
Introduction

Because of their good combination of
high strength and low-temperature tough-
ness, high-strength low-alloy steels
(HSLA) are widely used in naval ship-
building and will continue to be the prin-
cipal structural materials in the future.
HSLA steels have very low-carbon content
(usually less than 0.1 wt-%) and less than
5 wt-% total alloying additions, including
Mo, Nb, Ti, V, Mn, Cu, Cr, Ni, and others.
Based on low-carbon content and a fine-
grained microstructure, HSLA steels have
better, or at least comparable, weldability
(resistance to hydrogen-induced cracking)
compared to mild steels but have a much
higher strength and toughness (Refs. 1, 2). 

The thermomechanical-controlled pro-
cessing (TMCP) technique is utilized to

strengthen these steels through the devel-
opment of very fine grain size in the range
of 5 to 10 μm (Refs. 3, 4). In addition,
these steels contain various carbides, ni-
trides, and/or carbonitrides that are finely
dispersed in the microstructure. These
precipitates act to impede the dislocation
motion and thereby provide a secondary
hardening effect (Refs. 5, 6). 

From a weldability standpoint, one ad-
vantage of HSLA steels over older genera-
tion naval steels is that preheat can be either
entirely avoided, or only low-temperature
preheat is required. However, welding does

alter the carefully designed microstructure
of HSLA steels as a result of heat-affected
zone (HAZ) thermal cycles that exceed the
transformation temperature (Refs. 7–9).
The microconstituents commonly observed
in the weld metal and HAZ of HSLA steels
were summarized by Liu (Ref. 10). It has
been reported that precipitates could either
coarsen or dissolve in the steel matrix during
the heating cycle, which can lead to exces-
sive austenite grain growth in the HAZ due
to the absence of the pinning effect of pre-
cipitates on austenite grain boundaries
(Refs. 11, 12). The coarse grain size de-
creases the nucleation sites for high-tem-
perature transformation products such as
ferrite and pearlite, tending to suppress
their formation. If the cooling rate is suffi-
ciently high, martensite will form in the
HAZ, which can potentially make the HAZ
susceptible to hydrogen-induced cracking
(Refs. 13–15). This is particularly a problem
in the coarse grain heat-affected zone
(CGHAZ), where grain growth is most pro-
nounced at peak temperatures above
1200°C. An understanding of the continu-
ous cooling transformation behavior of the
CGHAZ of HSLA steel weldments and the
construction of corresponding CCT dia-
grams is necessary in order to optimize
welding parameters to avoid the formation
of deleterious microstructures such as hard
martensite (Ref. 16). For the purpose of
comparison, a CCT diagram for the
CGHAZ of HY-100 has also been con-
structed. 

This paper describes the continuous
cooling transformation behavior of the
CGHAZ of HSLA-65, HSLA-100, and
HY-100 steels. The microstructure re-
sulting from austenite decomposition at
different cooling rates is characterized,
and corresponding CCT diagrams are
constructed. 

Experimental Procedure

The chemical compositions of the
HSLA-65, HSLA-100, and HY-100 steels
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ABSTRACT

Continuous cooling transformation (CCT) diagrams were developed for the simu-
lated coarse-grain heat-affected zone (CGHAZ) of HSLA-65, HSLA-100, and HY-
100 naval steels. Samples were heated to a peak temperature of 1300°C in the Gleeble™
and then cooled over a range of cooling rates representative of actual practice. The
Ms, Mf, AC3, and AC1 temperatures were determined using dilatometric analysis for
construction of the CCT diagrams. Grain coarsening was observed in the simulated
CGHAZ for all three steels and was most pronounced in HY-100. Dissolution of pre-
cipitates (carbides) in the austenite at the high simulation temperature was responsi-
ble for excessive austenite grain coarsening, with HSLA-65 exhibiting the smallest prior
austenite grain size. Depending on the cooling rate, martensite, bainite, ferrite, and
pearlite can form in the CGHAZ microstructure for HSLA-65. For HSLA-100 and
HY-100, only martensite and bainite were observed over the range of cooling rates
that were simulated. It can be concluded that HY-100 has the highest hardenability
while HSLA-65 has the lowest from the constructed CCT diagrams. Using these dia-
grams, it is possible to identify cooling rates that can avoid the formation of high hard-
ness martensite in CGHAZ in order to ensure resistance to hydrogen-induced cracking.
This is particularly a concern for HY-100 because of its higher carbon content and
hardenability relative to HSLA-65 and HSLA-100, and thereby has the potential for
forming much higher hardness martensite in the CGHAZ. 
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used in this investigation are provided in
Table 1. The base metal microstructures of
the three steels are shown in Fig. 1A–C. It
can be seen that the HSLA-65 microstruc-
ture consists of fine equiaxed ferrite grains
with a grain size in the range of 4–6 μm.
HSLA-100 exhibits a quenched and tem-
pered martensite and/or bainite mi-

crostructure. The precipitates in HSLA-65
and HSLA-100 consist of carbides and/or
carbonitrides containing Nb or V, and ad-
ditional carbides precipitating during the
tempering process and/or the ε-copper
phase for HSLA-100 (Refs. 2, 4, 6, 16, 17).
Similar to HSLA-100, the HY-100 steel
microstructure is also quenched and tem-

pered martensite with carbides that form
during tempering.

Samples for CGHAZ simulation using
the Gleeble 3800™ were machined from
the three steel plates. The samples were
6.5 mm in diameter by 100 mm long. A
Type K control thermocouple was welded
at the midsection of the test sample. A
dilatometer was used for measuring the di-
ametric dilation change of these samples.
All testing was done in a partial vacuum of
approximately 10–3 torr. The samples were
heated to a peak temperature of 1300°C
(simulating the CGHAZ temperature) at
a linear rate of 200°C/s and held at peak
temperature for one second. A peak tem-
perature of 1300°C was selected because it
is representative of the CGHAZ in all
three steels and avoids the possibility of
sample melting at higher peak tempera-
tures. For the cooling portion, twelve cool-
ing rates were employed for each steel to
simulate a wide range of welding condi-
tions representative of actual practice. The
different cooling rates were obtained by
selecting copper or stainless steel jaw sets,
and adjusting the free span (spacing be-
tween jaws). The cooling rate is defined by
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Fig. 1 — Optical micrographs of the three naval steels. A — HSLA-65; B
— HSLA-100; C — HY-100. 2% Nital etch.

Table 1 — Chemical Compositions of Naval Steels

Element (wt-%) HSLA-65 HSLA-100 HY-100

C 0.074 0.051 0.18
Mn 1.35 0.90 0.28
Si 0.24 0.25 0.21
P 0.011 0.008 0.008
S 0.006 0.002 0.002

Cu 0.25 1.17 0.15
Ni 0.34 1.58 2.32
Cr 0.14 0.60 1.37
Mo 0.06 0.37 0.26
V 0.058 <0.01 <0.01

Nb 0.018 0.017 <0.01
Ti 0.012 <0.01 <0.01

Fig. 2 — Determination of AC3, AC1, Ms , and Mf (at maximum cooling
rate) from dilatation curve.
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the value t8/5, which is the cooling time
from 800° to 500°C. In this investigation,
the t8/5 was in the range of a few seconds
to around 100 s, as shown in Table 2. The
CCT diagrams are thereby constructed
using the dilatometry data obtained at dif-
ferent t8/5 values. The method has been
specified in the paper by Eldis (Ref. 18). 

Metallographic analysis was conducted
on samples taken at the midsection (hot
zone) of the dilatometry specimens close
to the location where the thermocouple
was attached. Samples were polished and
etched with 2% nital and examined using
both optical and scanning electron mi-
croscopy. For TEM analysis, thin slices
were cut using a low-speed diamond saw,
and then they were mechanically ground
to a thickness of about 80 μm. The 3-mm-
diameter discs were punched and elec-
trolytically thinned using a twin jet pol-
isher in a solution of 33% nitric acid and
67% methanol at –10°C. The TEM foils
were evaluated in a Philips CM200 TEM
operated at 200 kV. 

The prior austenite grain size was
measured in accordance with ASTM E
112-96. Vickers hardness measurements
were conducted on the as-polished sam-
ples using a 1-kg load, in accordance with
ASTM E 384-10.

Results and Discussion

Prior austenite grain size plays an im-
portant role in the continuous cooling
transformation behavior of HSLA and HY
steels. Excessive austenite grain coarsen-
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Fig. 3 — Vickers hardness profile as a function of t8/5 for three naval steels. A —  HSLA-65; B — HSLA-100; C — HY-100.

Fig. 4 — Optical micrographs of CGHAZ of HSLA-65 at different cooling rates. A — t8/5 =  5.2 s; B — t8/5 = 8.3 s; C — t8/5 = 21.1 s; D — t8/5 = 41.8 s; E
—t8/5 = 57.2 s; F — t8/5 = 84.2 s; 2% Nital etch.

Table 2 — t8/5 and Corresponding Average Cooling Rates for Three Naval Steels

HSLA-65 HSLA-100 HY-100

t8/5 Avg Cooling t8/5 Avg Cooling t8/5 Avg Cooling
(s) Rate (°C/s) (s) Rate (°C/s) (s) Rate (°C/s)

3.0 100 2.4 125 3.6 83.3
3.5 85.7 3.6 83.3 4.3 69.8
5.2 57.7 8.2 36.6 5.7 52.6
8.3 36.1 13.4 22.4 10.6 28.3
10.5 28.6 15.5 19.4 14.1 21.3
21.1 14.2 17.7 16.9 19.1 15.7
27.2 11.0 37.8 7.9 21.2 14.2
36.4 8.2 41.4 7.2 43.5 6.9
41.8 7.2 51.4 5.8 66.4 4.5
57.2 5.2 60.9 4.9 74.1 4.0
75.6 4.0 86.8 3.5 106.6 2.8
84.2 3.6 106.3 2.8 113.4 2.6
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ing in the CGHAZ during welding is gen-
erally detrimental to HAZ mechanical
properties. For the purpose of comparison
of the austenite grain coarsening tendency
of the three steels, the prior austenite
grain size was measured at the maximum
cooling rate for each test steel, in which
circumstance the austenite coarsening
during cooling before the start of trans-
formation was most restricted and an ac-
curate comparison among steels was

ensured. The ASTM grain size number
(and average grain diameter) for the sim-
ulated CGHAZ of HSLA-65, HSLA-100,
and HY-100 were determined to be 7.5 (27
μm), 5.8 (50 μm), and 4.5 (75 μm), re-
spectively. All the steels exhibited an es-
sentially equiaxed grain structure. 

The AC1 and AC3 temperatures on
heating were determined by identifying
the deviation points from the dilation
curve, as shown in Fig. 2. Since the heating

process was identical for all twelve simu-
lated thermal cycles, the average value of
AC1 and AC3 and the standard deviation
are calculated and provided in Table 3. 

The Vickers hardness values as a func-
tion of t8/5 for the three steels are shown in
Fig. 3A–C. Generally speaking, for all three
steels, at the minimum t8/5 (or highest cool-
ing rate), the Vickers hardness of simulated
CGHAZ reaches the maximum value based
on the carbon content of the steel. At a t8/5
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Fig. 5 — SEM and TEM micrographs for simulated CGHAZ of HSLA-65. A — t8/5 = 3 s; B —  t8/5 = 21.1 s; C— t8/5 = 84.2 s; D — HSLA-65 base metal
microstructure; E —  t8/5 = 84.2 s (bright-field TEM); F — HSLA-65 base metal microstructure (bright-field TEM).
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of 3.6 s, HY-100 exhibits the highest hard-
ness at approximately 450 HV, while HSLA-
65 and HSLA-100 are in the range from 350
to 360 HV. With increasing t8/5 (slower cool-
ing rate), the Vickers hardness value de-
creases as a result of different types of
austenite decomposition products at differ-
ent cooling rates. The formation of pre-
dominantly martensite at high cooling rates
leads to higher hardness, relative to bainite
and ferrite which form at lower cooling
rates. The Vickers hardness results can then
be used in combination with metallographic
analysis to determine the austenite decom-
position products. 

Microstructure Characterization of 
HSLA-65

Optical micrographs of the simulated
CGHAZ of HSLA-65 at different cooling
rates are shown in Fig. 4A–F. In combina-
tion with SEM and TEM micrographs (as
shown in Fig. 5A–F) and Vickers hardness
results (Fig. 3A), austenite decomposition
products at different cooling rates can be
determined. Note that not all the optical,
SEM or TEM microstructures at all the
cooling rates are presented here, only
some typical ones are used to illustrate
variation in the transformation products as
a function of cooling rate. 

At the minimum t8/5 of 3 s, martensite
forms in the CGHAZ, as shown in the SEM
micrograph in Fig. 5A. This is a typical lath
martensite microstructure, in which prior
austenite grain boundaries and lath marten-
site packet boundaries are discernable. The
possibility of formation of other phases,
other than low-carbon lath martensite, can
be excluded since the transformation mi-
crostructure exhibits a hardness of 360 HV,
while at the same time the carbon content
is only 0.074 wt-%. The combined effect of
fast cooling rate and coarsening of prior
austenite grains promotes the formation of
martensite instead of ferrite and pearlite,
which form based on a diffusion-controlled
transformation mechanism. The martensite
start (Ms) and finish temperature (Mf) were
determined to be 486° and 282°C, respec-
tively. It should be noted that the transfor-
mation is not necessarily complete at the Mf

temperature, but based on the absence of
any apparent austenite in the microstruc-
ture, it is surmised that martensite is the
predominant transformation product. 

By increasing t8/5 to 5.2 s, ferrite and
needle-like bainite appear in the transfor-
mation microstructure as shown in Fig.
4A. It is generally agreed that bainitic mi-
crostructures can be divided into upper
and lower bainite, the main difference be-
tween them is that for the lower bainite,

the carbides precipitate preferentially
within bainite laths, while for upper bai-
nite, carbides precipitate along the bainite
lath boundaries (Ref. 19). However, it
should be noted that upper and lower bai-
nite are not differentiated in the present
study; both of them are generally catego-
rized as bainite, which exhibits a needle-
like lath morphology, as shown at higher
magnification in the SEM in Fig. 5B.

It is shown in Fig. 4B and C that at t8/5
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Table 3 — Important Parameters Determined for Naval Steels

Prior Austenite AC1 AC3 Ms
b Mf 

b CGHAZb Base
Grain Size (°C) (°C) (°C) (°C) Max Metal CEc

(μm)a Hardness Hardness
(HV) b (HV)

HSLA-65 27±3.8 770±6.4 865±5.2 486 282 360 201 0.43
HSLA-100 50±3.6 765±4.8 850±6.7 466 278 353 284 0.62

HY-100 75±5.8 765±6.0 820±4.3 406 221 454 283 0.75

(a) PAGS for peak temperature of 1300°C with hold time of 1 s.
(b) Ms, Mf, CGHAZ Max hardness determined at minimum t8/5 (3.0, 2.4, 3.6 s for HSLA-65, HSLA-100, and HY-100, respectively).
(c) CEIIW = C +(Mn+Si)/6+(Cr+Mo+V)/5+(Ni+Cu)/15.

20 µm

20 µm 20 µm

20 µm 20 µm

20 µm

Fig. 6 — Optical micrographs of CGHAZ of HSLA-100 at different cooling rates. A — t8/5 = 2.4 s; B —
t8/5 = 8.2 s; C — t8/5 = 37.8 s; D — t8/5 = 60.9 s; E — t8/5 = 86.8 s; F — t8/5 = 106.3 s. 2% Nital etch.
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of 8.3 and 21.1 s, a small amount of ferrite
forms along the prior austenite grain
boundaries. Long needle-like bainite
grows throughout the prior austenite grain
resulting in an aspect ratio greater than
10:1. The dark-etching phase observed be-
tween bainite should be martensite. When
t8/5 is 41.8 s, as shown in Fig. 4D, the mi-
crostructure is still a mixture of ferrite, bai-
nite, and martensite. However, the
fraction of ferrite increases while marten-
site decreases in comparison with Fig. 4B,
C. This is the reason why the hardness
continues to decrease as t8/5 increases. 

When t8/5 is 57.2 and 84.2 s, as shown in
Fig. 4E, F, small dark pearlite islands form
adjacent to the equiaxed ferrite grains. Be-
cause the equiaxed ferrite constitutes the
majority of the transformation microstruc-
ture, the Vickers hardness values are 230
and 228 HV for these cooling times, which
are only slightly higher than the base mate-
rial hardness of 201 HV. The ferritic mi-
crostructure with much lower hardness and
smaller grain size is less susceptible to hy-
drogen-induced cracking compared with the
martensitic microstructure forming at fast
cooling rates (Ref. 20). 

The transformation microstructure at
the minimum cooling rate is further inves-
tigated as shown in Fig. 5C. The ferrite
grain boundaries can be clearly observed,
and no obvious precipitates appear along
the grain boundaries or within the ferrite
grains. However, in the base metal mi-
crostructure shown in the SEM micro-
graph in Fig. 5D, various precipitates can
be clearly identified along the ferrite grain
boundaries as well as much smaller pre-
cipitates within the grains. Two bright-field
TEM images at higher magnification are
also provided as shown in Fig. 5E, F. It can
be seen in Fig. 5F that clusters of precipi-
tates exist in the HSLA-65 base metal be-
fore thermal cycle simulation, but they
disappear after the thermal cycle as shown
in Fig. 5E. It is therefore concluded that

the precipitates in HSLA-65 dissolve dur-
ing the high-temperature exposure (Tpeak
=  1300°C) of the CGHAZ thermal cycle,
and even at the minimum cooling rate, sig-
nificant reprecipitation during cooling still
does not occur. This explains why the prior
austenite grain size increases fivefold rel-
ative to the base metal grain size. As the
precipitates dissolve on heating to high
temperature, no grain boundary pinning is
possible and austenite grain coarsening
occurs. Although the carefully designed
HSLA-65 base metal microstructure of
fine grain size and dispersed precipitates
is absent in the CGHAZ, a transformation
microstructure developed at minimum
cooling rates can produce lower hardness
levels approaching that of the base metal. 

Microstructure Characterization of 
HSLA-100

Optical micrographs of the simulated
CGHAZ of HSLA-100 at different cool-
ing rates are shown in Fig. 6A–F. At the
minimum t8/5 of 2.4 s, a peak Vickers hard-
ness value of 353 HV is achieved. In com-
bination with the microstructure shown in
Fig. 6A, it can be concluded that the high-
cooling rate transformation product is
martensite. Because HSLA-100 has a low-
carbon content (0.051 wt-%), the marten-
site formed should be low-carbon lath
martensite, whose morphology can be ob-
served in Fig. 7A. By increasing t8/5 to 8.2
s, light-colored bainite appears in the mi-
crostructure, which nucleates from the
prior austenite grain boundaries and
grows into the grain interior. Some of the
needle-like bainite has a large aspect ratio
and can grow across the entire prior
austenite grain as was seen in HSLA-65.
The dark-etching phase between the bai-
nite laths is martensite. 

By increasing t8/5 up to 106.3 s, as
shown in Fig. 6C–F, no obvious ferrite or
pearlite can be observed (as also shown in

Fig. 7B), and the microstructure is still a
mixture of bainite and martensite. With
decreasing cooling rate, the fraction of
bainite increases and martensite de-
creases. The microstructure change results
in a gradual decrease in the Vickers hard-
ness as the cooling rate decreases as shown
in Fig. 3B; that is, if the fraction of bainite
in the microstructure increases, then the
hardness decreases. At the minimum cool-
ing rate, bainite dominates the mi-
crostructure as shown in Fig. 6F, and the
minimum hardness value of 270 HV is ob-
tained, which is less than the hardness (284
HV) of the tempered martensite base
metal microstructure. 

Microstructure Characterization of HY-100

The optical micrographs of the simu-
lated CGHAZ of HY-100 at different
cooling rates are shown in Fig. 8. As shown
in Fig. 8 A–C, the microstructure clearly
exhibits a martensitic morphology. While
in Fig. 8D, light-colored bainite appears,
and with increasing t8/5, the fraction of bai-
nite increases and martensite decreases as
shown in Fig. 8E, F. This can be confirmed
by the Vickers hardness data in Fig. 3C.
The maximum hardness value of 454 HV
is achieved at the minimum t8/5 of 3.6 s. In
the t8/5 range from 3.6 to 21.2 s, a hardness
plateau appears indicating that transfor-
mation to martensite is complete at these
cooling rates. At higher cooling times, the
hardness abruptly drops as bainite begins
to replace martensite in the microstruc-
ture, as shown in Fig. 8D for t8/5 of 43.5 s. 

Comparison of the Three Steels

For all three steels, complete transfor-
mation to martensite occurs in the simu-
lated CGHAZ at the minimum t8/5 of ~3 s.
The Ms and Mf temperatures have been de-
termined at this cooling time as previously
shown in Table 3. Based on the experimen-
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Fig. 7 — SEM micrographs for simulated CGHAZ of HSLA-100. A — t8/5 = 2.4 s; B — t8/5 = 60.9 s.
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tal results, CCT diagrams for the CGHAZ
of HSLA-65, HSLA-100, and HY-100 have
been constructed as shown in Fig. 9. 

It is generally agreed that the composi-
tion and processing route determine the
microstructure and properties of steel. For
HSLA-65 and HSLA-100, the very fine
base metal microstructure is achieved by
the utilization of the thermomechanical-
controlled processing (TMCP) technique.
The basic principle of TMCP is to refine

and/or deform the austenite grains in a
carefully controlled rolling process,
whereby austenite recrystallization and
grain growth are inhibited by stable pre-
cipitates such as Nb-rich carbides and/or
carbonitrides that remain undissolved at
the rolling temperature. The refined
austenite then transforms to the desired
microstructure with very fine grain size. 

This well-developed base metal mi-
crostructure is completely destroyed in the

CGHAZ by transformation to austenite
and complete dissolution of the carbides
(Fig. 5 C–F). Therefore, the pinning effect
of precipitates on austenite grain bound-
aries is absent (Refs. 21, 22) and results in
prior austenite grain size of 27 and 50 μm
for HSLA-65 and HSLA-100, respectively.
For HY-100, which is a quenched and
tempered steel with no grain boundary
pinning precipitates involved, even coarser
prior austenite grains (75 μm) are ob-
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Fig. 8 — Optical micrographs of CGHAZ of HY-100 at different cooling rates. A — t8/5= 3.6 s; B — t8/5 = 10.6 s; C — t8/5 = 21.2 s; D t8/5 = 43.5 s; E — t8/5
= 74.1 s; F — t8/5 = 113.4 s. 2% Nital etch.
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served in the simulated CGHAZ mi-
crostructure. The coarse prior austenite
grains provide fewer nucleation sites for
ferrite on the grain boundaries compared
with fine grains and, therefore, tend to
more readily promote the formation of
martensite. 

In comparison to HSLA-65 and HSLA-
100, the CGHAZ of HY-100 has much
coarser prior austenite grain size and
higher hardness (~450 HV). The differ-
ence in martensite hardness among these
steels (Table 3) is directly attributable to
the difference in carbon content. As for
the Ms temperature, HY-100 exhibits the
lowest and HSLA-65 the highest, as a di-
rect influence of the level of alloying addi-
tions and the related carbon equivalent
values (Table 3).  

From the CCT diagrams for the simu-
lated CGHAZ microstructure, transfor-
mation products including ferrite, pearlite,
bainite, and martensite can form in
HSLA-65 while only bainite and marten-
site form in HSLA-100 and HY-100. The
difference in carbon equivalent is also re-
flected in the three CCT diagrams. The

approximate critical t8/5 to form marten-
site is 3.5 s, 3.6 s, and 21.2 s for HSLA-65,
HSLA-100, and HY-100, respectively. Al-
though the carbon content of the three
steels is relatively low and lath martensite
is the predominant CGHAZ microstruc-
tural constituent at these cooling rates, it is
generally advisable to avoid the formation
of full martensite microstructures with
high hardness in CGHAZ in order to in-
sure HIC resistance. 

The widely accepted AWS D1.1 stan-
dard (Ref. 23) is referred here in order to
show the different requirements for pre-
heat and interpass temperatures when
welding these steels as to insure resistance
to hydrogen-induced cracking (HIC). As
shown in Fig. 10, HSLA-65 and HSLA-100
are classified in Zone I due to their low
carbon content and carbon equivalent,
which means that HIC is unlikely when
welding the two steels, but may occur with
high hydrogen levels or high restraint.
HY-100 is classified in Zone III, which
means that the hydrogen control method
should be used to determine preheat. In
this analysis, one assumes the situation of

welding the three naval steels in real prac-
tice with a hydrogen level of H2 (medium
hydrogen, 5–10 mL/100 g) and medium re-
straint as encountered in fillet or groove
joints, and the thickness of all the three
steel plates to be welded is the same at
12.7 mm (0.5 in.). This combination of H2
hydrogen content and medium restraint
level is representative of many commonly
encountered situations. Based on the
AWS D1.1 standard, the preheat and in-
terpass temperature of 145°C should be
used when welding HY-100 as to insure
HIC resistance. While for HSLA-65 and
HSLA-100, preheat can be avoided at the
same situation (if welding at ambient tem-
perature of 20°C). 

Note that when welding these steels in
actual shipyard conditions, all the factors,
such as welding consumables and welding
process used, must be taken into account
when determining the preheat and inter-
pass temperatures. In practice, the Navy
recommends no preheat or interpass tem-
perature control for HSLA-65, although
some preheat may be used in some situa-
tions to remove moisture. For HSLA-100,
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Fig. 9 — CCT diagrams for the CGHAZ of HSLA-65, HSLA-100, and HY-
100. A — HSLA-65; B — HSLA-100; C — HY-100. 

Fig. 10 — Zone classification of steels for HIC cracking susceptibility ac-
cording to AWS D1.1/D1.1M:2010 (Ref. 23).
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a preheat of 15°C (60°F) and a maximum
interpass of 149°C (300°F) is recom-
mended, while for HY-100 a minimum
preheat of 52°C (125°F) and maximum in-
terpass of 149°C (300°F) is commonly
used. These recommendations are for
plate thicknesses less than 25.4 mm (1-in.).
Thicker sections would require higher pre-
heat temperatures because of the higher
restrain levels. Note that the preheat re-
quirement for HY-100, based on AWS
D1.1, is conservative — requiring a much
higher minimum preheat than what is ac-
tually used in practice.  

Based on the results presented here, in
actual practice where resistance to HIC is
the primary concern, welding parameters
can be selected such that the effective t8/5
for each steel is greater than its critical
value in order to avoid full martensite for-
mation. However, it should be noted that
formation of ferrite and/or bainite in
CGHAZ may lead to a strength decrease.
Therefore, there is a “trade-off” between
HIC resistance and weld HAZ strength.
This is particularly important for HY-100,
which has the highest hardenability and
achieves the highest hardness in CGHAZ.
More stringent welding conditions (higher
preheat temperatures) should be applied
when welding HY-100 in comparison with
welding HSLA-100 and HSLA-65, be-
cause of the higher carbon and alloy con-
tent in HY-100, and the likely formation
of martensite with higher hardness (~ 450
HV) over a wide range of cooling rates, as
well as larger prior austenite grain size in
the CGHAZ of HY-100. Based on the
more stringent needs regarding preheat,
the advantage of the HSLA series steels
over the HY series has been clearly
demonstrated.

Conclusions

1. The prior austenite grain size of the
simulated CGHAZ (1300°C peak temper-
ature) of HSLA-65, HSLA-100, and HY-
100 was determined to be 27, 50, and 75
μm, respectively. 

2. The Ms temperatures of HSLA-65,
HSLA-100, and HY-100 were determined
to be 486°, 466°, and 406°C, respectively. 

3. The austenite decomposition prod-
ucts are strongly dependent on the cooling
time (t8/5). For HSLA-65, at high cooling
rates (t8/5<3.5 s), martensite forms in the
CGHAZ microstructure. At intermediate
cooling rates (5.2 s <t8/5 <41.8 s), the
CGHAZ microstructure is a mixture of
ferrite, bainite, and martensite. At slow
cooling rates (57.2 s <t8/5), equiaxed fer-
rite constitute the majority of CGHAZ mi-
crostructure of HSLA-65. 

4. Only martensite and bainite are ob-
served in CGHAZ of HSLA-100 and HY-
100. Bainite begins to form when t8/5 >8.2 s
for HSLA-100 and t8/5 >43.5 s for HY-100. 

5. The peak martensite hardness value
obtained in the simulated CGHAZ of HY-
100 (454 HV) is much higher than that of
HSLA-65 (360 HV) and HSLA-100 (353
HV), which is primarily a function of the
higher carbon content in HY-100 (0.18 wt-
%) relative to HSLA-65 (0.074 wt-%) and
HSLA-100 (0.051 wt-%). 

6. Based on the CCT diagrams devel-
oped for these steels, the hardenability of
HY-100 is the highest while HSLA-65 is
the lowest. 

7. More stringent welding conditions
(higher preheat temperature) should be
applied when welding HY-100 in compar-
ison with welding HSLA-100 and HSLA-
65. This is because of higher carbon
content and alloy addition in HY-100, pos-
sible formation of higher hardness
martensite, and larger prior austenite
grain size in the CGHAZ of HY-100.

8. In actual practice, where high-hy-
drogen and high-restraint levels are en-
countered and resistance to HIC is the
primary concern, beside the application of
preheat, the actual t8/5 is recommended to
be greater than the critical value to avoid
martensite formation. For HSLA-65, it is
advisable to obtain an equiaxed ferrite mi-
crostructure forming at slow cooling rates.
While for HSLA-100 and HY-100, it is ad-
visable to control the cooling rate to de-
crease the fraction of martensite in the
microstructure and thus decrease the
CGHAZ hardness.
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