships exist in the literature that attempt to relate 
tempering, time, and temperature (Ref 9). At best, only empiri- 
cal relationships are available. Graphical formats as in Ref 10 
adapt poorly to numerical techniques. In Ref 11, three different 
empirical relationships are used to describe the softening that 
occurs during reheating of  an SA508 cl. 2 steel. Different rela- 
tionships are required for different initial hardnesses. Given 
these problems and the probable sensitivity to variations in al- 
loy content, the use of  a simple relationship seemed justified. 

The first difficulty in including the effects of  tempering lies 
in describing the state of  recovery to changes in physically 
measurable quantities like hardness. Given that initial, as- 
quenched hardnesses may vary, having individual tempering 
relationships for each initial value is inconvenient. The hard- 
ness changes will be described by defining a dimensionless or 
normalized relationship for the degree of softening 

/4 0 - / 4 ( t )  
�9 - - -  (Eq 4) 

H o - H .  

where H o is the initial, as-quenched hardness; H~ is the fully 
softened reference value; H ( t )  is the tempered hardness at time 
t. This has many advantages in that data for different initial 
hardnesses can be compared and a dimensionless term appears. 
All  three empirical relations in Ref 11 can be collapsed into a 
single relation when this transformation is applied (Ref 12). 

Simple, thermally activated rate equations are used to jus- 
tify the Larsen-Miller or Holloman-Jaffe parameter as the rele- 
vant term to describe the tempering process. For isothermal 
treatments, 

L = 1.8(T+ 273)(20 + log(t)) (Eq 5) 

for T in ~ and t in hours. This has several important implica- 
tions that can be in conflict with experimental measurements, 
but it is arguably the best available (Ref 9) and when used in 
empirical relations makes an adequate fit. For anisothermal 
treatments, a pseudotime summation scheme (Ref 12) is more 
rapid than the numerical integration of the relevant ODE. In 
Ref 11 and elsewhere, experiments show that the rate of  hard- 
ness reduction increases as L and �9 increase. The simplest 
ODE for circumstances of  this type is 

d O  �9 

d L  - B 
(Eq 6) 

where B is a material parameter. The solution for this ODE is 

I L ] O = A e x p  ~ (Eq7)  

Specifically, 

ILl H o - H ( t )  _ A exp ~ (Eq 8) 
H o - H~ 

where A and B are material properties and L is the Larsen- 
Miller or Holloman-Jaffe parameter. 

The tempering relation adopted includes only the softening 
during tempering. Secondary hardening due to precipitation of 
additional carbides is not included. In Ref 12, tempering data 
for SA508 cl. 2 steel were taken from Ref 11 and 13, summa- 
rized, and found to be extremely well described by Ref9:  

H o - H ( t )  _ A exp (Eq 8) 
H o - H~ 

This relation proved to be exceptionally convenient. Using 
only two material coefficients, it made accurate predictions of  
tempered hardnesses for initial hardnesses ranging from 300 to 
450 HV, and for tempering temperatures ranging from 300 to 
700 ~ (Ref 12). 

This basic relationship was again adopted to describe tem- 
pering in 2.25Cr-lMo steels. The isothermal results in Ref 5 
were used to determine appropriate values for A and B. For 
2.25Cr-1Mo steel, time in hours and temperature in ~ the val- 
ues obtained were 

A = 0.0053 

B = 7290 (Eq 9) 

For martensite, the as-quenched hardness was H o = 418, the 
as-quenched hardness for bainite was H o = 350, and the fully 
softened reference value was Hoo = 200. Using these relation- 
ships to describe tempering behavior has the chief advantages 
of  simplicity and convenience. Figure 3 compares the temper- 
ing behavior predicted for initially martensitic structures using 
this relationship with the isothermal tempering results from Ref 
5 to show how well the relationships can fit measurements. 
Also shown for comparison are the values predicted with the 
empirical method described in Ref 10. The proposed numerical 
relationship provides a good fit with both the experimental re- 
sults in Ref 5 and the empirical predictions of Ref 10. 

The tempering equation must be integrated with a multicy- 
cle austenite formation/decomposition model. Reaustenitiza- 
tion and decomposition constantly create a mixture of  
as-quenched and tempered martensite and bainite. Averaging 
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procedures are required to avoid a proliferation of  data struc- 
tures. They must still meet the basic conditions that heating 
without reaustenitization causes softening, but formation of 
fresh bainite and martensite increase the hardness. This was ac- 
complished by allowing two opposing trends to affect L. The 
value of L increases as reheating tempers the microstructure. 
On the other hand, L decreases as fresh martensite and bainite 
form and hardness increases. 

A linear law of mixtures rule is used to describe the hardness 
of the mixture of phases: 

IX~+ ) i~t+At+t n t+At -- H ~  At + x~" t+At + x[+At + , ,  B "~B + HBoAXB 

�9 ,t+At t 
+ n M x M + HMoAX M (Eq 10) 

Individual terms represent the contribution of the austenite, fer- 
rite, and pearlite fractions H~(x~ +At + x ~  At +x~,+At); the tem- 
pered hardness of  the bainite and martensite that existed at the 
beginning of  the time step; that is, Hh+Atxh and H Mut+At+t.,.M," ,,,u--a the 
contribution of bainite and martensite freshly formed in the 
step; that is, HBoAX B, and HMoAX M. 

The hardness of  the tempered bainite fraction xh and tem- 
pered martensite fraction x~; are computed from 

VLt+At-[ 
ntl~ A t =  H a o -  (HBo-  HJAexp[ : - f f - - J  

[" Lt+At'] 
Ht~At = HMo - (HMo - H~)aexPL:--ff"- ~ (Eq 11) 

where L t+At is computed by integrating over the time step or 
through a pseudotime summation. It increases as long as some 
bainite of  martensite fraction exists. 

Formation of fresh bainite or martensite requires some type 
of  reduction or resetting of  the value for L t+At. Maintaining 
manageable data structures requires an averaging process. This 
enables single parameters to represent the mixture of  old and 
new microstructural components. Tempering is assumed not to 
affect the hardness of the austenite, ferrite, and pearlite compo- 
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nents. The untempered hardness of  the bainite/martensite mix- 
ture is computed from 

�9 . t+At 
nto+At = / - /MoXM + HBoX~ At 

t+At -- t+At 
X M "1- X B 

(Eq 12) 

and the current hardness of the tempered mixture of  bainite and 
martensite is computed from 

Ht+Atx t t+At t 
/_/t+At B B + HBoAXB + H M  XM + HMoAXM 
" ' B M  = t+At �9 t+At (Eq 13) 

x B + x M 

From these values for the untempered and tempered 
bainite/martensite mixtures, an average value for L t+At is com- 
puted. This reflects the readjustment that must occur as fresh 
bainite and martensite form: 

[- (Ht+At Ht+At'~ ] 
Z t+At=B I ln/ o - BM ] _ l n ( a )  l 

L t, ~+~'-  n~ ) j 
(Eq 14) 

The overall process is therefore divided into two subproc- 
esses. Time and temperature, regardless of  whether or not any 
austenite formation or decomposition occurs, causes an in- 
crease in the value for L t+At and some resultant tempering. For- 
mation of  new bainite and martensite increases the averaged or 
mixed hardness, which reduces the value of  L t+At. 

2.4 Material  Properties 

Metallurgical predictions in multiple thermal cycles require 
the successful integration of at least five processes. Material 
properties describe the response of an alloy to each of  these 
processes. It follows that these processes do not occur inde- 
pendently of  one another. Some strongly influence the sub- 
sequent effects of  others even if they do not occur 
simultaneously. For example, austenite grain growth influ- 
ences the austenite decomposition kinetics, which in turn has a 
strong effect on the hardness. In order of  relative importance, 
the metallurgical processes modeled in this investigation are: 

1. Austenite grain growth kinetics 

2. Austenite decomposition kinetics 

3. Hardness ofaustenite decomposition products 

4. Tempering ofbainite  and martensite fractions 

5. Reaustenitization 

Even if the algorithm were perfect and the mathematical ex- 
pressions used were without simplifying assumptions, any er- 
rors in the material properties used would have a direct effect 
on the predictions made. Material properties were collected 
from several sources. The alloy content varied somewhat 
within the nominal range. Austenite grain growth properties 
were taken from Ref 7. Austenite decomposition properties 
were taken from Ref 8. As-quenched hardness values were 
taken from Ref 3 to 6, and tempering properties from Ref 5. 
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Reaustenitization kinetics and properties followed the method 
outlined in Ref2. 

Given the sensitivity of the properties to variations in the 
content, it is a fair question to ask if the collection is repre- 
sentative of anything at all. That can only be judged by compar- 
ing predictions made with the model to experimental 
measurements from physical simulations found in Ref3 to 6. A 
perspective on what constitutes a good correlation can be 
gained from Ref 3 to 6 where multiple hardness measurements 
on the same sample revealed an experimental error ranging 
from +5 to +30 HV. Furthermore, in Ref 4, alloy differences 
alone are estimated to cause as much as 30 HV differences in 
the CGHAZ hardness of three-layer welds. 

3, Results 

The results of physical simulations of CGHAZ micro- 
structure make an ideal source of experimental data to evaluate 
the predictive algorithm presented here. Thermal histories 
were taken from the physical simulations made at MTL/CAN- 
MET using the Gleeble 1500 thermal-mechanical weld simula- 
tor (Ref 3-6). This body of experimental measurements is 
comprehensive, including single-cycle welds and isothermal 
tempering tests, as well as multicycle, temper-bead, and 
weaved-weld simulations. Table 1 briefly describes the tests. 

Predicted austenite grain diameters in the single-weld simu- 
lations are quite small, on the order of only 20 to 24 ~m. This is 
comparable to the measurements in Ref 7, but considerably 
smaller than the micrographs in Ref 3 to 6 would suggest. Al- 
though no values are quoted, the micrographs certainly suggest 
values much larger than 30 p.m. 

The two- and three-cycle weld predictions are interesting 
from several perspectives. First, with M s equal to 394 ~ M90 
equal to 305 ~ and the interpass temperature at 260 ~ the 
Koistinen-Marburger equation predicts that a retained 
austenite fraction of 7% exists at the start of the second weld cy- 
cle. This austenite fraction will decompose during the reheat- 
ing of the second cycle. 

Table 1 Thermal cycles in physical simulations 

The weaved second and third thermal cycles involve re- 
peated excursions into the intercritical range where some 
reaustenitization occurs, but much less than equilibrium calcu- 
lations would suggest. For example, for peak temperatures of 
810, 830, and 860 ~ equilibrium calculations would predict 
austenite fractions of 24, 35, and 72%, respectively. This is far 
more than was observed. The fractions predicted to form by the 
transient austenite formation model used in this investigation 
depend not only on the peak temperature, but also on the heat- 
ing and cooling rates. Nevertheless, predicted austenite frac- 
tions were much lower than the equilibrium values. No 
appreciable austenite formation occurred in the second cycle 
for either RBW2 (1350, 810 ~ weaved) or RBW5 (1350, 840 
~ weaved). For RBW4 (1350, 860 ~ weaved), only 6% 
austenite formed in the second cycle. 

Figure 4 shows the correlation between predicted and meas- 
ured hardness from these tests. When evaluating the accuracy 
of the numerical model, it is useful to recall that hardness meas- 
urements made on the same specimen vary by as much as +30 
HV from the listed values (Ref 3-6). This variation occurs in 
spite of the most careful control and demonstrates the inherent 
variability of the physical processes involved. In fact, Ref4 es- 
timates that a further +30 HV variation exists simply as a result 
of the composition differences present within the nominal alloy 
specification. The correlation between measured and predicted 
values is, therefore, excellent. 

Points lying above the 1-to-1 correlation line represent non- 
conservative predictions; that is, predicted hardnesses are less 
than those measured. While most points are below or only 
slightly above the line, there are two points that lie significantly 
above the 1-to-1 correlation. One is from a two-cycle weld 
simulation, and the other is for a three-cycle weld simulation. 
Both points share a common characteristic in that the second 
cycle is a weaved weld with a peak temperature of 910 ~ In 
both cases, complete reaustenitization occurs, but the slow 
cooling of the weaved cycle leads to a prediction of 100% 
bainite formation. The experimental results show a mixed 
microstructure of bainite and martensite. The bainite formation 
kinetics used in the prediction appear to be slightly too rapid. 

Thermal cycle peak temperatures, ~ 
Sample ID Type Cycle 1 Cycle 2 Cycle 3 

RBPI Single weld At8o0/500 = 4.6 s 1350 
RBP2 Single weld Ats00/5o 0 = 2.2 s 1350 
RBH2 Isothermal temper 1350 
RBH Isothermal temper 1350 
RBH3 Isothermal temper 1350 
RBH4 Isothermal temper 1350 
RBH5 Isothermal temper 1350 
RBW3 Two-cycle weld 1350 
RBW6 Two-cycle weld 1350 
RBW2 Two-cycle weld 1350 
RBW5 Two-cycle weld 1350 
RBW4 Two-cycle weld 1350 
RBWI Two-cycle weld 1350 
RB3C Three-cycle weld 1350 
RB3B Three-cycle weld 1350 
RB3A Three-cycle weld 1350 
RB3D Three-cycle weld 1350 
RB3E Three-cycle weld 1350 

30 s at 750 ~ ... 
60 s at 750 ~ ... 
90 s at 750 ~ ... 
600 s at 750 ~ ... 
750 s at 720 ~ ... 
760 ~ weaved ... 
790 ~ weaved ... 
810 ~ weaved ... 
840 ~ weaved ... 
860 ~ weaved ... 
910 ~ weaved ... 

770 ~ 830 ~ weaved 
860 ~ 830 ~ weaved 

860 ~ weaved 830 ~ weaved 
910 ~ 830 ~ weaved 

910 ~ weaved 830 ~ weaved 
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This is probably due to austenite decomposition coefficients 
differing slightly from the true values. On the other hand, meas- 
urements (Ref 4) and calculations agree that for a peak tem- 
perature of 1350 ~ the HAZ is fully martensitic for 800 to 500 
~ cooling times of  less than 6 s. Furthermore, the same algo- 
rithm and same coefficients were used in Ref 14,where com- 
puted bainite transformation rates were slower than measured. 
These apparent inconsistencies would again point to some sen- 
sitivity to alloy content, even within the nominal range. The dif- 
ferences in material properties are probably not large. Only a 
small change might be required to change the predicted fully 
bainitic structure to a mixed bainitic/martensitic structure. 
Overall, the agreement between the predicted and measured 
hardness is excellent. 

The final microstructure for the intercritically reheated 
specimen RBW2 (1350, 810 ~ weaved) was predicted to be 
92% tempered martensite and 8% bainite. The bainite fraction 
came from two sources: 4% came from austenite decomposi- 
tion during reheating and the remainder from austenite decom- 
position during the cooling half of the second weld cycle. No 
reaustenitization was predicted during the excursion to 810 ~ 
Martensite created in the first cycle was tempered in the second 
cycle. The predicted hardness was 329 HV. The measured hard- 
ness was 296 + 11 HV. The microstructure was described as 
predominantly a tempered martensite with a small fraction of 
transformation product from reaustenitization at the grain 
boundaries. The value assumed for Ae] will have a direct bear- 
ing on the reaustenitization calculations. As previously dis- 
cussed, the value chosen may well be greater than the actual 
value for the specimen used. 

Another intercritical specimen RBW4 (1350, 860 ~ 
weaved) was predicted to have a final microstructure of 87% 
tempered martensite and 13% bainite, with a final hardness of 
302 HV. The excursion to 860 ~ spent 2.6 s above Ael. The ap- 
proximately 5% austenite fraction remaining from the first 
weld increased to 11% during the excursion to 860 ~ that is, 
6% reaustenitized fraction. The majority of the austenite pres- 
ent formed bainite during the final cooling. The measurements 
made on this specimen showed a final hardness of  318 + 12 HV. 
The tempered martensite fraction was 296 HV, whereas the 
grain boundary bainite, formed from the reaustenitized fraction 
was 347 HV. The volume fraction of new austenite forming on 
the grain boundaries was not estimated in Ref 5 or 6, but, judg- 
ing from the micrographs, cannot have been large and must be 
roughly comparable to the 6% value predicted. 

The specimen RBWI (1350, 910 ~ weaved) was fully 
reaustenitized in the second weld cycle of the numerical simu- 
lation. The predicted final microstructure was 94% bainite and 
5% martensite, with a hardness of  339 HV. This contrasts some- 
what with the physical simulation where a mixed 
bainite/martensite microstructure with a hardness of  374 + 10 
HV was observed. The relative amounts of bainite and marten- 
site observed were not measured, but presumably show less 
bainite and more martensite than predicted. As has been dis- 
cussed already, the numerical prediction seems to overestimate 
the bainite transformation rate. This is most likely due to inac- 
curacies in the austenite decomposition properties that were 
used. Small changes may be all that are required to bring the 
relative fractions into better agreement. 

In the three-cycle simulations, RB3A (1350, 860 ~ 
weaved, 830 ~ weaved) can be compared with RB3B (1350, 
860, 830 ~ weaved) to show the sensitivity of  the austenite 
formation kinetics to small differences in the thermal history. 
The weaved .second cycle in RB3A showed very little 
reaustenitization, only slightly more than 1%. In RB3A, the 
time spent above Ael was approximately 1.06 s. The temper- 
bead second cycle in RB3B shows more austenite formation, 
with approximately 6% new austenite forming. In RB3B, the 
second temper-bead cycle spent approximately 1.64 s above 
Ae 1" This shows how sensitive the reaustenitization kinetics are 
to small changes in the thermal cycle. Austenite formation is 
known to occur very rapidly. Experimental investigations of  
austenite formation will require stringent control of  the thermal 
history above Ael. 

Comparing the predictions for RB3A (1350, 860 ~ 
weaved, 830 ~ weaved) to experiment shows predicted hard- 
nesses and reaustenitized fractions close to but slightly below 
measured values. The predicted final hardness was 302 HV for 
a mixture of91% tempered martensite and 9% bainite. Very lit- 
tle reaustenitization, approximately 1%, was predicted for the 
second, weaved, thermal cycle. No new austenite was pre- 
dicted for the third cycle. Measured values for this specimen in- 
dicated a final hardness of  305 + 11 HV. Reaustenitization 
occurring at the grain boundaries left a mixed bainite/marten- 
site after the second cycle with some further reaustenitization 
occurring in the third cycle. The amounts formed were very 
small, existing as only very thin layers on the grain boundaries. 
The differences between the predicted and measured behavior 
are very small. 

S i m i l ~  results are evident for RB3B (1350, 860, 830 ~ 
weaved). The predicted final hardness was 304 HV from a mix- 
ture of 92% martensite and 8% bainite. The martensite fraction 
itself was predominantly tempered martensite (85%). Approxi-  
mately 5% martensite formed between the second and third 
weld cycles with a further small component (1%) predicted to 
form after the third weld cycle. While some bainite was pre- 
dicted during the second cycle, most formed during the third 
cycle. Reaustenitization primarily occurred only in the second 
weld cycle when 6% austenite formed. Only 0.1% austenite 
was predicted to form in the third weld cycle. A sizable 
austenite fraction (5%) retained from the second cycle was car- 
ded through the reheating of the third cycle before finally van- 
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ishing during cooling. This agrees well with the physical simu- 
lation where reaustenitization of a thin layer at the grain 
boundaries during the second cycle formed martensite. This 
was followed by some further reaustenitization of a smaller 
fraction in the third cycle. The final microstructure was a tem- 
pered martensite surrounded by a grain boundary layer of 
bainite and martensite. The final measured hardness was 305 + 
13 HV. Thus, the principal difference between the predicted 
and measured values was the very small amount of  reausteniti- 
zation predicted in the third cycle. 

Somewhat larger differences exist between the predicted 
and measured results for RB3E (1350, 910 ~ weaved, 830 ~ 
weaved). The predicted history shows complete reaustenitiza- 
tion during the second cycle with a mixture of 95% bainite and 
5% martensite forming in that cycle. The predicted prior 
austenite grain size in the second cycle is very small, only 10 
lam in diameter, because temperatures do not exceed the as- 
sumed precipitate dissolution temperature. Predictions for the 
third cycle show no reaustenitization, only tempering, leaving 
a final hardness of 282 HV. In contrast to this, while the physi- 
cal simulations also show complete reaustenitization in the sec- 
ond cycle, the decomposition products were a mixture of 
bainite and martensite. The third cycle is reported to produce a 
tempered martensite with a network of bainite and martensite at 
the grain boundaries. The final hardness was 324 _+ 16 HV. The 
difference between the predicted and measured hardness is 
caused mainly by the fact that more bainite is predicted to form 
in the second cycle than was actually found in the physical 
simulation. As already discussed, this may be due to the sensi- 
tivity of  the decomposition properties to variations in alloy 
content. 

A final word on transient austenite formation concerns the 
sensitivity of  austenite formation to the peak temperature. 
Small changes in the value for the peak temperature cause large 
differences in the austenite fraction formed. For instance, 
changing the peak temperature from 910 to 902 ~ lowers the 
austenite fraction formed from 100 to only 25%. This clearly il- 
lustrates the exceptional control required if any experimental 
studies are to be undertaken. 

4. Conclusions 

Material properties taken from published sources show con- 
siderable variation for alloys that fall within the nominal com- 
position for 2.25Cr-l .0Mo steel. In some cases, values from 
different sources are contradictory. 

Variations in material properties lead directly to substantial 
variations in any measured quantity associated with the micro- 
structure. Alloy variations alone are reported to cause a 30 HV 
difference in hardnesses measured after multipass welding. 
Hardnesses measured on single samples typically show hard- 
ness variations of_+5 HV, rising in extreme cases to _+30 HV. 
The accuracy of any predictions must be judged in the light of 
this experimental error. 

The proposed empirical tempering relation can make a good 
fit to the experimental measurements and is in good agreement 
with the empirical predictive method described in Ref 10 for 
this material. 

Comparisons of predicted and measured hardnesses for 
physical simulations of single-pass welds, isothermal temper- 
ing, and multipass temper-bead or weaved welds are in excel- 
lent agreement. Some results indicate that bainite formation 
rates are overestimated to some degree in the predictions. The 
effects of  alloy variations on the material properties are sus- 
pected as the cause. 
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