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Introduction

Steels are currently being used as the
principal structural material in naval ship
construction, primarily because of their
relatively low cost and good combination
of mechanical properties. For many years,
the U.S. Navy has focused on developing
stronger and tougher steels for the hull
and deck applications (Refs. 1–3). The
projected property requirements for high-
strength, blast-resistant naval steels
needed for future ship applications is im-
pact fracture toughness above 115 J
at –64°C with a yield strength in the range
from 1030 to 1240 MPa. These steels
should possess good formability and weld-
ability, especially good resistance to heat-
affected zone (HAZ) hydrogen-induced
cracking (HIC) (Ref. 4). 

A new steel, BlastAlloy 160 (BA-160),
was developed at Northwestern Univer-
sity to meet these rigorous requirements
for blast-resistant naval material applica-
tions. It was designed based on a theoret-
ical computational materials design con-
cept, using a multiscale materials
modeling method and detailed advanced
microstructural characterization tech-
niques. It has high yield strength of 1100
MPa (160 ksi) and impact toughness of

176 J at 25°C. The chemical composition
of BA-160 is listed in Table 1. The steel
heat treatment procedure, as outlined in
Table 2, was used to achieve the combina-
tion of high strength and toughness. The
high strength results from the combined
effects of a martensite/bainite matrix,
M2C carbides (where M=Cr, Mo, and V)
and copper precipitates, which are in the
range of 3–5 nm. High toughness results
from the presence of finely dispersed, Ni-
stabilized austenite, based on a dispersed
phase transformation toughening mecha-
nism. More information on the design and
microstructure development of BA-160
can be found in publications by Saha et al.
(Refs. 5, 6).

As with most steels developed for ship-
building applications, one of the primary
design objectives for BA-160 is that it
should possess good weldability. Among
the weldability issues associated with
welding high-strength steels, HAZ HIC is
one of the biggest concerns, as validated
by numerous publications by previous re-
searchers (Refs. 7–15). Heat-affected
zone HIC was also referred to as HAZ
cold cracking or delayed cracking in the
welding literature. Researchers have pro-
posed a number of theories to describe the
cracking mechanism. Some of the more
popular theories that have evolved over
the years include the surface adsorption
theory by Petch (Ref. 16), the decohesion
theory by Troiano (Ref. 17), and the the-
ory proposed by Beachem stating that
fracture behavior is dependent on the
combined effect of stress intensity at crack
tip and hydrogen concentration (Ref. 18).
Even though a unified mechanism for HIC
still does not exist, it is generally agreed
that the occurrence of HIC in the HAZ of
welds in high-strength steels requires the
simultaneous presence of a threshold level
of hydrogen, a susceptible microstructure,
and tensile residual stress (Ref. 19). 

In order for the new steel to be welded
with good resistance to HAZ HIC, an un-
derstanding of the influence of welding
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parameters on the cracking tendency
using lab test is needed. In the present
study, the implant test was used to evalu-
ate the HAZ HIC tendency of BA-160
under different welding conditions. The
influence of heat input and effectiveness
of preheat on reducing cracking suscepti-
bility have been investigated using the im-
plant test. The CGHAZ microstructure
was characterized using optical and trans-
mission electron microscopy, and the frac-
ture behavior was studied with scanning
electron microscopy. 

Material and Experimental
Procedures 

BA-160 was provided in the form of 35-
mm- (1.375-in.-) diameter bar stock by
QuesTek Innovations LLC, Evanston, Ill.
The composition of the material used in
this study is listed in Table 1. It was heat-
treated following the procedure in Table 2,
and the base metal microstructure is
shown in Fig 1. 

The implant test, which was originally
developed by Henri Granjon (Ref. 20),
was used in the present investigation to
evaluate the HAZ HIC susceptibility. It
has been shown to be an effective HAZ
HIC test method, which provides a quan-
titative measure of HIC susceptibility
(Refs. 21, 22). The schematic of the im-
plant test, testing system, and implant
specimen are shown in Fig. 2A–D. The im-
plant specimens, as shown in Fig. 2D, were
machined from the BA-160 steel along the
rolling direction of the bar stock, with di-
mensions shown in Table 3. One end of the
implant specimen was 0.5 in. (12.7 mm)
long with a 10-32 UNF thread and was in-

serted into a clearance hole in the center
of the specimen plate, with the top of the
10-32 UNF thread section flush with the
specimen plate top surface. The other end
of the implant specimen was 0.5 in. (12.7
mm) long with a 1/4-20 UNC thread and
was threaded into a connection rod of  The
Ohio State University Modified Implant
Testing System (OSU-MITS) so that a
constant tensile load could be applied
after welding is completed. 

A weld bead was deposited using the
gas metal arc welding (GMAW) process
with 0.047-in.- (1.2-mm-) diameter Su-
perArc® LA-100 wire (composition
shown in Table 1) on the surface of the
specimen plate directly over the 10-32

UNF thread and the hole. A low and a
high heat input, which were 33 kJ/in. (1.3
kJ/mm) (voltage, 30 V; current, 220 A;
travel speed, 12 in./min); and 66 kJ/in(2.6
kJ/mm) (voltage, 30 V; current, 220 A;
travel speed: 6 in./min), respectively,
were used to evaluate the effect of heat
input on the HAZ cracking tendency. In
addition, for the low heat input, preheat
of 60°, 100°, and 150°C were applied be-
fore welding to evaluate the preheat ef-
fect on reducing the HIC tendency. Be-
fore welding, the specimen plate and
implant specimen were heated to 300°C
in a heating furnace, then were quickly
moved to the OSU-MITS and fixed on
the testing system. A Type K thermocou-
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Fig. 1 — Microstructure of the BA-160 base metal,
which shows a tempered martensite/bainite matrix
with various precipitates dispersed on the matrix. 

Table 1 — Chemical Composition of BA-160 Steel and SuperArc LA-100 (wt-%)

C Mn Si P S Cu Ni Cr Mo V Nb Ti Al Zr

BA-160 0.059 0.001 0.015 <0.005 <0.001 3.39 6.8 1.9 0.61 <0.001 <0.001 0.016 0 0
SuperArc LA-100 0.05– 1.63– 0.46– 0.005– 0.002– 0.11– 1.88– 0.04– 0.43– ≤0.01 0 0.03– ≤0.01 ≤0.01

0.06 1.69 0.50 0.009 0.005 0.14 1.96 0.06 0.45 0.04

Fig. 2 — The implant test system (OSU-MITS) and specimen. A — Schematic drawing of the implant
test; B — full view of the OSU-MITS; C — close-up view showing an implant specimen under loading
and an unloaded one on the top right corner ; D — the implant specimen.
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ple was connected to the data-
acquisition system of OSU-MITS and
used to measure the temperature of the
specimen plate. Welding was started on
the preheated specimens once the tem-
perature of the specimen plate dropped
to the predetermined preheat tempera-
ture. Argon + 15% H2 shielding gas at a
flow rate of 45 ft3/h (21.2 L/min) was used
to introduce sufficient diffusible hydro-
gen into the weld joint to promote HIC in
the HAZ. 

A HAZ was created in the 10-32 UNF
thread region of the implant specimen
after welding. Two minutes after comple-
tion of welding, the implant sample was
subjected to a static tensile load. The ten-
sile stress was determined by the load di-
vided by the cross-sectional area of the
root diameter of the 10-32 thread. The im-
plant sample was free of bending, torsion,
or shock loading as a result of the specific
design of OSU-MITS. The stress concen-
tration caused by the 10-32 UNF thread
forced cracking to occur in the susceptible
HAZ region rather than the fusion zone.

The data-acquisition system was used to
monitor the load and measure the time to
failure. To generate the implant test curve,
multiple samples were welded with the
same welding parameters and subjected to
different loads in order to generate a ten-
sile stress vs. time to failure relationship.
The highest stress at which no failure oc-
curs after 24-h loading was defined as the
lower critical stress (LCS) (Ref. 23), which
was taken as an index to determine sus-
ceptibility to HIC in the HAZ.

Metallographic samples were sectioned
perpendicular to the welding direction
along the axis of the implant specimens. Fol-
lowing mounting and polishing, they were
etched with 5% nital and examined using
optical microscopy. Transmission electron
microscope (TEM) samples were evaluated
in a Philips CM200 TEM operated at 200
kV. The fracture surface of the implant sam-
ples was examined under a Philips XL30F
ESEM. Vickers hardness measurements
were conducted along the axis of the im-
plant samples using a 1-kg load, in accor-
dance with ASTM E 384-10.

Results and Discussion 

Weld Macrostructure 

The weld macrostructures under dif-
ferent welding conditions are shown in
Fig. 3A–C. It can be seen that a distinct
HAZ was created on the 10-32 UNF
thread region for all three weld condi-
tions. When increasing heat input (Fig.
3B) and using preheat (Fig. 3C), the area
of the fusion zone is larger as compared to
that welded with low heat input (Fig. 3A),
and the width of the HAZ becomes larger
when high heat input or preheat was used.
Figure 3D shows a fractured implant spec-
imen sectioned to reveal the HIC fracture
path. The fusion boundary separating the
fusion zone and HAZ can be clearly seen.
The crack initiates from the root of the un-
fused thread and propagates through the
CGHAZ approximately 100–300 microns
away from the fusion boundary. In most
steels, the CGHAZ is the most susceptible
to HAZ HIC since it has the largest prior
austenite grain size and high hardness
(Refs. 24–26). 

Vickers Hardness Test Results

Hardness is a direct indication of a dif-
ferent microstructure formed, and is an
important factor that influences the HAZ
HIC tendency. Therefore, Vickers hard-
ness measurements were taken along the
axis of the implant specimens welded
under different conditions, starting in the
fusion zone and running through the HAZ
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Fig. 3 — Macrostructure of implant test specimens welded under dif-
ferent conditions. A — Weld with low heat input; B — weld with high
heat input; C — weld with low heat input, preheat at 150°C before
welding; D — macrostructure of a fractured implant specimen after
loading showing the fracture path. 

A B

C D

Table 2 — Heat Treatment Procedure for BA-160

Step Temperature,°C Duration Post step procedure

1. Austenitization 900 1 h Water quench
2. Liquid nitrogen hold –196 30 min Air warm to room temp
3. Tempering 550 30 min Water quench
4. Tempering 450 5 h Air cool to room temp
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to the unaffected base metal, as shown in
Fig. 4A–C. The HAZ is indicated in the
three hardness plots as the region between
the two black solid lines. The red dotted
line is the approximate boundary between
the CGHAZ and its adjacent fine-grained
HAZ (FGHAZ). 

It can be seen in all three hardness
traverses that the hardness of the fusion
zone is lower compared to HAZ and base
metal. And when welded with high heat
input or using preheat, the fusion zone
hardness decreases as compared to using
low heat input without preheat, indicat-
ing different cooling rates under differ-
ent welding conditions lead to the forma-
tion of different microstructures in the
fusion zone. 

For all three conditions, the hardness
of the CGHAZ is actually the lowest
across the HAZ. This is attributed to the
difference in lath martensite morphology
and Cu precipitation behavior in different
HAZ regions as a result of different ther-
mal cycles experienced (Ref. 4). Even
though the CGHAZ has the lowest HAZ
hardness, it is the most HIC-susceptible
region, as shown in Fig. 3D. When using
low heat input as shown in Fig. 4A, the av-
erage CGHAZ hardness is 370 HV1.0, and
it slightly decreases to an average of 358
HV1.0 when welded with high heat input,
and to an average of 363 HV1.0 when using

preheat at 150°C. The hardness results are
summarized in Table 4.  

Weld CGHAZ Microstructure 

Since cracking occurs in the CGHAZ
region adjacent to the fusion boundary,
the CGHAZ microstructure will influence
the cracking tendency. Therefore, in this

study, the CGHAZ microstructure of BA-
160 under different welding conditions
was characterized. 

It is known that cooling rate influences
the phase transformation behavior. Using
an online weld modeling tool, EWI E-
Weld Predictor™ (Ref. 27), the t8/5, which
represents the cooling time from 800° to
500°C, is estimated to be 3.5, 7.3, and 4.8 s
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Table 3 — 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 test     in. (mm) 3.5 (88.9)
bead
Hole diameter     in. (mm) 0.201 (5.1)

Implant specimen

Material BA-160
Total length of implant 1 (25.4)
specimen              in. (mm)
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)

A CB

Fig. 4 — Vickers hardness measurements taken along the axis of the implant specimen. A — Weld with low heat input; B — weld with high heat input; 
C — weld with low heat input, preheat at 150°C before welding.

BA C

Fig. 5 — Optical micrographs for the CGHAZ of BA-160. A — Weld with low heat input; B — weld with high heat input; C — weld with low heat input, pre-
heat at 150°C before welding.
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for low heat input, high heat input, and
using preheat of 150°C, respectively. Note
that the calculated t8/5 is only an approxi-
mate value; however, it can be clearly seen
that both welding with high heat input and
applying preheat decrease cooling rate as
compared to welding with low heat input. 

It is shown in the optical micrographs
in Fig. 5A–C that no diffusion-controlled
transformation products such as ferrite or
pearlite can be observed, and martensite is
the predominant feature. The predomi-
nant formation of martensite in the
CGHAZ is primarily due to the high alloy
addition in BA-160, which results in high
hardenability as indicated by the high car-
bon equivalent (CEAWS = 1.24) (Ref. 28).
The CGHAZ microstructure forming at

different welding conditions was further
investigated under higher magnification
TEM, as shown in Fig. 6A–C. A packet of
martensite laths can be observed in Fig.
6A. Because of the low carbon content in
BA-160 (0.059 wt-%), the martensite
formed in the CGHAZ is lath martensite,
which can also be confirmed by the exis-
tence of a dislocation network within the
martensite laths. The dark region between
martensite laths is retained austenite. 

The existence of retained austenite re-
sults from the high-nickel addition (6.8 
wt-%) in BA-160, which is an effective
austenite stabilizer depressing the Ms and
Mf temperatures. It was determined that
for BA-160 CGHAZ, Ms is 355°C and Mf
is 178°C (Ref. 29). During the welding

cooling process, austenite rich in Ni did
not transform to martensite. It was stabi-
lized to the ambient temperature and
therefore results in incomplete austenite
transformation to martensite, even under
fast cooling rates. At higher heat input,
lower bainite is formed in the CGHAZ
under slower cooling rates, which can be
confirmed by the formation of intralath
plate-like cementite precipitates within
the bainite laths, as shown in Fig. 6B. The
cementite precipitates are oriented at a
preferential angle with the primary bainite
lath growth direction, and this is the char-
acteristic feature distinguishing lower bai-
nite from upper bainite or lath martensite
(Ref. 30). Note that lower bainite repre-
sents only a small fraction of the CGHAZ
microstructure, and because of the thin
laths and limited amount, it cannot be re-
solved in the optical microscope. Marten-
site laths free of intralath cementite can
also be seen in Fig. 6B and C, and it was
found that less retained austenite was
present with increasing heat input or ap-
plying preheat. The average Vickers hard-
ness of the CGHAZ with low heat input is
370 HV1.0 and decreases to 358 HV1.0 with
the increase in heat input and to 363 HV1.0
with applying preheat of 150°C. Due to the
hardness decrease when using preheat, it
is postulated that a small quantity of
lower-hardness bainite may form in the
CGHAZ when welding with preheat of
150°C because of the lower cooling rate as
compared to welding with low heat input. 
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Table 4 — Summary of Microstructure, Hardness, and Implant Test Results for Different Welding Conditions for BA-160

Welding Conditions Low HI High HI Low HI Low HI Low HI 
(33 kJ/in.) (66 kJ/in.) (33 kJ/in.), preheat (33 kJ/in.), preheat (33 kJ/in.), preheat

at 60°C at 100°C at 150°C

CGHAZ microstructure M M+B M M M+(B)a

CGHAZ Hardness (Avg)b 370 358 368 366 363
Implant test LCS 91 ksi 96 ksi 94 ksi 103 ksi 107 ksi

(627 MPa) (661 MPa) (648 MPa) (710 MPa) (737 MPa)

(a) M represents martensite; B represents bainite; (B) represents possible formation of bainite in the microstructure.
(b) Avg means the average hardness of the CGHAZ, which is determined by taking the average of hardness data points in the CGHAZ region 

together. The approximate boundary of CGHAZ is determined by metallographic observation.  

Fig 6 — Bright-field TEM micrographs for the CGHAZ of BA-160. A — Weld with low heat input; B — weld with high heat input; C — weld with low heat
input, preheat at 150°C before welding. 

A B C

BA

Fig. 7 — Implant test results for BA-160. A — Weld with low heat input; B — weld with high heat input. 
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Effect of Heat Input on BA-160 HAZ
Hydrogen-Induced Cracking Tendency

Heat input is a factor that influences the
HIC tendency. Different heat inputs will re-
sult in different cooling rates and, as shown
in Figs. 5 and 6, lead to the formation of dif-
ferent microstructures in the HAZ during
cooling after welding. As discussed in the
previous section, the low heat input resulted
in a harder microstructure as compared to
the high heat input. 

The implant test results for the two
heat inputs are shown in Fig. 7A and B.
The lower critical stress (LCS) for each
welding condition was determined. Lower
critical stress is defined as the maximum
stress at which cracking does not occur
after 24-h loading under the influence of
diffusible hydrogen. Therefore, the higher
the LCS, the better is the resistance to
HIC. It can be seen in the implant test re-
sults that an incubation time is observed

before the final failure occurs at each
stress level, and represents the time taken
for microcracks to form under the influ-
ence of stress and hydrogen that then link
up together to lead to the final failure.
When interpreting the implant test re-
sults, it is considered that for an equivalent
external stress applied to the implant spec-
imen, a longer incubation time indicates
better resistance to cracking (Ref. 31).
The LCS values were determined to be 91
ksi (627 MPa) and 96 ksi (661 MPa) for
low and high heat input, respectively, as
listed in Table 4. The increase in LCS when
using high heat input indicates that in-
creasing heat input when welding BA-160
steel reduces the tendency for HIC in the
CGHAZ. The reduction in cracking sus-
ceptibility when using high heat input can
also be seen by the comparison of the in-
cubation time before failure. When the
applied stress is 107 ksi (737 MPa), the in-
cubation time for the low heat input is 17
min, while it increases to 139 min for the
high heat input. 

Clearly, the reduced HIC susceptibility
for the CGHAZ of BA-160 when increas-
ing heat input is the difference in mi-
crostructure as a result of slower cooling
rates. The lower hardness microstructure
of the mixed martensite and lower bainite
formed at slow cooling rates has a better
resistance to cracking as compared to the
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A

Fig. 8 — Implant test results for BA-160, weld with
low heat input. A — Preheat at 60°C; B — preheat
at 100°C; C — preheat at 150°C. 

A

A

C D

B

B

C

Fig. 9 — Fracture morphology of implant specimen, weld with low heat input, failed after 17 min under
tensile stress of 107.9 ksi. A — General fracture appearance; B — intergranular; C — quasi-cleavage;
D — microvoid coalescence. 

Fig. 10 — Fracture morphology of implant speci-
men, weld with high heat input, failed after 139 min
under tensile stress of 107.9 ksi. A — General frac-
ture appearance; B — quasi-cleavage; C — mi-
crovoid coalescence.
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higher hardness martensitic microstruc-
ture formed at low heat input.

However, it should be noted that in real
welding practice, reducing HAZ HIC ten-
dency by using a very high heat input may
either not be practical or lead to severe
grain coarsening, which may either reduce
toughness or cause softening. As a result,
the determination of heat input should
also consider other factors. 

Effect of Preheat on Reducing BA-160
HAZ Hydrogen-Induced Cracking
Tendency 

Preheat and/or interpass temperature
control are used as effective means in ac-
tual welding practice to alleviate HAZ
HIC in steels. First, preheating the steel
before welding will lead to a slower cool-
ing rate, which generally results in the for-
mation of lower hardness microstructures
such as ferrite, pearlite, and/or bainite in
the HAZ. These transformation products
are less susceptible to HIC as compared to
hard and brittle martensite. Second, pre-
heat can drive off any preexisting moisture
and promote longer weld cooling times
both of which reduce the diffusible hydro-
gen content in the HAZ. The reduction of
diffusible hydrogen will thereby reduce
the cracking tendency. Since BA-160 is de-
signed as a structural steel for naval ship
applications, it is likely that high-restraint,
high-hydrogen conditions will be encoun-
tered during fabrication. Therefore, it is
necessary to investigate using the lab test
if preheat is effective to alleviate HAZ
HIC when welding BA-160. 

In the present study, implant testing
was conducted with preheat temperatures
of 60°, 100°, and 150°C to evaluate the pre-

heat effect on reducing the cracking ten-
dency. The implant test results are shown
in Fig. 8A–C. It can be seen that with pre-
heat before welding, all three curves show
that the incubation time prior to failure is
longer than that without preheat at equiv-
alent tensile stress levels, as compared to
Fig. 7A, indicating applying preheat re-
duces HAZ cracking tendency. This is be-
cause applying preheat can reduce the dif-
fusible hydrogen content, and thereby a
longer incubation time is required to
reach the critical hydrogen level to cause
cracking to occur. This is one evidence in-
dicating that preheat is effective to allevi-
ate the HAZ HIC cracking tendency for
BA-160. 

The LCS with preheating at 60°C was
determined to be 94 ksi (648 MPa), which
is slightly higher as compared to 91 ksi
(627 MPa) without preheat. Increasing the
preheat temperature to 100°C, the LCS
was increased to 103 ksi (710 MPa), and
this was also with a concomitant increase
in incubation time. By further increasing
the preheat temperature to 150°C, the
LCS was increased to 107 ksi (737 MPa).
This clearly indicates that increasing pre-
heat temperature is beneficial to reduce
HAZ cracking tendency for BA-160. How-
ever, increasing preheat temperature to
150°C to reduce cracking was not so effec-
tive compared with the 9-ksi LCS increase
from preheat at 60° to 100°C. Based on the
implant test results, it is shown that apply-
ing preheat and increasing preheat tem-
perature are beneficial to reduce the
cracking tendency for BA-160. One rea-
son is that applying preheat results in a
lower cooling rate, which leads to the for-
mation of a lower hardness microstructure
in the CGHAZ as found in the Vickers
hardness test results. The other reason is
that preheat is effective to reduce the dif-
fusible hydrogen level in the HAZ as dis-
cussed previously. 

Effect of Welding Parameters on Fracture
Behavior

The fracture surfaces of the implant
specimens welded under different condi-
tions were studied using SEM to analyze
the effect of welding parameters on frac-
ture behavior. The SEM fractographs of
the BA-160 implant specimens are pre-
sented in Figs. 9–11. For the three welding
conditions, the fracture surface studied
was from the implant specimens failed at
the same tensile stress (107.9 ksi) for the
purpose of comparison. 

Figure 9A shows the general fracture
appearance of a BA-160 implant specimen
with low heat input, and regions with dif-
ferent fracture modes are shown in Fig.
9B–D at higher magnification. Coarse in-
tergranular (IG) failure, as shown in Fig.
9B, is only observed in the region close to
the root of the thread where the crack ini-
tiates. A quasi-cleavage (QC) mode, as
shown in Fig. 9C, constitutes the majority
of the fracture surface. Microvoid coales-
cence (MVC) is observed in only a small
area close to the final failure region, as
shown in Fig. 9D. 

The fracture morphology of a speci-
men from a high-heat-input weld is shown
in Fig. 10A–C. There is no faceted, coarse
IG fracture observed on the fracture sur-
face, in contrast to the fracture surface
with low-heat input. Quasi-cleavage is also
the predominant feature, as shown in Fig.
10A and B. However, the region of MVC
becomes larger as compared to that of low
heat input. 

Figure 11A–C shows the fracture mor-
phology with low heat input and a preheat
level of 100°C. Similar to Fig. 10A, no ob-
vious IG failure can be observed at the
crack initiation site. The crack initiates
and propagates with QC mode for a long
distance, and then the fracture mode
changes to MVC. 

It is found that using both high heat
input and preheat eliminate the IG frac-
ture mode, and increase the MVC area on
the fracture surface as compared to the
low-heat-input condition. This is an indi-
cation that increasing heat input and using
preheat improve HIC resistance. And this
is the result of formation of lower hard-
ness microstructure in the CGHAZ with
decreasing cooling rate, and also because
of the preheating effect to drive off hy-
drogen from the weld pool. 

Conclusions 

1. Using low-heat-input welding condi-
tions (33 kJ/in.), the CGHAZ microstruc-
ture of BA-160 is lath martensite with re-
tained austenite. With high heat input (66
kJ/in.), lower bainite forms in the
CGHAZ. The mixture of martensite and
lower bainite has a lower hardness as com-
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Fig. 11 — Fracture morphology of implant speci-
men weld with low heat input and preheat of
100°C, failed after 80 min under tensile stress of
107.9 ksi. A — General fracture appearance; B —
quasi-cleavage; C — microvoid coalescence.  
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pared to the martensitic microstructure
formed with low heat input. 

2. When preheat of 150°C is applied in
conjunction with the low-heat-input weld-
ing conditions, the hardness is decreased
and the microstructure is a mixture of
martensite and a possibly small fraction of
bainite. 

3. Implant test results show that at
equivalent stress levels, the incubation
time prior to failure is longer when high
heat input is used as compared to low heat
input. The lower critical stress (LCS) was
found to increase from 91 ksi (627 MPa)
with low heat input to 96 ksi (661 MPa)
with high heat input. Both the longer in-
cubation time present and increase in the
LCS indicate that using higher heat input
reduces the HAZ cracking tendency for
BA-160. 

4. The LCS was determined to be 94,
103, and 107 ksi  (648, 710, and 737 MPa)
with preheat levels of 60°, 100°, and 150°C,
respectively. The LCS with preheat is
higher than that without preheat. And the
incubation time at equivalent tensile stress
is also longer than that without preheat.
Both indicate preheating can effectively
reduce the tendency for HIC in BA-160. 

5. Intergranular, quasi-cleavage, and
microvoid coalescence fracture modes
were observed on the fracture surface of
implant samples from low-heat-input
welds. Only quasi-cleavage and microvoid
coalescence were observed on the fracture
surface when using high heat input and ap-
plying preheat. The elimination of IG and
increase in MVC area on the fracture sur-
face correlated well with LCS values and
indicated better resistance to cracking. 
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