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Abstract

With the increasing utilization of scrap in 
steelmaking, undesirable elements such as 
copper accumulate in the scrap stream, leading 
to inevitable enrichment in steel products. Many 
steel grades have limits on copper content due 
to thermomechanical processing problems, most 
notably hot-shortness. Still, the limit at which 
copper begins to negatively affect subsequent 
fabrication processes is largely unknown. This 
work investigated the influence of residual copper 
content, up to 0.83 wt-%, on the laser weldability 
and mechanical behavior of low-carbon sheet 
steels. The alloys were intercritically annealed prior 
to autogenous laser welding, cross-weld tensile 
testing, and weldability testing using the Sigmajig 
test. It was found that the increased amount of 
martensite/austenite constituent imparted by 
copper’s stabilization of austenite during annealing 
increased strength in both base metal and cross-
weld tension tests in the higher copper alloys. 
Furthermore, the stress associated with the onset 
of solidification cracking increased with increasing 
strength in the higher copper alloys rather than with 
increasing values of the Kou crack susceptibility 
index in the higher copper alloys. This work shows 
that higher copper content than typically allowed in 
steel product specifications can be accommodated 
before significant mechanical property or 
weldability concerns arise.
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Introduction
Electric arc furnace steelmaking utilizing a large amount of 

scrap generates approximately one-third of the greenhouse 
gas emissions that steelmaking from ore generates, with 
recycling rates of up to 90% (Ref. 1). However, as household 
and transportation electrification increase, the concentration 
of undesirable residual elements, most notably copper, in the 
scrap cycle is growing exponentially (Ref. 2). Excess copper 
content is known to cause surface cracking in steels during 
thermomechanical processing in the form of liquid metal 
embrittlement, known as “hot-shortness.” Due to the diffi-
culty of being removed during the steelmaking process, the 
most-common method of mitigating copper accumulation 
is pig iron (from ore) dilution. With the amount of residual 
copper in the scrap cycle projected to increase along with 
the demand for pig iron, mitigation efforts will only become 
more important (Ref. 3). Beyond hot-shortness, however, the 
effects of residual copper on downstream manufacturing 
processes, such as weldability and weld performance, have 
also not been explored. 

In steels, copper is known to act as an austenite stabilizer, 
lowering the ferrite-austenite transformation temperature 
and increasing the austenitic phase fraction at a given inter-
critical temperature. This increase in thermodynamic stability 
of austenite subsequently affects microstructure evolution 
during intercritical annealing, potentially yielding a higher 
fraction of the non-ferritic, or martensitic/austenitic (MA) 
constituents in dual-phase automotive sheet steels. The rel-
ative amounts and compositions of these microstructural 
constituents drastically affect the mechanical properties https://doi.org/10.29391/2025.104.025
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of the base metals that must be welded during auto body 
fabrication (Ref. 4). In addition to austenite phase stability, 
copper is also known to increase steel hardenability. While 
several metrics may be used to quantify hardenability, the 
most common are critical diameter for bulk heat treatment 
processes and carbon equivalent in welding (Ref. 5). 

Laser welding is a widely used industrial joining application 
due to its precision and speed (Ref. 6). This weld process is 
often used to join sheet steel sections during continuous 
annealing and automotive fabrication. The microstructure 
that develops in the heat-affected zone (HAZ) is particularly 
important regarding a weld’s mechanical performance, as 
this is a common failure initiation site during service (Refs. 
7–9). Due to the influence of copper on phase stability and 
hardenability, increased copper content will likely influence 
microstructure evolution in the HAZ and, therefore, weld 
performance.

This work aims to assess the influence of residual copper 
content on the laser weldability and weld performance of an 
automotive sheet steel. The influence of copper content on 
mechanical properties was evaluated using tensile tests of 
both the base metal and autogenously laser-welded joints 
and hardness profiles around the welds. The Sigmajig test, 
utilizing autogenous laser welding, was used to assess the 
influence of copper on solidification cracking susceptibil-
ity. A method to account for the influence of accumulating 
copper by decreasing manganese content was explored, 
guided by carbon equivalent calculations. The results of this 
work are expected to shed light on the future of fabrication 
with increased copper contents in steel products. 

Experimental Procedures

Base Metal Composition, Design, and 
Production

A typical composition of a low-carbon dual-phase auto-
motive sheet steel was used for this study with increasing 
amounts of residual copper up to 0.83 wt-%, which exceeded 
amounts normally seen in production (Refs. 10, 11), as shown 
in Table 1. The first three alloys had nominally the same base 
alloy composition with increasing copper content. Table 1 
shows the carbon equivalent for each alloy, calculated using 
Equation 1 (Ref. 12).
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𝑀𝑀𝑀𝑀
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where CE is the carbon equivalent, and C, Mn, Cu, Ni, Cr, Mo, 
and V are the respective compositions in wt-%. It can be seen 
from Equation 1 and Table 1 that increasing copper content 
leads to a higher carbon equivalent and, thus, increased 
hardenability. The fourth composition contained the highest 
copper content evaluated in this study (0.83 wt-%) but with 
reduced manganese content to decrease the carbon equiva-
lent to that of the alloy containing 0.28 wt-%. The purpose of 
the reduced manganese was to evaluate whether a reduction 
in other alloying elements, guided by a simple metric such as 
carbon equivalent, can be utilized to counteract the hard-
enability imparted by increased residual copper content. 

All compositions were laboratory melted and cast by 
Cleveland-Cliffs, hot rolled to 16 mm thick, then cold rolled 
to a final thickness of 1.5 mm. Alloys were then intercritically 
annealed at 750°C for 5 h prior to forced air cooling to room 
temperature. The selection of the intercritical annealing tem-
perature is described in subsequent sections. 

Thermodynamic Simulations

To select the appropriate heat treatment temperatures, 
single-axis equilibrium simulations of phase fraction versus 
temperature were performed in Thermo-Calc 2024a software 
using the TCFE13 database. Specifically, the amount of aus-
tenite and ferrite were simulated between 600–850°C. The 
results of these simulations, which guided the heat treatment 
temperature, are described in the results section. 

Gulliver-Scheil solidification simulations were also per-
formed to determine the Kou crack susceptibility index (CSI) 
for each composition using Equation 2 (Ref. 13), 
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Table 1 — Compositions and Carbon Equivalent for All Base Materials (wt-%)

Alloy C Mn Si Cr Cu CE

0Cu 0.1 1.81 0.17 0.46 0.02 0.49

28Cu 0.1 1.99 0.24 0.5 0.28 0.55

83Cu 0.1 1.97 0.25 0.48 0.83 0.58

83Cu_RMn 0.1 1.76 0.25 0.49 0.83 0.55

(1)

(2)
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square root of solid fraction curve taken between (fs) of 0.85 
and 0.99. Predictions of crack susceptibility were compared 
against weldability results aimed at determining the suscep-
tibility to solidification cracking.

Laser Welding Parameters

A 4 kW ytterbium fiber laser (YLS-4000) with an IPG D30 
series welding head on a three-axis gantry was used for weld-
ing. Full penetration autogenous laser welds were performed 
using a power of 900 W and a travel speed of 30 mm/s with a 6 
mm defocus. Argon was flowed at a rate of 12 ft3/h for shielding. 
Laser welds were performed transverse to the sheet rolling 
direction for all samples, including cross-tension and Sigma-
jig hot cracking specimens, as described in the next section. 

Weldability Testing

The Sigmajig test, which applies tensile stress perpen-
dicular to the welding travel direction (Ref. 14), was used 
to evaluate solidification cracking susceptibility. Samples 
for this test were machined to a 25 mm ⨉ 50 mm geometry 
and loaded to stresses of 234, 257, 280, 304, and 327 MPa 
(in the rolling direction) prior to autogenous laser welding. 
After testing, crack lengths were measured using light opti-
cal microscopy, and a % cracking metric was calculated by 
dividing the maximum crack length by the length of the weld. 

Hardness and Tensile Testing

Samples were sectioned perpendicular to the weld travel 
direction for hardness measurements using a LECO AMH55 
automated microhardness indenter. Indents were made using 

a 100 g load in three rows spaced 400 μm along the thickness 
of the sheet, each with 60 indents spaced 100 μm apart to 
span the width of the weld. This grid of indents captured hard-
ness variations across the fusion zone, HAZ, and base metal. 

Tensile tests were performed using an MTS Alliance RT/100 
electromechanical load frame with an engineering strain rate 
of 10-4 s-1 at room temperature and a Shepic extensometer 
with a 25 mm gauge length. Subsize ASTM E8 tensile test 
specimens with a 6 mm gauge width, 1.5 mm thickness, and 
32 mm parallel length were used for the base metal and cross-
welded samples. In cross-welded samples, the autogenous 
laser weld was placed in the center of the parallel length. 

Microscopy

Samples were metallographically polished and etched 
with 1% nitric acid in ethanol prior to imaging using a Tescan 
S8252G SEM, with a 20 keV accelerating voltage and 10 nA 
beam current, using a secondary electron detector. The same 
SEM imaging settings were used to evaluate fracture surfaces 
from Sigmajig testing. Optical microscopy and macro photos 
of specimens were used for crack length measurements. 

Results

Thermodynamic Simulations and Heat 
Treatment Temperature Selection

The amount of austenite as a function of temperature was 
simulated for the alloys used in this study. Copper serves 
to stabilize austenite, so at a given temperature, there is 
predicted to be a higher phase fraction of austenite with 
increasing copper content. An annealing temperature of 

1/2

Table 2 — Equilibrium Amount of Austenite (γ) Predicted at 750°C 

Alloy 0Cu 28Cu 83Cu 83Cu_RMn

Vol-% γ 36 45 53 48

Fig. 1 — A — Gulliver-Scheil simulations; B — Kou CSI values for each alloy.

A B
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750°C was selected to result in a range of austenite contents 
from 36–54% in all of the alloys, as shown in Table 2. Initial 
experimentation found that lower annealing temperatures 
(~700°C or below) were found to require very long times (> 10 
h) to produce ferrite recrystallization, while higher tempera-
tures (~800°C or higher) resulted in complete austenitization 
of the higher copper content alloys. It can be seen that the 
reduction of manganese in the 83Cu_RMn alloy reduced the 
amount of austenite stable at 750°C to nearly the same as 
the 28Cu alloy that had the same carbon equivalent. 

The results of Gulliver-Scheil simulations used to calcu-
late the Kou CSI are shown in Fig. 1A. Figure 1B shows that 
the CSI values generally increased with increasing copper 
content, and the reduction in manganese content reduced 
the CSI nearly to the value of the 28Cu alloy with similar 
carbon equivalent. 

Base Metal Microstructure and Tensile 
Properties

Micrographs of the base metal microstructures following 
intercritical annealing are shown in Fig. 2. All of the alloys 
showed a combination of ferrite (darker recessed features) 

with a non-ferritic constituent that was likely a combination 
of martensite and retained austenite (brighter proud fea-
tures), referred to as MA. The MA constituent was a remnant 
from the austenite formed during intercritical annealing. A 
higher fraction of MA constituent was present with increasing 
copper content, concomitant with increases in the amount 
of austenite predicted to be present at 750°C, as summa-
rized in Table 2. Additionally, the size of the ferrite grains 
decreased with increasing copper content. The reduction 
of manganese in the 83Cu_RMn alloy (Fig. 2D) did appear 
to have reduced the amount of MA relative to the 83Cu alloy 
(Fig. 2C) but not nearly to the degree of the 28Cu alloy, as 
thermodynamic simulations suggested. The ferrite grain size 
of 83Cu_RMn also appeared to be finer than that of 28Cu. In 
short, although reducing the manganese content may have 
led to a reduction in hardenability vis-à-vis reduced carbon 
equivalent, the base metal microstructure of 83Cu_RMn 
was more comparable to the 83Cu alloy than the 28Cu alloy.

 Engineering stress-strain curves for each base metal are 
shown in Fig. 3. The addition of copper steadily increased 
yield strength and ultimate tensile strength while decreas-
ing total elongation. Refinement in the microstructural 
scale, combined with more MA constituents due to copper, 

Fig. 2 — SEM micrographs of the intercritically annealed base metal for the following: A — 0Cu; B — 28Cu;  
C — 83Cu; D — 83Cu_RMn. All microstructures were etched with 1% nital.

C D
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as shown in Fig. 2, correlated with increased strength and 
reduced ductility observed. The reduction of manganese 
in the 83Cu_RMn alloy reduced the strength such that the 
yield and ultimate tensile strength were similar to the 28Cu 
alloy with similar carbon equivalent, but the ductility was only 
slightly improved compared to 83Cu. As might be expected 
from the microstructures in Fig. 2, the reduction in manga-
nese did not fully compensate for increased copper content. 

Laser Weld Microstructure, Hardness, and 
Tensile Properties

Figure 4 shows a hardness profile superimposed on a corre-
sponding optical micrograph of an etched laser weld, using the 
83Cu alloy as an example. It can be seen that the fusion zone 
(FZ) and the majority of the HAZ displayed higher hardness 
than the base metal. For all alloys, the HAZ region closest to 
the FZ exhibited the highest hardness, while the edge of the 
heat-affected zone nearest the base metal showed the lowest 
hardness. These regions are assumed to be the coarse-grained 
HAZ (CGHAZ) and subcritical HAZ (SCHAZ), respectively. 

Laser weld hardness profiles for all alloys are compared 
in Fig. 5. The trends in base metal hardness reflected those 
seen in strength properties from tensile testing shown in 
Fig. 3, where higher hardness values were observed with 
increasing copper content. Similarly, the trends in the lowest 
hardness region of the heat-affected zone matched that of 
tensile properties (i.e., increasing copper content leads to 
higher hardness values), while the reduction of manganese 
reduced hardness in proportion to carbon equivalent. How-
ever, hardness trends in the FZ and CGHAZ were slightly 
different. The FZ and CGHAZ of the 83Cu and 28Cu alloys 
showed higher hardness than both 0Cu and 83Cu_RMn. 

To provide some insight into the variation in hardness 
observed in Fig. 5, representative microstructures of the (A) 
lowest hardness region of the HAZ, (B) highest hardness region 
of the HAZ, and (C) center of the fusion zone are shown. The 
lowest hardness region of the HAZ very closely resembled that 
of the base metal, which explains why the trends in this region 
matched those of the base metal. Some degree of martensite 
tempering in the MA constituent was likely responsible for the 

hardness reduction observed, as no other significant micro-
structural change was evident. However, the microstructures 
in the highest hardness regions of the HAZ and FZ appeared 
largely martensitic. The length of the martensite plates in the 
FZ appeared to be larger than those in the HAZ, indicating a 
larger prior austenite grain size compared to the CGHAZ. The 
finer martensite in the CGHAZ could explain the higher hard-
ness relative to the FZ. Furthermore, the influences of copper 
content on austenite stability and resulting microstructure 
after intercritical annealing were no longer present in the FZ 
and high hardness region of the HAZ, so it stands to reason 
that the trends in hardness for these regions would be some-
what different compared to the base metal. It appears that the 
decrease in manganese lowered the hardness in martensitic 
regions to values comparable to those of the 0Cu alloy. 

Engineering stress-strain curves for the cross-weld ten-
sile samples are shown in Fig. 6A. The effects of copper and 
manganese content on cross-weld tensile properties closely 
resembled those observed in the base metal, as seen in Fig. 3, 
albeit at lower elongation ranges. Increasing copper content 
led to higher strength and lower ductility, while reducing 
manganese (in the 83Cu_RMn alloy) lowered strength com-
parable to the 28Cu alloy of the similar carbon equivalent. 

Fig. 3 — Engineering stress-strain curves for each 
base metal. 

Fig. 4 — Vickers hardness vs. distance superimposed on an etched optical micrograph of a weld on the 83Cu 
alloy. The fusion zone, heat-affected zone, and base metal are highlighted. 
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Ductility in the 83Cu_RMn alloy was not recovered to the 
same degree compared to 28Cu, however. The ultimate 
tensile strengths of the cross-weld samples were similar to 
those of the base metal counterparts, but total elongation 
values decreased by nearly half. All samples necked near the 
softened region of the HAZ and failed in a ductile fashion 

similar to the base metal, as shown in Fig. 6B. Considering 
that the majority of the weld fusion zone and heat affected 
zone showed higher hardness than the base metal, it would 
be expected that tensile behavior of the cross-weld samples 
would be controlled by properties of the base metal. 

Fig. 5 — Hardness profiles of laser welds on all alloys. SEM SE micrographs of (top): A — Lowest hardness 
region of the HAZ; B — highest hardness region of the HAZ; C — center of the fusion zone. Error bars in 
the plot indicate 95% confidence intervals of the mean values at each location based on three hardness 
measurements. 

A B C

A B

C

Fig. 6 — A — Engineering stress-strain curves of cross-welded samples of each alloy; B — representative macro 
photo of the neck and failure location of a cross-weld specimen 

BA
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Sigmajig Weldability Testing

The results of the Sigmajig testing are shown in Fig. 7 as 
cracking % vs. applied stress. With increasing stress, each 
alloy showed a rather abrupt transition from negligible to 
complete (100%) cracking, indicative of high solidification 
cracking resistance (Ref. 14). Sufficiently high stress could 
not be achieved to result in 100% cracking for the 83Cu 
alloy, but the onset of cracking was achieved at the highest 
stress used in this study. The stresses associated with the 
onset of cracking increased with copper content, which was 
opposite to the trends in CSI shown in Fig. 1. The decrease in 
manganese for the 83Cu_RMn alloy resulted in the lowest 
stress for the onset of cracking compared to all other alloys, 
disproportionately lower than the 28Cu alloy with similar 
CE and CSI.

All of the conditions that showed any degree of cracking, 
less than complete separation, exhibited a 30–50% decrease 
in stress after the test, indicating plastic deformation during 
welding. To determine whether extensive plastic deforma-
tion occurred, the fracture surfaces of a sample that exhibited 
complete separation were evaluated. Figure 8 shows macro 
images and fractographs of a sample that exhibited complete 
separation after testing. The majority of the weld (left side of 
Figs. 8A and B) was highly deformed, displaying a significant 
reduction in area with microvoid coalescence along the surface 
(Figs. 8C and D). Only the very end of the weld (right side of 
Figs. 8A and B) exhibited brittle, flat fracture with no discern-
ible reduction in area and a fracture surface perpendicular to 
the applied stress. This region displayed what appeared to be 
dendrites on the fracture surface, indicating that solidification 
cracking likely occurred. It is likely that the majority of the weld 
yielded and ruptured in a ductile manner, while solidification 
cracking was limited to only the end of the weld. 

In the samples that showed some degree of cracking, but 
not complete separation, thinning of the weld (but not com-
plete ductile fracture) was observed with what appeared to be 
solidification cracking at the end of the weld, as shown in Fig. 
9. Overall, it appears that the trends observed in weldability 
testing were primarily influenced by variations in the strength 
of the material instead of variations in predicted solidification 
cracking susceptibility, which indicates all of the alloys were 
quite resistant to solidification cracking and weldable.

Discussion

Base Metal Microstructure and 
Hardenability 

As shown in Fig. 2, the relative amounts of ferrite vs. MA 
constituents in the base metal varied as a function of copper 
content. At a given intercritical annealing temperature, higher 
copper content increased the thermodynamic stability of 
austenite, while the reduction of manganese content lowered 
austenite stability, as summarized in Table 2. Upon cooling, 
whatever amount of austenite that formed during intercritical 
annealing likely transformed into some amount of martensite 
(and/or potentially bainite, although this was not evaluated 
here), with the amount of austenite formed during annealing 
having a direct impact on the amount of MA in the final micro-
structure. This trend was also reflected in the hardness of 
the base metal, which steadily increased with copper content 
(and lowered with reduced manganese content). Further, the 
base metal microstructures showed that the average ferrite 
grain sizes decreased as copper content increased, likely due 
to the increased amount of formed austenite that effectively 
subdivided the ferrite grains. Solute copper may also act to 

Fig. 7 — Sigmajig results of cracking % as a function of applied stress for the alloys with varying copper content. 
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impede grain boundary motion through solute drag, further 
contributing to microstructural refinement (Refs. 15–17). 

Carbon equivalent (CE) is essentially an indicator of hard-
enability and, more specifically for welding, the capacity of a 
steel to form martensite upon rapid cooling after welding (Ref. 
5). Relative to manganese, copper has a relatively small but still 
positive contribution to hardenability, as shown in Equation 
1. The reduced manganese alloy, 83Cu_RMn, was designed 
with this in mind (to achieve a CE comparable to alloy 28Cu) 
(Ref. 18). All heats displayed a similar hardness profile shape, 
as shown in Figs. 4 and 5. In particular, all exhibited a slight 
softening in the SCHAZ, a peak in hardness at the CGHAZ, and 
some intermediate hardness in the FZ. Despite differences 
in CE as a function of copper content, negligible differences 
in the size of the HAZ were observed. This could have been 
due to the highly localized nature of the HAZ following large 
temperature gradients during the weld.

Hardness in the Heat-Affected Zone

Softening of the SCHAZ was evident for all alloys tested, 
but it was most prominent in the 28Cu and 83Cu heats. This 
softening was likely due to tempering of the martensite in the 
MA constituent from the base metal. It has been observed 
elsewhere that alloys with higher fractions of martensite 
exhibit a higher degree of softening in the SCHAZ (Ref. 9). 
However, it should be noted that the reduction of manga-

nese in the 83Cu_RMn heat lowered the degree of softening. 
Hardnesses in the CGHAZ and FZ were shown to increase with 
the addition of copper and decrease with the reduction in 
manganese content. Unlike the base metal or SCHAZ, trends 
in hardness in the FZ and CGHAZ were not influenced by the 
microstructural constituents from the base metal. Because 
these regions were largely martensitic, differences in hard-
ness were likely attributable to composition and associated 
solid solution strengthening. Copper imparts strengthening 
on the order of 52 MPa/wt-%, and manganese is similar at 44 
MPa/wt-% (Ref. 19). For the compositional range explored 
here, an increase in solid solution strengthening of approx-
imately 42 MPa could have been expected from increasing 
copper content alone. Using a proportionality constant of 
2.876 (between changes in yield strength and hardness) 
(Ref. 20), this would have translated to a hardness increase of 
approximately ~15 HV due to copper content. The observed 
increases in hardness from the lowest to highest copper 
content ranged from 10–30 HV in Fig. 5, which may have 
also included unaccounted changes in carbon, nitrogen, and 
silicon content and associated solid solution strengthening.

Base Metal and Cross-Weld Tensile 
Properties

The engineering stress-strain curves for each base mate-
rial shown in Fig. 3 all exhibited continuous yielding and 

Fig. 8 — A representative sample from the 0Cu alloy showed 100% cracking at 303 MPa. Light optical 
macrographs oriented include: A — Down on the sample; B — toward the fracture surface. SEM SE micrographs 
of C and D — fracture surface along necked region; E and F — fracture surface exhibiting flat fracture 
perpendicular to the applied stress. 

A

B

C D E F
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relatively high strain-hardening, typical for intercritically 
annealed dual-phase steels. The addition of copper steadily 
increased tensile strength while decreasing elongation to 
failure. For the high copper alloys, a decrease in manganese 
content was shown to lower tensile strength to that of the 
28Cu heat while only partially recovering some ductility. The 
dominant contributor to these variations in tensile behavior 
was likely differences in the amount of the MA constituent. 
However, solid solution strengthening due to increased sub-
stitutional copper also played a relatively smaller role, with 
a predicted contribution of approximately 42 MPa for the 
highest copper composition explored in this work.

The cross-weld tensile tests outlined in Fig. 6 followed 
similar trends to the base metal (i.e., copper imparting higher 
strength and lower ductility). Compared to their base material 
counterparts, tensile strengths of the cross-welded samples 
were similar; however, elongation to failure decreased by 
approximately 30–40% for all alloys. Failure occurred near 

the lowest hardness region of the HAZ for all materials, which 
is likely why the tensile behavior so closely resembled that 
of the base metal. The reduction in ductility in the cross-
welded samples may have resulted from the high hardness 
weld and HAZ acting to restrain lateral contraction during 
tensile deformation, introducing some degree of triaxiality 
to the stress state. 

Weldability

Gulliver-Scheil simulations in ThermoCalc predicted a 
steady increase in the solidification cracking susceptibil-
ity via the Kou CSI with the addition of copper and a slight 
decrease with reduced manganese. It should be noted, how-
ever, that the range in CSI values for the alloys evaluated here 
(20–30°C) was quite low compared to other alloy systems, 
such as Al-Cu (200–1600°C) reported by Kou (Ref. 13). The 
low CSI values implied that the alloys evaluated here should 

Fig. 9 — SEM SE micrograph of a partial crack interior (28Cu at 304 MPa), showing what appears to be 
dendrites on the fracture surface. 
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be quite resistant to solidification cracking, which was cer-
tainly reflected in the Sigmajig results. The Sigmajig results 
in Fig. 7 displayed rather abrupt increases in cracking with 
increasing applied stress. That is, a sample either barely 
cracked or failed completely, with only a slight increase in 
stress. This abrupt behavior occurred when extensive plastic 
deformation occurred during welding, and when the ele-
vated temperature ultimate tensile strength was reached, the 
sample failed in a ductile manner. A more moderate increase 
in the amount of cracking with higher applied stresses is 
typically observed for alloys susceptible to solidification 
cracking (Ref. 14). Further, no alloy at any stress level eval-
uated showed complete fracture by solidification cracking. 
Partially cracked samples exhibited solidification cracking at 
the end of the weld, with the remaining portion of the weld 
considerably thinned due to plastic deformation. Full width 
failures also showed a small amount of solidification cracking 
at the end of the weld with extensive reduction in thickness 
and ductile fracture throughout the remaining majority of 
the weld length, as seen in Fig. 8. Considering the extensive 
plastic deformation in all conditions displaying any cracking 
at all, the Sigmajig results reflected the effect of copper on 
strength in what was essentially a hot tensile test, as opposed 
to solidification cracking susceptibility per se. However, the 
reduction in manganese in the 83Cu_RMn alloy appeared to 
have reduced the stress threshold for the onset of cracking 
to a much greater degree than would be expected from its 
strength relative to the other alloys. The negative influence 
of reduced manganese on the onset of cracking, in excess 
of what would be expected from the observed decrease in 
strength, requires more investigation. 

Outlook for Increased Residual Copper in 
Welded Sheet Steels

Overall, the effects of increased residual copper on laser 
weldability of dual-phase steels were found to be highly 
dependent on base metal microstructure. Under fixed inter-
critical annealing conditions, microstructures of the alloys 
with increased copper content showed finer ferrite grain sizes 
and more MA constituents, which heavily influenced nearly 
all downstream mechanical properties, welded or otherwise. 
If the intercritical annealing treatments had been tailored for 
each composition to achieve more comparable microstruc-
tures, differences in strength properties would have likely 
been minimized. This work evaluated the efficacy of using 
carbon equivalent to guide alloy design to compensate for 
the effects of increased copper content. Although reducing 
manganese content appears to have reduced strength proper-
ties, ductility was not fully recovered. Furthermore, reductions 
in manganese reduced weldability to a greater degree than 
would be expected from tensile properties. Overall, it appears 
that the dual-phase sheet steels evaluated here can accom-
modate increases in residual copper without drastic debits in 
weldability and weld performance, but careful consideration 
of the influences of copper on the annealed base metal micro-
structure development must be taken. 

Conclusions
This work aimed to assess the effects of increasing resid-

ual copper content on microstructure, laser weldability, and 
weld performance of a low-carbon dual-phase sheet steel. 
Carbon equivalent was used to account for the increased 
hardenability effects by reducing the manganese content. 
Microhardness and cross-weld tensile tests of autogenously 
laser-welded sheet were conducted and compared to base 
metal tensile properties to evaluate weld performance. The 
Sigmajig tests were performed to evaluate hot cracking sus-
ceptibility. The main conclusions of this work are as follows:

1. After intercritical annealing at 750°C for 5 h, the higher 
copper alloys showed a greater amount of MA constituent 
and finer ferrite grain size due to a greater amount of aus-
tenite present during annealing. The increase in austenite at 
the intercritical annealing temperature was predicted with 
thermodynamic simulations. 

2. Base metals with higher copper content exhibited 
increased yield and tensile strength but decreased ductility. 
While copper solid solution strengthening may have played 
a role, the differences in ferrite grain size and MA amounts 
likely contributed most to variations in tensile properties.

3. Autogenous laser welds of all alloys showed similar 
hardness profiles where the fusion zone and the majority 
of the heat-affected zone exhibited higher hardness than 
the base metal. The heat-affected zone closest to the base 
metal showed some softening, likely due to the tempering 
of martensite in the MA constituent. 

4. The trends in cross-weld tensile behavior were the same 
as in the base metal. All cross-weld tensile samples necked 
at the lowest hardness region of the heat-affected zone and 
failed in a ductile fashion. 

5. A reduction in manganese content, guided by calculations 
of carbon equivalent, was shown to reduce strength-related 
tensile properties of the base metal and cross-weld samples, 
but ductility was not fully recovered.

6. All of the materials were observed to exhibit extensive 
plastic deformation, while minor solidification cracking was 
observed in the Sigmajig tests. This led to an increase in stress 
for the onset of cracking with increasing copper content, 
concomitant with increases in base metal strength. The 
reduction in manganese was found to decrease the stress 
for the onset of cracking to a greater degree than base metal 
tensile properties would suggest.
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