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Abstract The base metal (BM) and the heat affected
zone (HAZ) of a resistance spot welded dual phase steel
have been evaluated by nanoindentation hardness testing.
Three different surface conditions have been explored on
the BM for assessing the nanohardness response. Softening
has been investigated along the sub-critical HAZ by mak-
ing nanoindentations on individual phases such as ferrite
and tempered martensite (TM) at various distances from
the line of lower critical temperature Ac;. A broken
appearance accompanied with sub-micron particles were
consistently found on TM at 100 pum from the Ac; line
suggesting carbide precipitation along with partial recovery
of martensite. The morphology of TM kept on changing
while moving away from Ac; towards the BM as the
fraction of broken appearance was reduced and the
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sub-micron particles became finer. SEM observations
resulted in good agreement with the nanohardness of the
TM phase along the sub-critical HAZ. In contrast, mi-
crohardness results suggested the termination of tempering
at a shorter distance with respect to Ac; and hence a
reduced extension of the softening region. The improved
resolution for assessing softening through nanoindentation
was due to the possibility of avoiding the contribution of
the phase boundaries because of the smaller size of the
indentation; this also permitted evaluation of TM at low
peak temperatures far from Ac; where early stages of
tempering took place.

Introduction

Advanced high strength steels (AHSS) offer increased
ultimate strength along with good ductility making them
advantageous for automotive applications. Dual phase (DP)
steel is part of the family of AHSS and is composed of a
ferritic matrix and varied volume fractions of dispersed
martensite particles [1].

Resistance spot welding (RSW) is one of the most
prevalent and preferred welding processes for joining
automotive body parts. RSW of DP steel sheets has become
a very important issue due to an increased number of
applications on auto-body structures [2]. Measured soft-
ening (i.e. reduction in microhardness with respect to base
metal (BM)) has been reported on the heat affected zone
(HAZ) of resistance spot welded DP steel [3-6]. HAZ-
softening has been found to be responsible for strain-
localised failures due to reduction in local strength in
welded DP steels leading to modified mechanical proper-
ties in laser weldments [7]. Softening has been associated
with tempering of martensite in the HAZ of laser welded
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dual phase steels [8]. Softening phenomena has also been
reported in Cr steels upon higher heat input welding pro-
cesses [9, 10].

Microstructure analysis from the fusion zone (FZ)
through the HAZ of resistance spot welded DP steel has
been little reported [11-14]. All reports agreed well that the
FZ microstructure was composed of predominant mar-
tensite. Observations addressed towards the HAZ indicated
that decomposition of austenite took place before
re-transformation into new martensite and ferrite [11]. In
order to better analyse the gradient of microstructures at the
HAZ, it was conveniently divided as: coarse grain region;
comprise blocky martensitic grains, and intercritical
region; where martensite phase was coarsen [12]. Even
though some of the above-mentioned works have reported
measured HAZ-softening in resistance spot welded DP
steel; no discussion has been addressed towards the tem-
pered martensite (TM) microstructure occurring at the sub-
critical HAZ.

Tempering of martensite occurs at temperature below
the lower critical (Ac;) and was also reported as the main
reason for softening in martensitic steels [15, 16]. The
degree or severity of tempering is highly dependent on the
maximum (peak) temperature and the time at peak tem-
perature during isothermal heat treatments, and the prior
microstructure and the alloying level [17]. Martensite
tempering is developed in a series of stages up to Ac,
temperature and basically involves: the segregation of
carbon, the precipitation of a transition carbide (e-carbide),
the decomposition of retained austenite, the replacement of
e-iron carbide by cementite, the coarsening of cementite or
dissolution into more stable alloy carbides and the recovery
of martensite [18]. Even though the tempering of mar-
tensite has been extensively investigated for martensitic
steels subjected to isothermal heat treatments, little work
has been addressed to investigating the process of tem-
pering on martensite particles of DP steel during fast
thermal cycles (far from equilibrium) like those generated
by the RSW process.

Instrumented indentation testing (IIT) has become a
valuable tool for evaluating material properties (i.e.
nanohardness and elastic modulus) of small features at
nano-scale [19, 20]. IIT through ball nanoindentation has
been performed in order to calculate constitutive properties
in welded high strength steel [21]. To date, there are few
studies using IIT for assessing the degree of tempering in
martensitic steels [22, 23]. Research work on analysing the
nanohardness of TM particles in DP steel has been hardly
reported; however, it has been shown that it is feasible to
analyse the change in hardness at nano-level [24]. Thus, the
present work aims to evaluate the tempering of martensite
in DP steel through nanohardness measurement by IIT on a
range of sub-critical HAZ microstructures developed by

rapid thermal cycles of RSW. Additionally, various surface
conditions (metallographic surface preparation procedures)
of the BM have been systematically investigated for
assessing nanohardness of individual phases in DP steel.

Experimental

The material for the present study was a DP steel with a
nominal ultimate tensile strength of 980 MPa (DP980).
The DP steel was used in the form of sheet with a thickness
of 1.2 mm overlaid with a galvannealed coating. The
chemical composition of the bulk metal of this DP steel is
provided in Table 1. The BM microstructure showing the
ferrite matrix along with martensitic islands is displayed in
Fig. 1. The volume fraction of martensite phase in BM was
estimated to be 48% from standard metallographic and
image analysis techniques.

The BM specimens were cross-sectioned along the
rolling direction, mechanically ground and polished by
conventional metallographic techniques. Three different
surface conditions were investigated and samples were
prepared according to the following procedures: (1)
mechanically fine polished, consisted of polishing down to
0.25 um followed by fine polishing with 0.05 pm colloidal
silica; (2) chemically etched, consist of mechanically fine
polishing followed by etching with 2% nital solution for a
period of 8-10s in order to further remove possible
hardened layers; (3) electropolished, after grinding and

Table 1 Chemical composition for dual phase steel (wt%)

C Mn Si P S Mo Cr

0.13 1.91 0.03 0.01 0.005 0.33 0.16

Fig. 1 Base metal microstructure of dual phase steel under etched
condition
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polishing, specimens were immersed in a solution of 90%
of acetic acid and 10% of HCIOy, a voltage of 25 V was
applied for a period of 60 s. It was assumed that the
electropolishing procedure fully removed any hardened
layer on the surface. Roughness parameters were calculated
from the topographic profiles obtained under scanning
probe microscopy (SPM). Roughness was measured in
selected areas of 100 um? per surface condition. Rough-
ness was also obtained for individual phases in the case of
the chemically etched and the electropolished specimens.
The average of the absolute value (R,) along with the
maximum height of the profile (R,) were estimated.

The DP steel was resistance spot welded (RSW) using a
conventional 60 Hz single phase alternating current (AC)
resistance welding machine with air-over-hydraulic elec-
trode loading system. The main welding parameters utilised
were: 8 kA welding current, 3.5 kN electrode force and 20
cycles current duration. A pre-weld squeeze time of 25
cycles and a post-weld hold time of 5 cycles were used to
complete the welding cycle. Electrode type was a truncated
RWMA [25] class 2 with 6 mm face diameter. A constant
flow of water of 4 L/min at 20 °C was utilised for cooling the
electrodes. Welding procedures were carried out according
to American Welding Society (AWS) standards [26].

The schematic cross-section of resistance spot welded
DP steel in Fig. 2 shows the distribution of different
regions which form after welding. The FZ is displayed at
the far left side and the unaffected BM at the right. The
HAZ has been conveniently sub-divided at the location of
Ac, as: upper-critical HAZ and sub-critical HAZ.

The IIT tests were performed in a Hysitron triboindenter
TI-900. The attached Berkovich indenter was calibrated
using a standard fused silica specimen. A range of inden-
tation loads between 750 and 6000 puN was utilised in order
to obtain varied displacements for the indenter by pene-
trating the BM surface. Two regions, namely BM and sub-
critical HAZ, were evaluated. Nanoindentation trials were
conducted by applying a minimum of 10 indentations per
assessed phase (i.e. martensite, ferrite, etc.). A loading—
unloading cycle of 20 s was set up.

~z—-- Ac; (line of lower critical temperature)
—= - \ DP980 steel sheet
A\
upper-critical \ sub-critical Base Metal (BM)
Fusion 1 (unaffected)
Zone = z
(F2) !
1
/
— / DP980 steel sheet

HAZ - Heat Affected Zone

Fig. 2 Schematic cross-section of a resistance spot weld
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Fig. 3 Two-dimensional axisymmetric model showing the details of
meshing for the stacked DP steel sheets

Numerical simulations were conducted in order to obtain
an estimate of the peak temperature profile along the sub-
critical HAZ. Simulations were carried out using commer-
cial finite element software: Quick Spot (by Research Center
of Computational Mechanics, Inc., Japan) with coupled
electrical-thermal-mechanical analysis [27]. A two-
dimensional axisymmetric elastic—plastic model with a total
number of 1442 nodes was introduced as depicted by Fig. 3.
Mesh density in the HAZ was of 53 elements per mm?” where
nodes were separated from each other by 0.125 mm in “x”
direction and 0.15 mm in “y” direction. Material properties
(i.e. thermal conductivity, specific heat, thermal expansion
coefficient, density, electrical conductivity, Young’s mod-
ulus and yield strength) for steel having nominal tensile
strength of 980 MPa were considered to be temperature
dependent. Example of properties at room temperature has
been listed in Table 2 [28, 29]. Welding parameters used in
these calculations were similar to those established experi-
mentally (i.e. 8 kA, 3.5 kN during 20 cycles). The peak
temperature at the sub-critical HAZ was obtained through
nodal analysis as detailed by the highlighted points in Fig. 3.
Numerical simulations of thermal cycles in RSW of AHSS
were conducted as part of previous studies [30, 31] in which
cooling rates and microstructure were successfully
correlated.

Results

Base metal

IIT trials were conducted upon three different surface
conditions (preparation methods) of the BM of DP steel in
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Table 2 Material properties of DP980 at room temperature

Thermal Specific heat Thermal Density Electrical Young modulus Yield strength
conductivity J/(kg K)) expansion (kg/mm3) conductivity (GPa) (MPa)
(W/m/K) coefficient (1/K) (1/(Q mm))
55 458 0.03 7.85E—06 2410 218 600
10 = e Ferrite Table 3 Roughness parameters for various surface conditions
A Martensite applied to DP steel
= g — Roughness Roughness (nm)
o parameter - - -
Q | &Koo - Mechanically Chemically etched Electropolished
= fine polished - - - -
I ¢ Ferrite Martensite Ferrite Martensite
0
17
o R, 0.9 6.8 212 285 517
g 4 R, 13.0 426 720 261.5 3514
S S SRECETERENENEN SR
: pro ¢
=z protrusion effect on martensite particles over the ferrite
matrix after etching is observed in Fig. 1. It may be men-

Mechanically ~ Chemically  Electropolished
fine polished etched

Fig. 4 Effect of surface condition on nanohardness of microstructural
phases in BM

order to obtain the most suitable condition for conducting
nanoindentation.

Figure 4 shows the average nanohardness (H,) for fer-
rite and martensite phases on the mechanically fine pol-
ished, the chemically etched and the -electropolished
surfaces under maximum indentation load (Pp,y) of
3000 pN. Variations in nanohardness were insignificant for
martensite between the assessed surface conditions. The
dispersion of data for martensite shown by the error bars
may be attributed to two main factors: first, due to local
variations of supersaturated carbon in the martensitic par-
ticles [32, 33]; and second, due to presence of a diverse
number of sub-grains (laths) within the martensitic parti-
cles [34, 35]. The nanohardness for the ferritic matrix
showed slight differences among the three different surface
conditions due to possible presence of thin hardened sur-
face layers produced by the mechanical polishing process.
Data dispersion for ferrite was lower than for martensite
particles; this was probably promoted by a less heteroge-
neous (free of low and large angle sub-grains) ferritic
structure underneath the indenter in contrast to that of
martensite (i.e. laths) [36, 37].

Roughness parameters for three different surface con-
ditions obtained under SPM are outlined in Table 3. A
relatively lower roughness was found on the mechanically
fine polished surface in which R, laid around 1 nm and R,
around 13 nm. The increased roughness on the etched
surface revealed the influence of the chemical attack. A

tioned here that roughness was measured separately on
individual ferrite and martensite phase particles. The local
roughness (i.e. individual phase) was lower for the ferrite
matrix. The electropolished surface resulted in the highest
roughness values compared to the other surface conditions.
Protrusion effect was hardly present on the electropolished
surface due to slight etching of the ferrite matrix. Rough-
ness becomes critical when the surface topography is non-
negligible compared to the maximum indentation depth
[38, 39]. Even though it can be inferred that an electro-
polished surface is free of any hardened layers, the
roughness in this case is relatively higher in comparison to
the other surface conditions which might influence the
indentation process. Roughness for the mechanically fine
polished followed by etching procedure was reasonable for
nanoindentation measurements in which the range of dis-
placements of the indenter was around 50-250 nm; addi-
tionally, this surface condition further reduced possible
hardened layers produced by preliminary fine mechanical
polishing procedures. Based on above-mentioned obser-
vations, mechanically fine polished surface followed by
etching was adopted for the remainder of the work carried
out in the present study.

The effect of indentation load, in terms of contact depth,
on the nanohardness for martensite and ferrite phases is
illustrated in Fig. 5. A range of P, from 750 to 6000 uN
was used and the nanohardness was plotted as a function of
the contact depth (4.). The nanohardness appeared almost
constant on the ferrite matrix for 4. above 150 nm; how-
ever, for smaller contact depths (i.e. 100 nm and less) the
indentation size effect (ISE) [40, 41] was evident and the
measured nanohardness for ferrite increased while A,
decreased. A fluctuation in the average nanohardness for
martensite was found (i.e. 7.2-8.2 GPa) for the assessed
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Fig. 5 Effect of indentation load in terms of contact depth on the
nanohardness of DP steel

range of contact depths. ISE was not observed for the
martensite phase. Nanohardness trials were conducted
using an indentation load of 3000 uN (i.e. 161 nm for
BM-ferrite and 87 nm for BM-martensite) for the remain-
der of this work as this was found appropriate in terms of
indentation size (depth—width) [24].

Sub-critical heat affected zone

Figure 6 depicts a resistance spot welded cross-section
macrograph of DP980 steel. Several regions were identified
after etching such as: FZ, Ac; line dividing the HAZ into
upper-critical and sub-critical, and the BM at the extreme
right of the macrograph. Two grids of a determined number
of microhardness indentations were located at the sub-
critical HAZ and the BM. The grid of indentations at the
sub-critical HAZ was divided into five columns in order for
the hardness to be averaged at specific distances from Ac;.
The columns a, b, ¢, d and e were located at 100, 200, 400,

Fig. 6 Cross-section
macrograph of resistance spot
welded DP steel showing two
grids of microhardness
indentations (HV-200 g) on the
sub-critical HAZ (left) and BM
(right). Distance between Ac;
and the columns of indentations
averaged: a 100 pm, b 200 pum,
¢ 400 pm, d 600 pm and e

800 pwm

@ Springer

600 and 800 pum, respectively, from Ac; in the direction
towards the BM (Fig. 6). The grid of microhardness
indentations at the BM was located far enough from Acy, as
seen at the extreme right of the image.

The SEM micrographs shown in Fig. 7 illustrate the
microstructures at the sub-critical HAZ combined with that
of the BM. The sub-critical HAZ microstructures were
obtained at various distances from Ac; on the locations
detailed in Fig. 6 (i.e. 100, 200, 400, 800 pm and BM). The
microstructure at 100 pum away from Ac, (Fig. 7a) shows
the ferrite matrix (dark regions) and martensite phase
severely decomposed (bright regions), or in other words,
TM. It may be noted that TM appears broken with presence
of sub-micron particles due to nucleation and growth of
carbides as indicated by the white arrow marks [24].
Similar microstructural characteristics were observed at
200 pm far from Ac,; (Fig. 7b). However, here the grain or
phase boundary between ferrite and TM appeared sparsely
wiped in comparison to that of Fig. 7a, possibly due to a
lower volume fraction of carbide precipitation at or near
the grain phase boundaries (white arrow) [42]. Figure 7c
depicts the microstructure at 400 pm far from Ac; in which
prior martensitic grain boundaries were clearly defined;
basically finer sub-micron particles were observed within
martensite grains (white arrow) in contrast to those found
in Fig. 7a. An apparent lower volume fraction of fine sub-
micron particles were observed in the microstructure
obtained at 600 pm far from Ac; (Fig. 7d). Figure 7e
shows the microstructure at 800 um far from Aci; sub-
micron particles were barely visible, however, the mar-
tensite did have a decomposed appearance, compared to
the original BM microstructure (Fig. 7f) where solid mar-
tensitic particle morphology was observed. A general trend
revealed that sub-micron particles for TM became finer and
a reduction of the volume fraction was also evident as the
distance from Ac; towards the BM increased. This trend
was basically promoted by the welding thermal cycles and
the peak temperature profile along the sub-critical region.
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Fig. 7 Sub-critical HAZ
microstructures obtained at a
distance of: a 100 pum,

b 200 pm, ¢ 400 pm, d 600 pm,
e 800 pm from Acy line.

f Base metal micrograph
showing ferrite matrix (dark
regions) and martensite
particles (brighter regions)

Low volume fraction of possible retained austenite was
consistently found in all of the above-mentioned locations
as pointed by the arrow with the label RA in Fig. 7.
Presence of retained austenite in the BM was due to the
relative high Mn content in the alloy (Table 1) that served
as austenite-stabiliser [43]. Similar observations regarding
to presence of retained austenite have been reported on
welded low alloyed steel when the material was reheated
[44].

The average Vickers microhardness (HV) at various
distances from Ac, towards the BM is shown in Fig. 8. The
average microhardness for BM was approximately
301 £ 9 HV. An average softening of about 31 HV was
obtained at 100 pm with respect to the centre of the
indentation mark. A gradual increase of microhardness was
observed as the distance from Ac; increased (i.e. at 200,

WD 10.0mam

/D 10.1mm

Tpm WD 10 1mm

400 and 600 pm). The average microhardness at 800 um
was of 301 + 6 HV; thus matching with the microhardness
of the BM.

Figure 9 shows the average nanohardness (H,) of
BM-martensite, TM and that of the ferrite matrix obtained
at various distances from Ac;. Slight reduction in nanoh-
ardness was observed in ferrite near the location of Ac;.
Insignificant variation of H, was observed in ferrite at
200 ym and farther distances away towards the BM.
Martensite in the BM averaged a nanohardness of
7.2 £ 0.8 GPa. In contrast, nanohardness of TM at 100 pm
away from Ac; revealed a reduction in hardness
(4 £ 1.2 GPa) and approximately similar value was found
at 200 pm from Ac,;. A gradual increase in nanohardness
was encountered at 400 pm and above for TM until it
reached the nanohardness value for martensite in the BM.

@ Springer
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Fig. 8 Vickers microhardness at various distances from Ac;
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Fig. 9 Variation of nanohardness (Berkovich) of martensite, tem-
pered martensite and ferrite phase with distance from Ac;

According to the results plotted in Fig. 8, the average
BM microhardness was measured at a distance of 800 pm
respect to Acy, while at the same location (i.e. 800 um) and
according to the data from Fig. 9; the nanohardness value
was well below that of martensite in the BM. The reduced
nanohardness at this location was presumed to be due to
early stages of tempering (i.e. tempering at low tempera-
ture). The characteristics of tempering at low temperatures
are discussed in more detail further on. The observed
microstructure at 800 pm from Ac; (Fig. 7e) contained
prior martensite particles still having a tempered appear-
ance with barely visible submicron particles. The fact that
microhardness testing was not able to measure softening at
800 pm from Ac;; might be attributed to a possible grain
boundary effect that was promoted by the size of the

@ Springer
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Fig. 10 P-h curves for base metal (BM) and tempered martensite
(TM) at 100, 800 and 1000 pm from Ac,

indentation (i.e. contribution of high-angle grain bound-
aries), in contrast, nanoindentation provided an improved
resolution in measuring softening due the possibility of
avoiding the contribution of the phase boundaries (i.e. TM
at low temperature and ferrite boundary) in DP steel.
Figure 10 illustrates the nanoindentation load—dis-
placement (P—h) curves for the BM-martensite and TM at
100 Hm (TMloo), 800 Hm (TMg()()) and 1000 Hm (TMIOOO)
from Ac;. The BM-martensite resulted in the lowest dis-
placement and hence was confirmed to be the hardest
phase. The TM o displayed the largest displacement of all
the curves confirming that TM at this location had the
lowest hardness (Fig. 9). Continuous deformation without
pop-in was commonly found during the loading stage for
all the assessed curves [24]. Instead the P-h curve for
TM;go showed slight discontinuities which might be
attributed to the severity of tempering at this location.

Discussion

Tempering of martensite is dependent on time and tem-
perature of thermal exposure. For transient thermal expo-
sures of similar shape but different peak temperature, the
extent of tempering will vary according to the maximum
temperature attained by the material [17]. During RSW, a
gradient of peak temperature will be seen at varying dis-
tances from the FZ [45]. However, it is difficult to obtain
the peak temperature distribution experimentally for
resistance spot weldments due to the presence of strong
magnetic fields generated during the welding process.
Hence, a numerical simulation was developed in the
present work in order to estimate the peak temperature
gradient along the sub-critical HAZ. Figure 11 provides a
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Fig. 11 Numerical simulation of peak temperature at various
distances from Ac,

reference for the temperature distribution along the sub-
critical HAZ in DP980 in which numerically simulated
peak temperatures were plotted versus the distance from
Ac; (in the plot, Ac; temperature is located at the origin of
x-axis). The BM-martensite microstructure in Fig. 12a
depicted a solid morphology of untempered martensitic
grains. The detailed microstructures from three different
locations (labelled as b, ¢ and d in Fig. 11) on the sub-
critical HAZ are illustrated in Fig. 12b—d.

Tempering at low temperatures involves several reac-
tions that often overlap and occur in a very fine scale. For
instance, the transition carbides (i.e. e-iron) transform to
form cementite in the temperature range of 250-500 °C
[18]. Addition of Mn actually retards the coalescence and
growth of carbides (finer appearance); thus retaining the
morphology of the prior martensitic microstructure [16]. In
the temperature range between 350 and 600 °C the original
martensite laths remain almost stable with considerable
rearranging of dislocations [35]. However, it should be
noticed that these statements refer to tempering under
isothermal conditions. Figure 12b recorded at a distance of
1000 pm from Ac,, which attained a temperature of
376 °C as suggested by Fig. 11, revealed more of the solid
prior martensite regions predominantly in the outer
periphery, but with presence of slightly broken appearance
mainly towards the centre of the grain. Figure 11 indicated
that a peak temperature of 538 °C was achieved at a dis-
tance of 400 pm from Ac;. Figure 12c shows the tempered
martensitic regions observed at this location in which
presence of sub-micron particles along with clearly delin-
eated phase boundary between the ferrite and TM regions
were clearly observed.

At relatively higher tempering temperatures several
other reactions might also occur. Formation of stable

Fig. 12 SEM micrographs illustrating the microstructure of: a the
BM-martensite (M), and the tempered martensite (TM) regions
observed at b 1000 pm, ¢ 400 pm and d 100 pm, far from Ac,

@ Springer
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carbides from alloyed martensites takes place in the range
of temperatures between 450 and 700 °C in which disso-
lution of cementite is also observed [18]. Additionally,
considerable spheroidization of carbides above 600 °C has
been reported for DP steel containing relatively high Mn
content [46]. Recovery or recrystallization is an important
reaction that occurs during the tempering process in the
temperature range 600-700 °C [47]. Again the above-
mentioned observations were achieved under isothermal
heat treatment conditions. From Fig. 11 it is seen that a
peak temperature of 671 °C was reached at 100 um far
from Ac;. The TM region shown in Fig. 12d (corre-
sponding to a location 100 um from Ac;) depicts a broken
appearance containing a large number of spherical sub-
micron particles (presumably carbides) which are abundant
near to phase boundaries. The broken morphology along
with localised wiped regions (marked by arrow) within the
prior martensitic regions suggests partial recovery of
martensite. Thus, it is concluded that partial decomposition
of martensite has occurred in the sub-critical HAZ assisted
by the rapid thermal cycles (fast heating and cooling)
developed in the resistance welding process.

Even though an exhaustive SEM analysis of the surface
morphology of TM was done at various distances far from
Acy, still more detailed analysis through transmission
electron microscopy is needed in order to fully confirm
carbide precipitation and/or recovery of martensite, which
was beyond the scope of this paper. The further work is
being carried out to confirm the carbide precipitation in the
TM regions (Baltazar Hernandez VH, Zhou Y, Unpub-
lished results).

Maximum softening resulted at 100 pum from Ac; in
which it was properly measured at two levels: nano and
micro (Figs. 8, 9). The hardness “jump-up” revealed at
400 um was more evident on microhardness results; due to
the fact that it was strongly influenced by a phase boundary
effect. At the location 1000 pm away from Ac;, the
instrumented nanoindentation hardness technique was
capable of revealing softening on tempered particles.

The nanoindentation results appeared strongly consis-
tent with the microstructures and the simulated peak tem-
peratures; thus providing a better solution and way for
assessing softening of or tempering at low temperatures
achieved in RSW process.

Conclusions

1. Several surface preparation procedures were assessed
for evaluating the hardness at nano-level. Combination
of fine mechanical polishing followed by etching was
revealed to produce an acceptable surface condition
for assessing BM and HAZ of resistance spot welded

@ Springer

dual phase steel through instrumented hardness

nanoindentation.

2. The “actual” extension of HAZ-softening was satis-
factorily explored through nanoindentation hardness
by evaluating TM regions at various distances from the
line of lower critical temperature Ac;. Nanoindenta-
tion seems to provide better resolution for assessing
softening especially at low temperatures far from Ac;.

3. The degree or severity of martensite tempering eval-
uvated through instrumented nanoindentation tech-
niques resulted in good agreement with the observed
microstructures and with the simulated temperature
profile along the sub-critical HAZ.
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