
Introduction

Copper precipitation-strengthened
materials such as high-strength, low-alloy
(HSLA) 80 and 100 have been used ex-
tensively in naval and structural applica-
tions due to their excellent combination of
strength and toughness. As a result of the
ever increasing need to minimize cost, it is
desirable to develop a HSLA variant that
can achieve even higher yield strength lev-

els [≥ 825 MPa (120 ksi)], while maintain-
ing suitable toughness. Recent research
conducted at Northwestern University has
produced a candidate structural material
that achieves yield strength levels in excess
of 825 MPa while retaining toughness lev-
els that would exceed the requirements for
most naval and structural applications
(Refs. 1–9). NUCu-140 is a copper precip-
itation-strengthened steel that is com-
posed of a nominally ferritic microstruc-
ture with nano-scale Cu-rich precipitates
that strengthen the material, and NbC
precipitates that limit the austenite grain
growth. The use of NUCu-140 can offer

significant cost savings as a result of 1)
minimization of expensive alloying ele-
ments; 2) simple production using inex-
pensive processing techniques; and 3)
construction of structurally sound designs
using less material due to higher yield
strength. It has been estimated that the
utilization of NUCu-140 can produce a
fabrication cost savings of 20–35% (Ref.
10).

In order for NUCu-140 to be utilized as
a structural material, a comprehensive
welding strategy must be developed. Since
NUCu-140 is a precipitation-strength-
ened material, this strategy must include a
detailed understanding of the precipitate
evolution that occurs in the heat-affected
zone (HAZ). There are four distinct re-
gions that typically develop in the HAZ of
steel welds: 1) the subcritical HAZ region;
2) the intercritical HAZ region; 3) the
fine-grained austenite HAZ region; and 4)
the coarse-grained austenite HAZ region
(Ref. 11). These regions are defined by the
peak temperatures that they experience
relative to the austenization temperatures
of the material, Ac1 and Ac3. The subcrit-
ical HAZ experiences a peak temperature
during the weld thermal cycle that does
not exceed the austenite start temperature
(Ac1). Therefore, the subcritical region
does not undergo any transformation to
austenite. The intercritical region experi-
ences a peak temperature between the
Ac1 and Ac3 temperatures that results in
partial transformation to austenite during
the weld thermal cycle. The fine-grained
HAZ region experiences a peak tempera-
ture that exceeds the Ac3 temperature and
therefore causes full transformation to
austenite during welding. In this region,
the thermal cycle only minimally exceeds
the Ac3 temperature, which prevents sig-
nificant austenite grain growth. The final
HAZ region is the coarse-grained HAZ.
In this region, the Ac3 temperature is sig-
nificantly exceeded, which leads to austen-
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A combination of dilatometry, HAZ simulations, and mechanical testing were used
to determine the mechanical properties that develop in the HAZ of NUCu-140
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ABSTRACT

NUCu-140 is a recently developed steel that relies on nano-scale Cu-rich precip-
itates to achieve yield strength levels in excess of 825 MPa (120 ksi). In order for
NUCu-140 to be utilized as a structural material, a comprehensive welding strategy
must be developed. Since NUCu-140 is a precipitation-strengthened material, this
strategy must include a detailed understanding of the precipitate evolution that oc-
curs in the heat-affected zone (HAZ) as a result of welding thermal cycles. A combi-
nation of dilatometry, HAZ simulations, and mechanical testing are presented to de-
termine the mechanical properties that develop in the HAZ of NUCu-140. MatCalc
kinetic simulations and Russell-Brown strengthening calculations were conducted to
model the observed precipitate and mechanical property trends. The microhardness
and tensile testing results reveal that local softening is expected in the HAZ of NUCu-
140 welds. MatCalc simulations show that a combination of partial dissolution, full
dissolution, and re-precipitation of the Cu-rich precipitates is expected to occur in the
various HAZ regions. The predicted precipitate parameters are used as input to the
Russell-Brown strengthening model to estimate the changes in strength expected due
to changes in precipitate features. The measured and predicted strength levels exhibit
very good quantitative agreement for the low-heat-input simulations and reasonable
qualitative agreement for the high-heat-input weld simulations. 
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ite grain growth. The intercritical, fine-
grained, and coarse-grained HAZ regions
all experience transformation to austenite
during the weld thermal cycle. Therefore,
both the microstructural and precipitate
evolution needs to be investigated to un-
derstand the mechanical properties in
these regions.

A preliminary investigation of the mi-
crostructural evolution and mechanical
properties in NUCu-140 gas metal arc
welds (GMAW) and gas tungsten arc
welds (GTAW) was recently conducted
(Ref. 12). Microhardness traces revealed
that a locally softened HAZ region
formed as a result of the fusion welding
process. Average precipitate radius
(<R>), number density (Nv), and volume
fraction measurements (φ) conducted
using local electrode atom probe (LEAP)
tomography confirmed that the observed
decrease in microhardness occurred as a
result of the precipitate evolution that oc-
curs in the HAZ. Figure 1 shows a sum-
mary of the results. The base metal region
shows the initial precipitate parameters
that develop as a result of the solution and
aging thermal treatment. The region la-
beled HAZ 1 experienced a peak temper-
ature of ~ 675°C and exhibits a reduction

in <R> and φ while showing a concomi-
tant increase in Nv. This results from par-
tial dissolution of the precipitates on heat-
ing, followed by re-precipitation of new
and smaller Cu-rich precipitates during
cooling. The region labeled HAZ 2 expe-
rienced a peak temperature of ~910°C
and exhibits a further decrease of the
<R> and φ with an even greater increase
in Nv. It was determined that full precipi-
tate dissolution occurs in HAZ 2 on heat-
ing, followed by re-precipitation on cool-
ing. The fusion zone also undergoes full
dissolution of the Cu-rich precipitates on
heating but exhibits only minimal 
re-precipitation during the cooling por-
tion of the weld cycle. Therefore, the fu-
sion zone exhibits the lowest <R>, Nv,
and φ of any weld region. The overall
trends in <R>, Nv, φ are consistent with
the observed local softening that occurs in
the HAZ as a result of the fusion welding
process. The current research focuses on a
more detailed investigation of the me-
chanical properties of each of the four crit-
ical regions of the HAZ using simulated
HAZ samples. 

Experimental Procedure

The chemical composition of the
NUCu-140 steel investigated in this study
was measured using inductively coupled
plasma-optical emission spectroscopy
(ICP-OES) and the results are shown in
Table 1. The composition of NUCu-140 is
similar to HSLA-100 Comp II, with
slightly increased C and Al levels and
slightly decreased Cr and Mo levels. The
Al content is relatively high compared to
traditional structural steels, but Al has
been shown to segregate to the interface
of the Cu-rich precipitates in NUCu-140
and is believed to limit the coarsening ki-
netics during aging (Ref. 3). The NUCu-

140 was vacuum melted, cast into ingots,
and homogenized at 1150°C for 3 h. The
ingots were hot rolled at approximately
950°C to a final plate thickness of 25.4 mm
and air cooled. The plates were solution-
ized at 900°C for 1 h, water quenched to
room temperature, aged at 550°C for 2 h,
and air cooled to room temperature. Crit-
ical transformation temperatures at vari-
ous heating and cooling rates were deter-
mined by dilatometric methods using a
Gleeble 3500 thermomechanical simula-
tor equipped with an Anritsu SLB laser
dilatometer. Diametral dilatometry was
conducted on 6.35-mm-diameter solid
samples oriented such that the diameter
measurements corresponded with the
through-thickness direction in the original
plate. Samples were taken from approxi-
mately the ¼ thickness position in the
plate. A freespan of 25 mm and a low-
force jaw carrier were used to minimize
constraint during the determinations. The
Ac1 and Ac3 determinations generally fol-
lowed ASTM A1033, although some devi-
ations from recommended heating rates
and conditioning temperatures were used.
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Fig. 1 — LEAP tomography data collected from
NUCu-140 GMAW showing the evolution of the
average precipitate radius (<R>), number den-
sity, and volume fraction (φ) across the base
metal, HAZ, and FZ of the weld.

Fig. 2 — Dilatometry results for NUCu-140 heated at 1°, 10°, 100°, and 1000°C/s.

Table 1 — Composition of Copper
Precipitation-Strengthened NUCu-140 Steel
(all values in 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
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In order to be more consistent with the
NUCu140 aging temperature, the samples
were preconditioned at 450°C rather than
600°C. Preliminary experiments indicated
that Ac1 in this steel is below 700°C, so the
heating rate change for the Ac3 determi-
nations was conducted at 590°C rather
than the 700°C recommended by ASTM
A1033. 

This information was then used to for-
mulate an experimental matrix of simu-
lated HAZ samples that would represent
each of the four critical regions of the
HAZ. The HAZ simulations were con-
ducted using a Gleeble 3500 thermome-
chanical simulator, and the heating and
cooling rates were controlled using the
QuikSim software package supplied with
the Gleeble 3500. Thermal cycles associ-
ated with a high (3.75 kJ/mm) and low (1.5
kJ/mm) heat input were utilized to repre-
sent the range of arc welding conditions
expected during the joining of NUCu-140.

The simulated HAZ samples were taken
in the T-L orientation and were 11 × 11 ×
60 mm. The samples were outfitted with
multiple thermocouples to determine the
width of the uniformly heated region
within the freespan (10 mm). Specimens
were prepared for light optical microscopy
(LOM) using standard metallographic
techniques and etched using a 3% Nital
solution. Grain size measurements were
conducted according to ASTM Standard
E112-96(2004)ε2, and five fields were
measured per sample. Microhardness
measurements were conducted using a
Vickers diamond indenter, a 1-kg load,
and a 15-s dwell time. Charpy impact test-
ing was conducted at –40°C according to
ASTM E23 on 10- × 10- × 50-mm speci-
mens. Tensile testing was performed ac-
cording to ASTM E8 on subsized samples
with a diameter of 6.35 mm and a 25.4-mm
gauge length. Charpy impact testing was
performed on two specimens per condi-
tion while tensile testing was conducted on
a single specimen per condition due to ma-
terial limitations. Post-fracture analysis
was conducted on all of the Charpy impact
and tensile specimens to ensure that crack
propagation and subsequent failure oc-
curred within the uniformly heated region
of the simulated HAZ sample. If failure
was not contained entirely within the uni-
formly heated region, the results of the
sample were discarded and a replacement
specimen was prepared and tested.

Results and Discussion

In order to simulate the four critical re-
gions of the HAZ, it is first necessary to
identify the critical transformation tem-
peratures, Ac1 and Ac3, for the NUCu-
140 substrate material. Dilatometry heat-
ing rates ranging from 1° to 1000°C/s were
investigated and the results are shown in
Fig. 2. The dilatometry curves show that
the Ac1 temperature increases directly
with heating rate and ranges from 706°C
with a 1°C/s heating rate up to 759°C with

a 1000°C/s heating rate. The Ac3 temper-
ature exhibits a much narrower range,
824° to 839°C, indicating that the ferrite-
to-austenite transformation finish tem-
perature is not as dependent on heating
rate as the ferrite-to-austenite transfor-
mation start temperature. The transfor-
mation start temperatures increase di-
rectly with the heating rate since the
ferrite to austenite transformation is dif-
fusion controlled. Increased heating rates
provide less time for diffusion to occur,
which causes a concomitant delay in the
transformation start temperatures. These
results were used to select peak tempera-
tures to simulate the four critical regions
of the HAZ. A peak temperature of 675°C
was selected for the subcritical HAZ re-
gion since it is below the Ac1 temperature
over the entire range of heating rates in-
vestigated. An 800°C peak temperature
was selected for the intercritical HAZ re-
gion since it falls inside the Ac1 and Ac3
range for all four dilatometry curves. A
900°C peak temperature was selected for
the fine-grained austenite region since
900°C minimally exceeds the maximum
measured Ac3 temperature of 839°C. Fi-
nally, a 1350°C peak temperature was se-
lected for the coarse-grained austenite
HAZ region since 1350°C significantly ex-
ceeds the Ac3 temperature but is still
below the melting temperature of the
alloy.

The Smartweld Optimization and
Analysis Routine (SOAR) software (Ref.
13) was used to determine thermal cycles
associated with the various peak tempera-
tures identified previously. An 85% trans-
fer efficiency, representative of the
GMAW process, was assumed in the cal-
culations (Ref. 14). Weld thermal cycles
for each peak temperature were estimated
for both a low (1.5 kJ/mm) and a high (3.75
kJ/mm) heat input to determine the effect
of heat input on HAZ mechanical proper-
ties. The weld thermal cycles associated
with the 675°, 800°, 900°, and 1350°C peak
temperatures are shown in Fig. 3A, B for
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Fig. 3 — Summary of the thermal cycles pre-
dicted using SOAR for the following samples: A
— Low heat input (1.5 J/m); B — high heat input
(3.75 J/m).

Fig. 4 — LOM micrograph showing the NUCu-
140 base metal microstructure. 

Table 2 — Summary of the Precipitate Evolution Predicted Using MatCalc Kinetic Simulation
Software

Sample Peak MatCalc MatCalc MatCalc 
Temperature Radius Number Density Phase

(°C) (nm) (m–3) Fraction

Base Metal (BM) 150 4.25 2.53 × 1022 0.0099
LH675 675 1.11 1.10 × 1023 0.0064
LH800 800 0.56 5.86 × 1024 0.0042
LH900 900 0.54 5.95 × 1024 0.0041
LH1350 1350 0.46 7.51 × 1024 0.0030
HH675 675 0.96 1.24 × 1023 0.0068
HH800 800 0.60 5.19 × 1024 0.0051
HH900 900 0.60 5.17 × 1024 0.0051
HH1350 1350 0.60 5.19 × 1024 0.0051

A

B
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the low and high input matrix, respec-
tively. Each thermal cycle was subse-
quently linearized and input directly into
the Gleeble 3500 QuikSim software to
produce simulated HAZ samples. 

Figure 4 shows the NUCu-140 base
metal microstructure while Fig. 5A, B
shows the microstructure of the low heat
input and high heat input simulated HAZ
samples, respectively. The low heat input,
675°C (LH675) peak temperature sample
exhibits a predominantly equiaxed ferritic
microstructure that is nearly identical to
the base metal microstructure. Both the
LH800 and LH900 samples also exhibit an
equiaxed ferritic microstructure with little
to no change from the base metal mi-
crostructure. Each of these simulated
HAZ microstructures has a similar grain
size to the base material, which indicates
that no significant grain coarsening oc-
curred as a result of the thermal cycle. The
LH900 sample is fully austenitized during
the thermal cycle, but does not exhibit sig-

nificant austenite grain
coarsening. This can
be attributed to the
short time and slight
increase in tempera-
ture above Ac3. The
presence of NbC parti-
cles also aids in re-
stricting austenite
grain growth. The mi-
crostructure of the
LH1350 sample con-
sists of acicular ferrite
and a combination of
either Widmanstätten
ferrite, bainite, or low-
carbon martensite.
The presence of acicu-
lar ferrite in the
LH1350 sample indi-
cates that significant

grain coarsening occurred during the sim-
ulated HAZ thermal cycle since acicular
ferrite nucleates intragranularly on het-
erogeneous nucleation sites such as oxide
inclusions, and its formation is enhanced
when the austenite grain size increases
(Refs. 15–18). The grain coarsening also
suggests that a 1350°C peak temperature
is high enough to dissolve the NbC parti-
cles. This is consistent with thermody-
namic calculations performed on similar
Fe-Cu steels that indicate the NbC parti-
cles will dissolve between approximately
1050° and 1100°C (Ref. 7). The high heat
input samples exhibit very similar mi-
crostructures when compared to the low
heat input counterparts, where the
HH675, HH800, and HH900 samples all
contain equiaxed ferrite. The HH1350
sample is also similar to its LH1350 coun-
terpart in that it exhibits austenite grain
coarsening leading to an acicular-type mi-
crostructure that contains a mixture of aci-

cular ferrite, Widmanstätten ferrite, bai-
nite, and low-carbon martensite. 

Figure 6 shows the average microhard-
ness values for both the high and low heat
input simulated HAZ samples. The low
heat input results show a noticeable re-
duction in hardness for the LH675 (280
HV), LH800 (235 HV), and LH900 (225
HV) samples as compared to the base
metal (300 HV). The observed softening
in these simulated HAZ samples occurs as
a result of evolution of the Cu-rich pre-
cipitates (Ref. 12). The LEAP tomogra-
phy data shown in Fig. 1 exhibit a linear
decrease in both the average precipitate
radius (<R>) and precipitate volume
fraction (φ) as the weld interface is ap-
proached (i.e., increasing peak tempera-
ture). This is consistent with the reduction
in hardness that is observed in the low heat
input matrix. The LH1350 sample (290
HV) exhibits only a minimal reduction in
microhardness even though it is expected
to have undergone full dissolution of the
Cu-rich precipitates. The relatively high
hardness of the LH1350 sample is attrib-
uted to the acicular-type microstructure
(mixture of acicular ferrite, Widmanstät-
ten ferrite, bainite, and low-carbon
martensite) observed in this region. The
high heat input microhardness results ex-
hibit a similar trend where there is local
softening in each of the four simulated
HAZ samples. The slightly lower hardness
values observed for the high heat input
675°, 800°, and 900°C peak temperatures,
relative to the low heat input samples, are
probably the result of increased coarsen-
ing/dissolution that is associated with the
longer heating and cooling times of the
high heat input thermal cycle. The
HH1350 sample (260 HV) again shows a
slight hardness recovery as compared to
the observed minimums that occurred in
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Fig. 5 — LOM micrographs of the following simulated samples: A — Low
heat input; B — high heat input simulated HAZ samples.

Fig. 6 — Microhardness data collected from NUCu-140 base metal and simulated
HAZ samples.

A

B
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the HH800 and HH900 samples. 
Figure 7 shows the yield strength, ten-

sile strength, and elongation results for the
high and low heat input samples. Each
simulated HAZ data point presented in
Figure 7 was generated from a sample that
failed within the uniformly heated region.
This was verified through direct tempera-
ture measurements during the simulation
cycle and postfracture analysis. The low
heat input yield and tensile strength values
decrease as the HAZ thermal cycle peak
temperature increases up to the LH900
sample. Partial recovery of the tensile

properties is observed in the LH1350 sam-
ple, which agrees with the observed mi-
crohardness trends. These strength trends
are consistent with the observed micro-
hardness results discussed previously. The
elongation values only range from 18 to
21% across the base metal and all four
simulated HAZ samples, with the ductility
decreasing in the 675° and 800°C samples.
This observation is unexpected since the
675° and 800°C samples have decreased
strength levels compared to the base
metal, which would typically lead to higher
ductility. However, it must be noted that
the specimen gauge length contains
NUCu-140 material that was heated to a
range of different peak temperatures dur-
ing the Gleeble thermal cycle. The uni-
formly heated region in the simulated
HAZ sample is shorter than the specimen
gauge length and so the elongation results
represent some average elongation behav-
ior of each peak temperature/microstruc-
tural region. As a result, the elongation
value reported for each condition is actu-
ally a composite measurement and the re-
sulting trends are insignificant. Nearly
identical trends in yield strength and ten-
sile strength are observed for the high
heat input sample matrix.

Figure 8 shows the Charpy impact val-
ues for both the low and high heat input

samples tested at –40°C. The Charpy im-
pact energy generally increases relative to
the base metal value for the 675°, 800°, and
900°C peak temperature samples. This is
consistent with the microhardness and
yield strength results, since a decrease in
strength/hardness typically produces an
increase in toughness. The high heat input
1350°C peak temperature sample exhibits
only a very slight reduction in impact
toughness relative to the base metal, while
the impact toughness of the low heat input
sample is higher than that of the base
metal. The difference in impact toughness
between the LH1350 and HH1350 sam-
ples can be attributed to the prior austen-
ite grain size in each region. The LH1350
sample has a prior austenite grain size of
32 µm while the HH1350 sample has a
prior austenite grain size of 42 μm. The re-
duced prior austenite grain size and cor-
responding increase in grain boundary
area in the low heat input sample results
in a concomitant increase in the impact
toughness. It is interesting to note that all
regions of the HAZ exhibit relatively good
impact toughness relative to the base
metal, regardless of the location or heat
input. 

In order to better understand the ob-
served mechanical property trends, the ex-
pected precipitate evolution in the base
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Fig. 7 — Tensile testing results for both low and high
heat input samples showing the following: A —
Yield; B — tensile; C — elongation.

Table 3 — Calculated Precipitate Parameters and Measured and Predicted Strength Change for LH800, LH900, HH800, and HH900 Samples

Average Precipitate Interprecipitate Predicted Measured
Precipitate Volume Spacing L Strength Strength

Radius Fraction φ (nm) Change (MPa) Change (MPa)
<R> (nm)

Base Metal 4.25 0.0099 75.5 — —
LH800 0.56 0.0042 15.1 –162 –165
LH900 0.55 0.0041 15.0 –185 –183
HH800 0.60 0.0051 15.0 –52 –176
HH900 0.60 0.0051 14.9 –53 –176

Fig. 8 — Charpy data collected for NUCu-140 at –40°C.

A

B

C
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metal and HAZ regions was modeled
using MatCalc kinetic simulations (Refs.
12, 19–22). The MatCalc method esti-
mates precipitate nucleation and growth
kinetics in multicomponent and multi-
phase alloys and can deal with complex
systems and precipitation sequences. The
MatCalc method accounts for the compo-
sitional dependence of interfacial energy
and chemical driving force, which pro-
vides a significant improvement to the
classical nucleation, growth, and coarsen-
ing models when applied to the Fe-Cu sys-
tem. The simulations show the expected
evolution of the Cu-rich precipitates in
terms of average precipitate radius <R>,
number density (Nv), and precipitate vol-
ume fraction (φ). An example MatCalc
simulation result for the LH675 sample is
presented in Fig. 9. The LH675 sample be-
gins to undergo partial dissolution of the
Cu-rich precipitates at the end of the heat-
ing portion of the HAZ thermal cycle as
evidenced by the reduction in average pre-
cipitate radius <R> and precipitate vol-

ume fraction (φ). The excess solute from
the recently dissolved precipitates causes
re-precipitation of new, smaller Cu-rich
precipitates during the cooling portion of
the cycle, which leads to a resultant in-
crease in the precipitate number density.
MatCalc simulations were also produced
for the LH800, LH900, and LH1350 sam-
ples and in all three cases the Cu-rich pre-
cipitates fully dissolved on heating, fol-
lowed by re-precipitation of the Cu-rich
precipitates on cooling. An identical set of
MatCalc simulations was performed for
the high heat input samples and similar
trends were observed. A summary of the
predicted precipitate parameters for the
base metal and each of the simulated
HAZ samples can be seen in Table 2.
Comparison of the base metal precipitate
parameters generated using MatCalc and
LEAP tomography reveals that generally
good agreement is achieved for the <R>
and Nv. However, the MatCalc predicted
φ (~0.0099) is more than three times less
than the φ measured using LEAP tomog-
raphy (~ 0.032). Previous work by the au-
thors (Ref. 12) demonstrated that the sig-
nificantly higher φ values measured using
LEAP tomography can be explained by
uncertainty in determining the true Cu
concentration of the Cu-rich precipitates.
A combination of empirical Cu solubility
data, published precipitate Cu concentra-
tions, and lever law calculations demon-
strated that for the binary Fe-Cu system
the expected φ of Cu-rich precipitates for
NUCu-140 is approximately 0.013, which
is in very good agreement with the Mat-
Calc prediction of 0.0099. Based on this
analysis (Ref. 12), it was decided that the
MatCalc precipitate parameters would be
used as input for the strengthening calcu-
lations (discussed below). 

Using the predicted precipitate param-
eters generated using MatCalc, the
strengthening model proposed by Russell
and Brown (Ref. 23) can be used to esti-

mate the change in strength expected from
changes in the Cu-rich precipitates. The
Russell-Brown model assumes a random
distribution of spherical precipitates that
are elastically softer than the surrounding
matrix. These two assumptions are gener-
ally acceptable for NUCu-140 since the
Cu-rich precipitates are roughly spherical
and are elastically softer than the nomi-
nally ferritic matrix (Ref. 23). The Russell-
Brown model defines the shear strength of
the material as the following:

where G is the shear modulus of the ma-
trix (77 GPa); b is the Burgers vector (0.25
nm); L is the interprecipitate spacing
(Equation 4 ); EP is the dislocation energy
in the precipitate; EM is the dislocation en-
ergy in the matrix; EP

∞ is the dislocation
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Fig. 9 — MatCalc kinetic simulation for the LH675
simulated HAZ sample.

Fig. 10 — Measured vs. predicted strength change of 800° and 900°C simulated HAZ
samples using MatCalc as input to the Russell-Brown model.
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energy in the precipitate per unit length;
EM

∞ is the dislocation energy in the matrix
per unit length; r is the radius; r0 is the
inner cut-off radius (2.5 b); R is the outer
cut-off radius (1000r0); and φ is the pre-
cipitate volume fraction. The shear modu-
lus of body-centered cubic (bcc) Cu is as-
sumed to be equivalent to that of
face-centered cubic (fcc) Cu. The ratio of
dislocation energy per unit length in the
precipitate and matrix (EP

∞)⁄(EM
∞) is ap-

proximately 0.6 (Ref. 23). The shear
strength in each simulated HAZ region is
calculated by substituting in the precipi-
tate parameters predicted using the Mat-
Calc simulations (Table 2) and applying a
Schmid factor of 2.5 (Ref. 23). The pre-
dicted shear strength change is then cal-
culated by comparing the calculated base
metal strength to the calculated strength
in each simulated HAZ region. Applica-
tion of the Russell-Brown model does
have several limitations which include the
assumption that the shear modulus of fcc
Cu and bcc Cu have the same value, the
calculation of L based on radius and pre-
cipitate volume fraction is subject to sig-
nificant error (Ref. 23), and the cut-off ra-
dius values are geometric approximations.
However, recent research has demon-
strated that the model provides good
agreement between calculation and ex-
periment for similar Fe-Cu based alloys
(Ref. 24). This calculation is assumed to
be a valid indicator of the overall strength
change since the matrix microstructure of
the base metal, subcritical HAZ, inter-
critical HAZ, and fine-grained HAZ re-

gions are composed of an equiaxed ferritic
microstructure with nearly identical grain
sizes. The coarse-grained HAZ region
therefore cannot be compared using this
method due to the acicular-type mi-
crostructure that results from the HAZ
thermal cycle.

Figure 10 shows the measured vs. pre-
dicted yield strength change for the 800°
and 900°C peak temperature simulated
HAZ samples for both the low and high
heat input. The calculated shear strength
values were converted into yield strength
values by applying the relationship that
shear yield strength is approximately
equal to 0.6 times the tensile yield strength
in steel (Ref. 25). The 1350°C samples
were not included in the strength calcula-
tions since they exhibit acicular-type mi-
crostructures and therefore cannot be di-
rectly compared to the equiaxed ferritic
structures. The 675°C peak temperature
samples were included in the calculation
but were not included in Fig. 10 since the
strengthening model predicts an increase
in yield strength of greater than 160 MPa
for the low heat input sample, while the
measured yield strength exhibits a de-
crease of approximately 60 MPa. This de-
viation can be explained as a result of the
partial dissolution and re-precipitation
predicted for the 675°C peak temperature
samples (Fig. 9), as well as how the inter-
particle spacing (L) is calculated. L is cal-
culated as a function of the average pre-
cipitate radius (<R>) and the precipitate
volume fraction (φ) through Equation 4,
but does not account for the precipitate
number density directly. This is typically
not a problem since all three of these pre-
cipitate parameters are interrelated. How-
ever, for the case of the 675°C peak tem-
perature simulated HAZ sample,
re-precipitation of new, smaller Cu-rich
precipitates is predicted during cooling.
This leads to a bimodal precipitate distri-
bution where the new, smaller precipitates
are not correctly accounted for in the cal-
culation of L. The new precipitates cause
<R> to decrease significantly, which re-
sults in a calculated L value that is too low
and which leads to a predicted strength
value that is too high. 

The measured vs. predicted strength
change for the LH800 and LH900 samples
exhibit very good quantitative agreement
where there is an almost one-to-one rela-
tionship between the measured and pre-
dicted values. However, the quantitative
agreement breaks down for the high heat
input samples. The calculations for the
high heat input condition accurately re-
flect that there is little difference between
the HH800 and HH900 strength levels,
which was observed experimentally in Fig.
7A, but the magnitude of the measured
and predicted strength changes show sig-
nificant disagreement. The predicted de-

crease in strength is approximately 50
MPa as opposed to nearly 175 MPa for the
measured values. The predicted precipi-
tate parameters and strength changes are
shown in Table 3 for each heat input. Note
that MatCalc predicts only slight differ-
ences in the precipitate parameters for the
low and high heat input samples. This
agrees with the experimentally measured
strength levels, which show only minimal
differences in the resultant strength. This
suggests that MatCalc is accurately cap-
turing the precipitate evolution for the
various HAZ thermal cycles. This also im-
plies that NUCu-140 is not very sensitive
to heat input over the range of heat inputs
evaluated in this study. The large variation
in predicted strength calculated with only
minor differences in <R> and φ suggest
that the Russell-Brown model is very sen-
sitive to the input parameters of <R> and
φ. Figure 11A, B shows a sensitivity analy-
sis that plots the increase in yield strength
predicted by the Russell-Brown model as
a function of <R> for three representa-
tive φ values. The yield strength initially in-
creases with increasing precipitate radius
for a fixed volume fraction (Fig. 11A) up
to approximately 1 nm, after which the
yield strength is expected to decrease
(Ref. 26). This is consistent with a coars-
ening phenomenon where the overall pre-
cipitate strength contribution decreases
when the precipitates coarsen past the
peak aged condition. Figure 11B shows an
enlarged view of Fig. 11A for precipitate
radii up to 1 nm. The MatCalc-predicted
low heat input and high heat input precip-
itate parameters are labeled along with
the associated strengthening contribution
predicted by the Russell-Brown model.
The slope of the strength vs. <R> curve
in the vicinity of the low heat input and
high heat input precipitate parameters are
1590 and 2275 MPa/nm, respectively.
Note that, within this region, very large
strength increases are predicted with only
minor increases in precipitate radii for this
model. MatCalc simulations or LEAP to-
mographic measurements are probably
not accurate enough to expect valid quan-
titative comparisons with the R-B model
at the low end of the <R> range when
such small variations in precipitate pa-
rameters can cause large differences in the
predicted strength. This effect probably
accounts for the disagreement between
the measured and calculated strength
changes shown in Fig. 10.  

Conclusions

Microstructural evolution and me-
chanical properties of simulated heat-
affected zones in NUCu-140 steel was in-
vestigated via light optical microscopy,
dilatometry, Gleeble HAZ simulations,
mechanical testing, and modeling tech-
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Fig. 11 — Sensitivity analysis of the Russell-Brown
model showing predicted increase in yield strength
as a function of radius for constant volume frac-
tions. A — Full scale; B — enlarged view.
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niques. The following conclusions can be
drawn from this research.

1. Dilatometry experiments over a wide
range of heating rates show that the Ac1
temperature ranges from 706°C with a
1°C/s heating rate up to 759°C with a
1000°C/s heating rate. The Ac3 tempera-
ture exhibits a narrower range of 824° to
839°C.

2. The subcritical, intercritical, and
fine-grained HAZ regions exhibit an
equiaxed ferritic microstructure that is
very similar to the NUCu-140 base metal
microstructure. The coarse-grained HAZ
exhibits a predominantly acicular-type
matrix microstructure composed of a com-
bination of acicular ferrite, Widmanstät-
ten ferrite, bainite, and low-carbon
martensite.

3. Microhardness and tensile testing
results demonstrate that local softening
occurs in the HAZ, with the minimum
strength and hardness occurring in the in-
tercritical and fine-grained HAZ regions.
The strength loss in these regions is at-
tributed to complete dissolution and only
partial re-precipitation of Cu precipitates,
as shown by precipitate simulation. The
coarse-grained HAZ exhibits a slight re-
covery of strength and hardness as a result
of the acicular-type structure that forms in
this region. 

4. The Charpy impact energy at –40°C
for each HAZ region was equal to or bet-
ter than the unaffected base metal. This is
consistent with the microhardness and
yield strength results, since the HAZ re-
gions exhibited a decrease in
strength/hardness, which typically pro-
duces an increase in toughness.

5. Similar values of precipitate radii,
number density, and phase fraction were
calculated for the 675°, 800°, and 900°C
peak temperature samples for both low
and high heat input conditions. The simi-

lar precipitate parameters and equiaxed
ferrite microstructure would be expected
to produce similar strength levels for each
of these samples. This is consistent with
the measured mechanical properties
where there are only minor variations in
the yield strength for these conditions as a
function of heat input. This indicates that
NUCu-140 is insensitive to heat input over
the range of heat inputs (1.5–3.75 kJ/mm)
investigated in this study.
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