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The toughness, hydrogen cracking
susceptibility, stress corrosion 
cracking resistance, and feasibility
(weldability) of a steel weld are 
strongly related to the hardness 
of the heat affected zone (HAZ). 
This hardness is determined by 
the steel composition and micro-
structure, and the microstructure 
is related to the thermal history of 
the weld. The microstructure of the 
HAZ typically involves a small set 
of microconstituents such as mar-
tensite, some form of bainite, and 
in some cases ferrite structures. 
This microstructure varies greatly 
within the HAZ, even though the 
nominal composition is the same.

Because of its importance, hardness
of the HAZ is often limited by 
codes, standards, and good prac-
tice. The hardness associated with 
a welding procedure is typically 
anticipated only from experience, 
and in the  lack  of  experience, 
from trial and error, at a consider-
able expense and time delay.  
For this reason, techniques were  
developed to predict this hardness
from information known before 
performing the weld. The main 
approaches to predicting hardness 
in the HAZ include physical and 
mathematical models.

The physical models aim to  
reproduce the welding thermal 
cycle in a laboratory, often in a 
dilatometer. In addition to hardness,
physical models often yield contin-
uous cooling transformation (CCT) 
diagrams, for example those com-
piled in exhaustive compilations 
from Germany [1] and Japan [2]. 
However, due to the many different
alloys and possible thermal cycles, 
it is common that the CCT needed 
for a particular procedure is absent,
especially for newer alloys, such as 
those for pipelines.

The mathematical models aim to 
reproduce the effects of welding 
using calculations. Mathematical 
modes can be classified into  
two different types. The first type  
(“fundamental” approach) is based 
on fundamental equations of  
thermodynamics and kinetics of 
phase transformations [3-5]. The 
second type of models (“fitting 
approach”) attempts to capture 
the relationship between key 
variables and hardness by fitting 
formulae to large amounts of 
experiments. Key variables include
nominal alloy composition, cool-
ing rate and in some cases the 
effects of the heating cycle. The 
fitting can be done using closed 
form expressions or the relatively 
new computational approach of 

artificial neural networks (ANNs) 
[6-8]. ANNs have the advantage of 
being able to fit complex behaviors
quite accurately, and have the  
disadvantage of being very difficult
to communicate or archive. In this 
aspect, ANNs share some of the 
limitations of other computer
models. In contrast, the fitting 
models can be easily archived and 
communicated in print, and their 
accuracy is comparable to the 
experimental error.

The fitting approach is not as 
fundamental and general as the 
one based on thermodynamic and 
kinetics, but it is accurate enough 
in practice, and very easy to use 
by practitioners. This approach 
received considerable attention 
around the world in the 1970’s and 
1980’s and enormous progress was 
accomplished. Somehow, after the 
80’s these models saw little use, 
although they were not replaced 
with a similarly practical approach. 
Nowadays, many of the results of 
this research have been forgotten, 
and potential applications have 
suffered. The present paper will 
discuss this approach of empirical 
equations, their accuracy, their 
range of application, and trade-offs.
The range of compositions for which
model is applicable is summarized 
in Table 2 at the end of this article.

MODELS TO PREDICT  

HARDNESS IN THE HAZ
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DEVELOPMENT OF HAZ   
MICROSTRUCTURE

During the thermal cycle of a 
welding process, most of the HAZ 
experiences austenitization and 
grain coarsening during heating, 
and austenite decomposition 
during cooling, resulting in various 
microstructures, depending on 
the prior austenite grain size, peak 
temperature, and cooling rate.
The transformations during cooling
can be classified as (a) purely 
displacive (martensite) (b) purely 
reconstructive (ferrite and pearlite), 
and (c) combined displacive and 
reconstructive (e.g. acicular ferrite, 
widmanstatten ferrite, and others. 
In the models described all these 
transformations are grouped under 
the label of “bainite”).

TYPES OF FITTING MODELS 
FOR HAZ HARDNESS

The fitting approach models can 
be classified into two different 
groups. In the first group (“direct 
fitting”), the HAZ hardness is  
calculated directly from the  
composition and the cooling rate. 
In the second group (“indirect 
fitting”), the hardness is calculated 
from a predicted microstructure, 
and the microstructure is predicted
from the nominal alloy composition
and cooling rate. This second ap-
proach allows for the consideration 
of the effect of prior austenite grain 
size and different peak tempera-
tures, in some cases leading to the 
prediction of hardness profiles, not 
just maximum hardness. For the 
case of “direct fitting”, the hardness
value is based on a interpolation  
of two characteristic values, a  
maximum hardness value (for a 
100% martensite structure) and a  
minimum hardness value for 0% 
martensite, typically related to a 
100% “bainite” structure.

DIRECT FITTING MODELS

The direct fitting models rely on 
a statistical approach of a high 
quantity of experimental data to 
fit the gradual change of hardness 
of the HAZ as a function of the 
cooling rate (or t8/5) and chemical 
composition, usually expressed as 
a carbon equivalent. The models 
assume that the martensite hard-
ness is an upper limit given by 
the chemical composition of each 
steel, and the lower limit is given 
by the minimum hardness obtained 
from the experimental data, which 
is a structure free of martensite.

The maximum hardness in the 
heat affected zone in all models 
is next to the fusion line since it is 
the point with coarsest austenite 
grains, and thus the highest  
hardenability.

The minimum hardness is not 
necessarily related to the base 
material hardness but is typically 
given by a bainite (a mixed dis-
placive-reconstructive) structure.
Once the maximum possible 
hardness and minimum possible 
hardness are determined (as a 
function of the chemical composi-
tion) a fitting function is proposed 
to define the final maximum 
hardness of the HAZ as an inter-
polation between the maximum 
and the minimum, with weighting 
factors based on the cooling rate 
and alloy composition.

BECKERT, 1973

In 1973, Beckert was among the 
first to relate the cooling rate 
and chemical composition to 
predict the maximum HAZ hard-
ness [9]. The author developed a 
carbon-equivalent formula, CEBe, 
and estimated the hardness using 
Equation 2. 

Where the element contents are in 
weight percent, t = t8/5 (in seconds) 
and a, b, and c are constants that 
depend on the chemical composition
given by Equations 3, 4, and 5. In 
Beckert’s model, the constant a + c 
is the maximum hardness when the 
structure is fully martensitic, while 
c refers to the minimum hardness 
of the microstructure.

In the original work, there is no 
specific range of chemical compo-
sition in which the model is consis-
tent; however, it is mentioned that 
the equations address the family 
of low alloy carbon steels with a 
carbon content below 0.3 wt pct.

ARATA, 1979

After Beckert, in 1979, Arata et 
al. [10] proposed a two empirical 
formulas based on a “cooling rate 
function” and an “alloying element
content function” to predict the 
hardness vs t8/5 diagram, which 
the authors call as continuous 
cooling structure hardness (CCSH) 
diagram. The authors calculated 
characteristic values of the CCSH 
diagrams using regression data 
analysis of several CCT diagrams 
of different alloy steels. Arata 
assumed that these values depend 
only on the alloying elements and 
the influence of each element is  
independent from each-other.
As shown in Figure 1, the charac-
teristic values A, B, and C are the  
corresponding values of hardness 
and t8/5 associated to 100%  
martensite, 0% martensite, and 
intermediate point, F, respectively.

(1)

(2)

(3)

(5)

(4)

a+c=939C+284
c=167(CEBe)

2.42+137
b=exp(-0.013c+0.8)

CEBe = C+       +      +          +            +             +          
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17

HV= a exp(-bt)2+c 

 Weld joint - a complete picture of the heat affected zone on page 052.
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Point A corresponds to the coordinate (τM100, HV (τM100)),
B to (τM0, HV (τM0)) and C to (τMF , HV (τMF )). Later, the 
author assumed that for cooling times shorter than 
τM100, hardness has a constant value of Hv (τM100) and 
that the change of hardness with t8/5 between points 
A and B can be described with an inverse exponen-
tial function.

For the regression analysis the authors divided the 
study into two different types of steels, conventional
welding steels (C-Si-Mn) and high strength (HT) Steels 
(which consider alloying elements such as Ni, Cr, V, 
Mo, and B) and gave expressions for points A, B,  
and C for each group. For example, equations for  
characteristics values A, B and C for C-Mn steels are 
presented in equations 6 - 11.

The formulas of the characteristic values for HT 
steels are presented in Equations 12 - 17

Equations 18 and 19 describe the CCHS diagrams in 
Arata’s model are (corresponding to Equations alpha 
and beta in Arata's notation). When the microstruc-
ture is fully martensitic, the Equation 14 is applicable 
for the two types of steel.

Constants aI, a, b, and cI are the constants from  
Equations 18, and 19. For a given steel, the critical 
points A, B are calculated by using its chemical com-
position. Later, the characteristic values are substituted
into Equations 18 and 19. Thus, constants a, b, a' and 
c' defined and the empirical formula is obtained.

TERASAKI  1979, 1984

Similar to Arata’s model, Terasaki proposed simplified 
equations to predict the hardness of the HAZ as  

(6)

(8)

(7)

Fig. 1: Relationship of the characteristic values A, B, and C in the 
CCSH diagram [10]                                              
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function of the carbon-equivalent and the cooling
time [11] [12]. For cooling times, t, associated to a 
fully martensitic structure (t < τM100) hardness is given 
by Equation 21

Where τM100 is related with the Terasaki’s carbon- 
equivalent by Equation 22

And

When t > τM100, hardness is given by Equation 24

Where HV0 is the hardness of the microstructure with 
0 pct martensite, given by Equation 25 and t is the t8/5 
in seconds.

LORENZ AND DUREN, 1981

In the early 1980’s, in order to describe the new 
generation of high strength steels, Lorenz and Duren 
developed a specific carbon-equivalent for pipeline 
steels (PSL). Using several welding tests results, Lorenz
and Duren developed a formula to correlate the hard-
ness of the HAZ with the t8/5 for a given chemical
composition. The PSL expression is presented in 
Equation 26

To develop a equation for hardness vs cooling time, 
the authors divided the diagram in three different 
regions, as is shown in Figure 2. In the first region, 
when the structure is fully martensitic, the hardness in 
given by Equation 27.

For longer cooling times, the authors assumed that 
the microstructure is entirely bainitic and the hardness 
is given by Equation 28.

Where the term CEB , given by Equation 29, refers 
to the carbon equivalent for a structure that consists 
only of bainite.

And for cooling times associated to a mixed structure 
of martensite and Bainite, the hardness is given by  
Equation 30

Finally, the authors used Equations 27, 28, and 30 to 
propose a general expression for hardness as function 
of the cooling time, shown in Equation 31

Where A, defined in Equation 32, takes into account 
the fraction of martenstite and bainite present in the 
microstructure for a given t8/5, Figure  2.

The authors run implant tests on steels with carbon 
contents of up to 0.5  wt pct, and the majority of  
the tests involved low carbon steels with less than 
0.3 pct wt. Evaluations of these tests were made in a 
wide range of t8/5 from 2 - 40 seconds.

COTRELL, 1984

In 1984, Cotrell [14] faced the challenge of developing
a new hardness formula as a function of the cooling 
time and the chemical composition. The author 
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Fig. 2: Relationship 
between maximum 
hardness and cooling 
time for different  
microstructures [13].                                            
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started by correlating the boundary conditions of the 
hardness vs t8/5 diagram with a physical metallurgy 
point of view using experimental data from different 
CCT diagrams. The formula presented by Cotrell  
proposes that the hardness  as t8/5 0 or CE  1
(i.e a fully martenstic structure) should be given by 
Equation 33.

In this equation, significant importance is given on 
the effect of Nitrogen on the hardness of martensite.

When t8/5 increases, Cotrell proposed that the  
Equation 33 should be multiplied by a correction 
factor that tends to 1 as CE increases or t8/5 decreases 
and tends to 0 for lower CE or high t8/5. To describe 
this behaviour, the author used an exponential  
function as a correcting factor shown in Equation 34.

where r is the cooling rate (in °C / s) and K is an  
exponential factor of r that accounts for the effect of 
the alloying elements on hardenability. One of the 
unique aspects of this model is that the authors took 
into account using metallurgical principles the com-
bined effect of alloying elements like Nb, Mn, and C.

BOOTHBY, 1985

In 1985, Boothby presented a method to predict  
conditions for safe welding, in terms of hydrogen 
cracking (i.e HAZ hardness values) [15]. Firstly, the 
author established an empirical relationship between 
welding parameters (heat input, preheat temperature, 
and plate thickness) and cooling rate at 300 °C, 
shown in Equation 36.

Where R is the cooling rate at 300 °C (°C/s), E is the 
arc energy (J/mm), C is the combined plate thickness 
of joint (mm) and T is given by τ = 300 - P , and P is 
the preheat temperature of the plate in °C.

Secondly, from the statistical treatment of several 
CCT diagrams Boothby related the cooling rate to 
achieve certain level of hardness in the HAZ with the 
carbon-equivalent formula. Finally using the deviation
and dispersion of the first formulas and taking an 
upper bound limit, the author expressed the critical 
cooling rates to give a probability of 1 in 200 of  
exceeding 450, 400, 375, 350, and 325 HV by  
Equations 37, 38, 39, 40, 41 respectively.

Where the carbon-equivalent formula proposed by 
Boothby, given by 42, is a modification of the CIIW 

where the term     is added to take into account the
effect of Si on Si-killed steels.

Ultimately, to account for the effect of preheat tem-
perature on the critical cooling rate of low alloy steels 
where transformation start temperatures (for certain 
hardness levels) might be higher than 300 °C , the 
following correction was suggested.

Where τS is the transformation start temperature and 
P is the preheat temperature. An empirical correlation 
between t8/5 and the cooling rate at 300°C is presented
at the end of Boothby’s work. This model does not 
specify a chemical composition region. However, 
experimental data for the regression analysis was 
obtained from previous works on low alloy steels and 
C-Mn.
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SUZUKI, 1982

Suzuki’s model of maximum hardness in the HAZ  
was developed between 1982 and 1986 specifically
for BL70 steels, which they represent a family of 
microalloyed steels with Boron [16]. The method, 
based on a backward regression, describes the  
maximum hardness (HM) vs cooling rate with  
Equation 44.

Where HBM = 884C+287 −K is the hardness of the 
base metal, Y = log t8/5 (t8/5 in seconds) and the constants
K, Y5, and aK are given by the following equations. 
The constants can be expressed as function of the 
carbon-equivalent formula, PCM, developed by Bessyo 
in 1968 [17].

YURIOKA, 1987

After several works, in 1987 the Nippon Steel  
company described the HV vs t8/5 curve with the 
inverse of trigonometrical function. Similar to Arata’s 
model, hardness prediction is based on a function  
(in this case an arctan(x) function) that satisfies two  
characteristic values M and Z, shown in Figure 3.

The point M is the critical point at which martensite 
volume fraction is  100 pct (value A in Arata’s model), 
therefore the HAZ hardness value will be only function
of the Carbon content of the steel. For times shorter
than τM, martensite is the only phase present and 
the HV values should not drastically change. Point Z 
represents the point at which martensite is no longer 
present in the microstructure (i.e 0 pct, value B in  
Arata’s model). Beyond this time value, hardness values
will depend on the bainite hardness. According to 
the authors, since these calculations are made for the 
portion of the HAZ that experimenced the highest 
austenization temperature (approximately 1400°C), 
hardenability is high due to the coarsened austenite 
grains, ferrite and pearlite phases are not consider for 
the cooling time range proposed for the HAZ. The 
four coordinates values (τM, τB, HVM and HVB) depend 
on the chemical composition and are defined from 
the analysis of experimental data by the following 
equations:

Where Cp is the effective carbon and adopts values of 
CP =    when C < 0.3 wt pct and CP  = C + 0.25 when 
C > 0.3 wt  pct.

The authors considered the effect of boron on  
hardenability by introducing a correction factor ∆H 
into the carbon-equivalent I equation. The factor, 
takes the following values:
When B < 1ppm

When B = 2ppm

When B = 3ppm

And finally when B > 4ppm

Where fN =           represents the tendency of Nitrogen
to reduce the effect of Boron on hardenability. Once 
these values are obtained the maximum hardness of 

Fig. 3: Relationship between cooling time and hardness of the HAZ 
according to Yurioka’s model [18]                                          
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CE3=Cp+       +        +      +       +       

(59)HV=               -                 arctan xHM - HB                     
2

HM - HB
2.2

(60)x(rad)= 4              - 2                
log               

t8/5 τM

log               

τBτM

CEI= C +            +       +       +       +       +       +       +10B                                                                                                              

the HAZ as function of the cooling time t8/5 is calculated, 
according to this model, by Equation 59.

where x is given by Equation 60.

ABSON, 2008

More recently, in 2008, Abson et al. [19] proposed a 
hybrid method combining Loren and Duren [13] and 
Yurioka’s [20] models to predict the hardness of the 
heat affected zone in C-M and low alloy steels. Using 
over 300 data points, different methods for predicting 
the HAZ hardness were compared with experimental 
data. The hybrid method developed by Abson  
presented much better correlation with experimental 
data (compared with Yurioka, Lorenz, Terasaki, and 
Suzuki models) and a standard deviation of 28 HV.

The model it self, is a combinations between to former
empirical models. Similar as other models (Arata,  
Yurioka, Suzuki, etc.), the equations for hardness were 
divided in three cases depending on the microstructure
of the heat affected zone. When t8/5 < τM, the structure 
is fully martensitic and hardness  is given by Equation 
61.

where τM was calculated from Lorenz and Duren work 
and is given by Equation 62

For longer cooling times, t8/5 > τB, according to the  
authors the structure will be fully bainitic and the 
hardness will be given by Equation 63

 

where

Equation 63 accounts for a decrease on hardness of 
the bainite with longer cooling times due to, according
to the authors, grain growth. And for τb  <  t8/5 < τM, 
hardness is given by Equation 65

 

Where the carbon equivalent formulas are defined as:

 

This model addresses a wide range of low alloy steels 
with a carbon content below 0.25 pct wt. Although 
the accuracy and the standard deviation informed by 
the authors is impressive compared to other models, 
the range of thickness and heat input of experimental 
data used covered values of t8/5 of up to 6 seconds. 
This t8/5  value excludes welding procedures with high 
heat inputs such as submerged arc welding.

INDIRECT  FITTING MODELS

Two models are discussed in this section in which the 
challenge of predicting the hardness is done in two 
steps. The first step consists of estimating the type 
and volume fraction of each microconstituent. This 
calculation is based on the alloy composition and 
thermal cycle. The second step consists of calculating 
the hardness of each microconstituent (based on the 
alloy composition and cooling), and then estimating
the overall hardness of the microstructure of any 
point in the HAZ using the rules of mixtures.

Separating the calculation into two steps allows the 
user to use any model to predict the volume fraction 
of the microconstituents; for example,  Anelli  et al [7] 
trained an ANN to predict the amount of microstruc-
tural constituents after quenching. Later, to predict the 
final hardness one of the empirical models for micro-
structure hardness presented here (Maynier’s) was used.

(61)

(62)

(63)

(64)

(66

(67)

(68)

-(369C-149CEI+100) arctan                           )log τM-2.822CEII+0.262
0.526-0.19CEII

CEeq = C +            +       +       +       +       +       +                                                                       Si
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Mn
8

Cu
9

Ni
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Cr
5

Mo
6

V
3

Si
24

Mn
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Cu
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Ni
40

Cr
6

Mo
4

V
5

CEII = C -            +       +       +       +       +       +10B                                                                                                              Si
30

Mn
5

Cu
5

Ni
20

Cr
4

Mo
6

HVM = 0.5(802C+305+406C+164CEI+183

(                 )611.3C+605.7CE-239
1009.5C+52.8

log τ8/5-2.822CEII+ 0.262
0.526 - 0.19CEII

 HV= 0.5(305CEeq+101+406C+164CEI+183-

-(369C - 149CEI+100) arctan                                          )

(              )1413.3C+300.7CE-35
1009.5C+52.8

(65)

log τ8/5-2.822CEII+ 0.262

HV = 0.5(2019[C(1-0.5 log τ8/5) + 0.3(CEeq - C)]+
66(1- 0.8 log τ8/5)+ 0.5(406C+164CEI +183 -

-(369C - 149CEI +100) arctan                                          )
0.526 - 0.19CEII

τB = 10

τM = 10                       



050 | WELD MAGAZINE

(69)

Fig. 4: Different critical cooling rates related to the percent of 
transformation [21]                                       

cte C Mn Ni Cr Mo Pa

logV1 9.81 4.62 1.10 0.54 0.50 0.66 0.0018

logV1
90 8.76 4.04 0.96 0.49 0.58 0.97 0.0010

logV1
50 8.50 4.13 0.86 0.57 0.41 0.94 0.0012

logV2 10.17 3.80 1.07 0.70 0.57 1.58 0.0032

logV2
90 10.55 3.65 1.08 0.77 0.61 1.49 0.0040

logV2
50 8.74 2.23 0.86 0.56 0.59 1.60 0.0032

logV3
90 7.51 1.38 0.35 0.93 0.11 2.31 0.0033

logV3 6.36 0.43 0.49 0.78 0.26 0.38Mo + 2 Mo 0.0019

TABLE 1:  ALLOYING ELEMENT FACTORS FOR THE CALCULATION OF CRITICAL COOLING RATES [21]

log(Vr) = constant+Σ KiPi+KPa

MAYNIER, 1978

In 1978, the Le Creusot laboratory presented a set 
of empirical equations to predict the influence of 
alloying elements on the hardness and mechanical 
properties after a heat treatment. The work published 
involved a prediction of the microstructure [22] and a 
correlation of empirical formulas for the mechanical
properties of the basic structures (martensite, bainite,
and ferrite + pearlite)  to predict the value of the 
mechanical properties using an additive rule [21]. 
Although the work presented in these papers is 
originally addressed to heat treatments, the results 
obtained by the Le Creusot model can be applied to 
typical welding thermal cycles.

In order to predict the microstructure after a heat 
treatment, the authors developed formulas for the 
critical cooling rates at which the resulting microstruc- 
ture consists in different proportions of the basic 
phases (martensite, bainite, and ferrite + pearlite).  
In Figure 4 a schematical illustration of the critical 
cooling rates is shown.

To develop the critical cooling rates formulas, the 
authors studied data from hundreds of CCT diagrams 
from 8 different sources. The expression of critical cool-
ing rates were obtained by correlating the experimental
data of the first group of CCT diagrams and the 
chemical composition using the least squares method.
Then calculations were compared with interpolated 
data of the second group of CCT diagrams. Importantly,

the authors did not include the influence of impurities,
such as S, P, Sn, and As, in their calculations since, 
according to authors, they are present in sufficiently 
small quantities and have a minor effect on harden-
ability.

Austenitization conditions were accounted for by the 
calculation of a parameter, Pa, which establishes an 
equivalence between the time and the temperature 
of austenitization with the austenite grain growth. 
The authors presented an expression for each critical 
cooling rate with the following structure:
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where KI and PI are the influence factor and weight 
percent of each alloying element, respectively. The 
values of each constant and factor to calculate the 
critical cooling rates reported by Maynier are shown 
in table 1. The austenitization parameter, Pa, is given 
by:

where T is temperature in Kelvin, n is the neperian 
logarithm of 10, R is the universal gas constant, H is 
activation energy (which in case of grain growth is of 
the order of 10 kcal/mole), t is time, and t0  is unit of 
time (in hours).

The authors combined the critical cooling rate  
expression and empirical formulas to calculate the 
hardness of each phase as a function of the chemical 
composition and the cooling rate in order to obtain 
a hardness vs cooling rate diagram using the rule of 
mixture.

Where  VI   and  HVI are  the  volume  fraction  and  
hardness  value  of  each  constituent respectively.
Hardness formulas for martensite, bainite, and fer-
rite-pearlite structures shown in Equations 72, 73,  
and 74 were obtained  by a Blondeau et al [23]  at 
the same laboratory, LeCreusot. The work done by 
Blondeau, in the same laboratory, is a first approach 
to Maynier’s work.

According to the authors, the cooling rate at 700 °C 
is equivalent to the cooling rate between 800 and 
500 °C and can be easily changed to t8/5 values to 
obtain similar diagrams than the ones designed for 
predict the HAZ hardness after welding.  One of the 
distinctive characteristic of this model is that it was 
developed for a wider range of austenitization cycles, 
being able to predict hardness not only after a  
conventional heat treatment but also in the HAZ.

ION, 1984

In 1984, Ion et al. [24] improved and extended a  
previous model developed  by Ashby et al.[25] to 
predict the microstructure and hardness of the HAZ 
as a function of the carbon-equivalent. In these two 
works, the authors predicted the temperature  profiles
of a welding plate based on Rosenthal equations [26] 
and proposed empirical equations for the austenite 
grain growth, precipitate dissolution, coarsening and 
phase fraction transformed during cooling as function
of the peak temperature, time, and cooling rate 
during welding processes. Later, using the additive 
rule and the equations for microstructure hardness 
developed by Blondeau et al. [23] (the same formulas 
as the Le Cresout model) Ion predicts the hardness 
HAZ as function of the t8/5. The work and equations  
related to the austenite grain growth and precipitation
coarsening and dissolution can be found in the cited 
reference. In the present work, the methodology to 
predict the HAZ hardness proposed by Ion is described.

Similar as Maynier’s work [21], the method to predict
the HAZ is based on two steps. First, calculate the 
phase fraction of each constituent of resulting  
microstructure after a given cooling rate. Second, 

(70)

(71)

(72)

(73)

(74)

 HAZ Microstructures - a set of pictures of how the microstructure     
          changes along the heat affected zone.

Pa =        -         log(     -)   -1  1
T

nR
H

t
to

HV = VMHVM+VBHVB+VFPHVFP

VM=127+949C+27Si+11Mn+8Ni+16Cr+21 logVr

HVB=-323+185C+330Si+153Mn+65Ni+144Cr+191Mo
+(89+53C-55Si-22Mn-10Ni-20Cr-33Mo) logVr

HVFP=42+223C+53Si+30Mn+12.6Ni+7Cr+19Mo+
logVR(10-19Si+4Ni+8Cr+130V)
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(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

 log∆ tM  = 8.79CIIW-1.52eq1/2

 log∆ tB  = 8.84CIIW- 0.74eq1/2

 ∆ tM  =       (∆ tM )o
1/2

g
go 1/2

knowing the hardness of each constituent, use the 
rule of mixture to give a hardness value. To predict 
the microstructure, the authors used Iganaki et al.[27] 
expression for a cooling time, ∆ t, associated with 
a microstructure containing 50/50 martensite and 
bainite,  ∆ tM

   , and 50/50 bainite and ferrile-pearlite, 
∆ tB

   , as a function of the carbon-equivalent equation 
recommended by the International Institute of Weld-
ing, equations 75 and 76. Correction factors for these 
time constants were proposed, equations 78 and 79, 
by the authors to consider the effect of grain growth 
during austenization on the hardenability.

where carbon equivalent is given by 77

Where (∆ t1/2)
o  is the transformation time for a given 

grain size go  and ∆ t1/2 is the corrected transformation.
The sigmoidal Equations 80 and 81 were proposed 
to estimate the martensite and bainite fraction after 
a given cooling time. The ferrite-pearlite fraction are 
given by the volume fraction that did not transformed 
either in to martensite or bainite, Equation 82.

Where  VM,  VB,  and  VF-P  are  the  volume  fraction  
of  Martensite,  Bainite,  and Ferrite-Perlite structures 
respectively, ∆ t is the cooling time, ∆ t1/2 are the  
corrected constant times given by Equation 78 and 
79 and,Vmax is a factor that goes from 0 to 1 and  
accounts for the volume fraction of transformable 
austenite depending on the peak temperature. Finally,
following the same procedure  as Maynier’s work, the 
authors calculated the maximum hardness of the heat 
affected zone using the rule of mixtures, Equations 
71, 72, 73, and 74. The inclusion of the Vmax factor on 
Equations 80 and 81 allows not only to predict the 
maximum hardness (when Vmax is 1), but also the  
hardness profile of the HAZ (when Vmax < 1).

DISCUSSION

Table 2 summarizes the models discussed and their 
range of validity. Some of the models discussed in 
this paper state explicitly the applicable compositions 
in which the model can be used. For other models, 
the applicable composition limits have been inferred 
from the experimental data. In some cases, the 
ranges of validity were not stated and there was not 
enough information to infer them; in those cases the 
elements considered in the model are indicated with 
a just a checkmark (√), no numbers.

For the case of Beckert’s model, no range of chemical 
compositions is specified, but it is mentioned that 
the model addresses low alloy steels with a carbon 
content below 0.3 pct wt. Lorenz and Duren’s model 
was specifically addressed to microalloyed steels but 
the authors did not specified a range of composition; 
however, from the steels used in their tests, a range 
of compositions was inferred. In contrast, the models
of Le Cresout, Cotrell, Yurioka, and Arata present not  
only a defined range of chemical compositions,  but 
also a detailed description of the model accuracy
respect to experimental data. Some models are 
based on previous models. For example, Ion’s model, 
uses Le Cresout model of hardness  to estimate the 
HAZ hardness values. In this case, Ion et al. compared 
their models with experimental data obtained from 
tests on Ti and Nb microalloyed steels. The effect of 
boron has been considered only in Japan, in the work 
of Arata, Terasaki, Yurioka, and Suzuki.

Martensite hardness, or maximum hardness, depends 
exclusively on the carbon for almost all models. Only 
Cotrell’s and Blondeu’s models account for additional 
elements. Cottrell included Nitrogen, and Blondeu 
formulas (used by The Le Cresout and Ion’s model) 
includes multiple alloying elements and cooling rate; 
however, influence of carbon in these formulas is 
dominant.

SUMMARY

A comprehensive survey of formulae for predicting 
hardness in the HAZ is presented. These formulae 
are based on alloy composition and cooling rate. The 
range of applicability is not always the same, some 
include elements that others do not (e.g. boron,  or 
microalloying additions). This survey is thus helpful     
to identify the best model for a given application. 
When different models are applied to the same alloy 
in their range of validity, they give similar results,  

 ∆ tB  =       (∆ tB )o
1/2

g
go 1/2

CIIW= C+       +                   +                   Mn
6

Cr+Mo+V
5eq

Cu+Ni
15

VM=Vmaxexp[-0.69(            )2]∆ t
∆ tM

1/2

VB=Vmaxexp[-0.69(            )2]-VM
∆ t
∆ tB

1/2

VF-P=1-(VM+VB)



054 | WELD MAGAZINE

 Alejandro Hintze Cesaro,  PhD Candidate  
      Patricio F. Mendez, Professor, Weldco/Industry Chair in Welding  
      and Joining Department of Chemical and Materials Engineering,  
      University of Alberta

supporting the credibility of this work. The results are 
also very similar to those tabulated in atlases of CCTs.

This models can be immediately applied to numerical 
or analytical models of heat transfer and to experi-
mental measurements of temperature evolution. The 
development of welding procedures can be greatly 
accelerated, even for steels that are not contemplated 
in North American standards, but that were explored
elsewhere in the world.

Because of its empirical nature, these models do not 
contemplate cases that may occur, and good judgment
in their application is essential. Additionally, there are 
other empirical models available in the literature  
trying to address more specific problems like the 
hardness of the fusion zone resistance spot welding
[28] and hardness predictions for Flash Butt Welding 
[29].
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Model C Mn Si S P Cu Ni Cr Mo Nb V Ti Al N B

Beckert √ √ √ - - √ √ √ √ - - - - - -
Le Creusot 0.10

-
0.50

<2.00 <1.00 - - - <4.00 <3.00 <1.00 - <0.20 - - - -

Arata 0.07
-
0.53

<1.50 <0.60 - - - <3.50 <1.50 <0.60 - <0.15 - - - <0.01

Lorenz 0.03
-
0.55*

0.45
-
2.11

0.03
-
0.75

- - <0.60 <3.50 <0.33 <0.50 <0.04 <0.12 - Al

killed

- -

Terasaki √ √ √ - - √ √ √ √ √ √ - - - √
Cotrell 0.06

-
0.23

1.01
-
2.00

<0.55 <0.04 - <0.30 <0.89 <0.20 <0.54 <0.05 <0.15 - - <0.05 -

Suzuki 0.017
-
0.33

0.4
-
2.00

<0.65 - - <0.47 <2.09 <1.06 <0.66 <0.06 <0.06 <0.02 - - <0.002

Ion √ √ √ - - √ √ √ √ √ √ - - - -
Yurioka <0.8 <2 <1.2 <0.016 - <0.9 <10 <10 <2 - - - Al

killed

√ <0.01

Abson 0.04
-
0.25

0.9
-
2.00

<0.50 <0.03 <0.04 <0.4 <0.90 <0.05 <0.6 <0.07 <0.15 <0.02 0.01
-
0.06

<0.015 <0.0005

TABLE 2:  CHEMICAL COMPOSITION RANGES FOR MODELS PRESENTED
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Abstract

This paper reviews many existing empirical models that predict the hardness
of the heat affected zone in low carbon steels including structural steels and
pipeline steels. Much of this work was developed during the 1970’s and 1980’s
and was very successful in addressing different alloys and welding scenarios with
great accuracy and simplicity. With the advent of computer modeling these
models became largely forgotten, although the new computer models did not
reach practitioners in a widespread fashion. The models reviewed here rely on a
statistical fitting of experimental data to obtain a empirical formula to predict
the hardness as a function of the chemical composition (typically in the form of
a carbon equivalent) and cooling rate (typically in the form of t8/5). The more
sophisticated models can also account for coarsening of the austenite and can
predict a hardness profile in the HAZ. The goal of this paper is to bring these
models back to public awareness, given their predictive power and immediate
applicability to practitioners such as welding engineers developing procedures
and consultants performing failure analysis or reverse engineering of weldments.

Introduction

The toughness, hydrogen cracking susceptibility, stress corrosion cracking resis-
tance, and feasibility (weldability) of a steel weld are strongly related to the
hardness of the heat affected zone (HAZ). This hardness is determined by the
steel composition and microstructure, and the microstructure is related to the
thermal history of the weld. The microstructure of the HAZ typically involves
a small set of microconstituents such as martensite, some form of bainite, and
in some cases ferrite structures. This microstructure varies greatly within the
HAZ, even though the nominal composition is the same.

Because of its importance, hardness of the HAZ is often limited by codes,
standards, and good practice. The hardness associated with a welding procedure
is typically anticipated only from experience, and in the lack of experience,
from trial and error, at a considerable expense and time delay. For this reason,
techniques were developed to predict this hardness from information known
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before performing the weld. The main approaches to predicting hardness in the
HAZ include physical and mathematical models.

The physical modes aim to reproduce the welding thermal cycle in a labora-
tory, often in a dilatometer. In addition to hardness, physical models often yield
continuous cooling transformation (CCT) diagrams, for example those compiled
in exhaustive compilations from Germany [1] and Japan [2]. However, due to
the many different alloys and possible thermal cycles, it is common that the
CCT needed for a particular procedure is absent, especially for newer alloys,
such as those for pipelines.

The mathematical models aim to reproduce the effects of welding using cal-
culations. Mathematical modes can be classified into two different types. The
first type (“ fundamental” approach) is based on fundamental equations of ther-
modynamics and kinetics of phase transformations [3, 4, 5]. The second type of
models (“fitting approach”) attempts to capture the relationship between key
variables and hardness by fitting formulae to large amounts of experiments. Key
variables include nominal alloy composition, cooling rate and in some cases the
effects of the heating cycle. The fitting can be done using closed form expres-
sions or the relatively new computational approach of artificial neural networks
(ANNs)[6, 7, 8]. ANNs have the advantage of being able to fit complex behaviors
quite accurately, and have the disadvantage of being very difficult to commu-
nicate or archive. In this aspect, ANNs share some of the limitations of other
computer models. In contrast, the fitting models can be easily archived and
communicated in print, and their accuracy is comparable to the experimental
error.

The fitting approach is not as fundamental and general as the one based on
thermodynamic and kinetics, but it is accurate enough in practice, and very easy
to use by practitioners. This approach received considerable attention around
the world in the 1970’s and 1980’s and enormous progress was accomplished.
Somehow, after the 80’s these models saw little use, although they were not
replaced with a similarly practical approach. Nowadays many of the results of
this research have been forgotten, and potential applications have suffered. The
present paper will discuss this approach of empirical equations, their accuracy,
their range of application, and trade-offs. The range of compositions for which
model is applicable is summarized in Table 2.

Development of HAZ microstructure

During the thermal cycle of a welding process, most of the HAZ experiences
austenitization and grain coarsening during heating, and austenite decomposi-
tion during cooling, resulting in various microstructures, depending on the prior
austenite grain size, peak temperature, and cooling rate.

The transformations during cooling can be classified as (a) purely displacive
(martensite) (b) purely reconstructive (ferrite and pearlite), and (c) combined
displacive and reconstructive (e.g. acicular ferrite, widmanstatten ferrite, and
others. In the models described all these transformations are grouped under the

2



label of “bainite”).

Types of Fitting Models for HAZ hardness

The fitting approach models can be classified into two different groups. In the
first group (“direct fitting”), the HAZ hardness is calculated directly from the
composition and the cooling rate. In the second group (“indirect fitting”), the
hardness is calculated from a predicted microstructure, and the microstructure
is predicted from the nominal alloy composition and cooling rate. This second
approach allows for the consideration of the effect of prior austenite grain size
and different peak temperatures, in some cases leading to the prediction of hard-
ness profiles, not just maximum hardness. For the case of “direct fitting”, the
hardness value is based on a interpolation of two characteristic values, a maxi-
mum hardness value (for a 100% martensite structure) and a minimum hardness
value for 0% martensite, typically related to a 100% “bainite” structure.

Direct Fitting Models

The direct fitting models rely on a statistical approach of a high quantity of
experimental data to fit the gradual change of hardness of the HAZ as a function
of the cooling rate (or t8/5) and chemical composition, usually expressed as a
carbon equivalent. The models assume that the martensite hardness is an upper
limit given by the chemical composition of each steel, and the lower limit is
given by the minimum hardness obtained from the experimental data, which is
a structure free of martensite.

The maximum hardness in the heat affected zone in all models is next to
the fusion line since it is the point with coarsest austenite grains, and thus the
highest hardenability.

The the minimum hardness is not necessarily related to the base material
hardness but is typically given by a bainite (a mixed displacive-reconstructive)
structure.

Once the hardness of the two points are obtained (as a function of the chem-
ical composition) a fitting function is proposed to define the final maximum
hardness of the HAZ as an interpolation between the maximum and the mini-
mum, with weighting factors based on the cooling rate and alloy composition

Beckert, 1973

In 1973, Beckert was one first ones in relating the cooling rate and chemical
composition to predict the maximum HAZ hardness [9]. The author developed a
carbon-equivalent formula, CEb, and estimated the hardness using the equation
2.

CE b = C +
Mn

2.9
+

Si

11
+

Cr

3.2
+

Cu

3.9
+

Mo

3.4
+

Ni

17
(1)
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HV = a exp (−bt)2 + c (2)

Where all the concentration are in weight percent, t = t8/5 (in seconds) and
a, b, and c are constants that depend on the chemical composition given by
equations 3, 4, and 5. In Beckert’s model, the constant a + c is the maximum
hardness when the structure is fully martensitic, while c refers to the minimum
hardness of the microstructure.

a+ c = 939C + 284 (3)

c = 167(CE b)
2.42 + 137 (4)

b = exp (−0.013c+ 0.8) (5)

In the original work, there is no specific range of chemical composition in
which the model is consistent. However, it is mentioned that the equations
address the family of low alloy carbon steels with a carbon content below 0.3
wt pct.

Arata, 1979

Later, in 1979, Arata et al. [10] proposed a two empirical formulas based on a
“cooling rate function” and an “alloying element content function” to predict
the hardness vs t8/5 diagram, which the authors call as continuous cooling struc-
ture hardness (CCSH) diagram. The authors calculated characteristic values of
the CCSH diagrams using regression data analysis of several CCT diagrams of
different alloy steels. Arata assumed that these values depend only on the al-
loying elements and the influence of each element is linearly independent from
each-other. As shown in Figure 1, the characteristics values A, B, and C are the
corresponding values of hardness and t8/5 associated to 100% martensite, 0%
martensite, and intermediate point, f , respectively. Point A correspond to the
coordinate (τm100, Hv(τm100)) , B to (τm0, Hv(τm0)) and C to (τmf , Hv(τmf )).
Later, the author assumed that for cooling times shorter than τm100, hardness
has a constant value of Hv(τm100) and that the change of hardness with t8/5
between points A and B can be described with an inverse exponential function.

For the regression analysis the authors divided the study into two different
types of steels, conventional welding steels (C-Si-Mn) and high strength (HT)
Steels (the alloying elements such as Ni, Cr, V, Mo, B are considered) and gave
expressions for points A, B, and C for each group. For example, equations for
characteristics values A, B and C for C-Mn steels are presented in equations 6
- 11.

log τm100 = 2.55(C +
1

6.3
Mn +

1

3.6
Si)− 0.92 (6)

Hv(τm100) = 835C + 287 (7)

log τm0 = −0.37(C− 1

1.1
Mn− 1

0.44
Si) + 1.02 (8)
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Figure 1: Relationship of the characteristic values A, B, and C in the CCSH
diagram [10]

Hv(τm0) = 237(C +
1

13
Mn +

1

9.7
Si) + 133 (9)

log τf = 5.77(C +
1

17
Mn +

1

14
Si)− 0.88 (10)

Hv(τf ) = −277(C− 1

12
Mn− 1

2.4
Si) + 339 (11)

The formulas of the characteristics values for HT Steels take into account
the content of alloying elements as Ni, Cr, V, Mo, B and they can be founded
in ref [10].

The two equations, α and β, that describe the CCHS diagrams in Arata’s
model are presented in equations 12 and 13 respectively. When the structure is
fully martensitic, the equation 14 is applicable for the two types of steel.

τ > τm100 : Hv =
b

elog(τ)+a
+ 150(160) (12)

τ > τm100 : Hv =
1

ec′ log(τ)+a′
+ 160(217) (13)

τ < τm100 : Hv = 835C + 287 (14)

Constants a′, a, b, and c′ are calculated fitting the equation to the character-
istic values. The constant terms in equations 12 and 13, implies that when τ is
large, hardness of conventional steels and (HT steels) have an asymptotic value
given by the constant. The author mentions that formula β has higher accuracy
to predict the hardness in the heat affected zone on high strength steels.

Terasaki 1979, 1984

Similar to Arata’s model, Terasaki proposed simplified equations to predict
the hardness of the HAZ as function of the carbon-equivalent and the cooling
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time [11] [12]. For cooling times, t, associated to a fully martensitic structure
(t < τm100) hardness is given by equation 15

HVmax = 812C + 323 (15)

Where τm100 is related with the Terasaki’s carbon-equivalent by equation 16

log τm100 = 2.5CET − 1.27 (16)

And

CET = C +
Mn

3
+

Cu

4
+

Ni

8
+

Cr

10
+

Mo

3
+ 5B (17)

When t > τm100, hardness is given by equation 18

HV = HV0 + (HV0 −HVmax) exp(−0.2(
t

τm100
− 1)) (18)

Where HV0 is the hardness of the microstructure with 0 pct martensite,
given by equation 19 and t is the t8/5 in seconds.

HV0 = 164(C +
Si

2
+

Cr

7
+

Mo

2
+ V + Nb + 7B) + 153 (19)

Lorenz and Duren, 1981

In the early 1980’s, in order to describe the new generation of High Strength
steels, Lorenz and Duren developed a specific carbon-equivalent for pipeline
steels (PSL). Using several welding tests results, Lorenz and Duren developed a
formula to correlate the hardness of the HAZ with the t8/5 for a given chemical
composition. The PSL expression is presented in equation 20

PSL = C +
Si

30
+

Mn + Cu

16
+

Cr

20
+

Ni

60
+

Mo

40
+

V

15
(20)

To develop a equation for hardness vs cooling time, the authors divided the
diagram in three different regions, as is shown in Figure 2. In the first region,
when the structure is fully martensitic, the hardness in given by equation 21.

HVM = 802C + 305 (21)

For longer cooling times, the authors assumed that the microstructure is entirely
bainitic and the hardness is given by equation 22.

HVB = 305CEB + 101 (22)

Where the term CEB , given by equation 23, refers to the carbon equivalent for
a structure that consists only of bainite.

CEB = C +
Si

11
+

Mn

8
+

Cu

9
+

Cr

5
+

Ni

17
+

Mo

6
+

V

3
(23)
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Figure 2: Relationship between maximum hardness and cooling time for differ-
ent microstructures [13].

And for cooling times associated to a mixed structure of martensite and
Bainite, the hardness is given by equation 24

HVx = 2019(C[1− 0.5 log t8/5] + 0.3CEB) + 66[1− 0.8 log t8/5] (24)

Finally, the authors used equations 21, 22, and 24 to propose a general
expression for hardness as function of the cooling time, shown in equation 25

HV = 802C− (452C)A+ 350A(CEB − C) + 305(1− 0.67A) (25)

Where A, defined in equation 26, takes into account the fraction of martenstite
and bainite present in the microstructure for a given t8/5, Figure 2.

A =
HVm −HVx
HVm −HVb

(26)

The authors run implant tests on steels with carbon contents of up to 0.5
wt pct, and the majority of the tests involved low carbon steels with less than
0.3 pct wt. Evaluations of these tests were made in a wide range of t8/5 from 2
- 40 seconds.

Cotrell, 1984

In 1984, Cotrell [14] faced the challenge of developing a new hardness formula
as a function of the cooling time and the chemical composition. The author
started by correlating the boundary conditions of the hardness vs t8/5 diagram
with a physical metallurgy point of view using experimental data from different
CCT diagrams. The formula presented by Cotrell proposes that the hardness
as t8/5 → 0 or CE → 1 (i.e a fully martenstic structure) should be given by
equation 27.

HV = 80 + 800(C + 3N + 0.29) (27)
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In this equation, significant importance in given on the the effect of Nitrogen
on the hardness of martensite.

When t8/5 increases, Cotrell proposed that the equation 27 should be mul-
tiplied by a correction factor that tends to 1 as CE increases or t8/5 decreases
and tends to 0 for lower CE or high t8/5. To describe this behaviour, the author
used an exponential function as a correcting factor shown in equation 28.

HV = 80 + 800(C + 3N + 0.29)e−(0.25r
K+ Ni

Mn2
)
−1

(28)

K = 1.5[C +
Mn

6
+

Cr

5
+ +

Mo

6
+

V

3
+

Nb

4C
+

0.0001

Si
] (29)

where r is the cooling rate (in ◦C / s) and K is an exponential factor of r
that accounts for the effect of the alloying elements on hardenability. One of
the unique aspects of this model is that the authors took into account using
metallurgical principles the combined effect of alloying elements like Nb, Mn,
and C.

Boothby, 1985

In 1985, Boothby presented a method to predict conditions for safe welding, in
terms of hydrogen cracking (i.e HAZ hardness values) [15]. Firstly, the author
established an empirical relationship between welding parameters (heat input,
preheat temperature, and plate thickness) and cooling rate at 300 ◦C, shown in
equation 30.

1√
R

=

[
6.2C

T (1 + 0.001T )(0.335C + 1.06)
+ 0.044

]
+

[
1

T (1 + 0.001T )(0.335C + 1.06)
− 0.00001

]
E

(30)

Where R is the cooling rate at 300 ◦C (◦C/s), E is the arc energy (J/mm),
C is the combined plate thickness of joint (mm) and T is given by T = 300−P ,
and P is the preheat temperature of the plate in ◦C.

Secondly, from the statistical treatment of several CCT diagrams Boothby
related the cooling rate to achieve certain level of hardness in the HAZ with the
carbon-equivalent formula. Finally using the deviation and dispersion of the
first formulas and taking an upper bond limit, the author expressed the critical
cooling rates to give a probability of 1 in 200 of exceeding 450, 400, 375, 350,
and 325 HV by equations 31, 32, 33, 34, 35 respectively.

1√
Rc450

= 1.72(CE + 0.045)− 0.61 (31)

1√
Rc400

= 1.93(CE + 0.045)− 0.63 (32)

1√
Rc375

= 1.97(CE + 0.045)− 0.61 (33)
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1√
Rc350

= 1.72(CE + 0.045)− 0.59 (34)

1√
Rc325

= 1.72(CE + 0.045)− 0.57 (35)

Where the carbon-equivalent formula proposed by Boothby, given by 36, is
a modification of the CIIWeq where the term Si

6 is added to take into account the
effect of Si on Si-killed steels.

CE = C +
Mn + Si

6
+

Cr + Mo + V

5
+

Ni + Cu

15
(36)

Ultimately, to account for the effect of preheat temperature on the critical cool-
ing rate of low alloy steels where transformation start temperatures (for certain
hardness levels) might be higher than 300 ◦C , the following correction was
suggested.

1√
R′

=
1√
R

(300− P )(Ts − 20)

280(Ts − P )
(37)

Where Ts is the transformation start temperature and P is the preheat
temperature. An empirical correlation between t8/5 and the cooling rate at 300
◦C is presented at the end of Boothby’s work.

This model does not specify a chemical composition region. However, ex-
perimental data for the regression analysis was obtained from previous works
on low alloy steels and C-Mn.

Suzuki, 1982

Suzuki’s model of maximum hardness in the HAZ was developed between 1982
and 1986 specifically for BL70 steels, which they represent a family of microal-
loyed steels with Boron [16]. The method, based on a backward regression,
describes the maximum hardness (Hm) vs cooling rate with equation 38.

Hm = Hbm +
K

1 + exp a(Y − Y5)
(38)

Where Hbm = 884C+287−K is the hardness of the base metal, Y = log t8/5
(t8/5 in seconds) and the constants K, Y5, and aK are given by the following
equations. The constants can be expressed as function of the carbon-equivalent
formula, Pcm, developed by Bessyo in 1968 [17].

K = 269 + 454C− 36Si− 79Mn− 57Cu

−12Ni− 53Cr− 122Mo− 169Nb− 7089B
(39)

Y5 = −0.085 + 2.070C + 0.459Mn + 0.655Cu

+0.122Ni + 0.222Cr + 0.788Mo + 30B
(40)

aK = 478 + 3364C256Si + 66Ni− 408Mo− 1321V − 1559Nb (41)
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Yurioka, 1987

After several works, in 1987 the Nippon Steel company described the HV vs t8/5
curve with the inverse of trigonometrical function. Similar to Arata’s model,
hardness prediction is based on a function (in this case an arctan(x) function)
that satisfies two characteristic values M and Z, shown in Figure 3.

Figure 3: Relationship between cooling time and hardness of the HAZ according
to Yurioka’s model [18]

The point M is the critical point at which martensite volume fraction is
100 pct (value A in Arata’s model), therefore the HAZ hardness value will be
only function of the Carbon content of the steel. For times shorter than τm,
martensite is the only phase present and the HV values should not drastically
change. Point Z represents the point at which martensite is no longer present in
the microstructure (i.e 0 pct, value B in Arata’s model). Beyond this time value,
hardness values will depend on the bainite hardness. According to the authors,
since these calculations are made for the portion of the HAZ that experimenced
the highest austenization temperature (approximately 1400C), hardenability is
high due to the coarsened austenite grains, ferrite and pearlite phases are not
consider for the cooling time range proposed for the HAZ. The four coordinates
values (τm, τb, HVm and HVb) depend on the chemical composition and are
defined from the analysis of experimental data by the following equations:

τm = exp 10.6CE 1 − 4.8 (42)

τb = exp 6.2CE 3 − 0.74 (43)

Hm = 884C(1− 0.3C2) + 294 (44)

Hb = 145 + 130 tanh 2.65CE3 − 0.69 (45)

CE 1 = Cp +
Si

24
+

Mn

6
+

Cu

15
+

Ni

12
+

Mo

4
+

Cr(1− 0.16
√

Cr)

8
+ ∆H (46)

Where Cp is the effective carbon and adopts values of Cp = C when C < 0.3
wt pct and Cp = C

6 + 0.25 when C > 0.3 wt pct.
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CE 2 = C +
Si

24
+

Mn

5
+

Cu

10
+

Ni

18
+

Mo

2.5
+

Cr

5
+

V

5
+

Nb

3
(47)

CE 3 = Cp +
Mn

3.6
+

Cu

20
+

Ni

9
+

Mo

4
+

Cr

5
(48)

The authors considered the effect of boron on hardenability by introducing
a correction factor ∆H into the carbon-equivalent I equation. The factor, takes
the following values:

When B < 1ppm
∆H = 0 (49)

when B = 2ppm
∆H = 0.03fn (50)

when B = 3ppm
∆H = 0.06fn (51)

And finally when B > 4ppm

∆H = 0.09fn (52)

Where fn = 0.02−N
0.02 represents the tendency of Nitrogen to reduce the effect

of Boron on hardenability. Once these values are obtained the maximum hard-
ness of the HAZ as function of the cooling time t8/5 is calculated, according to
this model, by equation 53.

HV =
Hm −Hb

2
− Hm −Hb

2.2
arctanx (53)

where x is given by equation 54

x(rad) = 4
log

t8/5
tm

log tb
tm

− 2 (54)

Abson, 2008

More recently, in 2008, Abson et al. [19] proposed a hybrid method combining
Loren and Duren [13] and Yurioka’s [20] models to predict the hardness of the
heat affected zone in C-M and low alloy steels. Using over 300 data points,
different methods for predicting the HAZ hardness were compared with exper-
imental data. The hybrid method developed by Abson presented much better
correlation with experimental data (compared with Yurioka, Lorenz, Terasaki,
and Suzuki models) and a standard deviation of 28 HV.

The model it self, is a combinations between to former empirical models.
Similar as other models (Arata, Yurioka, Suzuki, etc.), the equations for hard-
ness were divided in three cases depending on the microstructure of the heat
affected zone. When t8/5 < τm, the structure is fully martensitic and hardness
is given by equation 55.
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HVm =0.5(802C + 305 + 406C + 164CE I + 183

− (369C− 149CE I + 100) arctan
log τm − 2.822CE II + 0.262

0.526− 0.19CE II
)

(55)

where τm was calculated from Lorenz and Duren work and is given by equa-
tion 56

τm = 10(
611.3C+605.7CE−239

1009.5C+52.8 ) (56)

For longer cooling times, t8/5 > τb, according to the authors the structure will
be fully bainitic and the hardness will be given by equation 57

HVb =0.5(305CE eq + 101 + 406C + 164CE I + 183−

− (369C − 149CEI + 100) arctan
log t8/5 − 2.822CE II + 0.262

0.526− 0.19CEII
)

(57)

where
τb = 10(

1413.3C+300.7CE−35
1009.5C+52.8 ) (58)

Equation 57 accounts for a decrease on hardness of the bainite with longer
cooling times due to, according to the authors, grain growth. And for τb <
t8/5 < τm, hardness is given by equation 59

HV =0.5(2019[C(1− 0.5 log t8/5) + 0.3(CE eq − C)]+

66(1− 0.8 log t8/5) + 0.5(406C + 164CE I + 183−

(369C − 149CE I + 100) arctan
log t8/5 − 2.822CE II + 0.262

0.526− 0.19CE II
)

(59)

Where the carbon equivalent formulas are defined as:

CE eq = C +
Si

11
+

Mn

8
+

Cu

9
+

Ni

17
+

Cr

5
+

Mo

6
+

V

3
(60)

CE I = C +
Si

24
+

Mn

6
+

Cu

15
+

Ni

40
+

Cr

6
+

Mo

4
+

V

5
+

Nb

5
+ 10B (61)

CE II = C− Si

30
+

Mn

5
+

Cu

5
+

Ni

20
+

Cr

4
+

Mo

6
+ 10B (62)

This model addresses a wide range of low alloy steels with a carbon content
below 0.25 pct wt. Although the accuracy and the standard deviation informed
by the authors is impressive compared to other models, the range of thickness
and heat input of experimental data used covered values of t8/5 of up to 6
seconds. This t8/5 value excludes welding procedures with high heat inputs
such as submerged arc welding.
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Indirect Fitting Models

Two models are discussed in this section in which the challenge of predicting the
hardness is done in two steps. The first step consists of estimating the type and
volume fraction of each microconstituent. This calculation is based on the the
alloy composition and thermal cycle. The second step consists of calculating the
hardness of each microconstituent (based on the alloy composition and cooling),
and then estimating the overall hardness of the microstructure of any point in
the HAZ using the rules of mixtures.

Separating the calculation into two steps allows the user to use any model
to predict the volume fraction of the microconstituents; for example, Anelli
et al [7] trained an ANN to predict the amount of microstructural constituents
after quenching. Later, to predict the final hardness one of the empirical models
for microstructure hardness presented here (Maynier’s) was used.

Maynier, 1977

In 1978, the Le Creusot laboratory presented a set of empirical equations to
predict the influence of alloying elements on the hardness and mechanical prop-
erties after a heat treatment. The work published involved a prediction of the
microstructure [22] and a correlation of empirical formulas for the mechanical
properties of the basic structures (martensite, bainite, and ferrite + pearlite)
to predict the value of the mechanical properties using an additive rule [21].
Although the work presented in these papers is originally addressed to heat
treatments, the results obtained by the Le Creusot model can be applied to
typical welding thermal cycles.

In order to predict the microstructure after a heat treatment, the authors de-
veloped formulas for the critical cooling rates at which the resulting microstruc-
ture consists in different proportions of the basic phases (martensite, bainite,
and ferrite + pearlite). In Figure 4 a schematical illustration of the critical
cooling rates is shown.

To develop the critical cooling rates formulas, the authors studied data from
hundred of CCT diagrams from 8 different sources. The expression of critical
cooling rates were obtained by correlating the experimental data of the first
group of CCT diagrams and the chemical composition using the least squares
method. Then calculations were compared with interpolated data of the second
group of CCT diagrams. Importantly, the authors did not include the influence
of impurities, such as S, P, Sn, and As, in their calculations since, according to
authors, they are present in sufficiently small quantities and have a minor effect
on hardenability.

Austenitization conditions were accounted for by the calculation of a param-
eter, Pa, which establish an equivalence between the time and the temperature
of austenitization with the austenite grain growth. The authors presented an
expression for each critical cooling rate with the following structure:

log(V r) = constant+
∑

KiPi +KPa (63)
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Figure 4: Different critical cooling rates related to the percent of transformation
[21]

Table 1: Alloying element factors for the calculation of critical cooling rates [21]
cte C Mn Ni Cr Mo Pa

logV1 9.81 4.62 1.10 0.54 0.50 0.66 0.0018
logV 90

1 8.76 4.04 0.96 0.49 0.58 0.97 0.0010
logV 50

1 8.50 4.13 0.86 0.57 0.41 0.94 0.0012
logV2 10.17 3.80 1.07 0.70 0.57 1.58 0.0032
logV 90

2 10.55 3.65 1.08 0.77 0.61 1.49 0.0040
logV 50

2 8.74 2.23 0.86 0.56 0.59 1.60 0.0032
logV 90

3 7.51 1.38 0.35 0.93 0.11 2.31 0.0033
logV3 6.36 0.43 0.49 0.78 0.26 0.38Mo + 2 Mo 0.0019

where Ki and Pi are the influence factor and weight percent of each alloying
element, respectively. The values of each constant and factor to calculate the
critical cooling rates reported by Maynier are shown in table 1. The austeniti-
zation parameter, Pa, is given by:

Pa =

(
1

T
− nR

H
log(

t

to
)

)−1
(64)

where T is temperature in Kelvin, n is the neperian logarithm of 10, R is the
universal gas constant, H is activation energy (which in case of grain growth is
of the order of 10 kcal/mole), t is time, and t0 is unit of time (in hours).

The authors combined the critical cooling rate expression and empirical for-
mulas to calculate the hardness of each phase as a function of the chemical
composition and the cooling rate in order to obtain a hardness vs cooling rate
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diagram using the rule of mixture.

HV = VmHVm + VbHVb + VfpHVfp (65)

Where Vi and HVi are the volume fraction and hardness value of each con-
stituent respectively.

Hardness formulas for martensite, bainite, and ferrite-pearlite structures
shown in equations 66, 67, and 68 were obtained by a Blondeau et al [23]
at the same laboratory, LeCreusot. The work done by Blondeau, in the same
laboratory, is a first approach to Maynier’s work.

HVm = 127 + 949C + 27Si + 11Mn + 8Ni + 16Cr + 21 log V r (66)

HVb =− 323 + 185C + 330Si + 153Mn + 65Ni + 144Cr + 191Mo

+ (89 + 53C − 55Si− 22Mn− 10Ni− 20Cr− 33Mo) log V r
(67)

HVf−p = 42 + 223C + 53Si + 30Mn + 12.6Ni+ 7Cr + 19Mo+

log Vr(10− 19Si + 4Ni + 8Cr + 130V )
(68)

According to the authors, the cooling rate at 700 ◦C is equivalent to the
cooling rate between 800 and 500 ◦C and can be easily changed to t8/5 values
to obtain similar diagrams than the ones designed for predict the HAZ hardness
after welding. One of the distinctive characteristic of this model is that it
was developed for a wider range of austenitization cycles, being able to predict
hardness not only after a conventional heat treatment but also in the HAZ.

Ion, 1984

In 1984, Ion et al. [24] improved and extended a previous model developed
by Ashby et al.[25] to predict the microstructure and hardness of the HAZ as a
function of the carbon-equivalent. In these two works, the authors predicted the
temperature profiles of a welding plate based on Rosenthal equations [Rosen-
thal1946] and proposed empirical equations for the austenite grain growth, pre-
cipitate dissolution, coarsening and phase fraction transformed during cooling
as function of the peak temperature, time, and cooling rate during welding
processes. Later, using the additive rule and the equations for microstructure
hardness developed by Blondeau et al. [23] (the same formulas as the Le Cre-
sout model) Ion predicts the hardness HAZ as function of the t8/5. The work
and equations related to the austenite grain growth and precipitation coarsening
and dissolution can be found in the cited reference. In the present work, the
methodology to predict the HAZ hardness proposed by Ion is described. Similar
as Maynier’s work [21], the method to predict the HAZ is based on two steps.
First, calculate the phase fraction of each constituent of resulting microstructure
after a given cooling rate. Second, knowing the hardness of each constituent,
use the rule of mixture to give a hardness value. To predict the microstructure,
the authors used Iganaki et al.[26] expression for a cooling time, ∆t, associated
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to a microstructure containing 50/50 martensite and bainite, ∆tm1/2, and 50/50

bainite and ferrile-pearlite, ∆tb1/2, as a function of the carbon-equivalent equa-
tion recommended by the International Institute of Welding, equations 69 and
70. Correction factors for these time constants were proposed, equations 72 and
73, by the authors to consider the effect of grain growth during austenization
on the hardenability.

log ∆tm1/2 = 8.79CIIWeq − 1.52 (69)

log ∆tb1/2 = 8.84CIIWeq − 0.74 (70)

where carbon equivalent is given by 71

CIIWeq = C +
Mn

6
+

Cr + Mo + V

5
+

Cu + Ni

15
(71)

∆tm1/2 =
g

go
(∆tm1/2)o (72)

∆tb1/2 =
g

go
(∆tb1/2)o (73)

Where (∆t1/2)o is the transformation time for a given grain size go and ∆t1/2
is the corrected transformation.

The sigmoidal equations 74 and 75 were proposed to estimate the martensite
and bainite fraction after a given cooling time. The ferrite-pearlite fraction are
given by the volume fraction that did not transformed either in to martensite
or bainite, equation 76.

Vm = Vmax exp[−0.69(
∆t

∆tm1/2
)2] (74)

Vb = Vmax exp[−0.69(
∆t

∆tb1/2
)2]− Vm (75)

Vfp = 1− (Vm + Vb) (76)

Where Vm, Vb, and Vfp are the volume fraction of Martensite, Bainite, and
Ferrite-Perlite structures respectively, ∆t is the cooling time and ∆t1/2 and are
the corrected constant times given by equation 72 and 73.,Vmax is a factor that
goes from 0 to 1 and accounts for the volume fraction of transformable austenite
depending on the peak temperature. Finally, following the same procedure
as Maynier’s work, the authors calculated the maximum hardness of the heat
affected zone using the rule of mixtures, equations 65, 66, 67, and 68. The
inclusion of the Vmax factor on equations 74 and 75 allows not only to predict
the maximum hardness (when Vmax is 1), but also the hardness profile of the
HAZ (when Vmax < 1).
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Discussion

Table 2 summarizes the models discussed and their range of validity. Some of
the models discussed in this paper state explicitly the applicable compositions
in which the model can be used. For other models, the applicable composition
limits have been inferred from the experimental data. In some cases, the ranges
of validity were not stated and there was not enough information to infer them;
in those cases the elements considered in the model are indicated with a just a
checkmark (X), no numbers.

For the case of Beckert’s model, no range of chemical compositions is speci-
fied, but it is mentioned that the model addresses low alloy steels with a carbon
content below 0.3 pct wt. Lorenz and Duren’s model was specifically addressed
to microalloyed steels but the authors did not specified a range of composition;
however, from the steels used in their tests, a range of compositions was inferred.
In contrast, the models of Le Cresout, Cotrell, Yurioka, and Arata present not
only a defined range of chemical compositions, but also a detailed description
of the model accuracy respect to experimental data. Some models are based on
previous models. For example, Ion’s model, uses Le Cresout model of hardness
to estimate the HAZ hardness values. In this case, Ion et al. compared their
models with experimental data obtained from tests on Ti and Nb microalloyed
steels. The effect of boron has been considered only in Japan, in the work of
Arata, Terasaki, Yurioka, and Suzuki.

Martensite hardness, or maximum hardness, depends exclusively on the car-
bon for almost all models. Only Cotrell’s and Blondeu’s models account for
additional elements. Cottrell included Nitrogen, and Blondeu formulas (used
by The Le Cresout and Ion’s model) includes multiple alloying elements and
cooling rate; however, influence of carbon in these formulas is dominant.

Summary

A comprehensive survey of formulae for predicting hardness in the HAZ is pre-
sented. These formulae are based on alloy composition and cooling rate. The
range of applicability is not always the same, some include elements that others
do not (e.g. boron, or microalloying additions). This survey is thus helpful
to identify the best model for a given application. When different models are
applied to the same alloy in their range of validity, they give similar results, sup-
porting the credibility of this work. The results are also very similar to those
tabulated in atlases of CCTs.

This models can be immediately applied to numerical or analytical models of
heat transfer and to experimental measurements of temperature evolution. The
development of welding procedures can be greatly accelerated, even for steels
that are not contemplated in North American standards, but that were explored
elsewhere in the world.

Because of its empirical nature, these models do not contemplate cases that
may occur, and good judgment in their application is essential.
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