
Introduction

High strength and toughness along
with good weldability are required for ad-
vanced structural steels. The history of
these steels, specifically the high-yield
(HY) and high-strength low-alloy (HSLA)
series, and their use for naval combatant
ships has been reviewed by Czyryca (Ref.
1). Recent research conducted at North-
western University (Refs. 2–8) has devel-
oped a next-generation alloy that improves
upon the properties of the HSLA steels.
NUCu-140 is a high-strength low-carbon
(HSLC) steel that exhibits excellent me-
chanical properties and a simple chemical
composition. NUCu-140 has a ferritic ma-
trix microstructure with nanoscale Cu-rich
precipitates as the primary strengthening
agent. In comparison to HSLA-100, use of
NUCu-140 can reduce costs in three ways:
reduction and elimination of expensive al-
loying elements, reduction in total mate-
rial used due to increased strength levels,
and savings in production via simple pro-
cessing techniques (Ref. 9).

Lis et al. (Ref. 10) investigated the in-
fluence of Cu concentration in HSLA-100,
and observed that the addition of copper
from 1.6 to 2.0 wt-% enhances the fracture

toughness (the standard specification for
Cu in HSLA is 1.15 to 1.75 wt-%). This is
attributed to the nature of the copper pre-
cipitates and their role in austenite forma-
tion. Although the mechanism was not
fully defined, HSLA-100 in the overaged
condition results in incoherent ε-Cu pre-
cipitates, and these precipitates allow for
easier formation of new stable austenite
that can provide a strong barrier to growth
of cleavage cracks in the ferrite matrix.
Thus, an increase in copper concentration
can lead to an increased amount of new
austenite that can be formed, which in
turn, provides resistance to cleavage crack
propagation. An enhanced resistance to
cleavage crack failure will result in higher
toughness. Conversely, copper precipitates
that are coherent with the matrix restrict
plastic deformation and limit the forma-
tion and growth of microvoids, which leads
to decreased toughness (Ref. 11). 

More recent research has been con-

ducted on NUCu-140 in order to deter-
mine the fracture properties of the base
metal. It was found that ductile fracture
occurs over a range of temperatures and
strain rates as the NUCu-140 base mate-
rial exhibits a failure mode of microvoid
coalescence in all cases, with the dimples
more homogeneously dispersed at higher
strain rates (Ref. 12). Some limited work
has been conducted to investigate the me-
chanical properties of the HAZ and has
shown that there is local softening in the
HAZ following welding. The local soften-
ing was attributed to coarsening and dis-
solution of copper precipitates since the
grain size of the ferritic matrix through
most of the HAZ remained unchanged
(Refs. 13, 14).

More recently, Farren et al. performed
detailed microstructural characterization
and modeling studies to determine the
evolution of the copper precipitates dur-
ing weld thermal cycles with four different
peak temperatures corresponding to the
four regions of the HAZ: subcritical
(675°C), intercritical (800°C), fully recrys-
tallized (900°C), and coarse grain (1350°C)
(Ref. 14). This research confirmed that the
locally softened HAZ occurred because of
coarsening and dissolution of copper pre-
cipitates, and fracture occurred in this lo-
cally softened region during tensile testing.
The evolution of the copper precipitates
during weld thermal cycles was deter-
mined via local-electrode atom-probe
(LEAP) tomography and kinetic model-
ing. The subcritical region of the HAZ
showed partial dissolution of the copper
precipitates, and all other HAZ regions
showed complete dissolution on heating,
followed by varying amounts of reprecipi-
tation on cooling.

Although the changes in precipitate
morphology and resultant hardness and
strength in the HAZ have been explored,
the fracture toughness behavior of the dif-
ferent HAZ regions for this alloy has not
yet been investigated in detail. Thus, the
objective of this research is to understand
how microstructural and precipitate evo-
lution affects the fracture behavior in var-
ious regions of the HAZ for NUCu-140
steel.
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ABSTRACT

The fracture toughness of simulated heat-affected zones (HAZ) in NUCu-140
steel was investigated. The subcritical, intercritical, and fully recrystallized HAZ re-
gions exhibited a reduction in hardness and increases in toughness relative to the base
metal. The base metal and these HAZ regions all exhibited a fracture mode of mi-
crovoid coalescence. The coarse-grain HAZ exhibited a slight increase in hardness
and a mixed fracture mode of cleavage/microvoid coalescence, but the toughness was
comparable to that of the base metal. The impact toughness was higher in the longi-
tudinal-transverse (LT) orientation compared to the transverse-longitudinal (TL) ori-
entation.  The increased toughness of the subcritical, intercritical, and fully
recrystallized regions was attributed to softening associated with changes in the cop-
per precipitates during welding. Differences in impact toughness observed between
the LT and TL orientations were due to anisotropy from the rolling procedure, and
the anisotropy persisted throughout the HAZ samples.
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Procedure

The chemical composition of the
NUCu-140 plates used for this research is
summarized in Table 1. The alloy was
given an initial homogenization heat treat-
ment at 1150°C for 3 h. The alloy was then
hot rolled at 950°C to a final thickness of
12.7 mm and air cooled. Next, the plates
were solutionized at 900°C for 1 h, water
quenched, and then aged at 550°C for 2 h
and air cooled. The plates used for testing

had a yield strength of 807 MPa and a ten-
sile strength of 848 MPa.

HAZ thermal simulations were con-
ducted on a Gleeble 3500 series thermo-
mechanical simulator. The thermal cycles
were derived from calculations made with
the Sandia optimization and analysis and
routine (SOAR) (Ref. 15) representative
of a 750 J mm–1 heat input, and were con-
trolled using the Gleeble QuikSim™ soft-
ware package. The specific peak
temperatures were chosen to represent

the subcritical (675°C), intercritical
(800°C), fully recrystallized (900°C), and
coarse-grain (1350°C) heat-affected zone
regions. The complete thermal cycles as-
sociated with each region are shown in
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Fig. 1 — SOAR and Gleeble profiles used for NUCu-140-simulated HAZ samples. A — Subcritical
(675°C); B — intercritical (800°C); C — fully recrystallized (900°C); D — coarse-grain HAZ (1350°C).

Fig. 2 — Schematic showing the labeling code for
Charpy impact specimens and orientation of im-
ages in Fig. 4.

Fig. 3 — Dimensions of fracture toughness bar
used for testing. All dimensions are in mm, and
the sample is 8 mm thick.

Fig. 4 — Light optical photomicrographs showing
banding in cross-rolled NUCu-140 base metal. A —
Longitudinal direction; B — transverse direction.
Etched with modified Winsteard’s reagent.

Fig. 5 — Light optical photomicrographs of NUCu-
140. A — Base metal; B — subcritical; C — inter-
critical; D — fully recrystallized; E — coarse-grain
HAZ microstructures. Etched with 3% nital.
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Fig. 1, which show both the calculated
thermal cycles from SOAR and the lin-
earized thermal cycles used for the Glee-
ble simulations. These peak temperatures
were based on recent dilatometry results
in which the Ac1 and Ac3 temperatures
were found to be ≈750° and 850°C, re-
spectively (Ref. 14). Samples examined
under a light optical microscope were pre-
pared using standard metallographic tech-
niques and etched using either Modified
Winsteard’s reagent or 3% nital. Micro-
hardness was performed on a LECO
M400-FT tester using a Vickers indenter,
300-g load, 15 s dwell time, and measure-
ments were done using CAMS-Win™ pro-
gram. Grain size measurements were
conducted according to ASTM E-112
(Ref. 16) using the three circle method,
and five fields were measured for each
sample. Charpy impact testing was con-
ducted at room temperature for both the
longitudinal-transverse (LT) and trans-
verse-longitudinal (TL) orientations [as
specified by Hertzberg (Ref. 17) and
shown in Fig. 2] according to ASTM A370
(Ref. 18) and E23 (Ref. 19) using a 700 ft-
lb impact tester. The longitudinal direc-
tion for these samples was taken to be in
the direction of the longest dimension of
the plate, corresponding to the major
rolling direction. Fracture toughness test-
ing using the J-integral was performed ac-
cording to ASTME-1820 (Ref. 20), with a
single edge notched bend (SENB) sample
of size 8 × 16 × 80 mm (Fig. 3), with a ma-
chined notch depth of 4 mm. These frac-
ture toughness samples were taken from
the TL orientation within the plate. Aver-
age and standard deviation fracture tough-
ness values were calculated from five tests
for each material condition.

Precracking was conducted on a servo-
hydraulic Instron frame, with a clip gauge
attached to the sample and interfaced with
the control unit. The precrack was induced
at a starting load of 13.3 kN and frequency
of 10 Hz until the a/W ratio was 0.5, where
a is the total length of the crack and the ma-
chined notch and W is the height of the
specimen (16 mm for these specimens, as
shown in Fig. 3). Fracture toughness testing

was performed in displacement control on
an Instron 5567 load frame using a resist-
ance curve test method with a three-point
bend span of 65 mm. Each cycle utilized a
crosshead displacement load of 0.075 mm
followed by an unload displacement of
0.025 mm, both at a rate of 0.25 mm min–1.
Fracture surfaces were observed on an FEI
XL-30 scanning electron microscope
(SEM) using an accelerating voltage of 15
kV. Energy-dispersive spectroscopy (EDS)
analysis and imaging of particles observed
on the fracture surfaces was performed on a
Hitachi 4300SE/N SEM using an accelerat-
ing voltage of 15 kV.

Results

As shown in Fig. 4, the microstructure
of the base metal shows banding in both
the longitudinal and transverse directions.
Figure 2 is a schematic showing the sample
orientation within the rolled plate for the

images provided in Fig. 4. The banding is
more apparent in the longitudinal direc-
tion. The microstructures associated with
the base metal and each HAZ thermal
cycle can be seen in Fig. 5. As shown in
Fig. 5A–D, the base metal, subcritical, in-
tercritical, and fully recrystallized HAZ
each exhibit equiaxed ferrite grains of sim-
ilar size. The matrix microstructure of the
coarse-grain HAZ (Fig. 5E), exhibits a
more complex microstructure with regions
of acicular ferrite, bainite, and possibly
martensite. 

Figure 6 shows the results of the grain
size measurements for the base metal and
the four simulated HAZ regions. There is
no significant difference between the base
metal and subcritical, intercritical, and
fully recrystallized HAZ, but there is a
large increase in grain size for the coarse-
grain HAZ. The grain size measurements
of the coarse-grain HAZ samples repre-
sent the prior austenite grain size, whereas

55-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Table 1— Chemical Composition of NUCu-

140 (wt-%)

Element NUCu-140
Al 0.65
C 0.04
Cu 1.35
Fe Bal
Mn 0.47
Nb 0.07
Ni 2.75
P 0.009
S 0.002
Si 0.47

Fig. 6 — Grain size as a function of peak temper-
ature for NUCu-140-simulated HAZ samples.

Fig. 7 — Vickers microhardness as a function of peak
temperature for NUCu-140 simulated HAZ samples.

Fig. 8 — Charpy impact toughness as a function of peak temperature for the simulated NUCu HAZ sam-
ples. A — TL orientation; B — LT orientation.

Fig. 9 — Crack growth resistance curves (J-R
curves) for NUCu-140-simulated HAZ samples.

Fig. 10 — Average fracture toughness (JQ) as a func-
tion of peak temperature for NUCu-140-simulated
HAZ samples.
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measurements for the other samples rep-
resent equiaxed ferrite. The Vickers mi-
crohardness, shown in Fig. 7, shows a

decrease from the base metal (295 HV) to
the minimum hardness of 228 HV for the
fully recrystallized HAZ, followed by an
increase to the peak hardness of 305 HV
in the coarse-grain HAZ.

Charpy impact toughness results for
both the TL and LT orientations are shown
in Fig. 8A and B, respectively. Both orien-

tations display an increase in impact tough-
ness from the base metal up to the fully re-
crystallized HAZ, followed by a slight
decrease in toughness for the coarse-grain
HAZ. There are significant differences in
toughness between the two orientations,
with the LT orientation exhibiting a higher
toughness compared to the TL orientation. 

The results of the fracture toughness
tests are shown in Figs. 9 and 10. Figure 9
shows representative J-R curves for each of
the thermal cycles and the base metal plot-
ted as data points along with the ASTM-re-
quired exclusion lines (Ref. 20). The results
of all of the fracture toughness tests are
plotted in Fig. 10 as averages with error
bars. These results show that the base metal
has the lowest fracture toughness (JQ) of
224 kJ m–2 increasing up to the maximum of
425 kJ m–2 in the fully recrystallized HAZ,
followed by a decrease to 255 kJ m–2 in the
coarse-grain HAZ. According to ASTM
standard E1820, these JQ values meet the
criteria to be classified as JIC.

The fracture surfaces of the samples are
presented in Figs. 11 and 12. Figure 11
shows low-magnification SEM images of
the entire fracture surface of each sample as
well as “splitting” that was observed normal
to the direction of the primary crack growth
plane. A schematic of the splitting and pri-
mary crack growth plane are shown in Fig.
13. The higher magnification images seen in
Fig. 12 show a failure mode of microvoid co-
alescence for the base metal, subcritical, in-
tercritical, and fully recrystallized HAZ
(Fig. 12 A–D, respectively). The coarse-
grain HAZ samples (Fig. 12E) displayed a
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Fig. 11 — Low-magnification SEM images of fracture surfaces. A — NUCu-140 base metal; B — sub-
critical; C — intercritical; D — fully recrystallized; E — coarse-grain HAZ. Note that the fracture sur-
face above the white line was induced following testing.

Fig. 12 — SEM images showing fracture surfaces
of NUCu-140-simulated HAZ samples showing
ductile failure via microvoid coalescence. A —
Base metal; B —  subcritical; C — intercritical; D
— fully recrystallized HAZ. Areas of microvoid
coalescence and cleavage fracture are present in
E, the coarse-grain HAZ.

Fig. 13 — Schematic showing relative orientation
of primary crack growth plane and splits.
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mixed mode of microvoid coalescence and
cleavage fracture.

Discussion

The grain size measurements (Fig. 6)
show the differences between the base
metal, subcritical, intercritical, and fully
recrystallized HAZ are within experimen-
tal error. Therefore, the changes in hard-
ness (Fig. 7) and fracture toughness (Fig.

10) properties for these regions of the
HAZ can be attributed to changes in the
copper precipitates that occur during the
thermal cycle. 

Previous work by Farren et al. (Ref. 14)
has shown that the copper precipitates un-
dergo considerable change in the HAZ
during exposure to the weld thermal cycle.
Figure 14 shows local electrode atom
probe (LEAP) data for a NUCu-140 weld
describing the average radius, number
density, and phase fraction of copper pre-
cipitates as a function of thermal cycle
peak temperature. These results were ac-
quired from the HAZ of a gas metal arc
weld, and the peak temperatures from
each HAZ region were estimated using
the SOAR routine. Note that there is a
considerable decrease in the precipitate
radius and phase fraction with increasing
peak temperature. Kinetic modeling re-
sults have indicated these changes occur
by a combination of coarsening and disso-
lution. For the subcritical HAZ, partial
dissolution occurs upon heating, followed
by a small amount of reprecipitation dur-
ing cooling. For the intercritical, fully re-
crystallized, and coarse-grain HAZ, full
dissolution occurs followed by varying
amounts of reprecipitation during cooling.

The increase in fracture toughness
from the base metal through the fully re-
crystallized HAZ is due to the decrease in
phase fraction and radii of copper precip-
itates within these regions that lead to
softening and increased plasticity. Evi-
dence for this is observed by crack tip
blunting that occurs prior to the onset of
stable crack extension. As an example, a
comparison of the J-R curves of the sub-
critical and fully recrystallized HAZ re-
gions is seen in Fig. 15 where the fully
recrystallized HAZ sample follows the
blunting line for higher crack extensions in

comparison to the subcritical HAZ sam-
ple. This indicates that more energy was
absorbed by the fully recrystallized HAZ
sample due to the plastic deformation oc-
curring in the form of crack tip blunting.
There is a similar drop in phase fraction of
copper precipitates for the coarse-grain
HAZ sample, but its fracture toughness is
lower than that of the other HAZ regions.
The reduction in toughness in this region
can primarily be attributed to the coarser
grain size. The change in matrix mi-
crostructure may also contribute to the
change in fracture toughness. However, it
is important to note that the toughness of
this region is still comparable to that of the
unaffected base metal.

The splitting observed normal to the di-
rection of the primary crack growth plane
was examined in the base metal sample
where a larger number of smaller splits were
observed (Fig. 11A) and in the fully recrys-
tallized sample where the ridges were much
larger and deeper — Fig. 11D. Figures 16A
and 17A show the line of linked microvoids
ahead of the splits for the base metal and
fully recrystallized HAZ samples, respec-
tively. These voids were commonly ob-
served to develop ahead of the splits and
appear to form by particle/matrix decohe-
sion. Figure 16C shows an EDS spectra cor-
responding to the particle (denoted by an
arrow) shown in Fig. 16B for the base metal
sample, and Fig. 17B and C detail the same
information for the fully recrystallized HAZ
sample. The EDS spectra show significant
peaks for Fe and Al and smaller peaks from
Ni and Cu. Further work is required in
order to determine the exact nature of these
particles.

The difference in Charpy impact tough-
ness between the TL and LT orientation is
commonly observed (Ref. 17) and can be at-
tributed to anisotropy due to rolling. The
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Fig. 15 — Close-up view of crack tip blunting region
of NUCu-140 JR curves for the intercritical (675°C)
and fully recrystallized (900°C) HAZ samples.

Fig. 14 — LEAP tomography data from a NUCu-
140 gas metal arc weld showing radius, number
density, and phase fraction of copper precipitates as
a function of thermal cycle peak temperature.

Fig. 16 — A and B — SEM photomicrographs
showing a line of microcracks and particles ahead
of a split in base metal sample; C — EDS spectrum
of particle at the edge of a microcrack.

Fig. 17 — A and B — SEM photomicrographs show-
ing a row of microcracks and particles ahead of a split
in fully recrystallized HAZ sample; C — EDS spec-
trum of particle at the edge of a microcrack.

A B

C

A B

C

Leister  2-12CORR_Layout 1  1/13/12  1:40 PM  Page 57



crack plane in the TL samples is oriented
along the rolling direction where inclusions
become elongated during rolling. Crack
growth along this direction is relatively easy.
In contrast, the crack plane of the LT sam-
ples is perpendicular to the rolling direction,
so the toughness is higher. It is interesting
to note that the anisotropy persists through-
out the HAZ samples, indicating that the
nature of the inclusions and their influence
on toughness is not significantly affected by
the weld thermal cycle. Also note that the
fracture toughness results shown in Fig. 10
were derived from samples in the TL orien-
tation (due to material limitations). Frac-
ture toughness results from the LT
orientation would be expected to produce
similar trends but higher toughness values.
Thus, the results shown in Fig. 10 can be
considered conservative.

Conclusions

The fracture behavior of simulated
heat-affected zones (HAZ) in NUCu-140
was studied via fracture toughness testing,
impact testing, scanning electron, and light
optical microscopy. The following conclu-
sions were drawn from this research.

1) The increase in fracture toughness
from the base metal through the fully re-
crystallized HAZ is attributed to a de-
crease in the phase fraction and radii of
copper precipitates caused by coarsening
and dissolution of the particles during the
thermal cycles. This results in softening
and increased energy absorption due to
plastic deformation.

2) The toughness in the coarse-grain
HAZ is slightly lower than that of the
other HAZ regions. This is primarily at-
tributed to the coarser grain size, and the
change in matrix microstructure may also
contribute to the reduced fracture tough-
ness. However, the toughness of this re-
gion is still comparable to that of the
unaffected base metal.

3) Ductile fracture occurs by microvoid
coalescence in the base metal, subcritical,
intercritical, and fully recrystallized HAZ
regions. The coarse-grain HAZ exhibited

a mixed fracture mode of cleavage and mi-
crovoid coalescence.

4) The difference in Charpy impact
toughness observed between the TL and LT
orientation is caused by anisotropy due to
rolling. The anisotropy persists throughout
the HAZ samples, indicating that the na-
ture of the inclusions and their influence on
toughness is not significantly affected by the
weld thermal cycle.
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