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a b s t r a c t 

Dual phase (DP) steels are widely used for their excellent combination of strength-ductility-cost perfor- 

mance. However, several forming and/or structural applications are affected by cracking resistance issues. 

We show here that DP steels with a ‘Thomas-fibers’ type platelet martensite morphology exhibit sig- 

nificantly larger cracking resistance compared to corresponding equiaxed microstructures. The superior 

cracking resistance is demonstrated both for thin and thick specimens processed with different marten- 

site volume fractions and thicknesses. The cracking of thin sheets involves complex intermingling of work 

spent for crack tip necking and for material fracture as quantified using the essential work of fracture 

method, complemented with fractography and microstructure characterization. The better cracking resis- 

tance is shown to originate from a remarkable resistance to damage nucleation related to the alignment 

of the platelets upon deformation and from their small size. This finding offers a new path to optimize 

the fracture toughness of DP steels without compromising the strength and/or changing the chemical 

composition. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Dual phase (DP) steels have long been used in the automo- 

ive industry for their excellent mechanical properties in terms of 

trength-ductility balance associated to low processing cost. The 

ood compromise between strength and ductility results from the 

ppropriate combination of ductile ferrite ( α) and hard martensite 

 α’). However, many DP steels suffer from limited fracture tough- 

ess leading, for instance, to edge cracking during forming opera- 

ions of precut sheets. This has been demonstrated by insufficient 

ole expansion capacity, which is directly related to cracking resis- 

ance [ 1 , 2 ]. Higher cracking resistance is thus needed to improve

ormability and to further improve the structural behavior of some 

ritical DP components. There is thus a major interest for develop- 

ng DP steel grades with enhanced cracking resistance but preserv- 

ng the high strength-ductility balance. 

The cracking resistance of materials with pre-existing defects 

an be characterized by the fracture toughness defined as the value 

f the stress intensity factor, K Ic , or of the J -integral at cracking 

nitiation, J Ic . The fracture toughness of DP steels has not been 

idely investigated, only a handful of studies have provided quan- 

itative data. For instance, the impact resistance has been deter- 
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ined through Charpy tests [3–7] , which provides information 

bout the dynamic cracking resistance, but the relationship with 

racture toughness is not direct. Regarding quasi-static fracture 

oughness, three point bending tests on chevron-notched DP steels 

pecimens were performed in [4] leading to a maximum K Ic of 138 

Pa 
√ 

m while tensile tests on circumferentially notched specimens 

ave a maximum K Ic of 56.4 MPa 
√ 

m [ 8 , 9 ]. This corresponds to a 

 Ic of ~90 kJ. m 

−2 and ~15 kJ. m 

−2 , respectively (using the relation- 

hip J Ic = K 

2 
Ic 
/ E ∗ where E ∗ = E/ ( 1 − ν2 ) in plane strain, with, E, the

oung’s modulus and, ν , the Poisson ratio). More recently, Faccoli 

t al. [10] found J Ic ~100 kJ. m 

−2 for a DP10 0 0 steel, while Frómeta

t al. [11] reported J Ic equal to 84 kJ. m 

−2 , using both CT Com- 

act Tension (CT) and Double-Edge-Notched Tension (DENT) spec- 

mens. The fracture toughness heavily depends on the microstruc- 

ure, such as on the α’ volume fracture and carbon content. A 

ull picture of the relationship between composition, microstruc- 

ure and fracture toughness in DP steels is still missing. 

Recently, fibrous DP steels, also called ‘Thomas fibers’ DP steels 

12] , have been re-investigated, confirming an excellent strength- 

uctility ratio [13] , but also promising cracking resistance com- 

ared to classical DP steels [ 14 , 15 ]. The objective of this work is

o study the cracking resistance of ‘Thomas fibers’ DP steels in the 

orm of thin sheets in comparison to reference equiaxed DP steels, 

s well as of some thick sheets results taken from [14] . The num-

er of applications of DP sheets is large and justifies the focus on 

hin sheets. 

https://doi.org/10.1016/j.actamat.2021.116700
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.116700&domain=pdf
mailto:thomas.pardoen@uclouvain.be
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Table 1 

Chemical composition (in wt %) of the as-received steel 

grade used for thin sheet samples. 

C Mn Si Cr Al P S 

0.045 2 0.3 0.4 0.028 0.013 0.0025 

Table 2 

Temperature and duration of the applied thermal treatments for thin 

sheets, each step being ended by water quenching. 

Austenitization Intercritical annealing 

eV19t1 & eV19t2 / 735 °C – 7 min 

eV36t1 & eV36t2 / 785 °C – 7 min 

pV19t1 & pV19t2 1100 °C – 17 min 760 °C – 7 min 

pV36t1 & pV36t2 1100 °C – 17 min 785 °C – 7 min 

Table 3 

Chemical composition (in wt %) of the as-received steel grades used for 

the bulk samples. 

C Mn Si Cr Al P S 

1) 0.023 2.05 0.31 0.405 0.038 0.012 0.003 

2) 0.045 2 0.3 0.4 0.028 0.013 0.0025 

3) 0.088 2.07 0.305 0.435 0.036 0.0025 0.0025 

Table 4 

Temperatures and durations of the applied heat treatments 

for thick sheets, each step being ended by water quench- 

ing. 

Austenitization Intercritical annealing 

pV17t10 1100 °C – 15 min 720 °C – 20 min 

pV21t10 1100 °C – 15 min 735 °C-20 min 

pV14t10 1100 °C – 15 min 702 °C-1380 min 

pV32t10 1100 °C – 15 min 760 °C-20 min 

t

F

s

c

p

P

5

t

T

c

m

n

m

5

l  

e

v

r

v  

t

m

g

i

c

d

2

t

The plane strain fracture toughness J Ic can be expressed for a 

uctile fracture mechanism by nucleation, growth and coalescence 

f voids as [16] 

 Ic = σ0 X 0 F 

(
σ0 

E 
, n, f 0 , W 0 , λ0 

)
, (1) 

here σ0 is the yield stress, X 0 is an internal length scale related 

o the void spacing, and F is a function depending on the ratio 
σ0 
E ,

train-hardening exponent n , initial void porosity f 0 , initial void as- 

ect ratio W 0 , and void spacing distribution λ0 . A combination of 

 high strength σ0 and a high fracture strain ε f (which will re- 

ult from low initial porosity and late void nucleation for instance) 

oes not necessarily lead to a high J Ic ; the internal length scale, X 0 , 

elated to the microstructure plays a major role as well, as demon- 

trated in [16] . 

In near plane stress conditions, typical of thin ductile metallic 

heets, Eq. (1) must be modified to introduce the effect of thick- 

ess [17] . This is due to the additional contribution from crack tip 

ecking to the cracking resistance, which depends on thickness. As 

n alternative to J Ic , the essential work of fracture (EWF), w e , is 

ften used to characterize thin sheet cracking. The EWF method 

as already been applied on various DP steels with equiaxed mi- 

rostructures, for instance by [ 1 , 18-23 ], but never reported on 

Thomas fibers’ DP steels. The EWF characterizes the cracking re- 

istance as the average energy per unit area spent in the fracture 

rocess zone (FPZ) all along the cracking process. In thin metal- 

ic sheets, the stress state is close to plane stress which favors the 

evelopment of crack tip necking. The necking work varies with 

hickness and the EWF is thus not a truly intrinsic property in this 

egime (nor J Ic ) [17] . The EWF can be further separated in terms of

n intrinsic work spent for damage and fracture, noted �0 , and an 

verage work spent in necking, noted �n [ 17 , 24 , 25 ]: 

 e = �0 + �n = �0 + βt 0 w n , (2) 

here w n is an average work of necking per unit volume and β a 

hape factor associated to the necking zone. In other words, thin 

heets of different materials must be tested at the same thickness 

o provide a fair basis of comparison in terms of cracking resis- 

ance as quantified with the EWF. But, a full picture regarding the 

esistance to cracking of ductile thin sheets can only be obtained 

y looking at the separation between �0 and �n , and thus at a 

ange of thicknesses. 

The analysis of the EWF and of the two terms �0 (which can be 

ssimilated to J Ic in Eq. (1) ) and �n sets the fundamental basis for 

elating the cracking resistance to the strength ( σ0 ) , ductility ( ε f ), 
icrostructure ( X 0 , f 0 and W 0 ) and thickness, which we aim at 

lucidating here in the context of ‘Thomas fibers’ versus equiaxed 

P steels. For this purpose, both equiaxed and ‘Thomas fibers’ mi- 

rostructures were processed with various α’ contents and thick- 

esses. The damage and cracking resistance were systematically 

haracterized in addition to the elastoplastic properties. In partic- 

lar, the EWF method has been used to compare the equiaxed and 

brous versions of DP steels. Earlier data obtained on thick speci- 

ens were added for the sake of comparison. Hole expansion tests 

ere performed to verify the positive impact of the ‘Thomas fibers’ 

orphology on a forming application. 

. Materials and experimental procedure 

.1. As-received materials and processing 

The equiaxed DP steels were generated by intercritical anneal- 

ng, followed by water quenching (to induce the transformation of 

ustenite into α’) of cold-rolled sheets. On the other hand, the 

Thomas fibers’ versions [12] were processed by intercritical an- 

ealing of a fully α’ microstructure. The reversion of α’ induces 
2 
he nucleation and growth of austenite at the prior lath interfaces. 

ig. 1 shows examples of the two microstructures with the corre- 

ponding heat treatments. 

Thin DP steel sheets. The different microstructures were pro- 

essed from the same initial 12 mm thick ferrite-pearlite wrought 

late of homogenized chemical composition given in Table 1 . 

ieces of this plate were first hot-rolled down to a thickness of 

 mm after reheating at 1100 °C, followed by cold-rolling down to 

he investigated thicknesses (i.e. 0.5, 1 and 2 mm, respectively). 

he heat treatments summarized in Table 2 were performed after 

old-rolling in order to generate the equiaxed and ‘Thomas fibers’ 

icrostructures. The austenitization was performed in a muffle fur- 

ace followed by water quenching. The intercritical annealing was 

ade in a fluidized bed furnace ensuring a mean heating rate of 

0 ◦C. s −1 , followed by water quenching. The different sam ples are 

abeled in the following as x V y t z , with x being either e or p for

quiaxed or ‘Thomas fibers’ (with “p” for platelet), y being the α’ 

olume fraction (in %), and z being the sheet thickness (in mm), 

espectively. 

Thick DP steel specimens. In addition, three grades were in- 

estigated in an earlier study [ 13 , 14 ] to generate four DP steels in

he form of 10 mm thick samples, see Table 3 . Different heat treat- 

ent conditions summarized in Table 4 were applied in order to 

enerate microstructures similar to the thin sheets. The labelling 

s similar: pV17t10 with composition 1, pV21t10 and pV32t10 with 

omposition 2, and pV14C63 with composition 3 of Table 3 . More 

etails can be found in [ 13 , 14 ]. 

.2. Microstructures 

Fig. 2 is a panel of SEM micrographs of the microstructures af- 

er polishing and Nital etching. A 3D microstructure characteriza- 
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Fig. 1. Equiaxed (a) and ’Thomas fibers’ (c) microstructures with the corresponding heat treatments (b) and (d). 
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ion was additionally carried out on a 10 mm thick plate. A serial 

ectioning procedure was performed using Vickers indents both for 

he positioning and for the estimation of the amount of removed 

aterial. A superposition of 2D images led to the 3D reconstruc- 

ion of the ‘Thomas fibers’ microstructure shown in Fig. 3 , reveal- 

ng that the α’ particles of the ‘Thomas fibers’ microstructure ex- 

ibit, as expected, a platelet shape. 

.3. Uniaxial tensile tests 

Uniaxial tensile tests were conducted using a Zwick-Roell 50kN 

niversal tensile testing machine under displacement control at 

onstant crosshead speed of 1 mm.min 

−1 and under controlled 

emperature and humidity of 23 °C and 49%, respectively. The load- 

ng direction was aligned with the rolling direction. An extensome- 

er was used with an initial gauge length at least equal to 20 mm. 

he 0.2% yield stress, σ0 . 2% , true ultimate tensile strength, σu , and 

rue strain at necking, ε u , were extracted, with the onset of necking 

aken at maximum load. The values were determined from each 

est independently, with the mean and standard deviation calcu- 

ated afterwards. The true fracture strain, ε f , was measured post- 

ortem on the broken specimens and determined from 

 f = ln 

(
A 0 

A f 

)
, (3) 

here A 0 and A f are the initial and final projected area of the frac- 

ure surface, respectively. The fracture stress, σ f , was calculated as 

he ratio between the load at fracture, F f , and final area, A f . 

.4. Essential work of fracture 

The standards for the measurement of K Ic , G Ic and J Ic impose a 

inimum thickness that can usually not be met when investigat- 

ng the cracking resistance of tough metallic sheets due to exten- 

ive plasticity. As explained in the introduction, the EWF method, 
3 
roposed by Cotterell and Reddel [26] , is an appropriate alterna- 

ive. The Double-Edge-Notched Tension (DENT) geometry shown in 

ig. 4 was used. Upon loading, two zones must be distinguished: 

i) the FPZ in which necking, damage and fracture occurs, and (ii) 

he diffuse plastic zone (DPZ). The total work of fracture, W f , is 

ritten as the sum of the plastic work spent in the DPZ, W p , and

f the work spent in the FPZ, W e : 

 f = W e + W p . (4) 

The EWF method is based on dimensional considerations: (i) 

he area of the DPZ, hence W p , is proportional to l 2 
0 

, with l 0 be-

ng the initial ligament length (see Fig. 4 ); while (ii) the FPZ size, 

nd thus W e , is proportional to l 0 . Hence, the total work of fracture, 

 f , can be expressed as 

 f = l 0 t 0 w e + αl 2 0 t 0 w p , (5) 

here w e is the work spent per unit area within the FPZ, defined 

s the EWF; w p is the average plastic work spent in the DPZ per 

nit volume, t 0 is the initial thickness, and α is a shape factor. The 

pecific work of fracture, w f , is obtained by dividing W f by the 

nitial ligament area: 

 f = 

W f 

l 0 t 0 
= w e + αl 0 w p . (6) 

In practice, DENT specimens with various l 0 are deformed un- 

il final fracture. The integration of the load-displacement response 

rovides W f for the different l 0 . Based on Eq. (6) and illustrated in 

ig. 4 , a linear regression on the w f versus l 0 data allows the sepa- 

ation of w e and αw p . Then, Eq. (2) can further be used to separate 

he necking and fracture contributions to w e . 

The conditions of validity of the EWF method have been deter- 

ined, e.g. [ 26 , 28–31 ], and translated mainly into restrictions on 

 0 ; that is, l 0 must be in an interval between a lower bound of 

dmissible ligament length, l , and upper bound, l max , that are 
min 
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Fig. 2. SEM micrographs of all investigated microstructures: a) eV19t1, b) eV19t2, c) eV36t1, d) eV36t2, e) pV19t1, f) pV19t2, g) pV36t1, h) pV36t2, i) pV17t10, j) pV21t10, k) 

pV14t10, l) pV32t10. 

4 
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Fig. 2. Continued 

e

l

w

p

r

w

xpressed as 

 min = ( 3 ... 5 ) t 0 ≤ l 0 ≤ min ( L/ 3 ; r p ) = l max , (7) 
5 
here L corresponds to the width and where r p is the plane stress 

lastic zone size equal to 

 p = 

1 

π

(
K 

σ0 

)2 

≈ 1 

π

E w e 

σ 2 
0 

, (8) 

here K is the stress intensity factor. 
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Fig. 3. 3D reconstruction of the morphology of the martensite present in the ‘Thomas fibers’ microstructure based on a superposition of 2D SEM micrographs. 

Fig. 4. Schematic representation of DENT sample with the illustration of the diffuse plastic zone (DPZ) and the fracture process zone (FPZ) (a) and illustration of the EWF 

method (b) (inspired from [27] ). 
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The EWF method was applied to all microstructures and thick- 

esses using DENT specimens 100 mm long, and 50 mm wide, 

ested parallel to rolling direction. In order to fulfill the validity 

equirements, l 0 was varied between 5 and 15 mm for the 0.5 mm 

hick sheets, from 5 to 17.5 mm for the 1 mm thick sheets, and

rom 9 to 15 mm for the 2 mm thick sheets. Notches with an ini-

ial opening of around 250 to 300 μm were reached by electri- 

al discharge machining. In order to avoid time-consuming fatigue 

recracking (while ensuring an initial crack tip smaller than the 

ritical opening, as verified after testing), crack tip sharpening was 

nduced with a razor blade, leading to a crack tip radius between 

0 and 100 μm. The razor blade cutting can affect the microstruc- 

ure through local work hardening and damage, which, in turn, can 

ffect the crack initiation energy. However, as the work dissipated 

uring initiation only mildly contributes to the total work when l 
0 
I

6 
s sufficiently long, this procedure does not significantly impact the 

WF. 

The specimens were deformed in tension until completion of 

racking at a crosshead speed of 1 mm.min 

−1 . Displacement was 

easured by means of an extensometer with an initial gauge 

ength between 25 and 50 mm. The standard deviation on w e was 

alculated from the least square method. The error analysis is de- 

cribed in Supplementary Materials. 

.5. Determination of the CTOD 

The Crack Tip Opening Displacement (CTOD) at initiation, δc , 

hich is the critical opening at which the cracking starts, was de- 

ermined by Pierman [14] using the methodology proposed in [32] . 

t consists in measuring the difference between the total crack 
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Fig. 5. Hole expansion test configuration. 
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Fig. 6. Schematic representation of the damage characterization procedure in bro- 

ken uniaxial tensile and DENT specimens. 
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pening after blunting and the extra opening due to crack prop- 

gation. Following the measurement for different crack extensions, 

n extrapolation to zero crack extension leads to δc , which is re- 

ated to J Ic through 

c = d 
J Ic 
σ0 

, (9) 

here d is the Shih factor [33] . This method was applied to the 

hick specimens only to estimate J Ic . 

.6. Hole expansion tests 

Hole expansion tests, schematized in Fig. 5 , were performed 

o determine the stretch flangeability of eV19t1, eV36t1, pV19t1 

nd pV36t1 samples. The specimens were first punched to produce 

oles of 10 mm in diameter. The specimens were then clamped 

urr up with a load of 150 kN in a blank holder and the holes were

xpanded by a 60 ° conical punch moving at a speed of 0.8 mm/s. 

he tests were stopped as soon as a crack was detected through 

he thickness of the sample. The inner diameter of the expanded 

oles was measured in two perpendicular directions, while avoid- 

ng cracks. The hole expansion ratio, λ, expressed in percent, is de- 

ned as 

= 100 

D h − D 0 

D 0 

, (10) 

here D h is the average diameter of the expanded hole and D 0 is 

he initial hole diameter. The hole expansion ratios are the result 

f an averaging on seven specimens. 

.7. Damage characterization 

The broken uniaxial tension and DENT specimens were pre- 

ared for damage characterization involving SEM analysis of the 

racture surfaces. The thickness reduction factor, r f , and the av- 

rage equivalent fracture strain, ε f,eq , of the DENT specimens are 

xpressed as 

 f = 

t 0 − t f 

t 0 
, (11) 

 f,eq = 

2 √ 

3 

ln 

(
t 0 
t f 

)
, (12) 

here t f is the final thickness at mid-ligament. Both the DENT 

nd broken uniaxial tension samples were cut at mid-width and 

ounted to allow transverse observations on sections below the 

racture surface, as shown on Fig. 6 . The surface was polished 

own to 1 μm, followed by an OPA polishing step of 20 min 

nd by an ultrasonic bath cleaning of 10 min to remove potential 

esidues. OPA was occasionally sufficient to reveal the microstruc- 

ure by SEM. In the case of a too thick passivation layer, samples 

ere etched using a Nital solution. 
7 
. Results 

.1. Uniaxial tensile tests 

Figs. 7 (a) and (b) show the average true stress – true strain 

urves over 2 to 5 replicas of equiaxed and platelet microstructures 

or 1 mm thick (full lines) and 2 mm thick (dotted lines) spec- 

mens. All curves are given in Supplement ary Materials. Fig. 7 (b) 

s a zoom on the response up to necking while Fig. 7 (a) adds the

oints corresponding to the true fracture strain and true fracture 

tress, ε f and σ f , of each condition. The dotted lines joining the 

ecking and fracture points offer a qualitative view on the strain- 

ardening capacity at large strains. The linear evolution is an ap- 

roximation of the (unknown) real behavior, while noting that a 

ost-necking linear variation is often observed in many metallic 

lloys, e.g. [34] . As a matter of fact, σ f is an upper bound of the

rue equivalent stress at fracture due to the generation of trans- 

erse stress components during necking, but the same approxi- 

ation applies to all conditions making the comparisons relevant. 

ig. 7 (c) shows representative stress-strain curves up to the onset 

f necking of the thick sheet specimens. The original curves can be 

ound in [13] . Table 5 summarizes the main mechanical properties 

xtracted from these curves as well as ε f , σ f and the product ε f σ f . 

The yield and tensile stress increase with α’ volume fraction. 

he 1 mm thick sheets generally exhibit a strength ~10% higher 

ompared to the 2 mm thick sheets for the same α’volume fraction 

n equiaxed microstructures. This results from slight differences in 

icrostructure, inherent of different thicknesses. The strength is 

igher in the platelet DP steels compared to the equiaxed ones 

or a α’ volume fraction of 19%, but the opposite is found for 36% 

’. On the other hand, the fracture strain is higher for the platelet 

orphology, except for the eV19t2 - pV19t2 cases. 

.2. Essential work of fracture 

The load - displacement curves of the DENT specimens are 

iven in the Supplementary Materials. When normalized by the 

aximum force, F max , and maximum displacement, u max , the 

urves superimpose well, which indicates the validity of the 

ethod. 2D digital image correlation was performed as an addi- 

ional validity check to confirm that the plastic zone is confined 

etween the two notches with a fully yielded ligament (see Sup- 

lementary Materials for more information). 

Fig. 8 shows, for all microstructures, the variations of w f with 

espect to l 0 and the linear regressions used to extract the EWF, to- 

ether with the regression coefficient R 2 . Some results must be in- 

erpreted with care, namely pV19t2, pV36t0.5 and eV36t1, because 

f either a small regression coefficient and/or a limited number of 

amples and/or a missing sample at the largest l . 
0 
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Fig. 7. Experimental true stress-true strain curves of the different microstructures in the case of (a) thin sheets up to the fracture point; (b) thin sheets with zoom up to 

necking, and (c) thick sheets (data taken from [13] ). In (a), bold full lines are for 1 mm thick sheets, and dashed lines are for 2 mm thick sheets. 

Table 5 

Tensile properties of the steels. 

σ0 . 2% [MPa] ε u [-] σu [MPa] ε f [-] σ f [MPa] ε f σ f [MPa] 

eV19t1 311 ± 4 0.17 ± 0.01 752 ± 6 0.765 ± 0.007 1497 ± 52 1075 ± 160 

eV36t1 417 ± 9 0.11 ± 0.01 854 ± 13 0.88 ± 0.096 1953 ± 163 1733 ± 319 

pV19t1 396 ± 10 0.09 ± 0.01 700 ± 27 1.04 ± 0.023 1765 ± 175 1852 ± 212 

pV36t1 415 ± 7 0.09 ± 0.005 741 ± 11 1.06 ± 0.12 1984 ± 98 2105 ± 343 

eV19t2 274 ± 4 0.19 ± 0.0002 666 ± 4 0.935 ± 0.025 1561 ± 37 1460 ± 75 

eV36t2 367 ± 9 0.1 ± 0.02 775 ± 40 1.08 ± 0.156 2117 ± 235 2264 ± 422 

pV19t2 385 ± 2.5 0.12 ± 0.005 716 ± 9 0.76 ± 0.04 1618 ± 137 1239 ± 173 

pV36t2 369 ± 5 0.11 ± 0.02 688 ± 26 1.09 ± 0.09 1820 ± 110 1982 ± 271 

pV17t10 342 ± 2 0.13 ± 0.013 626 ± 10 1.54 ± 0.1 

pV21t10 345 ± 10 0.14 ± 0.03 687 ± 20 1.2 ± 0.15 

pV14t10 494 ± 25 0.135 ± 0.005 735 ± 10 1 ± 0.04 

pV32t10 351 ± 75 0.13 ± 0.01 704 ± 20 1.21 ± 0.21 

E

f

s

o

3

o

t

Table 6 

�0 and βw n of equiaxed and platelet-like 

microstructures. 

�0 [ kJ / m 

2 ] βw n [ kJ / m 

3 ] 

eV19 38 ± 86 157 ± 69 

eV36 137 ± 29 115 ± 46 

pV19 140 ± 98 215 ± 111 

pV36 56 ± 87 267 ± 72 
Fig. 9 shows the variation of w e as a function of thickness. The 

WF significantly increases with thickness for a given α’ volume 

raction and morphology. The EWF of the platelet morphology is 

ystematically larger than the corresponding equiaxed morphol- 

gy by typically 50% (except for the 1 mm thick specimen with 

6% α’, showing a smaller improvement). This is the core result 

f this study, which motivated further analysis and the discussion 

o come. Table 6 provides the contribution of necking βw n and of 
8 
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Fig. 8. Variation of w f as a function of l 0 , together with the w e and the quality of the linear regressions as quantified by R 2 for a) eV19t1, b) eV36t1, c) eV19t2, d) eV36t2, 

e) pV19t1, f) pV36t1, g) pV19t2, h) pV36t2, i) pV19t0.5, j) pV36t0.5. 

9 
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Fig. 8. Continued 

Fig. 9. Essential work of fracture, w e , as a function of initial sheet thickness, t 0 . 

d

e

i

u

T

p

t

c

r

3

d

e

J

e

r

p

3

h

n

10 
amage �0 to the EWF from Eq. (2) . The separation of these two 

nergy contributions is only semi-quantitative in view of the lim- 

ted number of thicknesses that were tested, leading to significant 

ncertainty, but the main trends are still worth being explored. 

he necking work βw n is higher for the platelet morphology, es- 

ecially for the 36% α’ condition for which the difference is statis- 

ically valid. The error on �0 is too large to allow any quantitative 

onclusions to be taken. This error propagates from the error al- 

eady significant for some w e values. 

.3. Fracture toughness of thick sheets 

The fracture toughness, J Ic , of the four thick microstructures was 

etermined by Pierman [14] from δc using Eq. (11) . Table 7 gath- 

rs the δc , corresponding Shih factors, yield strength and estimated 

 Ic . In order to assess the error associated to J Ic , the experimental 

rror due to the measurement of δc is around 50 microns. These 

esults confirm the higher cracking resistance of DP steels with 

latelet-like α’ morphology: the cracking resistance level, between 

91 and 432 kJ. m 

−2 , is outstanding and much higher than what 

as been measured in conventional DP steels. These results were 

ot reported yet in the literature. 
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Table 7 

Fracture toughness, J Ic , and values of the parameters used for 

the determination of J Ic for the four thick sheets microstruc- 

tures. 

δc [ μm ] d [ −] σ0 [ MPa ] J Ic [ kJ / m 

2 ] 

pV17t10 800 ± 50 0.68 342 ± 2 402 ± 21 

pV21t10 850 ± 50 0.75 345 ± 10 391 ± 26 

pV14t10 612 ± 50 0.7 494 ± 25 432 ± 42 

pV32t10 592 ± 50 0.71 351 ± 75 351 ± 67 

Fig. 10. Hole expansion ratio values, λ, as a function of the essential work of frac- 

ture for the eV19t1, eV36t1, pV19t1 and pV36t1 microstructures. 
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Table 8 

Thickness reduction factor, r f , 

and average equivalent fracture 

strain, ε f,eq , of the DENT spec- 

imens for the eight thin sheet 

microstructures. 

r f [-] ε f,eq [-] 

eV19t1 0.52 0.84 

pV19t1 0.61 1.07 

eV36t1 0.62 1.11 

pV36t1 0.61 1.09 

eV19t2 0.44 0.67 

pV19t2 0.53 0.87 

eV36t2 0.48 0.76 

pV36t2 0.59 1.04 
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.4. Hole expansion tests 

Fig. 10 provides the values of the hole expansion ratio for the 

V19t1, eV36t1, pV19t1, pV36t1 microstructures as a function of 

he EWF. The hole expansion ratio for the platelet morphology 

s systematically higher than for the equiaxed morphology in line 

ith the higher EWF, anticipating the benefits for forming applica- 

ions. 

.5. Fracture surface analysis and damage characterization 

Fig. 11 shows SEM micrographs of the fracture surfaces of the 

ensile specimens. These SEM micrographs exhibit a classical dim- 

le morphology, showing that all eight microstructures fail by duc- 

ile failure through a process of nucleation, growth and coales- 

ence of primary voids. The fracture surface of samples pV19t1 and 

V36t1 exhibit a slant mode, explaining the distorted shape of the 

imples, while eV19t1, eV19t2, eV36t1, eV36t2, pV19t2 and pV36t2 

reak by a flat fracture mode. Furthermore, there are significant 

ifferences between the equiaxed and platelet morphologies. The 

quiaxed microstructures exhibit homogeneous dimple sizes. The 

latelet microstructures show some flat zones with fewer voids 

nd with a parabolic shape. This indicates a local shearing mecha- 

ism [35] with less homogeneous void sizes. In the DENT cracked 

pecimens, the micrographs are very similar to the fracture sur- 

aces of tensile specimens and indicate a ductile mode of crack 
11 
ropagation as well. The mean void spacing was determined by 

mage analysis. The segmentation of the void edges was performed 

y hand on SEM micrographs (20 0 0x magnification) using translu- 

ent paper. The position of each void was then determined using 

n image analysis software (ImageJ). The results (see Supplemen- 

ary Materials) show almost no significant variation among the dif- 

erent specimens, with a mean spacing between closest neighbors 

lightly larger than 1 μm, and with a slightly larger heterogene- 

ty in sizes in the case of platelet microstructures, as given by the 

tandard deviation. 

The thickness reduction factor, r f , and the equivalent fracture 

train, ε f,eq , for the DENT specimens are given in Table 8 . The 

latelet-like DP steels demonstrate larger r f and ε f,eq , except for 

he 36% α’ – 1mm thick sheet. The eV36t1 specimen corresponds 

o the particularly high EWF value. 

Fig. 12 shows a comparison of the transverse sections extracted 

elow the fracture surface of equiaxed and platelet-like DP steels. 

he platelet morphology exhibits a much lower density of voids. A 

imilar observation was already made by Pierman [14] using 3D to- 

ography (see Suppl. Mater.). The number of voids remains small 

ven right below the fracture surface although the deformation is 

xtremely large. The platelet-like DP steels are thus much more re- 

istant to void nucleation and exhibits a much smaller void volume 

raction (due to less and smaller voids, with a diameter around a 

ew hundreds of nanometers). This is an important and partly un- 

xpected finding of this study. The voids in the equiaxed DP steels 

re elongated in the direction of loading, indicating a long process 

f plastic void growth. 

The void nucleation mechanisms involve decohesion of α- α’ 

nterface and fracture of α’ particles (see micrographs in Suppl. 

ater.) with one mechanism dominating over the other depend- 

ng on the microstructure. In the equiaxed microstructures, voids 

ucleate primarily by particle fracture, even though, on some oc- 

asions, voids develop along α- α’ interfaces, as observed as well 

y Pierman [14] . In the platelet microstructures, voids nucleate pri- 

arily by decohesion along an interface perpendicular to the main 

oading direction located at the tip of the particle. In both cases, 

oids nucleate more often in zones of large α’ density, involving 

arger constraint in the α channels and at interfaces [36] . This is 

articularly evident between closely spaced α’ particles. Void nu- 

leation by particle failure occurs late in the plastic regime. 

An important final observation for the platelet morphology is 

hown in Fig. 13 . Away from the fracture surface, the α’ platelets 

re randomly oriented ( Fig. 13 (b)). When moving close to the frac- 

ure surface, there is a progressive alignment/rotation along the 

oading direction. Just below the surface, the particles are almost 

erfectly aligned, see Fig. 13 (c). Fig. 13 (d) also indicates that in the 

vent of a region fracturing under large shear, the particles rotate 

lso towards the shear direction. 
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Fig. 11. SEM micrographs of the fracture surfaces of uniaxial tension specimens for the eight thin sheets microstructures. 
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. Discussion 

The platelet-like microstructure resists to cracking better than 

he corresponding equiaxed microstructure and the gain is ampli- 

ed for increasing plate thickness. This is the core result of this 

tudy clearly evidenced in Fig. 9 . This higher cracking resistance is 

ranslated into better hole expansion performances, thus proving 

he practical interest in a loading configuration representative of 
12 
n important class of forming operations. It is worth noting that 

he hole expansion test quantifies the resistance to cracking initi- 

tion from preexisting edge defects induced by sheet cutting (and 

 small part of propagation as the test is continued until the crack 

ropagates through the thickness of the sample), while the EWF 

s more related to the resistance to cracking during propagation. 

owever, the failure mechanisms are essentially similar, differing 

nly by minute variations of the stress state. 
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Fig. 12. SEM micrograph of a transverse section of a uniaxial tensile specimen of an equiaxed microstructure (eV36t1) and of a platelet-like microstructure (pV36t1). 

Fig. 13. (a) Schematic representation of a broken tensile specimen indicating where the SEM micrographs of (b), (c) and (d) are located. 
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Fig. 14. Ratio of the essential work of fracture in a platelet-like microstructure and 

in an equiaxed microstructure as a function of the square of the corresponding ratio 

of the average equivalent fracture strain in DENT specimens, for a given martensite 

volume fraction and sheet thickness. 
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A large strength-ductility product, ε u σu , of DP steels is often, 

ut erroneously, taken as an indicator of a good fracture toughness. 

his conception is generally wrong as demonstrated here again, as 

ell as in many recent works on different steels [ 1 , 21 , 37–39 ] . First,

here is obviously no correlation to be expected between w e or J Ic 
nd the product ε u σu . The product ε u σu quantifies the energy as- 

ociated to the resistance to plastic localization. The fact that this 

roduct is called “toughness” reinforces the confusion. The resis- 

ance to the onset of necking or to any sort of plastic localization 

s hardly related to the energy needed for damage growth and for 

aterial separation in the FPZ. 

Now, as indirectly motivated by Eq. (1) or by relation- 

hips such as the Hahn-Rosenfield [40] empirical equation ( K Ic ≈
 

2 σ0 E ∗n 2 ε f ), there is a direct correlation between the deforma- 

ion capacity of the material measured by the true fracture strain 

 f , and the cracking resistance, quantified by J Ic or by the EWF, w e . 

n rough terms, w e is proportional to the product ε f σ f . This rela- 

ionship is not an equality because, as explained in the introduc- 

ion, a microstructure length scale, X 0 , also controls the amount 

f energy spent in the FPZ. Furthermore, σ f and ε f should be 

aken as the values corresponding to the stress state associated to 

he FPZ and not from a uniaxial tensile test (even in the case of 

hin sheets for which the stress triaxiality is lower than in plane 

train cracked specimens, there is a significant difference of stress 

tate [17] ). At very large strains, the stress varies almost linearly 

ith strain, so that w e should be almost proportional to ε 2 
f 

as 

 e ∝ ε f σ f ∝ ε 2 
f 
. Fig. 14 shows the variation of the w e of platelet- 

ike DP steels normalized by the w e of the corresponding equiaxed 

teel (with the same α’ volume fraction and the same sheet thick- 

ess) as a function of the square of the corresponding ε f, eq of 

he platelet-like steel normalized by the square of the ε f, eq of the 

quiaxed steel. The fracture strain is the one measured on DENT 

pecimens in order to be representative of the specific stress state 

n the cracked specimen. Fig. 14 supports the proposed relationship 

 e ∝ ε f σ f ∝ ε 2 
f 
, demonstrating that, as a first order trend, the en- 

anced cracking resistance of the platelet DP steels can be mainly 

xplained by a larger ε f . 
14 
This relationship brings several questions related to the specific 

ehavior of the platelet morphology. 

(1) Why is the platelet microstructure more resistant to dam- 

age accumulation, leading to large ε f (in particular at 

the higher stress triaxiality corresponding to the cracked 

specimens)? 

(2) Why is the microstructure length scale, X 0 , not playing a 

role, while, apparently, the characteristic dimensions of the 

microstructure look different? 

(3) Why the specific specimen with 36% α’ and 1 mm thick- 

ness does not show such an improved ε f , nor a significantly 

improved EWF in the case of the platelet morphology? 

The resistance to damage accumulation in the case of the 

latelet morphology is primarily related to the delayed damage nu- 

leation, as shown in Fig. 12 . The first origin of this excellent void

ucleation resistance is related to the mechanism of particle align- 

ent. Indeed, this alignment of the α’ particles with the loading 

irection, schematized in Fig. 13 (d), decreases the fraction of α- α’ 

nterface area perpendicular to the main loading direction. Since 

oids nucleate mainly by interface decohesion in the platelet-like 

icrostructures, the resulting configuration leads to a reduction 

f the number of weak spots. Even though difficult to verify, the 

lignment can also possibly lead to an increase of the strain hard- 

ning at large strains, after the reorientation of the particles, hence 

ncreasing even more the dissipated energy. This speculation ap- 

arently contradicts the similar strain hardening capacities at large 

eformation shown in Fig. 7 (a); but, as explained earlier, the linear 

volution is only an approximation and the hardening rate could 

otentially be lower after necking and be boosted at larger strains. 

ndependently of this possible impact on the strain hardening rate, 

he alignment is only made possible through the ability of the α’ 

articles to plastically deform up to large strains without break- 

ng. Much earlier void nucleation by α’ fracture would of course 

ot allow this mechanism to occur. The high ductility of the α’ 

latelets is most probably related to the small section of the parti- 

les, which increases the resistance to fracture. Indeed, particle size 

s known to largely affect void nucleation. Voids nucleate firstly on 

arge second phase particles as the likelihood of containing internal 

efects (for particle fracture) or interfacial defects (for decohesion) 

ncreases gradually with particle size, e.g. [41–44] . A second rea- 

on for the larger fracture strain, directly related to the first one, 

s associated to the small void sizes in the platelet -like DP steels 

ven at high strains. Strain gradient plasticity arguments tend to 

how that the growth rate of sub-micron-sized voids can be much 

lower than with large voids [45–48] . A final open question re- 

ated to the alignment of the particles is about the impact of se- 

ere non-radial loadings, for instance a two-stage deformation path 

ith large strain imposed during the first stage followed by a ro- 

ation of the main loading direction at 90 °. The anticipated result 

ould be a decrease of the fracture strain compared to a single 

tage radial or near radial loading. This point is worth exploring in 

uture investigations. 

The cracking resistance is, as explained with Eq. (1) , related to 

he characteristic length, X 0 . Although it is not equal to the ini- 

ial void spacing, the mean spacing between closest dimples on a 

racture surface constitutes a good indication to compare possible 

ariations of this internal length scale. Note that it is more mean- 

ngful to look at closest neighbors instead of the mean spacing be- 

ween neighbors as the void coalescence process is always dictated 

y closest voids. This analysis of the dimple spacing, while show- 

ng a much more heterogeneous distribution in the case of the 

latelet morphologies, did not highlight significant variations be- 

ween platelet-like and equiaxed microstructures. This should also 

e related partly to the particle alignment effect, which tends to 
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Fig. 15. Initiation fracture toughness, J Ic , or essential work of fracture, w e , as a func- 

tion of fracture strain, ε f , for various steels, but also other metals. Some platelet- 

like DP steels (red and green bold dots) compete with the toughest steels. Red dots 

represent the w e of platelet-like DP steels (present work), green dots represent the 

J Ic of platelet-like DP steels in thick sheets [14] . Diamonds are for the J Ic of platelet- 

like DP steels at high V α′ and/or high C α′ [14] , crosses for the J Ic of TRIP steels in 

thin sheets [21] , triangles pointing right for the J Ic of DP steels in thin sheets [21] , 

squares for the J Ic of A533B, 12Cr-1Mo, 9Cr-2Mo, A508, 2.25Cr-1Mo steels and Cu- 

Be-Co alloy [57] , triangles pointing left for the J Ic of 2.25Cr1Mo steel base material 

and weld, as received and after de-embrittlement, and of 1.25Cr0.5Mo, 40CrNi2Mo, 

25CR2NiMo1V, 23CrNiMoWV steels [56] , a circle for the J Ic of a short elongated DP 

steel [14] , triangles pointing down for the w e of Al alloys, brass, bronze and zinc 

[17] , stars for the w e of a A316L stainless steel [17] , a ‘ + ’ for the w e of equiaxed DP 

steels (present work), and a triangle pointing up for the w e of an equiaxed DP steel 

in a 1.4 mm thin sheet [11] . 
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k

ring closer the nucleated voids in the case of the platelet-like 

teels. Hence, differences of X 0 cannot be invoked to justify the 

ifferences in cracking resistance, which could have been a plau- 

ible justification. It is worth noting that the more heterogeneous 

ature of the fracture surface of the platelet-like steels comes from 

he random initial orientation of the platelet packets. 

Finally, explaining the specific behavior of the steel pV36t1 ver- 

us eV36t1 is not straightforward. The average ε f,eq is large for 

oth the platelet-like ( = 1.09) and equiaxed ( = 1.11) steels. The 

WFs of the two microstructures are close. A possible reason for 

he excellent behavior of the sample eV36t1 is its larger strength, 

hich might be due to a higher degree of α’ interconnectivity, 

eading to a higher deformation accommodation by the hard α’. 

oreover, a higher α’ volume fraction can lead to a higher re- 

istance to cracking, partly because the crack is then forced to 

ropagate (and to deviate) through the interconnected hard phase 

49] . Finally, increasing the α’ fraction for a given composition re- 

uces the mechanical contrast between the phases, which could 

elay the appearance of damage. Indeed, decreasing the α’ hard- 

ess - by changing its composition, particularly its carbon content, 

r by tempering - leads to an increase of the fracture strain [ 13 , 50–

3 ]. Lower stress incompatibilities at the interface lead to delayed 

ucleation and slower void growth rate [ 36 , 54–55 ]. This provides 

oom for further improvement along different lines, beyond play- 

ng only with the α’ morphology. 

In order to explore deeper the relationship between microstruc- 

ure, plastic properties and cracking resistance of thin sheets, the 

ifferent contributions influencing the EWF have to be scrutinized. 

ig. 9 showed that the EWF, w e , increases with thickness, t 0 . In 

eneral, the cracking resistance first increases with t 0 at small t 0 
ecause of a higher energy dissipated by necking, reaches a max- 

mum and then decreases down to a steady value corresponding 

o the plane strain work of fracture (e.g. [ 17 , 56 ]). The microstruc-

ures investigated here lay in the range of t 0 in which w e increases 

inearly with t 0 . The decomposition of w e into �0 and �n cannot 

e quantitatively exploited due to the large uncertainty, but some 

ualitative aspects can be discussed. The term �n depends on t 0 
nd on βw n , which takes into account the shape and size of the 

ecking zone (through β) and the amount of work spent per unit 

olume w n . The term βw n , which quantifies the impact of thick- 

ess variation on the energy dissipated, is systematically larger for 

he platelet-like DP steels (see Table 6 ). The first reason is sim- 

ly the larger fracture strain allowing more dissipation by necking 

ear the crack tip ( Table 8 ). The factor β could also have an influ-

nce. This factor is directly related to the strain hardening capacity, 

ince a larger strain hardening leads to a wider necking zone [17] . 

s mentioned above, it can be speculated that the α’ alignment at 

ery large strains in the necking region may lead to higher strain 

ardening capacity and thus larger β values, hence providing an- 

ther source of toughening. 

As a final point of discussion, it is worth comparing the crack- 

ng resistance versus fracture strain of the DP steels studied in this 

ork to other steels and other metallic alloys in order to position 

heir fracture performances. Fig. 15 shows a collection of J Ic and 

 e plotted as a function of ε f for various steels (DP steels, TRIP 

teels, CrMo steels, stainless steels) as well as for other metallic al- 

oys (Al alloys, brass, zinc, bronze). The values are taken from the 

iterature ([ 14 , 17 , 21 , 57 , 58 ]. Hardly any other alloys outperform or

atch the platelet-like DP steels investigated in the present study 

n terms of this set of properties, except stainless steels and mul- 

iphase TRIP steels, known for their high cracking resistance, but 

lso for much more expensive chemical compositions. The general 

rend of cracking resistance increasing with fracture strain is ob- 

iously respected, knowing however that other factors play a role 

uch as the strength and sheet thickness when dealing with thin 

heets. 
15 
. Conclusions 

The cracking resistance of DP steels with ‘Thomas fibers’ 

latelet-like microstructure has been determined for different 

artensite volume fractions and sheet thicknesses, and compared 

o reference equiaxed microstructures, as well as contrasted with 

ata on thick plane strain specimens. The analysis was based on 

he estimation of the EWF, critical CTOD, tensile tests and hole ex- 

ansion tests, combined with systematic damage analysis of bro- 

en specimens. The main findings can be summarized as: 

• The platelet microstructure shows a resistance to fracture typ- 

ically 50% larger than the corresponding equiaxed reference. 

The resistance to cracking depends on the sheet thickness and 

martensite volume fraction. A significant part of the fracture 

energy results from crack tip necking in the case of thin sheets. 

• The higher fracture toughness can be directly related to the 

larger fracture strain of the platelet morphology. Indeed, the 

fracture stress scales with fracture strain and no significant dif- 

ference has been found regarding the characteristic void spac- 

ing for the different microstructures. 

• The larger fracture strain of the platelet morphology originates 

primarily from the postponed nucleation of voids and the re- 

duced void growth, leading to smaller void volume fractions. 

The resistance to void nucleation is favored by an excellent re- 

sistance of martensite platelets to fracture, most probably due 

to a small size, and to an alignment of the martensite particles 

along the main loading direction at large deformations. 
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• The better cracking resistance leads to improved stretch flange- 

ability as measured by hole expansion tests, proving the inter- 

est of platelet-like DP steels for forming operations. 

The present study shows that there is still room for improving 

he mechanical performances of DP steels by microstructure engi- 

eering, without playing with composition and thus without com- 

romising the cost advantage. One perspective would be to opti- 

ize the characteristics of the platelets. A refined structure could 

otentially further delay the occurrence of damage while increas- 

ng the strength, even though it would occur at the expense of de- 

reasing the characteristic length scale associated to the fracture 

rocess zone. 
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