
Assessment and Predictions of HAZ 
Tensile Properties of High-Strength Steels 

An investigation into the grain-coarsened HAZ of single-pass weldments 
reveals a means of predicting HAZ strength and ductility 
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ABSTRACT. In the present investigation, 
the grain-coarsened HAZ tensile proper
ties of controlled rolled accelerated 
cooled (CONRAC) and quenched and 
tempered (QT) high-strength steels 
(Rpo.2 > 500 MPa) have been examined 
using the weld simulation technique. It is 
shown that very high yield and tensile 
stresses (Rpo.2 > 900 MPa, Rm > 1200 
MPa) may be found at fast cooling rates 
(At.8/5 < 5 s), with a consequent loss in 
ductility. For slow cooling rates 
(At.8/5 > 10-20 s), however, welding of 
QT steels may cause a considerable loss 
in base plate yield strength. Based on the 
results obtained, empirical equations 
have been developed to predict grain-
coarsened HAZ strength and ductility in 
single-pass weldments. A comparison 
shows that yield and tensile strength can 
be predicted with an accuracy of about 
± 5 0 MPa, while elongation calculations 
reveal a precision of ±3%. 

Introduction 

The major impetus for developments 
in steelmaking practice over the last 
decades has been provided by the need 
for materials with an improved heat
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affected zone (HAZ) resistance against 
hydrogen-induced cold cracking, stress 
corrosion cracking and cleavage fracture 
initiation. Less attention has been paid to 
the fact that the heat of welding process
es may give rise to a considerable inho-
mogeneity with respect to strength and 
ductility across welded joint. Such data 
are essential in order to understand yield 
and fracture behavior of welds and their 
response to external loading. 

The present investigation was under
taken with the objective of providing 
quantitative information on strength and 
ductility of the grain-coarsened HAZ of 
modern structural steels, based on tensile 
testing of weld thermal simulated speci
mens. From stress-strain relationships and 
hardness measurements, empirical equa
tions have been developed to predict 
HAZ yield and tensile strength, as well as 
ductility from a knowledge of base metal 
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chemical composition and welding 
parameters. 

Materials and 
Experimental Procedure 

Materials 

In this study, one controlled rolled 
accelerated cooled (Steel A) and two 
quenched and tempered (Steels B and C) 
steels have been examined. It is apparent 
from data in Table 1 that these steels 
represent a broad variation in base plate 
chemical composition (i.e., niobium, cop
per, nickel and molybdenum contents). 
This, in turn, gives rise to significant differ
ences in steel microstructure (Fig. 1) and 
strength level —Table 2. 

Considering Steel A, the microstructure 
consisted of a mixture of ferrite side-
plates, polygonal ferrite and ferrite-car-
bide aggregates, as shown in Fig. 1A. In 
contrast, the two QT Steels B and C 
reveal a fully tempered martensitic micro-
structure (Figs. 1B and 1C). 

Weld Thermal Simulation 
and Tensile Testing 

Assessment of grain-coarsened HAZ 
strength and ductility was done on the 
basis of tensile testing of weld simulated 
specimens. Bars of 8-mm (0.3-in.) diame
ter (50- to 70-mm/2- to 2.8-in. length) 
were heated by induction to a peak 
temperature of 1350°C (2462°F) fol
lowed by controlled cooling in helium or 
argon. The cooling time, Ats/s, which is 

Table 1 -

Steel<a» 

A M 
B<b> 
C<c> 

-Steel Composition 

C 

0.13 
0.13 
0.14 

Si 

0.33 
0.25 
0.26 

(wt-%) 

Mn 

1.52 
1.30 
1.29 

P 

0.002 
0.006 
0.005 

S 

0.001 
0.001 
0.001 

Cu 

0.18 
0.01 
0.24 

\ i 

0.19 
0.64 
0.97 

Mo 

0.01 
0.17 
0.18 

Cr 

0.04 
0.02 
0.02 

Al 

0.028 
0.036 
0.044 

V 

0.01 
0.03 
0.03 

Ti 

0.008 
0.011 
0.003 

Nb 

0.034 
0.002 
0.003 

PrJd ) 

1 cm 

0.23 
0.21 
0.26 

(a) Less than 0.003% N and 0.0003% B. 
(b) 50-mm plate thickness. 
(c) 80-rmm plate thickness. 

Si M n + Cr + Cu V M o Ni 
(d) ?cm = C + — + — + — + — + — + SB. 30 20 10 15 60 
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Fig. 7 — Base plate microstructures. A—Steel A (25 mm below surface); B—Steel B (5 mm below surface); C—Steel C (5 mm below surface) 

an adequate index for the weld cooling 
cycle, was varied systematically from 2 s 
(as obtained by water quenching from 
the peak temperature) to 65 s. This was 
made possible by adjustments of the gas 
flow rate. The temperature-time cycles 
were recorded by chromel/alumel ther
mocouples spot welded at the midlength 
of the bar surface. 

Due to small bar dimensions involved, 
specimens will exhibit a uniform micro-
structure and hardness throughout their 
length after weld simulation. 

The tensile properties were assessed in 
the longitudinal direction, i.e., with the 
specimen length axis parallel to the plate 
rolling direction. Test bars were taken 
from the plate surface of Steels B and C, 
and from the center of Steel A. The 
thermally cycled specimens were ma
chined down to dimensions shown in Fig. 
2 prior to tensile testing, which was 
performed with a constant crosshead 
speed of 2 mm/min. Because of a low 
base plate content of nitrogen (and car
bon), continuous yielding was observed 
in all cases, independent of cooling rate. 

Metallography 

One half of the tensile specimens was 
prepared for metallographic examination. 
The volume fraction of various micro-
structural constituents was calculated 
from more than 600 points counted at 
500 and 1000X in the light microscope, 
using the following classification system: 
M —lower bainite and martensite; SP — 
ferrite sideplates (i.e., Widmanstatten fer
rite and upper bainite), intergranularly or 
intragranularly nucleated parallel ferrite 
laths; AF —acicular ferrite, intragranularly 
nucleated separate ferrite needles of a 
high-aspect ratio; F —grain boundary or 
polygonal ferrite and P —pearlite. 

The metallographic examination also 
included determination of Vickers hard
ness (HV5) of selected specimens. 

Results and Discussion 

Grain-Coarsened HAZ 
Transformations Behavior 

It is apparent from the data contained 
in Fig. 3 that the HAZ hardenability of 
Steel C is substantially higher than that of 

Base Plates A and B (only martensite and 
ferrite sideplates did form). This observa
tion is consistent with a higher base plate 
alloying level (i.e., a higher Pcm value) in 
the case of Steel C —Table 1. Typical 
grain-coarsened HAZ microstructures are 
illustrated by the micrographs in Fig. 4. As 
expected, Base Plate C exhibits the high
est HAZ hardness level, as shown by the 
results in Fig. 5. In this figure, both data 
for simulated specimens and bead-on-
plate welds are compared with predicted 
values based on the Suzuki BL70 formula 
(Ref. 1). With the exception of very fast 
cooling rates, the hardness level can be 
predicted with excellent precision from 
the Suzuki equation. 

Basic Tensile Test Data 

The effect of cooling time Ats/s o n the 
resulting HAZ strength and ductility is 
illustrated graphically in Fig. 6. It is seen 
that the yield and tensile strength are 
rapidly reduced by an increase in Ats/s, 
approaching a constant level of about 
500 and 700 MPa (72.5 and 101.5 ksi) for 
Rpo.2 and Rm, respectively, for values of 
Ata/s larger than about 40 s. At fast 

cooling rates (Ats/s < 8 s), very high 
strength levels can be observed, which 
means that the yield and tensile strength 
may exceed 900 and 1200 MPa (130.5 
and 174 ksi), respectively, in low-heat-
input MMA or GMA welding (E < 2 M) / 
m). Because of a higher hardenability, 
Steel C exhibits the highest strength level 
at intermediate and slow cooling rates 
(Ats/s > 8 s). In contrast, lower strength 
values are generally obtained for Base 
Plate B owing to a low Pcm value and low 
martensite content. Thus, the grain-coars
ened HAZ yield and tensile strength are 
strongly dependent on the volume frac
tion of martensite formed on cooling. 

The HAZ ductility appears to be slightly 
different between the steels examined 
when comparison is made on the basis of 
reduction in area, while the elongation is 
similar. The ductility is generally reduced 
at fast cooling rates (Ats/s < 8 s) because 
of the martensite formation. 

Effect of Weld Cycles 
on Base Plate Strength 

Current design criteria for welded off
shore structures are either based on the 

Table 2-

Steel 

A 
B 
C 

-Base Plate Mechanical Properties 

Yield 
strength 

Rpo.2 (MPa) 

513 
607 
628 

Tensile 
strength 
Rm (MPa) 

628 
679 
727 

Elong. 
(%) 

29 
21 
16 

Reduction 
in Area 

(%) 

70 
80 
76 

Hardness 
HV5 

(kg/mm2) 

214 
250 
270 

CVN at 
- 4 0 ° C 

(I) 

183 
251 
274 

Lj. = 70 mm 

L c = 42 mm 

K 

L 0 - 35 mm 

^ \ 

d = 5 mm 

r = 2 mm 

Fig. 2 - Geometry and dimensions of tensile test specimens (Norsk Standard NS 70 100) 
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Fig. 3-Effect of 
cooling time, Ats/s, 
on grain-coarsened 

HAZ volume fraction 
of martensite 
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Fig. 4 —Typical grain-coarsened HAZ microstructures of Steel C. A-Martensite, Ats/s = 6 s; 
B — ferrite sideplates, Ats/s - 52 s 

yield strength or Young's modulus. Since 
the strength level within the actual HAZ is 
unknown, it has been assumed that this 
level always exceeds that of the base 
metal. Such assumptions, however, are 
not necessarily correct and may lead to 
considerable underestimations when it 
comes to high-strength steels, as will be 
shown by the present investigation. In 
Fig. 7, the basic HAZ strength data report
ed in Fig. 6 have been modified with 
respect to the base metal tensile proper
ties and replotted versus cooling time 
At.8/5. It is seen from the figure that the 
initial yield strength has been reduced for 
a wide range in cooling time (Ats/s > 10 s 

for Steel B and >25 s for Steels A and C), 
while the tensile strength always exceeds 
that of the base metal. Moreover, the 
base plate yield strength is further 
reduced within the grain-refined and 
intercritical regions of the HAZ (Ref. 2). 
This means that, under high-heat-input 
conditions (>2.5 MJ/m), the HAZ may 
exhibit a lower yield strength than that of 
the base metal, which clearly will affect 
the mechanical integrity of the weldment. 
An illustration of this point is contained in 
Fig. 8, where HAZ-to-base-plate yield and 
tensile strength ratio has been plotted 
versus peak temperature for Steel C. It is 
reasonable to assume that the drop in 

Fig. 5-Effect of 
cooling time, Ats/s, 
on grain-coarsened 
HAZ hardness (the 
full lines represent 

predicted values 
from Suzuki's 

BL70-formula (Ref. 1) 

. A 
Steel A 
Steel B 
Steel C 

Full lines: Calculated values(BL70/4/> 
Open symbols:Weld simulated tensile specimens 
Filled symbols: Bead on plate welds, 

E-1, 2 and 3 MJ/m 

yield and tensile strength is most pro
nounced for high-strength quenched and 
tempered steels (>500 MPa yield point) 
with moderate alloying levels. Although 
similar data for normalized or controlled 
rolled medium strength steels (yield point 
of about 350 MPa) are not yet available in 
literature, recent investigations have 
shown that the HAZ strength of this 
grade exceeds that of the base metal for 
a wide range in cooling time Ats/s and 
peak temperature because of a lower 
initial strength level (Ref. 3). 

Correlation between Yield 
and Tensile Strength 

According to current offshore specifi
cations (Ref. 4), the ratio between yield 
and tensile strength in the base plate 
should not exceed 0.85. For the tradition
al class of normalized carbon-manganese 
and controlled rolled low-carbon microal-
loyed steels, the ratio between the base 
plate yield and tensile strength is about 
0.7. This ratio is increased to about 0.8 
for the accelerated cooled steels. More
over, in the case of quenched and tem
pered steels, the yield point approaches 
90% of the tensile strength, as seen from 
the data for Steels B and C in Table 2. This 
will, in turn, increase the risk of plastic 
instability during service. 

In order to clarify to what extent weld
ing may affect the yield-to-tensile 
strength ratio, the data presented in Fig. 6 
have been replotted versus the cooling 
time Ats/s in Fig. 9. It is seen from the 
figure that this ratio decreases steadily 
with increasing cooling time, approaching 
a constant level of about 0.70 at slow 
cooling rates (Ats/s > 30 s). For the QT 
Base Plate B, a very high ratio has been 
found for fast cooling rates (Ats/s = 2 s), 
i.e., Rpo.2/Rm > 0.9. With an exception of 
this value, the HAZ yield-to-tensile-
strength ratio was lower than those of 
the respective base plates. 

Determination of Strain Hardening Exponent 

In general, strengthening by work 
hardening is well described by the follow
ing relationship: 

= Ken 
(1) 

20 30 40 50 

COOLING TIME M 8 / 5 , S 

Here a denotes the true stress, € is the 
true strain, K is a constant (strain harden
ing coefficient) and n is the strain harden
ing exponent. 

Several engineering stress-strain curves 
from tensile testing have been used in 
calculating n values for a wide range in 
cooling time Ats/s. The results obtained 
are summarized in Fig. 10. It is shown that 
the value of n is strongly influenced by 
the weld cooling rate. As expected, the 
strain hardening exponent, n, is reduced 
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COOLING TIME A t s / 5 , s 

Fig. 6 — Effect of cooling time, 
Atg/s, on grain-coarsened HAZ. 
A - Yield strength, Rp0.2': 
B —tensile strength, Rm; 
C — elongation, A&, and 
reduction in area, R.A 
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COOLING TIME a t 8 / 6 , s 

wi th increasing cool ing rates, particularly 
for A t 8 / 5 values b e l o w 10 s. This is due to 
the fo rmat ion o f martensite w i t h a high 
dislocation density. At s lower cool ing 
rates, the fo rmat ion of ferr i te sideplates, 
in addi t ion t o au to tempered martensite, 
gives rise t o a substantial increase in the 
strain hardening ability. 

Based o n regression analysis o f the 
data conta ined in Fig. 10, the fo l low ing 
parabol ic relationship b e t w e e n the strain 
hardening exponent n and the cool ing 
t ime Ats/s has been deve loped . 

n = 0.065 (At 8 
.10.17 (2) 

From the present investigation, it is seen 
that the value of n is virtually indepen
dent of the base plate chemical compos i 
t ion. This is in agreement w i th previously 
publ ished data on base metal tensile test
ing (Ref. 5), w h e r e a value o f n close t o 
0.04 has been f ound for quenched spec
imens of various chemical composi t ions. 
This value is slightly lower than the value 
of 0.073 ob ta ined for grain-coarsened 
HAZ at fast cool ing rates (Ats/s = 2 s). 

20 30 40 50 60 70 

COOLING TIME A t 8 / 5 , s 

Predictions of Grain-Coarsened HAZ 
Yield Strength 

From the l i terature rev iewed , it is 
apparent that the 0.2% offset yield 
strength, Rpo.2, can be calculated w i t h 
g o o d precision f rom Vickers hardness 
measurements in agreement w i t h the 
fo l low ing relationship (Ref. 6): 

Rpo.2 (MPa) = 3.3 HV (0.1)" (3) 

Here, HV denotes the Vickers hardness 
number , m ( = n + 2) is the exponent in 
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Fig. 7-Effect of cooling time At8/s on grain-coarsened HAZ to base metal. (A) yield and (B) tensile strength ratio 
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Steel C: A t 8 / 5 - 2 4 s 

• • Rp0.2, yield strength ratio 

• D Rm, tensile strength ratio 

800 900 1000 1100 

PEAK TEMPERATURE Tp, °C 

1300 1400 

Fig. 8 —Effect of peak temperature, Tp, on HAZ to base metal yield 
(full line) and tensile strength ratio (broken line), Ats/s = 24 s 

P ; 

A -* Steel B , Tp-1350QC 

0 10 20 30 40 50 60 70 

COOLING TIME A t 8 / 6 , s 

Fig. 9 —Effect of cooling time, Ats/s, on grain-coarsened HAZ yield to 
tensile strength ratio 

Meyers law and n is the strain hardening 
exponent . The value o f m is about 2.5 for 
fully annealed materials and approx imate
ly 2 for fully strain-hardened metals 
(Ref. 7). 

In the case o f grain-coarsened HAZ, 
the regression analysis gave the fo l low ing 
relationship: 

Rpo.2 (MPa) = 3.1 HV (0.1 )n - 80 (4) 

Since n is related t o the w e l d cool ing 
parameter Ats/s th rough Equation 2, the 
grain-coarsened HAZ yield strength can 
be calculated as fo l lows: 

The yield strength pred ic ted f r o m this 
equat ion has been p lo t ted versus mea
sured Rpo.2 values in Fig. 1 1 . In general , 
the HAZ yield strength can be pred ic ted 
w i th an accuracy of ± 50 MPa. 

Predictions of Grain-Coarsened HAZ 
Tensile Strength 

In addi t ion t o yield point , the ult imate 
tensile strength can also be related t o 
hardness th rough the equat ion p roposed 
by Cahoon , ef al. (Ref. 6) 

Rm (MPa) = 3.3 HV[1-(m-2)] 

[ 1 2 . 5 (m-2)- |m .? (6) 

| Hm-2) 

expression has been deve loped for grain-
coarsened HAZ: 

Rm = 3.5 HV (1-n) 
1 Z 5 n 

1 1-n ' 
•92 (7) 

Rpo.2=3.1 HV (0.1) 0 0 6 5 <At<s'5>o.i7_80 (5) , n t h e present investigation, the fo l low ing 

The value of n can be calculated f r o m 
Equation 2. The tensile strength pred ic ted 
f r o m Equation 7 has been p lo t ted versus 
measured values in Fig. 12. As exper i 
enced w i t h yield strength, the tensile 
strength can be calculated w i t h an accu
racy o f ± 5 0 MPa. Consequent ly , the 
grain-coarsened HAZ yield and tensile 
strength can be est imated f r o m mea
sured or calculated hardness values and 
the w e l d cool ing t ime Ate/5 w i t h sufficient 
precision. 

• Steel A 

A Steel B Tp=1350°C 

• Steel C 

• Regression line: n= 0.065 ( A t 8 / 5 ) c 

0 10 20 30 40 50 60 7 

COOLING TIME A t 8 / 5 , s 

Fig. 10 —Effect of cooling time, Ats/s, on grain-coarsened HAZ strain 
hardening exponent, n 
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Fig. 7 7 - Correlation between measured and calculated 
grain-coarsened HAZ yield strength Rpo.2 (based on calculated HV5, 
with an exception for Ats/s values where HVs has been measured on 
tensile specimens) 
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with an exception for Ats/s values where HV5 has been measured on 
tensile specimens) 
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Predictions of Grain-Coarsened 
HAZ Ductility 

In Fig. 13 the tota l e longat ion at frac
ture has been p lo t ted versus tensile 
strength. A l though there is a relatively 
large scatter in e longat ion values for a 
given tensile strength level, the fo l low ing 
relationship is f o u n d (wi th a correlat ion 
coeff ic ient r2 of 0.6): 

A35 (%) = 5.75 • 10" Rn (8) 

Values calculated f r o m Equation 8 have 
been p lo t ted versus measured elongat ion 
in Fig. 14. In general , e longat ion at the 
f racture can be pred ic ted w i t h a precision 
of ± 3 % , w i t h a small overest imat ion at 
l o w elongations and underest imat ion at 
high values. 

Practical Implications 

In a real HAZ, the yield behavior wi l l be 
much m o r e comp lex than that inferred 
f r o m the present investigation. In part icu
lar, local yielding may be suppressed by 
surrounding regions o f higher yield 
strength. This point is essential, since it 
has been s h o w n by Fig. 6 that we ld ing 
w i th med ium and high heat inputs 
(E > 2.5 M J / m , Ate/5 > 1 2 s) can p rov ide 
fo rmat ion o f HAZ regions w i t h yield 
strength b e l o w that of the base plate. 
Under high-heat- input we ld ing cond i 
t ions, the w i d t h o f the HAZ deve loped 
can be relatively large. This may, in turn, 
inf luence b o t h f racture toughness and 
fatigue propert ies in small scale testing, 
f r o m wh ich design curves are f requent ly 
established. In particular, the calculation 
o f the elastic c o m p o n e n t o f C T O D 

requires know ledge of HAZ yield 
strength level. It has been assumed that 
the C T O D values are inf luenced by the 
yield strength o f b o t h the w e l d metal and 
the base plate, in addit ion to that of the 
HAZ, due to the small w i d t h of the HAZ 
relative t o the specimen thickness (Ref. 
9). For this reason, it has been suggested 
that the yield strength appl ied in calcula
tions is the average b e t w e e n the base 
plate and w e l d metal strength (Ref. 10). 
As shown by the present investigation, 
this may lead to a substantial underest i
mat ion of the yield strength level wi th in 
the HAZ region w h e r e crack propagat ion 
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normal ly occurs, particularly under l ow-
heat- input we ld ing condi t ions. This 
implies that the elastic cont r ibut ion in the 
formula becomes t o o high under c i rcum
stances w h e r e the C T O D value is l o w 
(<0 .1 mm). A n opposi te t rend may be 
expected for combinat ions o f high-heat-
input we ld ing o f Q T steels and l o w 
C T O D values, due to the associate loss in 
HAZ strength relative t o that o f the base 
plate. In the case o f higher C T O D values 
(>0 .1 mm), h o w e v e r , the elastic contr i 
bu t ion is negligible, indicating that the 
calculated C T O D value is virtually inde
pendent of HAZ yield strength level 

Fig. 14 — Correlation 
between measured 
and calculated 
grain-coarsened HAZ 
elongation, Ass 
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under prevailing conditions. 
In addition, it must be recognized that, 

for a proper use of high-strength steels, 
the base plate yield-to-tensile strength 
may be significantly increased by weld
ing, with an associate reduction in strain 
hardening exponent. This means that the 
plastic deformation prior to instability 
occurs over a narrow range in stress, 
with a consequent loss in overall elonga
tion in, e.g., wide-plate testing (Ref. 11). 

Conclusions 

The main conclusions that can be 
drawn from the present investigation are 
as follows: 

1) In the case of low-heat-input weld
ing, a very high yield and tensile strength 
(Rpo.2 > 900 MPa, R > 1200 MPa) may 
develop within grain-coarsened HAZ, 
with a consequent loss in tensile ductility 
(elongation less than 15%). 

2) For high heat input welding (repre
sented by Ats/s values above 10 s for 
Steel B and 25 s for Steels A and C), the 
base plate yield and tensile strength may 
be substantially reduced, approaching a 
constant level of 500 and 700 MPa, 

respectively. 
3) The strain hardening exponent is 

strongly dependent of the HAZ micro-
structure. Low values of the strain hard
ening exponent n (<0.10) have been 
found for a martensite microstructure 
formed during water quenching from the 
peak temperature of 1350°C. 

4) Empirical equations have been 
developed for quantitative predictions of 
grain-coarsened HAZ strength level and 
ductility in single-pass weldments. At the 
present stage, HAZ yield and tensile 
strength can be calculated with an accu
racy of about ± 50 MPa, while elongation 
calculations reveal a precision of ±3%. 
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