
Introduction

The increased demand for fuel-
efficient vehicles that meet rigorous fed-
eral safety standards has accelerated the
use of recently introduced dual-phase  and
transformation-induced plasticity (TRIP)
steels. These two steel grades offer a good
combination of high strength and ductility
that make them attractive for various au-
tomobile applications (Ref. 1). Apart from
good formability, these steels also exhibit
higher energy absorption compared to
other high-strength steels such as precipi-

tation-hardened steels (Refs. 2, 3). At
present, dual phase and TRIP steels with a
minimum tensile strength of 590 MPa are
being used extensively and those with a
minimum tensile strength of 780 MPa are

increasingly finding use in automotive 
applications. 

The methods of production of TRIP
and dual-phase steels are shown schemat-
ically in Fig. 1. In the case of TRIP steel,
when the steel is heated into the intercrit-
ical temperature range for annealing, dis-
solution of cementite occurs and
formation of austenite starts. This leads to
a microstructure consisting of a mixture of
austenite and a matrix of ferrite. Holding
time and temperature determine the pro-
portion of each phase. Generally, a phase
distribution of 30% austenite and 70% fer-
rite is aimed for at the end of intercritical
annealing. The annealing temperature
may range from 770° to 850°C. Then, in
the next phase, cooling takes place and is
interrupted at 400°C. This leads to isother-
mal transformation to low-carbon bainite
and carbon-enriched austenite. The final
microstructure consists of low-carbon bai-
nite and a carbon-enriched austenite in a
ductile ferrite matrix and some martensite.
The retained austenite transforms to
martensite when stress is applied during
forming. This transformation is diffusion-
less and gives improved ductility. Silicon,
aluminum, and phosphorus are added to
the steel to retard cementite formation
and help enrich austenite in carbon (Ref.
3). The production of dual-phase steel is
similar to that of TRIP steel except that
the steel is alloyed and cooled from the in-
tercritical temperature range in such a way
as to avoid the formation of bainite. The
final microstructure consists of ferrite and
martensite. The room-temperature mi-
crostructures of both the steels are shown
in Fig. 2.

Both dual-phase and TRIP steels can be
coated with zinc or zinc-iron for automotive
applications. The pure zinc coating is called
galvanized coating and the zinc-iron alloy is
called galvannealed coating. The term “gal-
vanize” comes from the galvanic protection
that zinc provides to steel substrate when
exposed to a corroding medium. A galvan-
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Dual-phase and transformation-induced plasticity (TRIP) steels are finding increased
application worldwide in car and truck bodies due to the many advantages they offer.
These structures are typically joined by the resistance spot welding process. Subsequently,
the welded car bodies and frames are painted and undergo an elevated-temperature paint
baking process. Because the effect of baking treatments on weld microstructures and me-
chanical properties was not known, a systematic study was undertaken to evaluate the ef-
fect of paint baking on the tensile-shear strength and microstructure of resistance spot
welds in 780 MPa dual-phase and TRIP steels.  Peel tests, shear-tension tests, and mi-
crohardness traverses were conducted on the as-welded (nonbaked) and baked weld sam-
ples. Both as-welded and baked welds were examined using both a scanning (SEM) and
a transmission (TEM) electron microscope.  The results showed that postweld baking in-
creased the load-bearing ability of the welds in shear-tension tests compared with that of
the samples in the as-welded condition.  However, for both steel grades, baking had no
effect on the fracture appearance in shear-tension tests, as expected, and no noticeable
changes were observed in weld hardness. TEM examination revealed that, in both the
TRIP and the dual-phase steels, the dislocation density in the ferrite and on ferrite grain
boundaries was low in the base or matrix material, but much higher in the heat-affected
zone (HAZ) and the weld fusion zone, and large areas of lath and twin martensite were
found, along with ferrite, in the weld.  Epsilon (ε) carbide precipitates were found in twin
martensite regions of the weld and HAZ regions in both the dual-phase and the TRIP
steels after baking.  It is believed that baking introduced Cottrell atmospheres around
dislocations and grain boundaries, and thus changed the local yielding behavior, which was
manifested in the small increase in shear-tension strength. Further, the low-temperature
tempering from the baking treatment caused precipitation of transition (ε) carbides in the
martensite within the weld and the HAZ, and is believed to have resulted in a certain
amount of toughening within these microstructures.
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neal coating is obtained by additional heat-
ing of the zinc-coated steel at 450° to 550°C
(840° to 1020°F) immediately after the steel
exits the molten zinc bath. This additional
heating allows iron from the substrate to dif-
fuse into the coating. Due to the diffusion
of iron and alloying with zinc, the final coat-
ing contains around 90% zinc and 10% iron.
These two coatings are applied through a
hot-dipping process. These coated steels are
welded in automotive applications predom-
inantly using the resistance welding process. 

In automobile production, welded car
bodies (body-in-white) go through paint-
ing, at which time they are baked at ele-
vated temperature. Paint baking of
automobile bodies involves multiple bak-
ing treatments typically at temperatures in
the vicinity of 150°C. The time of baking
may range from 20 to 30 min. 

Earlier work on some of the advanced
high-strength steels (AHSS), such as hot-
dipped galvannealed 780 TRIP and hot-
dip galvannealed 590 dual-phase steel,
showed a beneficial effect of baking on
fracture appearance in spot weld peel tests

(Ref. 4). Many of the baked welds in these
steels showed full button pull out in peel
tests whereas, prior to baking, they exhib-
ited predominantly partial weld breaks.
Other reported benefits of postweld bak-
ing TRIP and dual-phase steels include 
increased weld ductility and energy-ab-
sorption in impact tests (Ref. 5). However,
at present there is no clear understanding
of the fundamental mechanism by which
baking influences the weld properties,
hence weld performance. In order to ex-
amine the effect of baking on spot weld
behavior, a study was undertaken on the
effects of baking on resistance spot welds
in 780 MPa TRIP and dual-phase steels.
The study involved the examination of the
tensile properties and the microstructure
of welds in the nonbaked condition (re-
ferred throughout the document as “as-
welded” samples) and the baked condition
to see what, if any, changes occurred from
the baking treatment. The 780 MPa TRIP
and dual-phase steels were chosen for the
study because the resistance spot welding
behavior of these two steels was found to

be similar (Ref. 6). Further, these two steel
grades are increasingly being used in cur-
rent automobile manufacture worldwide.

Materials and Procedures

The samples for this study came from
coils of 780 MPa dual-phase and TRIP
steel that were melted, hot and cold rolled
at United States Steel Corp. Gary Works,
and subsequently coated at PRO-TEC
Coating Co. of Leipsic, Ohio. Both of the
dual-phase and TRIP steel samples were
1.6 mm thick. All weld testing was carried
out on samples in the as-received condi-
tion without any cleaning of the mill oil.
Typically, both steel grades contain around
0.1 to 0.2 wt-% carbon and are generally
alloyed with various amounts of hardening
agents such as manganese, chromium, and
molybdenum (Refs. 7–9). In addition to
these alloying elements, TRIP steels typi-
cally contain silicon or aluminum to effec-
tively suppress the formation of cementite
by increasing the time required for its for-
mation and lowering its thermodynamic
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Table 1 — Typical Mechanical Properties of Steels Used

Steel Grade Thickness, Yield Strength, Ultimate Tensile Strength, Elongation,
mm MPa MPa %

TRIP 1.6 433 800 24.1
Dual Phase 1.6 480 810 18

Table 2 — Welding Equipment Details

Welding Machine  Manufacturer Taylor Winfield Corp.
Welding Machine Type Pedestal 

Welding Machine Transformer 100 kVA
Welding Controller TruAmp IV (constant current type)

Electrode Coolant Water Temperature 21˚C
Tip Cooling Water Flow Rate 3.7 L (1 gal)/min minimum

Table 3 — Welding Conditions

Electrode Face Diameter 7.0 mm
Electrode Force 8 kN

Electrode Tip Geometry Truncated Cone
Squeeze Time 75 cycles

Weld Time 18 cycles
Hold Time 10 cycles
Preheating None
Postheating None

Fig. 1 — Schematic illustration of the methods of production for TRIP and dual-phase steels.

Fig. 2 — Typical microstructures of 780 MPa
TRIP steel (top) and dual-phase steel (bottom).
1000×. LePera's etch.
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stability (Ref. 8). Typical tensile properties
of steels used in this study are shown in
Table 1. Both the steels were hot-dipped
galvannealed with a nominal coating
weight of 42/42 g/m2(42 g/m2 per side).
This coating weight is typical of current
commercial automotive use. 

The details of the welding equipment
used for making the test welds are shown
in Table 2. The welding conditions used to
prepare the spot weld samples are shown
in Table 3. These conditions were deter-
mined after making several welds to as-
certain good nugget profiles. The welding
electrodes used were RWMA Class II with
truncated cone tip geometry. Prior to
preparing the test welds, the electrode tips
were conditioned using the procedure de-
scribed in Ref. 10. 

The baking cycle used for the welds in
this study involved heating the samples at
150°C for 30 min twice followed by 20 min
at 95°C. This bake cycle was chosen based
on the author’s discussions with represen-
tatives of various automotive companies
and it represented the typical paint baking
cycle used in the automotive industry. To
determine the effect of baking on the be-
havior of the resistance spot welds, the fol-
lowing tests and examinations were
performed: 1) shear-tension tests, 2) scan-
ning electron microscopic examination, 3)
transmission electron microscopic exami-
nation, and 4) examination of weld micro-
hardness profiles. All these tests were
done on weld samples both in the as-
welded (unbaked) and baked conditions.
The results from the baked samples were
compared to those obtained from the as-
welded samples.

Weld shear-tension tests were con-
ducted per Ref. 10. A schematic of the
shear-tension test coupon is shown in Fig.
3. The weld size in the tensile samples was
90% of the face diameter of the electrode
tip used. The current required to produce
the required weld size (6.3 mm) was de-
termined prior to preparing the tensile
samples. This was done using the highest

current possible with-
out causing expulsion
in the welds. After
the test, weld sam-
ples were examined
to determine the
mode of fracture.

Microhardness
traverses were deter-
mined at room tem-
perature using a
Vickers hardness
tester. A force of 9.8
Newtons was used
for the microhard-
ness measurements.
The hardness indentations were spaced
0.4 mm apart. The microhardness trav-
erses were done on a diagonal to cover as
much area in the weld and heat-affected
zones (HAZs) as possible. Cross sections
of weld microstructures were examined
using both an optical microscope and a
scanning electron microscope (SEM).

The base material, HAZ edge, and
HAZ center are indicated in Fig. 4. For
the TEM study, conventional thin foils
were prepared from the weld samples. The
locations from which the foils were ex-
tracted are shown in Fig. 4. First, 0.2- to
0.5-mm-thick sheet sample pieces were
obtained from selected sampling locations
using a low-speed diamond-coated cutting
wheel. Each sample was subsequently
thinned mechanically (e.g., using 180- to
600-grit carbide grinding paper) to a thick-
ness of 0.1 to 0.15 mm. 

In order to remove any dislocations
that could have been introduced during
mechanical grinding, the 0.1-mm sheet
samples were further thinned by chemical
polishing with two separate solutions. The
first solution consisted of 50 mL distilled
water, 50 mL hydrogen peroxide (30%
H2O2 by volume, when purchased) and 7
mL HF acid. This was a coarse polishing
step in which the chemical reaction was
somewhat violent. The final chemical pol-
ish consisted of immersing the sheet sam-

ples into a solution of 50 mL distilled
water, 30 mL HNO3, 15 mL HCL, and 10
mL HF. The final thickness of each sheet
sample after chemical polishing was 0.06
to 0.08 mm.

Discs with a diameter of 3 mm were
punched from the center-most region of
the 0.06- to 0.08-mm-thick sheet samples.
These discs were further thinned by elec-
trolytic twin-jet polishing at room temper-
ature. The electrolyte consisted of an
average of 90% (typically 85 to 95%)
acetic acid and an average 10% (typically
5 to 15%) perchloric acid. Polishing was
done at 40 to 80 V DC and a current of 25
to 50 mA. The polish was stopped auto-
matically when the optical sensor in the
polisher detected a hole in the center of
the foil. The sensitivity of the sensor and
the alignment of the twin-jets, sensor and
foil can affect the size of the hole. Typical
polishing times were generally in the range
of 3 to 4 min. Immediately after disc per-
foration, the holder and sample were re-
moved from the polisher and immersed in
ethanol to remove any electrolyte residue. 

The TEM samples were analyzed using
a JEOL Ltd. JEM-200CX transmission
electron microscope (TEM) and JEOL
Ltd. JEM 2000FX STEM (scanning trans-
mission electron microscope) both oper-
ated at 200 kV. Dislocation densities were
estimated by measuring the total projected
length of dislocation lines in a given area
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Fig. 3 — Sketches showing the dimensions of shear-tension test coupon. The
arrows in the sketch show the direction of the application of tensile stress dur-
ing the test. The small rectangular pieces are the shims placed on the samples
during the tensile test.

Fig. 4 — A weld cross section and a corresponding schematic identifying var-
ious regions of a typical resistance spot weld in the steels examined. The
smaller circles in the sketch represent the regions where perforations were ob-
tained in the samples for TEM examination.

Fig. 5 — Interfacial fracture (top sample) in TRIP steel, where the fracture
occurred through the weld nugget, and full button pull out (bottom sample)
in dual-phase steel, where the weld nugget was intact. The spot welds on both
ends of each sample were made to attach shims for tensile testing.
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of a micrograph. Typical areas were se-
lected in the electron micrograph assum-
ing that the dislocation segments are
randomly oriented (isotropic distribution
of dislocations). The average true length
of dislocation line R can be derived from

the average projected length through the
foil, RP, by using the relation

R = (4/π) RP, 

where RP = πNA/(2L), A is the projected

area of the foil containing the dislocation
line, and N is the number of intersections
with dislocations by random lines of length
L.

The dislocation density is then given by 

ρ = R/(At) = 2N/(Lt)

where t is the thickness of the foil, esti-
mated from diffraction condition and ex-
tinction fringes, usually from 50 to 200 nm
(Ref. 11). At least seven fields of view
were used per sample to measure the dis-
location densities. Precision involved in
the data is ± 20%.

Results 

The results of the shear-tension tests
for both as-welded and baked samples are
shown in Table 4. The standard deviation
for the test data in shear-tension testing of
dual-phase steel was 196 Newtons and that
for the TRIP steels was 240 Newtons. It is
apparent from Table 4 that postweld bak-
ing increased the maximum load that the
welds took prior to fracture. This indicates
that both TRIP and dual-phase steels have
noticeable “bake hardening” effect. One
consequence of baking appeared to be an
increase in the load-carrying ability of the
welds. Examination of the fracture ap-
pearance of the samples indicated that,
while most of the as-welded and baked
weld tensile samples in the TRIP steel
broke interfacially (across the weld inter-
face), most of the as-welded and baked
weld samples in the dual-phase steel broke
with a full button pull out (separation of
the button from one of the sheets leaving
the weld intact). Examples of full button
pullout and interfacial fracture modes are
shown in Fig. 5.

Examination of Table 4 indicates that
the maximum load taken by the TRIP
steel samples prior to failure was quite
high. From this, it is apparent that despite
interfacial fractures in tensile tests, the
welds performed quite satisfactorily in the
tensile tests. This demonstrated that in-
terfacial mode of fracture of welds does
not indicate poor weld performance in
these high-strength steels. 

Microhardness profiles for welds in
TRIP and the dual-phase steels in the as-
welded and baked condition are shown in
Fig. 6. Examination of the microhardness
profiles indicated that no significant dif-
ferences in hardness existed between the
as-welded and baked welds. In fact, the
difference in the average weld area hard-
ness between the baked and as-welded
samples was about 3 HVN, which is
smaller than the typical scatter seen in
hardness testing.

The SEM examination of the samples
showed that the weld microstructures in
the as-welded condition consisted of
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Table 4 — Effect of Postweld Baking on Weld Shear-Tension Strength

Average Load Prior to Failure, (a) Newtons
Steel Grade

As-Welded Fracture Mode Baked Fracture Mode

TRIP 23000 Interfacial 24400 Interfacial
Dual phase 23600 Button pull out 24900 Button pull out

(a) Average of five tests.

Fig. 6 — Microhardness traverses for welds in the as-welded and baked conditions for the dual-phase
(top) and the TRIP steel (bottom); Bottom views under each plot show the weld cross sections for each
type of steel and the spacing of hardness indentations (8×).
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martensite in both TRIP and dual-phase
steels. The SEM micrographs from the
weld areas are shown in Fig. 7. In the

baked condition, faint evidence of tem-
pering of the martensite was seen in the
dual-phase steel from the SEM examina-

tion but the structure could not be clearly
resolved. In the heat-affected zone, both
steels showed predominantly martensite
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Table 5 — Summary of TEM Microstructural Characterization Results

Grade Location and Condition Retained Austenite Ferrite Twin Martensite Lath Martensite Tempered Martensite Bainite

Base Material Low Yes Yes Not Observed Not Observed Not Observed
HAZ, As-Welded Yes Yes High Yes Yes Not Observed

Weld Fusion
DP Zone, As-welded Yes Yes High Yes Yes Not Observed

HAZ, Baked Yes Yes High Yes Yes Not Observed
Weld Fusion Yes Yes High Yes Yes Not Observed
Zone, Baked

Base Material Yes Yes Low Yes Not Observed Not Observed
HAZ, As-Welded Yes Yes High Yes Yes Low

Weld Fusion
TRIP Zone, As-Welded Yes Yes High Yes Yes Low

HAZ, Baked Yes Yes High Yes Yes Low
Weld Fusion Yes Yes High Yes Yes Low
Zone, Baked

Note: The weld zone microstructures in the as-welded and baked conditions for both DP and TRIP steels were similar to those in the HAZ regions of the respective steels.

Fig. 7 — Scanning electron micrographs of weld fusion zone microstructures in TRIP steel (top row) and dual-phase steel (bottom row) in the as-welded (left
column) and baked (right column) conditions.

AS-WELDED BAKED
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with small areas of ferrite and bainite —
Fig. 8. In fact, martensite was seen in the
entire width of the HAZ. In the baked
condition, some of the carbides appeared
to be more spherical; however, resolution
was lacking in the SEM.

TEM results for weld and HAZ mi-
crostructures in both dual-phase and
TRIP steels appeared to be consistent with
those obtained from the SEM examina-
tion. Both the weld and the near HAZs
showed similar microstructure, which con-

sisted of predominantly martensite. The
HAZ, which was narrow, showed areas of
ferrite, and small scattered regions of tem-
pered martensite. Various microstructural
constituents revealed through the TEM
examination are summarized in Table 5. It

MAY 2010, VOL. 8996-s

W
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Fig. 8 — Scanning electron micrographs of HAZ  microstructures in TRIP (top row) and dual-phase steel (bottom row) in the as-welded (left column) and
baked (right column) conditions.

Fig. 9 — TEM micrographs of DP steel base material. The dark area contains mainly twin martensite (bundles of 5- to 7-nm-thick plates), and some retained
austenite with a high dislocation density (estimated to be > 1013/cm2 from Ref. 16), the light area is ferrite with low dislocation density (about 3×109/cm2).

AS-WELDED BAKED
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should be pointed out that TEM is not an
appropriate tool for quantitative estima-
tion of microstructural constituents be-
cause of the very small regions it typically
provides for examination. Therefore, the
term “high” in Table 5 is meant to indicate,
in qualitative terms, that large areas of a
particular microstructural constituent
were observed in several of the foils ex-
amined. The term “yes” is meant to indi-
cate noticeable presence, whereas the
term “low” indicates that only isolated,
scattered small areas of a specific mi-
crostructural constituent were observed. It
should also be pointed out that dislocation
density measurements were not attempted
in the martensite regions due to the pres-
ence of high-dislocation density and the
difficulty in resolving the fine substructure.

Some of the key TEM observations of
the weld samples for both the steels are
summarized below.

1) The base material of 780DP steel
has martensite-austenite (M-A) con-
stituent, sometimes along certain ferrite
boundaries. At higher magnifications, the

structure showed that the M-A island con-
tained mainly twin-martensite (bundles of
5- to 7-nm-thick plates), plus some re-
tained austenite. The ferrite region had a
low dislocation density of about 3 to
7×109/cm2. Figure 9 shows the TEM mi-
crographs obtained from the 780DP base
material.

2) The 780DP HAZ and weld regions
in the as-welded sample showed mainly
twin martensite, with isolated small areas
of lath martensite, tempered martensite,
and retained austenite. As the sampling
region moved away from the weld inter-
face boundary, more ferrite grains were
observed, where the dislocation density
ranged from 4 × 1010/cm2 to 3 × 1011/cm2.

3) The 780DP HAZ and weld regions
in the baked condition showed similar
overall microstructure as the as-welded
condition. The overall dislocation densi-
ties were similar to those in the as-welded
samples. Further, epsilon carbides (ε) were
observed in some twinned martensite re-
gions of the baked weld. 

4) The microstructure of 780TRIP base

metal consisted of ferrite, austenite, M-A,
and bainite, with more retained austenite
and more twinned martensite than in the
DP steel. The dislocation structure in fer-
rite was similar to that in DP base mate-
rial. Representative microstructures from
780TRIP base metal are shown in Fig. 10.

5) In the as-welded samples in 780TRIP,
the HAZ and the weld regions contained
mainly twin martensite, with areas of re-
tained austenite. As the sampling region
moved away from the weld interface, more
tempered martensite and ferrite grains were
observed. As with the DP steel, the 
dislocation density in ferrite ranged from 4
× 1010/cm2 to 3 × 1011/cm2. Figure 11 shows
a TEM micrograph of the HAZ in 780TRIP
steel. 

6) The baked 780TRIP HAZ and weld
regions showed similar overall microstruc-
tures with the dislocation densities similar
to those in the as-welded samples. Some
of the major microstructural constituents
of the HAZ in the baked condition are
shown in Fig. 12. Further, as with the DP
steel samples, epsilon carbides were ob-
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Fig. 10 — TEM micrographs of TRIP steel base metal. Ferrite (α), bainite
(B), and lath martensite regions are marked. Lower photograph shows
higher-magnification views of bainite (B) region (dark, with high disloca-
tion density), and ferrite (marked as “α” - light, with low dislocation 
density). 

Fig. 11 — TEM micrographs of TRIP steel HAZ in the as-welded condition,
bright field (top) and dark field (bottom) views of twinned martensite and
retained austenite. The inset in the bottom view shows the selected area dif-
fraction pattern from the twin martensite region.
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served in some twinned martensite re-
gions, indicating decomposition of twin
martensite during the baking process. A
TEM micrograph of epsilon carbide pre-
cipitation from twin martensite regions in
780DP steel is shown in Fig. 13.

Discussion

Fracture Mode 
Differences

There are two different failure modes
that are generally observed in shear-
tension tests, namely, “interfacial frac-
tures” or “full button pull out.” In the in-
terfacial failure, the weld fails at the
interface of the two sheets, leaving half of
the weld nugget in one sheet and half in
the other. In the full button pull out, fail-
ure occurs in the weld HAZ around the
weld nugget. In this failure mode, the weld
nugget is completely torn from one of the
sheets with the weld remaining intact. It is
also possible to get a combination of the
two failure modes in which a portion of
the nugget is pulled out of one of the
sheets and the rest of the nugget shears at
the interface. 

The occurrence of interfacial fractures
in shear-tension tests has historically
been seen to be indicative of poor weld
integrity. This has typically been true for
low-strength steels (tensile strength ≤ 300
MPa), in which interfacial failure is nor-
mally associated with insufficient fusion

or some sort of a weld imperfection, such
as gross porosity.  However, recently it
was shown that for sheet thickness
around 1.6 mm in dual-phase and TRIP
steels both interfacial and full button
pull-out fracture modes are possible. Fur-
ther, above 1.6-mm sheet thickness inter-
facial fractures are the expected mode of
failure (Ref. 12). Thus, the sheet thick-
ness used in this study represents a tran-
sition between full button pull out and
interfacial fracture modes. The results re-
ported here are consistent with earlier
analyses of the expected fracture modes
in shear-tension tests of 780 MPa DP and
TRIP steels (Ref. 12). The present results
showed that the occurrence of interfacial
fractures do not degrade the load-
bearing ability of the 780 MPa TRIP and 
dual-phase steels.

Microstructural Changes

Both SEM and TEM examinations re-
vealed that the major microstructural con-
stituents in the HAZ as well as the weld
fusion zone were similar for both the
steels. The HAZ and the fusion zones
showed a predominantly martensitic mi-
crostructure with areas of ferrite, followed
by small areas of retained austenite, tem-
pered martensite, and a few isolated areas
of bainite. Similar microstructural results
were reported by Khan et al. for resistance
spot welds in dual-phase and TRIP steels
(Ref. 13). In resistance spot welding, due

to the water cooling of the electrodes, the
weld cooling rates are extremely rapid.
Spot welds in thicknesses up to 2 mm typ-
ically solidify in less than 55 to 65 ms (Ref.
14). It has been shown through modeling
that even at 500°C the cooling rates in spot
welding were in excess of 1000°C/s (Ref.
14). For steels, the critical cooling rate, ν,
required to achieve martensite in the mi-
crostructure is given by the following
equation:

log ν= 7.42 – 3.13 C – 0.71 Mn 
– 0.37 Ni – 0.34 Cr – 0.45 Mo   (Ref. 15)

For the 780 MPa dual-phase steel used
here, the critical rate turns to out be about
240°C/s. This means a predominantly
martensitic structure is expected both in
the weld and the HAZ for both steels. 

The TEM analysis indicated that vari-
ous microstructures present in the weld
and the HAZ include predominantly
martensite, followed by ferrite, retained
austenite, tempered martensite, and very
little bainite. Baking the welds at 150°C is
equivalent to a low-temperature temper-
ing of the steels. Although the retained
austenite amount was not determined
quantitatively, it was assumed that it re-
mained unchanged after the baking treat-
ment. Baking the weld samples at 150°C is
not expected to cause any changes to the
retained austenite because decomposition
of retained austenite does not occur until
the samples are heated to above 200°C
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Fig. 12 — TEM micrographs of the HAZ in baked samples from TRIP steel showing the major mi-
crostructural constituents, lath martensite interspersed with retained austenite (top). Bottom row shows
ferrite and twin martensite in bright field (bottom left) and dark field (bottom right) images. The inset
in the bottom-right photograph shows selected area electron diffraction pattern, from an M-A region.
The hexagonal grid marks a standard ferrite <111> zone axis, which almost overlaps with a marten-
site <111>, while the off-line spots are from either twin martensite or retained austenite.

Fig. 13 — TEM micrograph of a baked weld HAZ
in 780DP steel showing the precipitation of epsilon
(ε) carbides from the decomposition of twinned
martensite The bottom photograph shows the se-
lected area diffraction spots from the epsilon (ε)
carbides.
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(Ref. 16). No changes in tempered
martensite are expected from baking at
150°C either, because the temperature is
too low to cause any coarsening of the car-
bides. Bainite is a very minor constituent
either in the weld or the HAZ. This means
any property changes in the HAZ and the
weld fusion zone can be described by
changes that occur in the martensite and
ferrite. The changes that can occur in
these two constituents are from tempering
of the martensite and the bake hardening
of the ferrite. 

The microstructural changes and the
accompanying property changes in tem-
pering of martensite are generally de-
scribed by grouping the changes into three
stages, although there is some degree of
overlap of these stages (Ref. 17). The first
stage of these includes carbon segregation
to dislocations and interstitial sites and
clustering and occurs at relatively low tem-
peratures, below 100°C. This carbon seg-
regation is only detected by electrical
resistivity measurements and not by any
metallographic techniques (Ref. 16). This
step is followed by precipitation of transi-
tion carbides that occurs at temperatures
between 80° and 200°C (Ref. 16). There-
fore, the microstructural changes due to
baking are expected to be subtle and min-
imal. Other changes that occur subse-
quently at higher tempering temperatures
and longer aging times, and are generally
considered under subsequent stages, in-
clude decomposition of austenite, recov-
ery, and recrystallization. In the present
work one needs to be concerned primarily
about the carbon atom segregation and
clustering and some transition carbide
precipitation. The TEM analysis revealed
that one significant difference between the
as-welded and baked weld samples in the
steels is the precipitation of epsilon car-
bides in martensite in the baked samples.

In the as-welded condition, the dislo-
cation density in ferrite grains and on fer-
rite grain boundaries was low in the base
materials, but much higher in the HAZ
and the weld. This is believed to be due to
the strains induced by the formation of
martensite in the HAZ. In the baked con-
dition, the dislocation density in ferrite
was the same as that in the as-welded con-
dition. The martensite region showed ep-
silon carbide precipitation from the
decomposition of twinned martensite. 

Baking Mechanism

It is generally agreed that bake hard-
ening in low-carbon ferrite is a strain-
aging phenomena that occurs at
temperatures higher than those at which
natural aging occurs (Refs. 18, 19). It is
also generally agreed that bake hardening
occurs due to the formation of Cottrell at-
mospheres during the aging process (Ref.

20). The presence of interstitial atoms,
such as carbon, introduces a residual stress
field. This stress can be relaxed when the
interstitial atoms move to the vicinity of
the dislocation cores. This is referred to as
Cottrell atmosphere. In Cottrell atmos-
pheres, the interstitial elements pin the
dislocations. Any subsequent dislocation
movement requires additional force,
which leads to an increase in the yield
strength of the matrix material. Therefore,
from this discussion, it is clear that several
conditions must be met for bake harden-
ing to occur. These are the presence of
mobile dislocations, the presence of suffi-
cient solute concentration, and the mobil-
ity of the solute atoms to migrate to
dislocations at the paint baking tempera-
tures (Ref. 20). All of these conditions ex-
isted in the dual-phase and TRIP steel
baked welds and HAZ.

Meyer et al. studied the bake hardening
response of TRIP steel base materials (Ref.
21) and reported that an increase in the
yield strength of up to 100 MPa was found
after baking the samples. They found a de-
crease in the carbon content and attributed
it to precipitation of carbides. However, no
direct evidence of carbide precipitation was
provided. The TEM characterization of
bake hardening response of dual-phase and
TRIP steels was reported by Timokhina et
al. (Ref. 22). They noted that the presence
of the upper yield point in the dual-phase
steel was evidence of dislocation pinning
during bake hardening. They attributed the
transition of continuous strain hardening
curve in the as-processed condition to dis-
continuous behavior after the bake harden-
ing treatment to the formation of Cottrell
atmospheres that pin dislocations. 

In the case of resistance spot welds, both
in the weld fusion zone and the HAZ, the
microstructure consisted predominantly of
martensite, which is a rich source of dislo-
cations. Typical dislocation densities in
martensite were estimated to be around 0.3
to 0.9×1012/cm2 (Ref. 16). Further, com-
pared to typical bake hardenable steels,
such as the extra-low-carbon (carbon < 200
ppm) steel, where aging is basically con-
trolled by the available interstitial carbon
atoms, both the dual-phase and the TRIP
steels have higher carbon present in the
steel to provide abundant solute atoms.
Therefore, for both the dual-phase and
TRIP steel welds, any property changes
that result from a baking treatment could
be attributed to the formation of Cottrell
atmosphere around dislocations due to dif-
fusion of interstitial carbon atoms to the
dislocation cores (Refs. 23, 24), and the
precipitation of epsilon carbides from the
tempering of martensite (Ref. 16).  

Property Changes

The average increase in load to failure

noted for the TRIP steel welds is 1400
Newtons and for the dual-phase steel
welds is 1300 Newtons. The increase in the
load to failure for the baked samples for
both steels is higher than twice the highest
observed standard deviation, which was
480 Newtons. Examination of weld sizes
after the tensile tests indicated that the
weld sizes were within ± 0.1 mm of the
aim weld size of 6.3 mm, suggesting that
weld size differences did not contribute to
increase in the load-bearing ability of the
welds. This indicates that strengthening
from the baking treatment in welds is
small but real. Tests conducted on the base
materials in Ref. 17 showed a similar small
but consistent increase in the strength of
the baked samples. 

The dislocation density in ferrite in the
HAZ region is much higher in both DP
and TRIP steel compared to that in the re-
spective base materials. In the as-welded
condition (prior to baking), the highly mo-
bile dislocations lead to lower yield point
or strength in the ferrite grains. At the
same time untempered martensite has
very high hardness. Such a combination of
large areas of soft ferrite and smaller is-
lands of hard martensite can promote easy
fracture along the phase boundaries and
might be responsible for easier failure
when subjected to load. 

After baking, Cottrell atmosphere would
exert a pinning force against movement of
dislocations, thus inducing an upper yield-
ing point when the material is subjected to
external stress. In other words, the ferrite
would be strengthened to a certain degree.
However, the surrounding martensite, when
undergoing tempering, would become less
strained due to the precipitation of epsilon
carbides than fresh martensite. This combi-
nation of microstructure, stronger ferrite
and less-strained tempered martensite may
have aided in improving the load-bearing
ability of the welds. Tempering of marten-
site is expected to improve toughness of
both the welds and the HAZs. From a linear
elastic fracture mechanics approach, it was
shown that the stress intensity at the root of
the notch is given by (Ref. 12)

KIC = P/[d. √t]

where P is the load required to cause fail-
ure, d is the weld diameter, and t is the
thickness of the sheet being welded. In
other words, at failure

PFailure = KIC .d. √t

This means any increase in toughness at
the root of the notch would cause the load
required for failure to increase. Therefore,
it can be argued that the toughness increase
caused by tempering of martensite would
also increase the load-bearing ability of the
welds. Based on the aforementioned dis-
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cussion, it appears in both the dual-phase
and TRIP steel welds there are two mecha-
nisms, strain aging of ferrite and tempering
of martensite, both of which are believed to
contribute to increased load-bearing ability
of the welds. It is believed that TRIP steel,
which showed interfacial fractures, benefit-
ted mainly from improvement in toughness
at the root of the notch from baking. Dual-
phase steels, which failed by full button pull-
out fracture, benefitted mainly from yield
strength increase from stain aging of ferrite.

In the case of steels with bulk carbon
levels > 0.2 wt-%, it is believed that car-
bon segregates to lattice defects in the first
stage of tempering and may create a slight
hardening effect (Ref 16). However, with
steels with carbon content < 0.18 wt-%,
there is insufficient carbon to create any
noticeable hardening. This may explain
why no noticeable changes in the hardness
were detected in the welds after the baking
treatment. With epsilon carbide precipita-
tion from martensite, softening generally
occurs in steels, but noticeable softening is
unlikely until tempering temperatures 
> 200° to 250°C are reached.  

It appeared that baking caused subtle
(substructure) changes in martensite and
ferrite and that these subtle changes in
martensite and ferrite regions are believed
to have contributed to improved local
yielding behavior in the HAZ. These
changes include 1) the baking introduced
interstitial atmospheres around disloca-
tions and grain boundaries in the ferrite
region, thus  it increased the yield strength
of ferrite; and 2) the low-temperature
tempering caused precipitation of transi-
tion carbides (ε) in martensite within the
weld and the HAZ. A low-temperature
tempering treatment is believed to result
in a certain amount of toughening within
the microstructures. 

Conclusions

The following conclusions can be
drawn based on this study:

1) Postweld baking increased the load-
bearing ability of the welds in the shear-
tension by about 6% compared with that
of the samples in the as-welded condition.
However, no noticeable changes were ob-
served in weld hardness after baking.

2) Baking had no effect on the fracture
mode in shear-tension tests, with the 780
TRIP steel and 780 dual-phase steel ex-
hibiting interfacial separation or button
pull out, respectively, in both unbaked and
baked conditions. However, the maximum
load prior to failure of welds in this study
for both conditions was quite high. This
observation indicates that the occurrence
of interfacial fractures in welds in DP and
TRIP steels does not necessarily indicate
poor weld performance. 

3) TEM analysis revealed that postweld

baking resulted in the precipitation of ep-
silon carbides from the decomposition of
twinned martensite in both the DP and the
TRIP steel samples. 

4) It is believed that strain aging of fer-
rite and tempering of martensite after bak-
ing resulted in a small increase in the
shear-tension strength of DP and TRIP
steels, respectively. 

Disclaimer

The material in this paper is intended for
general information only. Any use of this
material in relation to any specific applica-
tion should be based on independent exam-
ination and verification of its unrestricted
availability for such use and a determination
of suitability for the application by profes-
sionally qualified personnel. No license
under any United States Steel Corp. patents
or other proprietary interest is implied by
the publication of this paper. Those making
use of or relying upon the material assume
all risks and liability arising from such use
or reliance.
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