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Abstract

The goal of this study was to acquire mechanical properties of a dual-phase grade advanced high strength steel (AHSS) by
means of different microindentation loading conditions. Conventional, cyclic, and multi-step indentations were performed on
DP 800 sample; and Young’s modulus, hardness values were obtained by the depth-sensing indentation technique. Effects of
different load levels (50-300 mN) and type of indentation on the results were also analyzed through ANOVA. The load levels
experimented yielded overall material response rather than its constituents (e.g., martensite and ferrite). Both hardness and
Young’s modulus tend to decrease with increasing maximum indentation load level, especially from 50 to 100 mN, which

is regarded as indentation size effect.
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1 Introduction

Automotive industry has been relentless in a quest for lighter
and stronger vehicles for decades. Fuel efficiency, reducing
tail-pipe emissions, improved safety are other hot topics for
the automotive industry [1]. Advanced high strength steels
(AHSS) along with lightweight Al and Mg alloys are among
the primary choices to address these issues [2]. Neverthe-
less, their poor formability characteristics as well as rela-
tively high cost over steel limits their adoption. Therefore,
especially the auto industry, has been increasingly exploiting
AHSS. Even though those have the same density with con-
ventional steels, their utilization provide significant weight
reduction as higher yield strength allows use of thinner gage
thicknesses (e.g., in auto body closures). AHSS parts with
1100 MPa can provide 50-55% lightweighting [3]. Superior
features of AHSS such as chemical composition and mul-
tiphase microstructure result of strictly controlled heating
and cooling processes [4]. Advanced high strength steels can
be categorized at least under six different groups including
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micro alloyed steels, roll forming steels, martensitic steels,
complex phase (CP) steels, bainitic steels, and dual phase
(DP) steels. DP steels along with bainitic steels (e.g., TRIP
steels) are the most commonly adopted AHSS types in auto
industry. DP steels, consists of a soft ferritic matrix and hard
martensite in the form of islands. This combination of hard
and soft phase results in a superior strength-ductility bal-
ance. Therefore, they have been increasingly exploited in
external body panels and structural members (e.g., bumpers,
B-pillars, side impact beams, etc.). Transformation induced
plasticity (TRIP) steels, on the other hand, exhibit better
ductility at a given strength due to ferrite-bainite—austenite
in their chemical composition. Improved formability is real-
ized with the transformation of retained austenite to mar-
tensite during plastic deformation process [5]. Both DP and
TRIP steels have increasingly been adopted in auto indus-
try due to higher crash energy absorption so the increased
passenger safety, increased crack resistance (e.g., high hole
expansion ratio), and excellent ductility [6, 7]. The mechani-
cal properties of the DP steels are primarily dependent on
the volume fraction of its constituents, distribution and prop-
erties of the microstructural constituents [8].

Acquisition of mechanical properties of individual phases,
on the other hand, can be realized by micro and nanoinden-
tation technique [9-13]. Even though, the technique is rela-
tively new, has progressed a lot since its first application in the
1980s, and the literature is abundant in terms of its application
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to a variety of metallic materials [14-21]. In addition to met-
als, the technique can be utilized obtain the mechanical prop-
erties of thin films (e.g., PVD coatings), surface treatments,
coatings (e.g., ceramics, nanocomposites etc.) [22-25]. Zhang
et al. [26], in particular, sought to establish a relation between
mechanical properties and microstructure of DP980. It was
noted that the martensite hardness reduced significantly (from
about 8.4 to 4.5 GPa) with increased annealing temperature.
When the indents were made close to the interphase bounda-
ries, the hardness was higher due to the high dislocation den-
sities. Diego-Calderdn et al. [27] carried out nanoindentation
on quenched and partitioned (Q&P) steels. They reported
nanohardness values of 7.6 GPa and 3.06 GPa, and Young’s
modulus values of 215.2 GPa and 197 GPa for untempered
martensite and soft (ferrite) micro constituents, respectively,
at 100 nm depth, and for indentation load of 1-2.5 mN. In
another study by Ghassemi-Armaki et al. [28], the average
nanoindentation hardness of ferrite was found to increase from
2 GPa in the as-received condition to 3.5 GPa in the specimen.
Hardness of ferrite in the as-received condition was inhomoge-
neous: ferrite adjacent to ferrite/martensite interface was 20%
harder than that in the interior. Hardness of the martensite,
on the other hand, in as-received was reported to be in the
range of 4.05-5.8 GPa for 80-130 nm indentation depth, and
maximum indentation load of 2.5 mN. In another work [29],
nanoindentation measurements were obtained on commer-
cially-produced DP980 steels, yielding hardness value range
of 3.5-4.5 GPa for ferrite, and 6.5-9.5 GPa for martensite at
40 nm indentation depth. Rodriguez et al. [30] studied the
indentation size effect on different ferritic, pearlitic and mar-
tensitic steels by performing nanoindentation tests at different
imposed depths (50-3000 nm). In general, the nanohardness
was found to be slightly dependent on the imposed depth when
the depth exceeds 1 um. However, as the indentation depth
decreases below 1 um, a rapid increase of the nanohardness
value was observed. For example, the hardness for the ferritic
steel increases from about 1.85 to 3.3 GPa when the indent
depth decreases from 1500 to 50 nm.

Current study, different from existing literature, aimed for
obtaining mechanical properties of a dual phase steel grade,
namely Docol 800 DP, with various types of indentation
loading. Effect of different indentation testing procedures
(conventional, cyclic, multi-step) on the results was studied.
In addition, pile-up effect and hardness-strength relation of
the material were also investigated.

2 Material and Methodology
2.1 Material

Material of interest was chosen as DP 800 (Docol 800
DP), and it was acquired from SSAB (Swedish Steel AB,
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Fig. 1 Engineering and true stress—strain curves obtained from the
uniaxial tensile test on DP 800

Table 1 Mechanical properties of Docol DP 800 [After 31]

Yield strength Tensile strength Elongation (%) HV,,
(MPa) Min—Max (MPa) Min—Max Min
500-650 800-950 10 297

Borlidnge, Sweden). It is a cold reduced dual phase steel
subjected to special heat treatment in continuous annealing
line, which produces a two-phase structure, namely ferrite
and martensite. The ferrite provides unique forming proper-
ties, while hard martensite phase accounts for the strength.
The strength of these steels increases with increasing
martensite proportion in the microstructure [31]. Figure 1
shows the engineering and true stress—true strain curves
obtained from the uniaxial tensile test for Docol DP 800.
The mechanical properties and typical chemical composi-
tion of the material of interest are given in Tables 1 and 2,
respectively.

Typical DP microstructure is in the form of soft ferrite
matrix containing islands of harder martensite, as shown
in Fig. 2. The soft ferrite phase is usually continual, giv-
ing these steels excellent ductility. When DP steels are
deformed, strain is intensified in the lower strength ferrite
phase surrounding the islands of martensite, and created
high work-hardening ratio as ones of the characteristics of
DP steels. The martensite volume was found to be around
33% in the microstructure. Wang et al. [32] determined the
martensite volume of a DP800 material as 32%. As dual-
phase steel microstructure contains distinct phases (e.g.,
soft ferrite, and hard martensite) significantly different
mechanical properties have been reported in literature. The
hardness of martensite can be as high as 10 GPa, while the
hardness for ferrite is in the range of 3—7 GPa, in general.
Contrary to hardness values, the grain sizes of both ferrite
and martensite are in a narrow range of 1-10 um, in most
cases [26—29]. Nonetheless, indentation sizes greater than
the individual grain size were recorded in the current study.
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Table 2 Chemical composition c% Si%
of Docol DP 800 [31]

Mn% P% S% Al%

Nb%

0.15 0.20

0.01 0.002 0.040 0.015

Fig. 2 a Microstructure of the DP 800; b binarization of the image for martensite volume fraction calculation

Therefore, the values obtained in current study stand for
the overall material response rather than that for individual
constituents.

2.2 Microindentation testing

Microindentation testing of dual-phase advanced high
strength steel grade DP 800 was performed using UMT-2
Nano + Micro Tribometer (Bruker Inc.). Berkovich type
indenter with v 4eper =0.07 and E| o = 1140 GPa was
employed to obtain the hardness and Young’s modulus of
the material in microindentation tests. While calculating
Young’s modulus, Poisson’s ratio was assumed as 0.3 in
Oliver—Pharr indentation method. All tests were performed
at room temperature. Prior to measurements, the samples
were mechanically polished with SiC sand papers with 320,
600, 1000, 1200, 1500 and 2000 grits, respectively. Then,
fine polishing was performed on the sample surfaces with
1 um diamond and 0.06 alumina suspensions. Three differ-
ent test procedures (conventional, cyclic, multi-step) were
applied for indentation. Indentations were performed at a
contact force level from O to 300 mN with an increase of
50 mN at each indent. After each indentation, the tip was
moved up (load removed completely), and a new indenta-
tion was performed at an increased load level. This type
of indentation is referred as to “conventional” and the
procedure was performed at least at 9 different locations
to address the repeatability. In “multi-step” indentation,
on the other hand, the indenter was not completely moved

up from the indent area after the preset value of maximum
indentation force is reached. The sample reloaded to higher
loads or depths upon previous loading cycle. On the other
hand, “cyclic” indentation, facilitated the repeated indenta-
tion maximum force of 300 mN. During the indentations,
the load rate was set to 0.1 mN/s and the indentation depth
(nm) and the force (mN) were recorded with a PC. The raw
data was then used to construct the P— plots, and hardness,
and Young’s modulus. In each type of measurement, the
variation of material properties (e.g., Young’s modulus and
hardness) was analyzed to reveal the possible indentation
size effect. It is reported in literature that material properties
including Young’s modulus and hardness can vary with the
indentation load experimented [33, 34]. This phenomenon
is named as indentation size effect. In addition, the statisti-
cal analyses were performed. One-way ANOVA tests (with
p <0.05) were executed to reveal the significance of varia-
tion on the data obtained. Figure 3 shows the 3 X 3 microin-
dents obtained at 50 mN and 100 mN loads.

3 Results and discussion

3.1 Cyclicindentation

The cyclic loading in microindentation was performed at
300 mN indentation force with a repetition the cited load for

11 times at 9 different locations. Figure 4a shows the P—§
curves obtained for the DP 800. It can be seen that there is
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Fig. 3 a Nanoindentation applied at 50 mN load; b nanoindentation applied at 100 mN load

a trend for the indenter to penetrate shallower as cycling
proceeds under a constant force. This can be attributed to
the fact that the elastic recovery (so the final indentation
depth) decreases with the repeated loading. Figure 4b shows
the Young’s modulus and hardness values obtained upon
cyclic indentation with 300 mN constant peak force. The
variations for both Young’s modulus and hardness values
can be explained by the spatial variation of the indentation
on different locations, different constituents, grain size,
defects, inclusions etc. [33]. Average hardness and Young’s
modulus values in cyclic indentation were obtained as 3.6,
and 188 GPa, respectively. Cyclic loading is used to analyze
microstructure-deformation mechanisms, dynamic deforma-
tion characteristics such as strain-hardening/softening, phase
transformation under stress, fatigue, and fracture toughness
of materials [29, 30]. For example, Saraswati et al. [36]

@ Springer

investigated dislocation—-microstructure interactions in
calcium-doped gold by means of cyclic nanoindentation.
Chabok et al. [37] utilized cyclic nanoindentation to inves-
tigate the crack size and the conditional fracture toughness
of weld zones on resistance spot welded DP 1000-GI dual
phase high strength steel. In another work by Roa et al. [38],
cyclic indentation experiments were performed to reveal the
time-dependent response of an austenitic stainless steel.

3.2 Conventional indentation

Figure 5 shows the P-d curves for DP 800 under conven-
tional indentation at different load levels (e.g., 50, 100,
150, 200, 250, 300 mN). Measurements were conducted
at 9 different locations. As it can be seen from Fig. 5a
that characteristics of the loading and unloading curves
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Fig.4 a Example to indentation load vs. depth curves for cyclic
indentation at 300 mN; b variation of Young’s modulus (column),
and hardness (line) at different measurements

for different peak loads are in quite well agreement with
each other. Similar observations were reported for differ-
ent materials by several researchers in literature [34, 55,
40]. A small pop-out towards the end of unloading curves
implies that the phase transformation occurred from
retained austenite to martensite, which results in volume
increase in the vicinity of indent area and push back the
indenter tip. Similar cases were reported for TRIP700 steel
by Rijkenberg et al. [41], and for Si by Schuh [42].

Young’s modulus and hardness values calculated from
these indentations are also given in Fig. 5b, respectively.
Young’s modulus values were recorded in the range of
192-227 GPa, while hardness values were in the range
of 3.17-3.62 GPa. A similar range of hardness values
reported by Ruiz-Andres et al. [43] for DP 1000 steel when
the indentation depth of 5 pm is employed. The trend for
both Young’s modulus and hardness data were observed
to be similar, both decrease with increasing indentation
force up to 250 mN even though the variations were not
significant. The variation in hardness values was found to
be in a narrow range. This implies that the indentation load
levels are relatively high so that the obtained values refer
to overall hardness rather than that for individual constitu-
ents as it was reported by Delincé et al. [44].
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Fig.5 a Typical indentation load vs. depth curve series for conven-
tional indentation with different maximum indentation loads; b vari-
ation of Young’s modulus (column), and hardness (line) with respect
to applied test force on DP 800

To reveal phases of microstructures, where indents were
performed the microindented sample was etched for 5-10 s
in Nital (5% HNO; and 95% Ethanol) solution. Figure 6
shows etched microindents which was obtained at 50 mN
and 100 mN maximum loads. In agreement with literature,
the martensite phase is observed in the form islands in fer-
rite matrix. It was clearly observed that all the indents were
placed onto both martensite and ferrite phase rather than an
individual one. Therefore, as discussed above, the measure-
ments obtained are regarded as overall material response
rather than one for a single phase.

3.3 Multi-step indentation

Multi-step indentation, on the other hand, is used to deter-
mine the mechanical properties at different depths using
a single indent [34]. It is an useful tool to investigate
the influence of microstructural evolution on successive
deformation [45]. Strain rate sensitivity of a material can
also be determined using multi-step nanoindentation [46].
In literature, multi-step indentation is used to study the
phase transformation of materials [34, 35, 47]. With this
type of loading, Young’s modulus and hardness can be
acquired as a function of indentation depth for both hard
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Fig.6 a Etched surface image for conventional indentation at 50 mN; b Etched surface image for conventional indentation at 100mN (F Ferrite,

M Martensite)

and soft materials [48, 49]. Multi-step indentations with
increasing load levels from O to 300 mN were performed
in this study. Figure 7a shows continuous measurement
of indentation P-3 values. It was noticed the slope of
the reloading curves are higher than that for loading
curves. This can be attributed to the fact that the material
gets work-hardened as the higher indentation forces are
employed in each new loading. Figure 7b, on the other
hand, shows Young’s modulus and hardness variations
at different indentation force levels. The trend observed
for both Young’s modulus and hardness values is simi-
lar, steady decrease in values with increasing indenta-
tion force. This can be explained with the fact that when
the indentation depth increases the surrounding matrix
(ferrite) acts as a soft substrate and the load is carried
predominantly by the ferrite rather than martensite [44].
The hardness values decrease with increasing force up
to 200 mN, and remains almost constant for the higher
forces. The indentation size effect was found to be more
pronounced in lower indentation forces or shallow inden-
tation depths [50]. In agreement with the literature, the
indentation size effect was noticeable in the range of
50-150 mN in the current study. Similar results were
reported for different steels in literature [30, 51]. Addi-
tionally, the one-way ANOVA analysis was performed
to examine the influence of different indentation forces
on Young’s modulus and hardness values by testing the
hypothesis of the equality of arithmetic means.
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3.4 Comparison of mechanical properties

The relationship between the hardness and Young’s
modulus of DP 800 with three different tests is shown
in Fig. 8. In all instances, the Young’s modulus of the
DP 800 material increases with increasing hardness. The
Young’s modulus data obtained through conventional and
multi-step indentations were in quite well agreement. The
same conclusion can be made for hardness values except
the data obtained at 50 mN. When compared to literature,
the hardness data was found to be in the reported hardness
range of ferrite to martensite yet results obtained from
indentations were in a narrow range. This was resulted
from the load levels applied. Relatively lower indentation
forces (e.g., up to 10 mN) were employed in the litera-
ture [52]. This lead to distinct hardness values referring
to different phases (ferrite and martensite). The indenta-
tion forces experimented in the current study, on the other
hand, yielded an overall hardness value of the material
rather than its constituents [29]. Therefore, it is concluded
that the values reported in the current study reflect the
material’s overall response. To investigate the mechani-
cal properties of different phases, the indent area (so the
indentation force level) should be selected smaller than the
grain size of phases. In addition, the Young’s modulus of
the DP 800 in conventional indentation yielded the high-
est Young’s modulus, while cyclic indentation at 300 mN
constant load level the smallest value of same hardness
values. Microindentation with the Berkovich pyramidal
indenter and three various loading sequences were used
to obtain elastic modulus and hardness of dual phase steel
DP800. All results were statistically evaluated and com-
pared. Although the alloy has two phases with different

mechanical properties, even the smallest maximum load
level (50 mN) was sufficiently high to obtain general
response of material.

3.5 Pile-up effect

During the indentation, plastically deformed material
tends to flow-up against the faces of indenter and it is
pushed away from the center of indent. This phenomenon
is known as “pile-up” and it affects the calculated contact
area, consequently the derived mechanical properties. iy
h...« values (h; is final indentation depth, and A, is the
maximum indentation depth) were calculated to reveal its
possible existence. Theoretically, hy/h,,,, ranges between 0
and 1. As the value approaches to zero, the material exhibit
fully elastic behavior and hence all the deformations were
removed during unloading stage. On the other hand, the
material behaves in a rigid-plastic when the Ak, ,, =1 in
which elastic recovery (springback) does not occur. When
h/h. > 0.7, it is regarded as an indicator of a pile-up,
while the ratio smaller than 0.7 is considered as a sign of
sink-in. Upon calculations, hyh,,, was found as greater
than 0.7, in most cases in the current study. Nevertheless,
there are variety of studies that reported different criti-
cal values for pile-up. Bolshakov et al. [53], for example,
reported pile-up effect for aluminum when Ayh,_,, =0.951.
Giannakopoulos et al. [14], on the other hand, suggested
that the initial point for pile-up effect for hy/h,,,, value of
0.875 for AISI 1070 ultra-high strength steel. In another
study by Qian et al. [15], h¢h,,,, was noted at higher than
0.8 for copper and stainless steel using the load range of
2-200 mN. Xu et al. [21] reported that not only the iy
hmax Tatio, but also the strain hardening exponent (n) of

Fig.8 Relationship between 250 -
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Fig.9 a Pile-up effect for three different tests (conventional, multi-
step) and b 300 mN cyclic on DP 800

the material is an important factor for pile-up and sink-
ing-in behavior. They noted that no pile-up occurs for the
materials with n> 0.3, whereas for the materials with n
value smaller 0.3, hy/h,,,, =0.12 is the turning point above
which pile-up is encountered. As it can be inferred from
the above studies, hy/h,,,, ratio cannot be used as the sole
criterion to report pile-up effect and the critical value may
change from one material to another. Gale et al. [54] con-
cluded that even the hy/h,,,, ratio is beneficial in terms of
determining pile-up or sink-in occurrence, it is not accu-
rate for estimating the pile-up characteristics. Similarly, it
was reported by Ekmekci et al. [55] that hy/h,,, values for
sintered copper powder compacts, and copper sheet were
obtained in the range of 0.90-0.97 yet no pile-up effect
was observed due to work-hardening and subsequent sin-
tering effect. Figure 9 shows the hyh,,,, values as a func-
tion of indentation force for both conventional, multi-step
and 300 mN cyclic types of loading. Average values for
h/h.x Was calculated as 0.897. It is very well known fact
that DP 800 exhibits work-hardening (as shown in Fig. 1)
and pile-up is not at a significant level.

@ Springer

4 Conclusion

The effect of indentation loading type and level was
investigated for an advanced high strength steel grade DP
800 material. Three different loading conditions, namely
conventional, cyclic and multi-step was experimented in
microindentation. The followings are the main outcomes
of this research:

e In conventional indentation, six different indentation
peak forces were experimented from 50 to 300 mN, and
Young’s modulus values were recorded in the range of
192-227 GPa, while hardness values were in the range
of 3.17-3.62 GPa. Relatively less scattered hardness
data resulted from the fact that the chosen indentation
forces lead to overall material response rather than steel
phases namely ferrite and martensite.

e Cyclic indentations were performed at 300 mN level
and average hardness and Young’s modulus values were
obtained as 3.57 GPa, and 187.7 GPa, respectively. In
multi-step indentation, on the other hand, the indenta-
tion force level was increased from 0 to 300 mN with
50 mN step size. It was observed that both Young’s
modulus and hardness values were decreased with
the increasing indentation force which is called as an
indentation size effect. The indentation size effect was
found to be more pronounced with lower loads.

e To reveal the effect of different indentation peak forces
on the hardness and Young’s modulus data indentation
were analyzed using one-way ANOVA (p <0.05). It was
revealed that changes in both Young’s modulus and hard-
ness values with peak indentation forces are insignificant
for the force levels (50-300 mN) experimented.
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