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Introduction

Ship structures are subject to a com-
plex dynamic loading during service that is
superimposed on residual stress present as
a result of fitup and fabrication. There-
fore, high-performance steels for ship
structure applications have been a con-
stant goal pursued by the United States
Navy. In order to meet the requirement
for good combination of high strength and
low-temperature fracture toughness,
high-yield-strength steels (HY series) and
high-strength, low-alloy steels (HSLA se-
ries) have been under development by the
Navy for the last 50 years. Among them,
HY-100, HSLA-100, and HSLA-65 are
used extensively in surface ship and sub-
marine construction today, and they will
continue to be the principal structural ma-
terials in the foreseeable future (Refs.
1–3).

Navy shipbuilding has been heavily re-
liant on welding as a fabrication tech-
nique, and it has been of great practical
importance to conduct weldability testing

of steels. Among various weldability issues
of high-strength steels, hydrogen-induced
cracking (HIC) (also referred as cold
cracking) in the heat-affected zone
(HAZ) following welding is of concern
(Refs. 4–6), and thereby it is important to
evaluate the naval steels’ susceptibility to
HAZ HIC. Within the HAZ, the coarse-
grained HAZ (CGHAZ) is the most sus-
ceptible to formation of untempered
martensite with coarse grain size (Refs. 7,
8), and therefore potentially the most sus-
ceptible to HIC (Ref. 9). Based on the
strong microstructure influence on HIC,
CCT diagrams for the CGHAZ of HY-
100, HSLA-100, and HSLA-65 have been
constructed, as described in an earlier
publication (Ref. 10). In parallel with that
study, the susceptibility to HIC has been
evaluated for the same three steels.

In the present investigation, the im-
plant test is used to evaluate susceptibility
to HIC. The microstructure of the weld
CGHAZ from this test is characterized,
and fractography is conducted to illustrate
the HIC fracture behavior. The HIC test
experimental results will be used to de-
velop a weldability database of current
Navy steels, which can serve as a bench-
mark for the future development of high-
performance steels.

Materials and Experimental
Procedure

HY-100, HSLA-100, and HSLA-65
were provided in the form of rolled plate
by the Naval Surface Warfare Center,
Carderock Division, West Bethesda, Md.
Table 1 summarizes the chemical compo-
sitions of the three steels used in this in-
vestigation. The steel plates were ma-
chined into the implant specimens, whose
dimensions are listed in Table 2.

The implant test used in the present in-
vestigation was first developed by Henri
Granjon at the Institut de Soudure
(French Welding Institute) (Ref. 11). In
the implant test, a cylindrical sample with
a 0.5-in.- (12.7-mm-) long 10-32 UNF
thread on one end is inserted into a clear-
ance hole in the center of the specimen
plate. The other end with a 0.5-in.- (12.7-
mm-) long 1/4-20 UNC thread is inserted
into a threaded connection rod of the
loading system so that it is possible to
apply a tensile load on the specimen after
welding. A weld bead was then deposited
on the top surface of the specimen plate
directly over the threaded sample and
hole, creating a HAZ in the 10-32 UNF
thread region, as shown in Fig. 1.

The thread serves to create a stress
concentration in the HAZ region, thereby
causing HIC to occur in the HAZ instead
of the fusion zone. Two minutes after com-
pletion of welding, the sample is loaded in
tension when the temperature of the weld
assembly is in the range of 100°–150°C.
The tensile load is provided by The Ohio
State University Modified Implant Testing
System (OSU-MITS), as shown in Fig. 2,
which was specially designed and built to
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accurately control loading during the test.
The design of the OSU-MITS ensures the
implant specimen is free of bending, tor-
sion, or shock loading. It has the capabil-
ity of providing tensile loads of up to
10,000 lb (4500 kg), and the entire system
is easily moved. The times to failure for a
series of tests performed at various stress
levels were recorded by a computer
equipped with a data-acquisition system
connected to the OSU-MITS. The load
(stress) applied is then plotted against the
time to failure. The highest stress at which
no failure occurs after 24 h loading is de-
fined as the lower critical stress (LCS),
which is taken as an index to determine
susceptibility to HIC.

Flux cored arc welding (FCAW) was
used to deposit the weld bead on the top
surface of the specimen plates. The weld-
ing consumable used was the 0.047 in. (1.2
mm) Pipeliner®111M (AWS E111T1-
GM) provided by The Lincoln Electric Co.
Welding parameters were as follows: 25 V,
current 225–235 A, travel speed 12 in./min
(5.1 mm/s), and wire feed speed 300
in./min (127 mm/s). This corresponds to a
heat input in the range of 28.1 to 29.4
kJ/in. (1.11 to 1.16 kJ/mm). Ar + 25%CO2
is the recommended shielding gas for this
consumable; however, in order to mini-
mize the hydrogen loss, pure argon at a
flow rate of 45 ft3/h (21.2 L/min) was used
instead.

Welding with this consumable can pro-
duce diffusible hydrogen content in the
range of 4–5 mL/100 g for typical perform-
ance as stated in the product specification.
Previous tests show that cracking did not
occur without intentional introduction of
diffusible hydrogen. Then, in order to in-
troduce sufficient diffusible hydrogen to
cause HIC in HAZ, a thin film of lubricat-
ing oil was applied evenly on the specimen
plate surface before welding, and the
amount of oil was carefully controlled each
time. This produced an average diffusible
hydrogen content of 8.1 mL/100 g (four
samples were tested with a standard devia-

tion of 0.2 mL/100 g), which was measured
using the gas chromatograph method in ac-
cordance with AWS A4.3.

Metallographic samples were sec-
tioned perpendicular to the welding direc-
tion through the axis of the implant speci-

mens. Then they were mounted, polished,
and etched with 5% nital and examined
using an optical microscope. The TEM
samples were evaluated in a Philips
CM200 TEM operated at 200 kV. Vickers
hardness measurements were conducted
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Fig. 1 — Schematic drawing of the implant test.

Fig. 2 — The OSU Modified Implant Testing System (OSU-MITS) and implant specimen. A —
Full view of the testing system; B — close-up view showing an implant specimen under loading and
an unloaded one on the top right corner; C — the implant specimen.

Table 1 — Chemical Composition of the Test Steels

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

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

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

Nb <0.01 0.017 0.018
Ti <0.01 <0.01 0.012

A

B C
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on the as-polished samples using a 1-kg
load, in accordance with ASTM E 384-10.

Results and Discussion

Weld Macrostructure and Hardness

Figure 3 shows a transverse section of
a typical test weld taken along the axis of
the implant specimen. The fusion bound-
ary separating the weld metal and implant
specimen is clearly discernable. Due to the
excessive grain growth and possible for-
mation of susceptible (high hardness) mi-
crostructure, HIC will most likely occur in
the CGHAZ region, which is just adjacent
to the fusion boundary. Note that the
HAZ in the implant specimen is much
wider than that in the adjacent plate due
to the difference in heat flow and temper-
ature gradient.

Vickers hardness measurements were
taken along the axis of the implant speci-
mens of the three steels, as shown in Fig.
4A–C. The hardness variation from weld
metal to HAZ and the base metal is ap-
parent with the hardness of the weld metal

is in the range of 360 to 380 HV. The
hardness of CGHAZ of HY-100 is
higher than that of the weld metal, which
is in the range of 420 to 440 HV. While
for HSLA-100 and HSLA-65, their
CGHAZ hardness is lower than the weld
metal, in the range of 325 to 340 HV and
300 to 317 HV, respectively. The location
of the CGHAZ, as shown in Fig. 4A–C,
is determined by metallographic obser-
vation. It should be noted that the red dot-
ted line is only the approximate boundary
between the CGHAZ and adjacent fine-
grained HAZ (FGHAZ).

Microstructure Characterization of CGHAZ
of the Three Steels

Figure 5 shows the optical and TEM
bright-field microstructure of the
CGHAZ from the HY-100 implant speci-
men. Martensite forms in the CGHAZ of
this steel, and the packet of the martensite
laths (Ref. 12) can be seen in the higher
magnification TEM microstructure, as
shown in Fig. 5B. The dark thin film be-
tween martensite laths is probably re-

tained austenite (Refs. 13, 14). The for-
mation of lath martensite is consistent
with a CGHAZ in HY-100 with hardness
in the range of 420 to 440 HV.

The CGHAZ microstructure of
HSLA-100 is shown in Fig. 6A–C. Marten-
site and bainite with a needle-like mor-
phology form in the CGHAZ as shown in
Fig. 6A. Similar to HY-100, because the
carbon content of HSLA-100 is relatively
low (0.051 wt-%), the martensite formed
is of the lath type, whose morphology is
clearly seen in Fig. 6B. It is shown in Fig.
6C that parallel laths with small intra-lath
platelet-like precipitates form in the mi-
crostructure. The precipitates are most
likely cementite, and they are directionally
oriented. This morphology is characteris-
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Fig. 3 — Typical implant test specimen sectioned near the implant axis. HY-100. 5% nital etch.

Fig. 4 — Vickers hardness measurements taken along
the axis of the implant specimen. A — HY-100; B —
HSLA-100; C — HSLA-65.

Table 2 — Specimen Plate/Implant Specimen Dimensions

Specimen Plate

Material A36 Steel

Plate thickness in. (mm) 0.5 (12.7)
Plate width in. (mm) 2 (50.8)
Plate length in. (mm) 4 (101.6)
Length of the test bead in. (mm) 3.5 (88.9)
Hole diameter in. (mm) 0.201 (5.1)

Implant Specimen

Material HY-100, HSLA-100, and HSLA-65

Total length of implant specimen in. (mm) 1 (25.4)
Type of thread 10-32 UNF
Pitch in. (mm) 1/32 (0.79)
Major diameter in. (mm) 0.1900 (4.83)
Minor diameter in. (mm) 0.1517 (3.85)
Thread length in. (mm) 0.5 (12.7)
Thread angle 60 deg
Thread root radius in. (mm) 0.004 (0.1)
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tic of lower bainite (Ref. 15). Therefore,
the HSLA-100 CGHAZ microstructure is
a mixture of lath martensite and bainite,
which has hardness in the range of 325 to
340 HV.

The CGHAZ microstructure of
HSLA-65 is shown in Fig. 7A–C. It can be
seen in Fig. 7A that a small amount of fer-
rite forms along the prior austenite grain
boundaries. The morphology of packets of
parallel laths free of precipitates can be
seen in Fig. 7B, which is the feature of lath
martensite. Similar to HSLA-100, direc-
tionally aligned intra-lath cementite

platelets can be observed in Fig. 7C, which
confirms the presence of lower bainite.
The difference is that these cementite
platelets are coarser than the ones form-
ing in HSLA-100. The formation of a mix-
ture of ferrite, bainite, and martensite re-
sults in a HSLA-65 CGHAZ with the
lowest hardness (300 to 317 HV) among
the three steels.

The Implant Test Results

A series of composite weldments of
specimen plates and steel implants

welded with the same parameters was
subject to different levels of tensile load-
ing after welding, and the time to failure
at each stress level was recorded. These
data were used to generate the implant
test curves for the three steels, as shown
in Fig. 8A–C. The tensile stress is equal
to the load divided by the cross-sectional
area of the root diameter of the 10-32
thread. Because the lower critical stress
(LCS) is an important index to quantify
HIC susceptibility, tests run at the high-
est stress at which the implant specimen
does not fail after 24 h tensile loading
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Fig. 5 — CGHAZ microstructure of HY-100. A — Optical; B — bright-field TEM.

Table 3 — Implant Test Results

Steel CGHAZ Max CGHAZ Tensile Lower Critical Nominal Yield NCSRb Embrittlement
Hardness Strengtha Stress Strength Indexc

(HV) ksi (MPa) ksi (MPa) ksi (MPa)

HY-100 440 212 (1462) 72 (496) 100 (689) 0.72 0.34
HSLA-100 340 154 (1062) 83(572) 100 (689) 0.83 0.54
HSLA-65 317 145 (1000) 76 (524) 65 (448) 1.17 0.52

(a) The CGHAZ tensile strength is converted from the CGHAZ max hardness using the ASTM hardess conversion chart.
(b) NCSR stands for normalized critical stress ratio, which is the ratio of lower critical stress to nominal yield strength.
(c) Embrittlement index is the ratio of lower critical stress to the CGHAZ tensile strength.

Fig. 6 — CGHAZ microstructure of HSLA-100. A — Optical; B and C — bright-field TEM.
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were repeated twice to verify the LCS.
The delayed nature of HIC can be seen
from Fig. 8A–C, and, as expected, there
is a longer incubation time before im-
plant specimen fracture with lower ap-

plied stress levels. It is also found that at
comparable stress levels, the incubation
time of HY-100 is shorter than that of
HSLA-100.

The implant test results for the three

steels are provided in Table 3. The LCS is
determined to be 72 ksi (496 MPa), 83 ksi
(572 MPa), and 76 ksi (524 MPa) for HY-
100, HSLA-100, and HSLA-65, respec-
tively. Because the three steels have dif-
ferent strength levels, a normalization
procedure for critical stress is required.
Also, in order to avoid the effect of vari-
ation in notch tensile stress on quantita-
tively rating HIC susceptibility, instead of
using the embrittlement index used by
Sawhill (Ref. 16), a normalized critical
stress ratio (NCSR) is used in the present
investigation. This is simply the ratio of
LCS to nominal yield strength of the test
steels (Ref. 17). Therefore, an exact
measure of HIC on percent degradation
from nominal yield strength could be de-
termined. As the nominal yield strength
is 100 ksi (689 MPa), 100 ksi (689 MPa),
and 65 ksi (448 MPa) for HY-100, HSLA-
100, and HSLA-65, respectively. The
NCSR is determined accordingly to be
0.72, 0.83, and 1.17 for HY-100, HSLA-
100, and HSLA-65, respectively.

Beside the NCSR, a new embrittle-
ment index, which is the ratio of the lower
critical stress to CGHAZ tensile
strength, is proposed in the present in-
vestigation to compare the HIC suscepti-
bility of the three steels. Due to marten-
site formation in the CGHAZ, the
maximum CGHAZ hardnesses is 440,
340, and 317 HV for HY-100, HSLA-100,
and HSLA-65, respectively. And they are
much higher than the three steels’ re-
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Fig. 7 — CGHAZ microstructure of HSLA-65. A — Optical; B and C — bright-field TEM.

Fig. 9 — Fracture morphology of HY-100 implant specimen at a stress level of 91.3 ksi (629 MPa) that
failed after 3 min of loading. A — General fracture appearance (white arrow indicates the direction of
crack growth); B — region I (IG); C — region II (QC); D — region II (MVC).

Fig. 8 — The implant test result curves of the following: A — HY-100; B — HSLA-100; C — HSLA-65.
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spective base metal hardnesses, which
are 283, 284, and 201 HV for HY-100,
HSLA-100, and HSLA-65, respectively.
That means the weld CGHAZ has a
higher tensile strength than the base
metal for the three steels. If the tensile
strength of the CGHAZ can be deter-
mined, then the influence of diffusible
hydrogen on the CGHAZ degradation
can be expressed by the ratio of lower
critical stress to CGHAZ tensile
strength. However, it is difficult to meas-
ure the CGHAZ tensile strength directly
from the implant test, that is because if no
hydrogen is introduced into the weld, the
failure will occur in the lower strength
base metal rather than in the higher-
strength CGHAZ. As a result, the maxi-
mum CGHAZ hardness is converted into
the CGHAZ tensile strength according
to the ASTM hardness conversion chart,
which are determined to be 212 ksi (1462
MPa), 154 ksi (1062 MPa), and 145 ksi
(1000 MPa) for HY-100, HSLA-100, and
HSLA-65, respectively. The embrittle-
ment index is determined accordingly to
be 0.34, 0.54, and 0.52 for HY-100,
HSLA-100, and HSLA-65, respectively.
The higher the embrittlement index, the
lower the HIC susceptibility, which
means the degradation of CGHAZ ten-
sile strength due to diffusible hydrogen is
not serious. Note that the CGHAZ ten-
sile strength is not experimentally deter-
mined but only an approximation; how-
ever, it can still be used as an index to
evaluate the steels’ HIC susceptibility.

Based on the above implant test re-
sults, both the NCSR and embrittlement
index show that HY-100 undergoes the
most serious degradation due to the ef-
fect of diffusible hydrogen among the
three steels, while HSLA-100 and HSLA-
65 are less susceptible to HIC compared
with HY-100. For HSLA-100 and HSLA-
65, their embrittlement index is almost
the same, that is because of their rela-
tively lower carbon and alloy addition
(lower hardenability as shown in Table 3,
Ref. 10) as well as their finer grain size
compared with HY-100. However, it
should be noted that NCSR of HSLA-65
(1.17) is higher than that of HSLA-100
(0.83), which means the CGHAZ degra-
dation from base metal yield strength due
to the effect of diffusible hydrogen for
HSLA-100 is more severe than HSLA-65.
Thereby, it indicates HSLA-65 has better
resistance to HIC than HSLA-100.

Fracture Behavior

Figure 9A–D shows the fracture mor-
phology of the HY-100 implant specimen
at a stress level of 91.3 ksi (629 MPa) that
failed after 3 min of loading. It shows that
the fracture surface can be divided into
three regions, which are region I, region

II, and final failure region. Region I is in
close vicinity to the thread root, where the
highest stress concentration exists. A
coarse intergranular (IG) fracture mode is
dominant in region I, where the grain size
is in the range of 70–90 μm as shown in
Fig. 9B. It can be concluded that cracking

initiates in the location where CGHAZ
and thread root coincides, or somewhere
closely behind the thread root (Ref. 18), as
a result of stress concentration as well as
the presence of coarse-grained lath
martensite in the CGHAZ. The white
arrow in Fig. 9A indicates the crack prop-
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failed after 12 min of loading. A — General fracture appearance (white arrow indicates the direction of
crack growth); B — region I (IG); C — region II (QC); D — region II (MVC).

Fig. 11 — Fracture morphology of HSLA-100 implant specimen at a stress level of 102.4 ksi (706 MPa)
that failed after 1.5 min of loading. A — General fracture appearance (white arrow indicates the direc-
tion of crack growth); B — region I (IG); C — region II (QC); D — region II (MVC).
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agation direction. As the crack propa-
gates, region II with different features is
shown on the fracture surface. Both quasi-
cleavage (QC) and microvoid coalescence
(MVC) can be observed in region II,
which are shown in Fig. 9C and D. With

further propagation, overload failure will
take place. Note that the boundaries sep-
arating the three regions are not distinct,
and the division of the fracture surface is
based on the fracture morphology.

Figure 10A–D shows the fracture mor-

phology of an HY-100 implant specimen
at a stress level of 80.3 ksi (554 MPa) that
failed after 12 min of loading. Similar to
the sample shown in Fig. 9, three distinct
regions can also be seen on the fracture
surface. The fracture mode at crack initi-
ation in region I is essentially intergranu-
lar. Again, it is shown that the CGHAZ is
the most susceptible to HIC among the
HAZ regions. Relative to the previous
sample, a small difference in fracture mor-
phology exists in that the area of IG fail-
ure increases with decreasing the tensile
loading. Both QC and MVC can be ob-
served in region II, as shown in Fig. 10C
and D.

The fracture morphology of an HSLA-
100 implant specimen at a stress level of
102.4 ksi (706 MPa) that failed after 1.5
min is shown in Fig. 11A–D. Similar to
HY-100, the fracture surface can also be
divided into three regions as shown in Fig.
11A. Region I with predominant IG frac-
ture can only be observed in a small area
close to the thread root, as shown in Fig.
11B. In addition to the clear faceted IG
shown on the fracture surface, the prior
austenite grain boundary can also be ob-
served on the thread surface, and it is con-
tinuous across the boundary separating
the fracture surface and thread surface. It
shows that cracking initiates in the
CGHAZ when a critical amount of hydro-
gen diffuses to the stress concentration
area. The prior austenite grain boundary
becomes the weak link under the influ-
ence of both hydrogen and stress so that
the relative grain boundary sliding occurs
in the CGHAZ. That is why the prior
austenite grain boundary can be observed
on the thread surface. In region II, both
QC and MVC fracture modes can be ob-
served as shown in Fig. 11C and D.

By decreasing the tensile stress in
HSLA-100 to 85.8 ksi (592 MPa), the im-
plant specimen failed after 60 min of load-
ing. The fracture morphology of this sam-
ple is shown in Fig. 12A–D. It is shown in
Fig. 12B that IG fracture can be observed
in a small area of region I. Both QC and
MVC can be observed in region II, as
shown in Fig. 12C and D.

The fracture morphology of the
HSLA-65 implant specimen is shown in
Fig. 13A–D. As shown in Fig. 13B, there is
some faceted IG fracture with a smaller
grain size in region I near the thread root
even though it is not so clear as compared
to the fracture surface of the HY-100
specimen. This is probably because of the
mixture of ferrite, bainite, and martensite
in the CGHAZ. In region II adjacent to re-
gion I, both QC and MVC can be ob-
served, as shown in Fig. 13C and D.

The occurrence of IG, QC, and MVC
fracture modes on the fracture surface
can be explained using Beachem’s model
(Refs. 19, 20), as shown in Fig. 14. As-
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Fig. 12 — Fracture morphology of HSLA-100 implant specimen at a stress level of 85.8 ksi (592 MPa)
that failed after 60 min of loading. A — General fracture appearance (white arrow indicates the direction
of crack growth); B — region I (IG); C — region II (QC); D — region II (MVC).

Fig. 13 — Fracture morphology of HSLA-65 implant specimen at a stress level of 77.5 ksi (534 MPa) that
failed after 23 min of loading. A — General fracture appearance (white arrow indicates the direction of
crack growth); B — region I; C — region II (QC); D — region II (MVC).
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sume when the implant specimen is sub-
ject to loading after welding, the combi-
nation of stress intensity factor and hy-
drogen concentration at the crack tip
corresponds to point a in Fig. 14. The hy-
drogen concentration is not sufficient to
initiate a crack, so cracking will not occur
immediately. During the incubation pe-
riod, atomic hydrogen continuously dif-
fuses to the triaxially stressed region, and
after some time, it will reach the critical
level indicated by point b in Fig. 14. A
crack will then be initiated in the
CGHAZ and grow intergranularly. As
the crack propagates, the stress intensity
factor increases while the hydrogen level
decreases to point c, promoting a QC
fracture mode. As the crack continues to
grow, and if the combination of stress in-
tensity factor and hydrogen concentra-
tion reaches point d, the fracture mode
will change to MVC. If the stress inten-
sity factor continues to increase to the
critical value KC, ultimate failure will
take place.

Microstructure and the fracture be-
havior taken together can explain the dif-
ference in HIC susceptibility of the three
steels. As shown from fractography,
cracking will always initiate in the
CGHAZ, and the intergranular fracture
occurs first. For the same welding condi-
tions, the HY-100 CGHAZ microstruc-
ture is high-hardness (420 to 440 HV)
martensite, while a mixture of bainite and
martensite with lower hardness (325 to
340 HV) forms in the HSLA-100
CGHAZ. For HSLA-65, the CGHAZ has
the lowest hardness (300 to 317 HV)
among the three steels as a result of the

presence of ferrite, bainite, and marten-
site.

It has been shown previously (Ref. 10)
that the prior austenite grain size is the
largest in HY-100, and the smallest in
HSLA-65, with HSLA-100 intermediate.
Based on the fracture surface observa-
tions from the implant tests, HY-100 has
the coarsest IG fracture and the largest
area of IG fracture region among the
three steels, while both of these features
are the smallest for HSLA-65. As a result
of different grain size, microstructure
and associated hardness of the CGHAZ
at the same welding condition, the HIC
susceptibility of the three steels is differ-
ent, which is indicated by the value of
NCSR and embrittlement index of the
three steels. Therefore, it can be con-
cluded that HY-100 is the most suscepti-
ble to HIC among the three steels, while
HSLA-65 is the least.

Conclusions

The results of the present investigation
can be summarized as follows:

1. In the present welding condition, the
hardness of the CGHAZ is in the range of
420–440, 325–340, and 300–317 HV for
HY-100, HSLA-100, and HSLA-65, re-
spectively.

2. Lath martensite with a thin film of
retained austenite is observed in the
CGHAZ of HY-100. For HSLA-100, lath
martensite and bainite form in the
CGHAZ. While for HSLA-65, a mixture
of ferrite, bainite, and martensite forms in
the CGHAZ.

3. When the average diffusible hydro-

gen content is 8.1 mL/100 g, the lower crit-
ical stress (LCS) is 72 ksi (496 MPa), 83 ksi
(572 MPa), and 76 ksi (524 MPa) for HY-
100, HSLA-100, and HSLA-65, respec-
tively. The normalized critical stress ratio
(NCSR) is determined accordingly to be
0.72, 0.83, and 1.17 for HY-100, HSLA-
100, and HSLA-65, respectively.

4. A new embrittlement index is pro-
posed, that is the ratio of the LCS and
tensile strength of the CGHAZ, which is
approximated by the hardness. Using this
approach, the embrittlement index is de-
termined to be 0.34, 0.54, and 0.52 for
HY-100, HSLA-100, and HSLA-65, 
respectively.

5. Based on morphology and fracture
mode, the fracture surface of the three
steels can be divided into three regions.
In region I, the crack will initiate in the
CGHAZ and grow intergranularly. Both
quasi-cleavage (QC) and microvoid coa-
lescence (MVC) can be observed in re-
gion II. Final failure occurs under over-
load conditions.

6. As the crack initiates and propa-
gates, IG, QC, and MVC fracture mode
will occur in sequence. The observation
of the three fracture modes on the frac-
ture surface can be explained using
Beachem’s model.

7. Among the three steels, HY-100 has
the coarsest IG fracture and the largest
area of IG fracture, while both of these
are the smallest for HSLA-65.

8. Based on the implant test results,
HY-100 is the most susceptible to HIC
because of the formation of a high-hard-
ness martensitic microstructure and large
prior austenite grain size in the CGHAZ.
HSLA-100 is less susceptible as a result of
formation of bainite and martensite with
lower hardness and smaller grain size.
HSLA-65 shows resistance to HIC, re-
sulting from the mixture of ferrite, bai-
nite, and martensite with the lowest hard-
ness and smallest grain size in the
CGHAZ.
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