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Abstract
Increase in the use of the advanced high-strength steels (AHSS) is an interesting alternative to automotive industry to

reduce vehicle weight and fuel consumption. However, it has been limited due to challenges in formability, tool life, and

springback. The springback is pointed in the literature as one of the challenges that involves the mass production of

structural components and the aspects that shows influence are still not fully understood. There is still a gap in the literature

to analyze the elastic modulus variation during unloading (also called chord modulus). Therefore, this study experimentally

examines the variation of elastic modulus in conjunction with plastic strain and initial microstructure of various automotive

steels. For all AHSS, it was found that the elastic modulus decreases during loading and unloading with respect to plastic

strain. It was observed that the microstructure of AHSS greatly affects the reduction in elastic modulus upon deformation.

It was also found that the degradation of elastic modulus also affected by the anisotropy of the material.
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1 Introduction

In recent decades, the automotive industry is undergoing

through a great international pressure to adapt environ-

mental requirements and reduce emissions of green house

gases in the atmosphere. One of the alternatives explored is

the reduction of fuel consumption by reducing the weight

of the vehicles using thinner sheet metal or lighter mate-

rials. However, to reduce the sheet thickness without

compromising the safety aspects, such as the impact

absorption capability [1], the automotive industry has

maintained effort to test other types of steels.

The conventional steels of low- and high-strength hare

widely used to manufacture automotive bodies. These

steels do have large deformation capacity, but are limited

in applications due to lower strength. The high-strength

low alloy steel (HSLA) provides greater mechanical

strength than low carbon steels allied with medium

formability. Aiming to maintain the dominance use of

steels in vehicles, the development of advanced high-

strength steels (AHSS) was proposed. The two most pop-

ular steels in this group are DP (dual phase) and TRIP

(TRansformation-Induced Plasticity) steels [2, 3]. These

steels ensure higher strength than conventional steels

combined with high ductility [4]. However, its wide

application in the automotive industry is still limited due to

the challenges in formability, sheet metal coupling, tool

life, and springback behavior. The springback is the main

problem which compromises the mass production of

automotive structural components with AHSS [5–11]. The

same phenomenon also called as elastic recovery is iden-

tified as a change occurred in the shape of the component

after the forming tool removal, caused by redistribution of

the residual elastic stress [12–14].

The phenomenon of variation inelastic behavior during

the unloading has been first experimented in [15]. The

decrease in the elastic modulus for various types of steel

after pre-strained was investigated and found that the

elasticity can decrease 17.5% of its initial value after 5% of
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plastic strain for high-strength steels [16]. The non-lin-

earity of elastic recovery in unloading of high-strength

steel was noted [17]. It was mentioned that the movement

and pile-up of dislocations caused by plastic strain are the

cause of the variation of elastic modulus during unloading

[16–19] (also called chord modulus). During deformation,

free dislocations move along the slip planes and are easily

piled when barred by solutes, grain boundaries, or other

obstacles. These pile-ups of dislocations can return when

the shear stress is removed during unloading, leading to a

small portion of elastic strain. Such effects arise from

mobile dislocations which can move in response to the

internal repulsive forces between them when the external

forces on the material were removed. Further breakup of

dislocation tangles and cell walls will also release more

mobile dislocations during unloading and reverse loading.

Since the density of dislocations in a solid increase with

increase in forming strain, this non-linear springback

contribution also increases with increasing forming strain.

Upon characterization of elastic response for two com-

mercial low-alloyed TRIP steels, it was concluded that the

variation of elastic modulus in unloading observed is

attributed mainly to micro-plastic strain caused by dis-

placement of mobile dislocations [17, 20, 21]. The increase

in micro-plastic strain was observed in DP590 steel as

compared to mild steel 270 with respect to the pre-strained

value [22]. This difference in the micro-plastic strain noted

to be attributed with respect to their microstructure as

mobile dislocation said to be easier in ferrite than in

martensite, which shows the difference in micro-plastic

strain during unloading. Conventional steel been mostly

ferrite and AHSS has a combination of ferrite, austenite,

bainite, and martensite; however, very limited reporting is

available on how variation in elastic modulus depends on

microstructure.

Due to the complex nature of AHSS microstructure, ani-

sotropy could be easily involved and would show change in

material behavior in various directions. For DP steel, it was

found that the degradation of elastic modulus is different in

0�, 45�, and 90� to rolling direction [23]. Limited data on

these parameters would make it difficult to describe the

correct material behavior for finite-element analysis during

loading and unloading deformation and failed to reach

accuracy [5, 14, 24–34]. The influence of computational

parameters in the springback simulation was studied and

mentioned the need of adequately characterize material non-

linearity [35]. The phenomenon of variation inelastic mod-

ulus during unloading has been cited as amajor cause of non-

linearity behavior of these steels [36].

As noticed, there is still a gap in the literature to analyze

the elastic modulus variation during unloading. Therefore,

the objective of this study is to characterize experimentally

the reduction in elastic modulus during loading and

unloading and its relation with the plastic strain and

microstructure. The anisotropy was observed in the material

and was characterized and discussed. The variation of the

elastic modulus during unloading and loading was observed

for all the studied steels and consideration regarding the

correlation with the microstructure was made.

2 Materials and methods

2.1 Materials

The sheet materials studied were various grades of steel

commonly used in the automotive industry (Table 1). The

mild steel DC05 and HSLA have been used for many years

in the production of automotive body structures. DC05 is

low-strength steel, while HSLA is higher strength steel

which is primarily obtained by micro-additions of micro-

alloying elements used to control the grain size. The AHSS

utilized consisted of three dual-phase steels (DP) with a

range of ultimate tensile strengths of 600, and 980 MPa

and a TRansformation-Induced Plasticity steel (TRIP) with

ultimate tensile strength of 780. The steels were obtained

from two suppliers (A and B) with thicknesses between 1.5

and 2 mm. The material surface condition was galvanized.

2.2 Uniaxial tensile test

The uniaxial tensile tests were prepared and performed

according to NBR standard 6673 [37] (Fig. 1). Tensile tests

were carried out at orientations of 0�; 45�, and 90� to the

rolling direction and pulled at a nominal strain rate

of * 10-4/s. Three specimens in each rolling direction

were tested until failure to plot the stress–strain curve. The

following mechanical properties were analyzed: initial

elastic modulus (E0), yield strength (YS), and ultimate

tensile strength (UTS). In addition, three more specimens

in each rolling direction were tested until 12% strain for all

materials except 18% for DC05 and 6% for DP980 to

calculate the Lankford anisotropy parameters such as

Table 1 Material grades, commercial thicknesses and chemical

composition

Material Thickness (mm) Supplier Chemical composition

C Si Mn

DC05 1.50 A 0.06 0.10 0.35

HSLA490 1.57 A 0.08 0.03 0.60

DP600-A 1.50 A 0.14 0.40 2.10

DP600-B 1.50 B 0.086 0.053 1.739

DP980 1.52 B 0.154 0.047 2.224

TRIP780 2.00 A 0.25 – 2.0
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normal r value, planar Dr value, and normal r medium-

value (rm) coefficients. All tensile tests were conducted

using a universal testing machine EMIC� at room tem-

perature (* 20 �C) and the strain was measured using an

extensometer.

2.3 Microstructural analysis

The microstructural analysis procedure can be simplified in

the following steps: (1) mounting a sample of the material;

(2) grinding by means of four different sand paper granu-

lations; (3) polishing with alumina; (4) etching with Nital

2% (C2H5OH ? HNO3); and (5) optical micrograph

investigation.

2.4 Determination of the variation of the elastic
modulus during unloading

To characterize the elastic behavior, monotonic uniaxial

tensile tests were followed by unloading with a nominal

strain rate of * 10-4/s. Nine trials for each material were

made, three being in each rolling direction. The specimen

was initially elongated to a plastic strain of about 0.5% and

then unloaded. Furthermore, the reloading and unloading

processes were repeated using the following strain incre-

ment of: 1% until 7.5%; then 2% until 13.5%; and then 3%

until failure. After each unloading, the specimen rested for

1 day at room temperature to relieve the imposed residual

stresses [20]. A low strain increment (i.e., 1%) at the start

was applied as most variation in elastic modulus happens

between 0 and 5% strain [16], and later, it tends to stabi-

lize. At each loading and unloading, the elastic modulus

was measured and plotted.

3 Results and discussion

3.1 Mechanical properties

Figure 2 shows the difference in the behavior of the stress–

strain curve for analyzed materials, and Tables 3, 4, and 5

summarize the mechanical properties. Both grades of DP

steel showed higher initial work hardening. e., up to 7%,

and later stabilized. DP600 have shown uniform and total

elongation in a superior level to that showed by HSLA

steel. Also seen that the YS is similar to the HSLA but with

much higher UTS. Curiously, the DP600 steel from sup-

pliers A and B, although of similar grade, showed different

behavior between them. The steel from supplier B showed

higher elongation and a slight level of elastic–plastic

transition similar to HSLA. Moreover, the steel from sup-

plier A showed a high initial work hardening for dual-

phase steel and a quick stabilization resulting in an elon-

gation of 0.9% lower. DP980 steel showed uniform elon-

gation of 7%, which can be considered high for steel with

such ultra-high strength.

From a practical standpoint, the TRIP780 steel showed a

positive characteristic, i.e., low YS/UTS ratio- around 0.63.

As can be seen, the large margin between the YS and UTS

may be beneficial for stamping operations, Fig. 2. The

initial hardening coefficient of TRIP was lower than that of

DP steel, but lasts longer and achieved a uniform elonga-

tion of 22.6% close to the DC05 steel.

Table 2 shows the anisotropic mechanical properties of

the materials. The steel with greater ability to resist thin-

ning when subjected to tension and/or compression stresses

in the plane is the DC05 steel with rm of 1.572 and the

lowest is the DP600-A with rm of 0.820.

All materials presented here show normal and planar

anisotropy. The HSLA490 steel showed the lowest Dr and
the DC05 steel presented the largest. This parameter indi-

cates the difference of mechanical behavior in the plane of

the sheet. The materials with Dr(?) indicate a trend to

earing in longitudinal and transverse directions of rolling,

while the materials with Dr(–) indicate earing in the 450

direction.

3.2 Elastic modulus obtained during unloading

The variation inelastic modulus with respect to plastic

strain was reported by Lems [15]. In this work, in an

attempt to assess the magnitude of this effect, cyclic

Fig. 1 Geometry of specimen for tensile test (all dimensions are in mm)
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loading–unloading tensile tests for five different materials

were performed at as train rate of * 10-4/s.

Figure 3a shows the curves for different percents of

plastic deformation for the conventional steel HSLA490.

The elastic modulus during unloading was obtained by

dividing the stress before unloading by the total recovered

strain at zero stress, Fig. 3b. The unloading elastic modulus

in 0�, 45�, and 90� to rolling direction as well as for the

average of three directions with respect to different plastic

strain percent is shown in Fig. 3c. All curves were fitted

with the exponential formula (Eq. 1) presented in [38, 39]

Eav ¼ E0 � E0 � Esatð Þ 1� exp nep0
� �� �

ð1Þ

where E0 initial elastic modulus; Esat saturated elastic

modulus after prestrain; ep0 prestrain value; n a material

parameters indicating the modulus decay rate.

The instantaneous elastic modulus obtained during

unloading decreased from 207 to 173 GPa, representing

16.4% of decrease.

Figures 4, 5, 6, and 7 show the variation of the elastic

modulus obtained during unloading of the, DP600-A,

DP600-B, DP980, and TRIP780 steels.

Tables 3, 4, and 5 provide the initial elastic modulus,

saturated modulus, the calculated material parameter, and

percentage reduction in modulus (%RE) from initial to

saturation in 0�, 45�, and 90� to rolling direction. It indi-

cates that the TRIP steel provides the highest drop in elastic

modulus, followed by DP600-B, DP600-A, DP980, and

HSLA.

Further observations related to elastic anisotropy were

noted in all materials. For HSLA490, the less reduction in

elastic modulus was observed in transverse direction than

45� and then 0� for same strain. At 0.09 and above strain,

the elastic modulus seems saturated and very close to each

other (Fig. 3c). This can also be noted from Dr value.

Dr value is close to zero for this material; Table 2 indicates

little to no anisotropy. However, the decrease in elastic

modulus differences is higher prior to 12% strain (Fig. 3c),

but shows less anisotropic effect at 12% for which strain

Dr value was captured. Prior to 12% strain, the material is

believed to be highly anisotropic with higher negative

Dr value which indicates than material was softer in 45�
than other two directions and found higher decrease in

elastic modulus. With DP600-A, the trend is an outlier in

all. It shows less reduction in elastic modulus for 45� than
90� than 0� until strain of 0.07 and then saturated until

Fig. 2 Stress–strain curves for

different engineering degrees of

high-strength steels and a

conventional steel of low

strength

Table 2 Anisotropic properties for tested materials

Steels r0 r45 r90 Dr rm

DC05a 1.958 1.354 1.624 0.436 1.572

HSLA 490 0.777 0.876 0.903 - 0.036 0.858

DP600-A 0.835 0.676 1.088 0.285 0.820

DP600-B 0.638 1.097 0.802 -0.377 0.909

DP980b 0.875 1.038 0.932 -0.134 0.971

TRIP780 0.847 0.902 1.092 0.068 0.936

All other materials were obtained from e = 0.12
aObtained from e = 0.18
bObtained from e = 0.06
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0.09. After 0.09, the trend is flipped and less reduction

occurred with 0� than 90� than 45� (Fig. 4c) with no sat-

uration until failure. This observation was also supported

with given positive Dr value (Table 2), which suggests that

0� than 90� direction material was softer and thus higher

decrease in modulus was found. Similar observations were

found for DP600-B, DP980, and TRIP780. When observ-

ing DP600-B, the 90� sample gets less reduction in elastic

modulus than 0� than 45�. In this grade, no saturation

occurred until failure (Fig. 5c). For DP980, the trend is

similar as DP600-B, and in this case too, no saturation

occurred until failure (Fig. 6c). With TRIP780, the 45�
sample shows less reduction in elastic value than 90� than
0� with no saturation until failure (Fig. 7c). Table 6 pro-

vides the detail outlook related to elastic anisotropy and the

approximate elastic difference at any strain. The elastic

difference is the difference of minimum and maximum

directional (0�, 45�, and 90� to rolling direction) unloading

elastic modulus. The saturation is the region where direc-

tional anisotropy in unloading elastic modulus disappeared.

3.3 Microstructure characteristics

Figure 8 illustrates the as received micrographs of the

tested steels. The first two (Fig. 8a, b) are conventional

ferritic steels with polygonal grains. Steel DC05 (Fig. 8a)

is the one that showed larger and more uniform grains,

around 20 lm, against 8.34 lm of HSLA490 steel.

The other materials are AHSS steels that unlike the

conventional steels and show one or more phases associ-

ated with the ferritic matrix. In DP600 steels (Fig. 8c, d),

martensite islands are concentrated in the grain boundaries.

As can be seen, in Table 7, the DP600-A and B steels

presented, respectively, 83.4 and 85.8% of ferrite, 15.6 and

Fig. 3 Unloading–loading cycles obtained from the uniaxial tensile tests: a HSLA490, b detail showing the behavior of the unloading elastic

modulus and c measured elastic modulus at various strains
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13.1% of martensite, and 0.9 and 1.1% of bainite. Oliver

et al. [40] measured around 13.4% of martensite and 1.1%

of bainite in the same grade of steel and ferrite grains with

an average size of 5.68 lm. In DP600-A (Fig. 8c), the

average size of ferrite grains was 5.92 lm, while for the

DP600-B, Fig. 5d was 5.04 lm.

The combination of soft ferrite matrix and the marten-

sitic hard ‘‘islands’’ guarantee to the DP steels high

formability and high strength. Even though the grain size

for DP600-A is bigger than DP600-B, the higher stress and

lower elongation were achieved, which should be opposite.

This behavior is due to the higher martensite percentage in

this material. DP980 steel (Fig. 8e) shows inter-granular

ferrite in a martensitic matrix which is different than

DP600 steel, ensuring high value of UTS for the material.

Table 7 details the volume fraction of ferrite, martensite,

bainite, and retained austenite along with grain size and

feret ratio—which is the ratio between the length and width

of the grains.

Figure 8f shows the TRIP780 steel micrograph. How-

ever, due to difficulty in achieving the perfect etch for this

material, the metallographic phases could not be quantified.

Oliver et al. [40] managed to reveal quite successfully the

TRIP steel phases of the same grade and the authors

measured 72.4% ferrite, 13.9% of retained austenite, 10.4%

of bainite and 3.3% of martensite, and average grain size of

ferrite of 4.34 lm. The retained austenite transforms to

martensite when the material is plastically deformed and

these characteristics ensure to the steel excellent forma-

bility properties.

Fig. 4 Unloading–loading cycles obtained from the uniaxial tensile tests: a DP600-A, b detail showing the behavior of the unloading elastic

modulus and c measured elastic modulus at various strains
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All materials reflected with initial modulus of elasticity

between 205 and 212 GPa, typical range value of carbon

steel. In Fig. 9, the curves of the elastic modulus behavior

during unloading versus the plastic strain of all tested

materials in rolling direction are shown. The curves rep-

resent actual experimental data point in rolling directions.

Except DP980 steel all other tested advanced high-

strength steels showed higher reduction in modulus of

elasticity with respect to their strength. The TRIP780 steel

which had the highest tensile strength after DP980 among

all tested materials showed the higher reduction in modulus

of elasticity during unloading, followed by DP600-A,

DP600-B steels and finally the conventional HSLA steels.

Eggertsen and Mattisson [42] found similar results where

they analyzed two DP600 steels and two low carbon steels:

DX56 and 220IF, and found greater reduction in modulus

of elasticity for the higher strength steels. Similar trend has

seen in [22] when compared DP with mild steel. This

relationship is comprehensive considering that the greater

the strength at the point immediately prior to unloading, the

greater the non-linear elastic recovery (discussed in the

above figures), and consequently, small will be the slope of

the secant line that indicates the modulus of elasticity in

unloading and after loading. If closely observed a single

unload and load curve, it can be noted that start of unload

curve has higher modulus than end of unload curve. This

phenomenon is the same for load curve, i.e., higher mod-

ulus at start than at end. This phenomenon describes that

the similar mechanics is happening in both unloading and

loading. However, in loading, the relaxation of micro-

Fig. 5 Unloading–loading cycles obtained from the uniaxial tensile tests: a DP600-B, b detail showing the behavior of the unloading elastic

modulus and c measured elastic modulus at various strains
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plastic strain happens first and then dislocation been

pushed and stored in pile-ups. However, this result is

contrary to that obtained by Cobo et al. [36] that analyzed

different grades of DP steels and reported that less degra-

dation occurred for higher strength. In their case, the main

microstructural difference between the steels studied was

the amount of ferrite. The pearlite was neglected due to

significantly lesser in amount [36, 40]. For lower strength

DP, the ferrite volume fraction was 75%, but for high-

strength DP, it was only 10% in martensite matrix and the

conclusion made was that the reduction in modulus of

elasticity decreases as the ferrite volume fraction decrea-

ses. The justification made was the fact that the dislocation

movement is easier in body-centered cubic ferritic structure

than in martensite. Thus, the local micro-plastic strain is in

smaller quantities when the material has higher ferrite

volume fraction. In contrast, the higher martensite volume

fraction in the microstructure will generate higher plastic

micro-strain. This is due to the different elastic back

stresses of different phases. Martensite is believed to have

higher back stress (due to higher strength) compared to

ferrite and generates higher residual stresses in fer-

rite/martensite interface. This increase in residual stress

increases in the degradation of elastic modulus. With this

fact, DP600-A should have higher reduction in elasticity

than DP600-B, but the results are opposite. The grain size

in DP600-A is 5.92 lm compared to 5.04 lm in DP600-B.

This factor increases the grain boundaries and thus

Fig. 6 Unloading–loading cycles obtained from the uniaxial tensile tests: a DP980, b detail showing the behavior of the unloading elastic

modulus and c measured elastic modulus at various strains
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Fig. 7 Unloading–loading cycles obtained from the uniaxial tensile tests: a TRIP780, b detail showing the behavior of the unloading elastic

modulus and c measured elastic modulus at various strains

Table 3 Elastic reduction and comparison with mechanical properties in 0� to rolling direction

Steels E0 (GPa) Esat (GPa) n %RE YS (MPa) UTS (MPa) n K Total El (%)

HSLA 490 207.1 176.4 31.5 14.8 407 540 0.126 796 20.8

DP600-A 206.4 166.6 51.5 19.3 399 618 0.154 957 20.8

DP600-B 207.1 165.3 24.0 20.1 382 595 0.185 999 22.7

DP980 207.9 185.0 32.0 11.0 857 934 0.075 1224 11.4

TRIP780 208.0 161.8 27.5 22.2 523 854 0.255 1568 28.5

YS yield strength; UTS ultimate tensile strength; Total EI total elongation; n strain hardening coefficient; K strength coefficient, both n and

K obtained from 0.04\ e\ 0.12
aObtained from 0:04\ e\ 0.20
bObtained from 0.03\ e\ 0.06

Journal of the Brazilian Society of Mechanical Sciences and Engineering  (2018) 40:87 Page 9 of 13  87 

123



dislocation density in DP600-B even if the martensite

volume fraction is lower. Due to increase in dislocation

density, the micro-plastic strain believed to be higher than

in DP600-A and thus increases the reduction in elasticity.

The justification given by Cobo et al. [36] serves to

explain the DP980 steel behavior, as shown in Fig. 9. As

can be seen in the micrograph of this steel illustrated in

Fig. 8e, it shows a large percentage of inter-granular ferrite

in martensitic matrix. Due to which the back stress of

martensite and ferrite would not have generated the overall

amount of residual stresses at ferrite/martensite and

martensite/martensite interface. Thus, lower micro-plastic

strain evolved and resulted in lesser degradation of elastic

modulus. This in fact was responsible for less reduction

(13.5%) in elastic modulus during unloading.

It is reported that with increase in plastic strain, the

micro-cracks increases, thus reduces the density of mate-

rial, and thus decrease the elasticity [22] in general. This

fact believed to be directly applicable to TRIP steel, where

the volume of material increases [43] due to transformation

of austenite to martensite during plastic deformation. In

TRIP780 steel, the austenite volume fraction noted was

13.9%. The transformation of austenite starts quickly with

deformation at low carbon levels, but more stable in high

Table 4 Elastic reduction and comparison with mechanical properties in 45� to rolling direction

Steels E0 (GPa) Esat (GPa) n %RE YS (MPa) UTS (MPa) n K Total El (%)

HSLA 490 207.4 168.5 29.5 18.7 411 523 0.115 752 21.7

DP600-A 208.0 160.0 24.5 23.1 403 624 0.148 965 19.5

DP600-B 208.2 155.7 29.5 25.2 386 602 0.190 1000 24.9

DP980 206.7 179.1 44.5 13.3 810 923 0.078 1220 9.3

TRIP780 212.1 176.6 26.5 16.7 558 862 0.252 1585 24.2

YS yield strength; UTS ultimate tensile strength; Total EI total elongation; n strain hardening coefficient; K strength coefficient, both n and

K obtained from 0.04\ e\ 0.12
aObtained from 0:04\ e\ 0.20
bObtained from 0.03\ e\ 0.06

Table 5 Elastic reduction and comparison with mechanical properties in 90o to rolling direction

Steels E0 (GPa) Esat (GPa) n %RE YS (MPa) UTS (MPa) n K Total El (%)

HSLA 490 206.2 173.9 16.5 14.2 427 563 0.110 795 18.1

DP600-A 208.1 162.0 28.5 22.1 385 616 0.153 978 19.9

DP600-B 205.9 167.2 18.0 18.8 396 622 0.186 1030 20.8

DP980 207.9 185.4 34.0 10.8 815 944 0.080 1252 10.4

TRIP780 205.6 174.5 21.0 15.1 563 864 0.25 1595 20.4

YS yield strength; UTS ultimate tensile strength; Total EI total elongation; n strain hardening coefficient; K strength coefficient, both n and

K obtained from 0.04\ e\ 0.12
aObtained from 0:04\ e\ 0.20
bObtained from 0.03\ e\ 0.06

Table 6 Elastic anisotropy

Steels Trend Elastic difference (%) Saturation Flipped Elastic difference Saturation

HSLA490 90-0-45 * 15 Yes at 0.09 until failure – – –

DP600-A 45-90-0 * 10 Yes between 0.07 to 0.09 Yes; trend: 0-90-45 * 7 No until failure

DP600-B 90-0-45 * 20 No until failure – – –

DP980 90-0-45 * 7 No until failure – – –

TRIP780 45-90-0 * 15 No until failure – – –

Trend 90-0-45 means elastic reduction less for 90� than 0� than 45� at same strain value and respectively

 87 Page 10 of 13 Journal of the Brazilian Society of Mechanical Sciences and Engineering  (2018) 40:87 

123



carbon levels [44]. Being 0.25 wt% of carbon in this TRIP

steel, it can be assume that most of the austenite would

have been transformed. Due to which the density of the

material decreases and thus degrades the modulus of

elasticity.

4 Conclusion

The paper deals with the elastic behavior of considered

AHSS material. For this, specimens were loaded and

unloaded in uniaxial tension in 0�, 45�, and 90� to rolling

direction. The results were analyzed and compared. The

Fig. 8 Optical micrographs of

steels: a DC05; b HSLA490;

c DP600-A; d DP600-B;

e DP980 and f TRIP780

Table 7 Quantitative

metallography results
Grade Volume fraction (%) Grain size (lm) Feret ratio

Ferrite Martensite Bainite Retain. Aust.

DC05 – – – – 20.06 1.32

HSLA 490 – – – – 8.34 1.95

DP600-A 83.4 15.6 0.9 ND 5.92 1.73

DP600-B 85.8 13.1 1.1 ND 5.04 1.27

DP980 [41] 30.0 70.0 ND ND – –

TRIP780 [40] 72.4 3.3 10.4 13.9 4.34 1.40

ND not detected, – not measured
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effect of plastic strain, anisotropy, and initial microstruc-

ture on reduction in elastic modulus was explained.

Overall, it is concluded that:

• All presented materials show the reduction inelastic

modulus during unloading and after loading. While

comparing conventional steel with AHSS, the greater

reduction in the elastic modulus was found for the

material with higher strength. DP980 has been the

exceptional material with less reduction in elastic

modulus, even though it was the highest in the strength.

The different behaviors of DP980 steel can be credited

to the microstructure that shows the large percentage of

inter-granular ferrite in martensitic matrix.

• While comparing among AHSS, it was observed that

the percentage of ferrite shows a great influence on the

reduction of the elastic modulus during unloading.

• The grain size between similar strength of AHSS steels

influences the reduction in elastic modulus. Decrease in

grain size increases the dislocation density, which

further increases the micro-plastic strain and thus

degrades the elastic modulus.

• Increase in martensite volume fraction in ferrite matrix

increases the interface residual stress and thus

decreases in elastic modulus.

• Increase in plastic strain increases the micro-cracks and

thus lowers the density of the material results in

decreases in elastic modulus. This is the most influen-

tial factor in TRIP steel as volume of the material

increases with austenite transformation that can affect

the quantitative value of elastic modulus.

• Elastic anisotropy was found in all considered material.

It was found that HSLA490 saturates its anisotropy

after a strain value of 0.09, but all other AHSS steels

show significant anisotropy until failure. The exception

is DP600-A, where the anisotropy saturates at 0.07 and

continues until 0.09 and then flipped its anisotropy

trend with no saturation until failure.

• The elastic recovery differences occurred between

directions in all materials due to anisotropy. The

maximum elastic difference occurred was with

DP600-B and can also be noted from r value table.

Thus, understanding of unloading and after loading

elasticity is important as well as the knowledge of

elastic anisotropy is also critical to model the

springback.
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