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Welds in dual-phase (DP) steels exhibit heat-affected zone (HAZ) softening in which the tem-
pered or subcritical HAZ exhibits a lower hardness vs that of the parent material. The rate of
this softening reaction with respect to welding heat input was determined for four DP steels by
making several bead-on-plate laser welds using a variety of heat inputs and measuring the
resulting minimum hardness. The reduction in hardness was then fit to the Avrami equation,
enabling a comparison of the relative heat needed to soften each steel. It was found that the heat
input required for HAZ softening decreased as the C content of the martensite within the DP
structure increased. However, the presence of carbide forming alloying elements such as Cr and
Mo was able to increase resistance to softening.
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I. INTRODUCTION

WITH the implementation of legislation to increase
automotive fuel efficiency,[1] automakers are seeking a
variety of means to reduce vehicle weight. One of the
ways that this is being accomplished is by replacing
traditional steel grades with advanced high-strength
steels (AHSS). This allows the steels to be downgauged,
thereby reducing overall part weight.[2] Dual-phase (DP)
steels are one of the commonly used AHSS grades being
adopted by automakers.

DP steels derive their strength from a composite
microstructure comprising ferrite, martensite, and bai-
nite. However, as martensite is a thermally unstable
phase, it will tend to decompose in the heat-affected
zone (HAZ), resulting in softening of the local micro-
structure. This phenomenon has long been recognized
and is typically known as HAZ softening.[3,4] HAZ
softening is unavoidable in DP steels and occurs in the
tempered or subcritical HAZ where the temperatures
experienced during welding do not exceed the Ac1
temperature of the material.[4,5] As martensite tempering
fundamentally changes the DP microstructure, the
mechanical properties of this area of the HAZ are
characterized by a decrease in the yield and ultimate
tensile strength, an increase in ductility, and the return
of yield point elongation.[6] HAZ softening may also
lead to strain localization and failure in the subcritical

HAZ at stresses below the base material’s ultimate
tensile strength.[5,7]

As HAZ softening can have an adverse effect on
weldment strength, much work has been done to
characterize this phenomenon. It has been determined
that HAZ softening is a very complex phenomenon and
is affected by: microstructure martensite content, steel
chemistry, heat input, and prestrain.[6–10] The potential
hardness difference between the softened HAZ and the
base material is proportional to the steel martensite
content.[6,8] Steel alloy content can decrease HAZ
softening by impeding the softening rate.[9] Increasing
heat input (increasing the ratio of welding power to
travel speed) increases HAZ softening as the local
temperature of the subcritical HAZ is elevated for
longer times, further advancing the tempering reac-
tion.[7–10] Finally, prestrain has been seen to increase the
overall magnitude of HAZ softening while increasing
the absolute hardness of the softening region.[6,9]

Although considerable work has been done to char-
acterize the effects of different material and processing
parameters on HAZ softening, there has been no
systematic study examining how the chemistry and
microstructure of DP steels affect martensite tempering
reaction kinetics occurring during the short time scales
of welding. This study reports on how changing heat
input affected HAZ softening in four DP steels: two
DP600s and two DP780s. The resulting softening curves
from welds in all four materials were then compared by
normalizing the softening data, and the observed
softening kinetics related to the steel metallurgy.

II. METHODOLOGY

A. Materials

Experiments were carried out on four industrially
produced steels: two DP600 steels and two DP780 steels.
These steels were chosen as their microstructures and
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chemistries were significantly different from each other,
allowing a determination of how these factors affected
softening kinetics. Both of the DP600s had relatively
rich chemistries, being alloyed with higher amounts of
carbide stabilizing elements, with one alloyed with Cr
and the other alloyed with both Cr and Mo. The DP780s
examined represent both rich and lean chemistry phi-
losophies. The rich chemistry was alloyed with C, Mn,
Si, Cr, and Mo, whereas the lean chemistry was only
alloyed with C, Mn, and Si.

All materials were produced via the conventional
industrial processing route of casting, hot rolling, and
pickling followed by cold rolling. The two DP600 and
rich DP780 materials were subsequently processed
through a continuous galvanizing line in which the
materials were intercritically annealed, rapidly cooled,
and dipped in a conventional high Al galvanizing bath.
The lean DP780 was processed in a similar manner
(intercritical annealing and rapid cooling) through a
continuous annealing line but was not coated with zinc.

Detailed characteristics of the as-received (base) steels
may be found in Table I where the chemistries of the
steels are listed in weight percent with the atomic percent
of the alloying additions in parentheses. Table I also
includes a summary of the microstructure of each base
steel, where martensite volume percent and the sum of
the martensite and bainite volume percent are listed as
fmart and fMA, respectively. Due to C partitioning during
the creation of the DP microstructure, the martensite
and bainite C content was estimated separately from the
steel bulk C content. This was calculated by assuming
that the C content of the ferrite phase was 0.02 wt pct
with the remaining C being partitioned equally between
the martensite and bainite phases. Finally, the hardena-
bility of the steels were compared using Yurioka’s
carbon equivalent equation (CEN).

[11] The microstruc-
tures of the as-received base materials are shown in
Figure 1. It should be noted that limited autotempering
was seen in the martensite phase of all of the steels
examined (inset micrographs in Figure 1). This auto-
tempering likely arose from the lower cooling rates after
final thermal processing. However, significant volume
fractions of untempered martensite were also present in
the microstructures of the DP600 steels (Figures 1(a)
and (b)).

B. Welding

All samples were laser welded in the bead-on-plate
orientation. High heat input welds (welds made with
higher power per unit length) were made using a 4-kW
diode laser, and low heat input welds were made using
an 8-kW CO2 laser (operated at 80 pct power) in the
case of the DP600s and a 1-kW Yb fiber laser in the case
of the DP780s. The characteristics of all of the lasers
may be found in Table II.

C. Measuring Welding Heat Input

Although three lasers were used to create the welds
used in this study, the softening results for each
experimental condition were compared on the basis of
welding heat input. To avoid determining the influence
of beam diameter, material absorptivity, and welder
efficiency, heat input was calculated directly from the
HAZ microstructure per the methodology of Xia et al.[8]

This technique involves measuring the distance from the
weld centerline to both the fusion boundary and to the
edge of the intercritical zone where the peak tempera-
tures reached during welding were the steel’s melting
point and Ac1 temperatures, respectively (Figure 2).
Using these measurements, the heat input could be
calculated using Rosenthal’s two-dimensional solution
for weld zone temperature[8]:

Qnet

vd
¼ qcpðrAc1 � rmÞ 2peð Þ

1
2

1
TAc1

�T0
� 1

Tm�T0

� � ½1�

where Qnet is the welding power, v the welding speed, d
the plate thickness, q the material density, cp the
material specific heat capacity, and TAc1 ; Tm, and T0

are the Ac1, melting, and ambient temperatures, respec-
tively.
To impart a physical meaning to the heat input, it was

converted into a time constant similar to that used by
Ion et al.[12] In the present case, the time constant
represents the time to heat a point in the weld HAZ
from ambient temperature to its Ac1 temperature. Thus,
if a weld is made with a high heat input (slow welding
speed), it will require significant time for the HAZ to
reach the Ac1 temperature, resulting in a large time

Table I. Details of Base Materials Used in Study. Steel Chemistries Given in Wt Pct (At. Pct)

Grade DP600 DP600 DP780 DP780
Design Cr Cr/Mo Rich Chemistry Lean Chemistry
Thickness (mm) 2.0 2.0 2.0 1.5

C 0.10 0.11 0.15 0.10
Mn 1.8 1.6 1.9 1.8
Si 0.14 (0.29) 0.19 (0.38) 0.23 (0.45) 0.33 (0.64)
Cr 0.34 (0.36) 0.22 (0.23) 0.32 (0.35) 0.02 (0.02)
Mo 0.01 (0.00) 0.20 (0.12) 0.11 (0.06) 0.02 (0.01)

CEN 0.35 0.36 0.52 0.31
fMart (pct) 2.9 3.5 9.3 17.0
fMA (pct) 27.4 22.8 14.7 17.0

Base hardness (VHN) 194 214 243 249
Martensite C content (calculated wt pct) 0.31 0.41 0.90 0.49
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constant, and the opposite is true if a weld is made with
a low heat input. The time constant, as defined by Xia
et al.,[8] is given by:

s ¼ 1

4pekqcp

Qnet= vdð Þ½ �2

TAc1 � T0ð Þ2
½2�

where s is the time constant and k the thermal
conductivity of the base material. Thus, weld heat input
increases as the value of s increases.

D. Sample Preparation

All samples for metallurgical analysis were similarly
prepared. Transverse cross sections were cut from each

Fig. 1—Base material microstructures of (a) Cr DP600, (b) Cr/Mo DP600, (c) rich chemistry DP780, and (d) lean chemistry DP780. Increased
magnification of autotempered martensite from indicated areas are shown in the micrograph insets.

Table II. Laser Characteristics Used for Welding

Laser Machine Laser Source Wave Length (lm) Power (kW) Beam Size (mm)

Nuvonyx ISL-4000 Diode 0.81 4.0 0.9 9 12
IPG Photonics—YLR-1000 Ytterbium Fiber 1.07 1.0 0.6
Trumpf TFL Turbo 8000 CO2 10.6 6.4 0.6

Ac 1 LineWeld Centerline

rAc1

rm

Ac 1 Line
r

rm

300 µm  

Fig. 2—Cross section of a typical weld showing the distance from
the centerline to the fusion boundary (rm) and the edge of the inter-
critical zone (rAc1) (taken from Ref. 8).
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weld well away from both the weld start and crater.
Samples were then hot-mounted and polished using
standard metallographic techniques to a 1-lm diamond
finish using an automatic polishing system (Struers
RotoPol-31, Struers RotoForce-4, and a Struers
Multidoser, Ballerup, Denmark).

E. Microhardness

Microhardness measurements were carried out on
etched (2 pct nital) metallographic samples using a
Vickers indenter with a 200-g load and a 15-second
dwell time. All reported measurements are the average
of three points measured in the through-thickness
direction of the sample cross section, and base material
measurements are an average of nine measurements.
The error bars represent one standard deviation of the
hardness readings. The trend lines presented are math-
ematical best fits.

F. Electron Microscopy

Scanning electron microscopy (SEM) was used to
characterize the base material and identify the state of
decomposition of the martensite within the HAZ after
welding. The microstructure of the materials was revealed
by etching the mounted and polished samples with 2 pct
nital for 2 seconds. All SEM images were taken using a
JEOL-7000F (Japan Electron Optics Ltd., Tokyo, Japan)
field emission SEMwith an acceleration voltage of 15 keV.

The decomposition products of the tempered mar-
tensite were imaged and identified from extraction
replicas with a Philips CM-12 (Royal Philips Electron-
ics, Amsterdam, The Netherlands) transmission electron
microscope (TEM) using an acceleration voltage of
120 keV. Replicas were prepared by etching the cross-
sectioned and polished samples with 2 pct nital for
about 1 second to reveal the weld microstructure. After
etching, all areas of the samples, with the exception of
the subcritical HAZ, were masked with stop-off lacquer.
The samples were then carbon coated using vapor
deposition. After coating, the carbon film was cut and
then lifted from the sample surface by immersing the
sample in 5 pct nital. When the films floated from the
sample surface, they were transferred to a dilute solution
of methanol in water where they were picked up on a
200-mesh Cu TEM grid. All images were taken in
bright-field mode. Select area diffraction (SAD) patterns
were generated using a beam diameter of 700 nm and
various camera lengths depending on the pattern. The
camera constant may be found on each SAD pattern.

III. RESULTS

A. Softening in DP Steels

For all experimental welds, the minimum weldment
hardness was found to be significantly less than the base
material hardness (Figures 3 and 4). The minimum
weldment hardness was a function of weld heat input
where softening increased as the time constant (s)

increased (i.e., higher heat input) until a minimum
hardness was reached, which matches with past work.[8,9]

However, when the hardness–time constant relation for
each material pair were overlaid, it was difficult to
compare the heat needed to soften the steels as either
the initial or the final hardness observed for each material
was different. This is to be expected, as all of the materials
in this study had different martensite contents, which
determines the maximum possible hardness drop.[8] How-
ever, if the rate of reduction in hardness for the materials
is to be compared, then the curves must be normalized
such that they represent the progress of the softening
reaction rather than reduction in material hardness.

B. Decomposition Products in Low and High Heat
Input Welds

Before a transformation may be applied to the
hardness data, the martensite decomposition products
formed in the HAZ of the welds as a function of weld
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Fig. 3—Minimum HAZ hardness vs time constant for DP600 mate-
rials. Note that weld heat input increases with increasing s, per
Eq. [2].
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Fig. 4—Minimum HAZ hardness vs time constant for DP780 mate-
rials and the time constants of the welds examined in Fig. 5. Note
that weld heat input increases with increasing s.
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heat input and alloy chemistry need to be characterized
to determine if it was the same for all experimental
conditions. Under SEM imaging, it was revealed that
not all of the martensite decomposed immediately. After
welding with low heat input, a patchwork of martensite
decomposition was seen within some martensite grains
(Figure 5(a)). When the heat input was sufficiently high,
massive decomposition of the martensite throughout the
microstructure was observed (Figure 5(b)).

TEM examination of the decomposition products
using extraction replicas revealed that the particulate
martensite decomposition products from all conditions
were irregularly shaped (Figures 6 and 7). In general,
the particles found in the HAZ of welds made with high
heat input were significantly larger (via 95 pct confi-
dence intervals of the image analysis results) than those
found in the HAZ of welds made with low heat input.
SAD patterns obtained from these particles revealed
that the particulate decomposition products were
cementite.[13] This matches results by Jung et al.,[14]

who observed that during nonisothermal tempering of
martensitic steels, although e carbides formed at low
temperature, only cementite remained after tempering
near the Ac1 temperature. From the TEM observations
of the replicas on the two DP780s and Jung et al.’s[14]

results, it is assumed that cementite and ferrite will be
the only martensite decomposition products present in
the subcritical HAZ of the DP600 welds after welding,
as the latter steels were similar to the rich DP780 steel in
alloying philosophy and similar to the lean DP780 in
CEN.

IV. DISCUSSION

A. Comparison of Softening Kinetics

The analysis of the softened HAZ revealed that the
martensite within the base material structure decom-
posed to cementite and ferrite. Although it is possible
that e carbide formed during the initial stages of heating,
they were not observed in the subcritical HAZ after
welding. This is consistent with the work of Wang

et al.[15] who modeled martensite decomposition and
found that e carbides grow and dissolve quickly and
showed that cementite formation and growth may be
modeled independently of e carbide. Furthermore, it was
seen in the present results that the martensite did not
immediately decompose after the material reached the
Ac1 temperature. Instead, when the material was tem-
pered for short times, the martensite partially decom-
posed, and this transformation progressed as the time
that the weld was held at the tempering temperature (s)
increased. Finally, after the carbide particles formed,
they grew with increasing tempering time until the
martensite was fully decomposed. This pattern of local
nucleation, growth, and saturation of a transformation
product may be well described by the Avrami equation
of transformation[16]:

/ ¼ 1� exp �ktnð Þ ½3�

where / is the volume fraction of martensite that
has been transformed, k is a fitting parameter repre-
senting the energy barrier to the tempering transfor-
mation, t is the tempering time (s is used in this study),
and n is a fitting parameter related to the rate of the
transformation.
To describe martensite decomposition using the

Avrami equation, a parameter / was defined such that
/ equals zero when the material is in its base state (i.e.,
the as-received base materials, as described in Figure 1
and Table I) and is defined as being equal to one when
the material has been fully tempered or is at its
minimum hardness, as was done by Mittemeijer et al.[17]

/ was calculated using the following equation:

/ ¼ HBase �H

HBase �Hmin
½4�

whereHBase is the hardness of the base metal,Hmin is the
minimum hardness value measured in the HAZ for a
given material, and H is the sample hardness. The use of
the / parameter is based on the assumption that the
material hardness is an average of the hardness of the
individual phases weighted by their respective volume

Fig. 5—Martensite phase found in the softened HAZ from (a) low and (b) high heat input welds from the lean DP780 steel.

2352—VOLUME 41A, SEPTEMBER 2010 METALLURGICAL AND MATERIALS TRANSACTIONS A



percentages in the steel microstructure. Thus, the change
in hardness observed in the subcritical HAZ is assumed
to be due only to the changing volume percentages of
the martensite, ferrite, and tempered martensite phases
as the material tempers. However, it may also be
possible that during tempering, the high internal stresses
present in the DP steels are relieved. If this is the case,
then changes in internal stresses will also be incorpo-
rated into the / parameter. This must be confirmed with
further work.

B. Fitting Softening Kinetics to the Avrami Equation

When all of the hardness data was transformed using
Eq. [4], the softening kinetics of the DP600 and DP780
steels could be readily fit to the Avrami equation. The

fits for all four steels were good, having adjusted r2

values ranging between 0.81 and 0.92 (Table III). It is
also interesting to note that the n parameter that was fit
to the four materials was much lower than the range of 3
to 4 predicted by Avrami for pure particle nucleation
and growth of a polyhedral particle.[16] However, it
should be noted that the value of the n parameters for
the DP780 materials were similar to those measured by
Luppo and Ovejero-Garcı́a[18] and Roberts et al.[19] who
measured this parameter as 0.36 and 0.3, respectively.
Roberts et al.[19] showed that if particle nucleation does
not occur as Avrami described, but instead if the
martensite phase decomposes as a receding front behind
which the daughter products are formed (low carbon
martensite and e carbide in their case, and ferrite and
cementite in the present case), then the n parameter

Fig. 6—TEM images of cementite particles found in the subcritical HAZ of the lean chemistry DP780 welded with (a) low and (b) high heat
input as well as examples of individual particles and their SAD patterns from the welds made with (c) low and (d) high heat input.
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should be approximately 0.5, which matches the value
measured for the DP780 steels. This appears to correlate
with the observations in this study where martensite
decomposed in a patchwork instead of at random and
evenly distributed nucleation sites. However, in the case
of the DP600 steels, where the n parameter was

measured to be 1.6 and 1.7, it is possible that less of
the martensite within these steels was autotempered, and
there were nucleation sites available for the formation of
cementite in the martensite within the as-received
microstructure. So, cementite formed as a result of both
the recession of the martensite front and nucleation
created new cementite particles, resulting in an increase
of the n parameter from that of the DP780 steels.
Now that the hardness data has been normalized with

the / parameter and fit to the Avrami equation, the
progression of the tempering reactions for the four steels
may be compared. It may be seen that the Cr/Mo DP600
softens at slightly shorter time constants than the Cr
DP600, and the lean chemistry DP780 softens more
rapidly than the rich chemistry DP780 (Figures 8 and 9).
When the curves from both steel grades are overlaid,

Fig. 7—TEM images of cementite particles found in the subcritical HAZ of the rich chemistry DP780 welded with (a) low and (b) high heat
input as well as examples of individual particles and their SAD patterns from the welds made with (c) low and (d) high heat input.

Table III. Fitting Constants for the Avrami Equation

DP600 DP780

Cr Cr/Mo Lean Rich

k 0.14 0.20 1.23 0.91
n 1.60 1.73 0.42 0.58
Adjusted r2 0.87 0.87 0.92 0.81
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general observations may be made on the softening
kinetics as a function of overall steel chemistry
(Figure 10). Although it has been suggested in the past
that a high carbon equivalent indicates resistance to
softening,[9] this was not observed in the present case.
Figure 10 shows that the lean DP780 chemistry had the
lowest resistance to softening, although its carbon
equivalent was similar to the two DP600s (Table I),
and the rich chemistry DP780 softened at a rate between
that of the lean DP780 and the DP600s, despite its CEN

being the highest of the materials examined (Table I).
However, with the exception of the lean DP780, the
resistance to softening increased as the martensite C
content decreased.

The effect of steel chemistry on the rate of martensite
decomposition may be further illustrated using the k
parameter from Avrami equation (Eq. [3]) where it can
be seen that an increase in k results in a decrease in the
time to initiate the tempering reaction. Thus, k can be

thought of as representing the energy barrier to initiate
HAZ softening, where higher values of k indicate a low-
energy barrier and relatively easy initiation of HAZ
softening and vice versa for lower values of k.
When the k parameters for the steels were compared,

it was seen that k was proportional to the martensite C
content for the three steels alloyed with carbide forming
elements, with the lean DP780 k value being consider-
ably above this curve (Figure 11). This disagrees some-
what with the results of Roberts et al.,[19] who showed
that k is only a function of martensite C content.
However, in that study, none of the steels were alloyed
with carbide forming elements. In the present case,
Figure 11 indicates that martensite decomposition is a
function of both martensite C content and alloying
chemistry; unfortunately, as only one steel was alloyed
without Cr and Mo, we cannot know the relationship
between k and martensite C content for this steel family
without testing more materials.
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Fig. 8—Progression of martensite decomposition in DP600 steels as
a function of weld time constant. Note that weld heat input
increases with increasing s.
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It is logical that martensite C content controls the rate
of the tempering reaction, as tempering is a diffusion-
driven process where the C within the martensite diffuses
into the surrounding material. As the martensite C
content increases, the driving force for this reaction
increases, speeding the tempering transformation. It is
thought that the lean chemistry DP780 does not fit this
model because it was alloyed without strong carbide
formers such as Mo and Cr. These additions stabilize
the martensite,[20] retarding the tempering reaction and
resulting in the lean DP780 tempering with much lower
welding heat when compared to materials with similar
martensite carbon content.

V. CONCLUSIONS

Bead-on-plate welds were made on two DP600 and
two DP780 steels with different chemistries. After
welding, the hardness of the subcritical zone was
measured and the following can be concluded about
the HAZ softening observed:

1. The minimum HAZ hardness for all of the steels
decreased as heat input increased until a minimum
value was observed. Further increases in heat input
had no further effect on subcritical HAZ hardness.

2. The martensite decomposition product in the sub-
critical HAZ for all welds was cementite.

3. Because HAZ softening by martensite tempering is
a function of cementite nucleation, growth, and sat-
uration, HAZ softening kinetics could be fit to the
Avrami equation.

4. The heat required for HAZ softening decreased as
the martensite C content increased in steels with sim-
ilar amounts of carbide forming alloying additions
(i.e., Cr and Mo). This is consistent with a diffusion
mechanism driving martensite decomposition.

5. The lean DP780 alloyed without Cr and Mo
softened with a lower heat input than its martensite
C content would suggest when compared to the
other steels. This was attributed to its lack of
carbide forming alloying elements that stabilized
the martensite, thereby slowing the tempering
reaction.
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