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Abstract

A compositionally-graded steel composed of martensite with 0.4%C on tlie eedtbainite
with 0.1%C on the surface was manufactured by partial decarburization. Itiisecefiat the
as quenched material can be cold rolled up to an equivalent strain otobitvaracks. The
mechanical properties of the cold-rolled material exhibits up to 2.4 Gfeyt and ductility.
A simple mechanical model is developed to predict the stressaftateolling of the graded

structure explaining the good ductility of the present high strength material
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1. Introduction

The challenge of developing high strength steel with reasonable tyutihe subject of
numerous studies in the metallurgical field. The most effective wagraducing high
strength steel is to increase the carbon content. This has the obvious drawback of greatly
reducing the ductility of the steel. An alternative approach is severe plastimdgfor (SPD)
to obtain ultra fine grains (UFG). The level of strength of thagemal is high (up to 2.5 GPa)
but the ductility in tension and the work hardening are limited [1]. Recdifitéyrent studies
[2-7] showed the possibility to obtain UFG by cold rolling martensite araiioealing at
warm temperature. For this material it is possible to obtain dhigetility (13.2% elongation)
with relative high strength (1300 MPa) but the work hardeningeiig low. In addition to
producing UFG microstructures, the above studies provide a valuable insighthe
mechanical behaviour of martensite and cold-rolled marteimsiterms of strength, uniform
elongation and work-hardening. Unfortunately this technique is limited by theydbilcold
roll martensite to high levels of deformation. In previous studied e carbon content of
the martensite is not higher than 0.25%C and the maximum equivalentistrainmore than
1. This is once again due to the fact that for higher carbon content martersittle. In this
study we have chosen to work with compositionally graded steel [8] which emhsibt
martensite with 0.4%C in the centre and bainite with 0.1%C on the surfacaifhs to
show that it is possible to keep the high strength of martensite wicileasing the ductility
by introducing a soft phase at the surface of the material. The improvestit@s®f graded
martensite will be illustrated using the examples of as-quenched decarburizedsiteand

cold-rolled decarburized martensite.

2. Experimental procedure



The material used in this study is a commercial 4340M steel wdiesaical composition (in
wt%) is Fe - 0.39%C - 0.66%Mn - 0.34%Mo - 0.72%Cr - 1.75%Ni - 1.66%Si - 0.1%Al -
0.06%V - 0.003%P. The initial sample thickness is 3 mm. The compositignathed steel
was obtained using a partial decarburization heat-treatment under a £A€®ixture at a
1075°C for a duration of 90 min, followed by oil quenching. The CQ/§43 ratio was set to
28.7 in order to obtain a surface concentration of 0.1 wt% C as calculated fro@REe2T
database of Thermocalc [9]. The duration of the decarburization treatment was thosen
leave a region of approximately 1 mm at the centre of the specimen where the redincent
of C is still 0.4%C. A conventional laboratory-scale cold-rgllmill was used to cold roll the
as-quenched decarburized steel. At each step the thickness was reduced by 0.04 mm. It was
possible to deform the material up to an equivalent strain of 1.5 withoutaekyng. In what
follows, a final thickness of 1.15 mm corresponding to an equivaleain sif 1 was used

obtained after 46 rolling passes. The final width of the sample was 4.15 em@ast2.8 mm.

The hardness was measured across the thickness of each material by Vickehardioess

with a load of 0.5 kg applied for 10s. Tensile testing was performed on flat speaiitk a

gauge length of 15 mm. An Instron 4320 frame with a 100 kN load cell was used. The

specimens were pulled to fracture at a constant cross-head speed of 1 mm/minute.

3. Results and discussion

3.1 Hardness profile



The hardness profiles are presented in the Fig. 1. For comparisonydhedsalevels that
would be obtained using (homogenous) as-quenched martensite of various catbots @e
included in the Fig. 1. The parabolic hardness profile is observed due to tlon carb
concentration gradient obtained by decarburization. In the case of the as-qusantipée the
difference in hardness between the surface and the core is about 28@eHMicfostructure

gradually changed from the surface to the centre with no clear interface between. the t

The parabolic hardness profile is maintained after cold rolling. Theasbritetween centre
and surface is close to 350 HV in the specimen rolled to an equivalent strain o 1. Th
hardness at the centre is about 900 HV which corresponds to the harflhessogenous

martensite with 1.0 wt%C [10].

The large deformation of the graded material implies that even the nitari@nhe centre is
fully plastic. Examination of the microstructure of the marteret the centre of the specimen
in both the as-quenched and the cold-rolled condition by scanning eleutcomscopy
showed no cracks or voids. This confirms that it is possible terodlithe 0.4%C martensitic

core up to an equivalent strain of 1 without creating any damage.

A first application of the cold rolling of the graded martensitic steelasetraluation of the
work hardening behaviour of high carbon martensite at higlnstrahis information is
lacking in the literature [2-6]. In the following analysis, thraded material is divided into
layers and iso-strain conditions are assumed. Thus, the strain iragachdn be calculated

from the total thickness of cold rolled graded steel. The hardnesscbflager is then



measured as a function of the rolling strain. The initial carbon coatientiprofile of the
graded steel was estimated from the following equation which relates the carbon cabtbtent C

the hardness of the as-quenched martensite [10]:

Hvm,, =150+ (940-150)1- exp(— 27C,,)) . 1

Fig. 2a shows the calculated carbon concentration profile along the thickmes®il for the
decarburised as well as the decarburized and cold-rolled (strain=1) 4340M. The carbon
content at the surface determined using Eqg. 1 is more than 0.1%C. This is dueato it f

Eq. 1 was defined for martensite only whereas bainite is observed near the sunfabes F
reason it was decided to focus further analysis on carbon contents of at least By3%C.
varying the equivalent strain obtained by cold rolling it is possiblehtiw the evolution of

the hardness of the martensite for carbon contents ranging from 0.3 to (F§6€b). For

strain more than 0.5 the work hardening rate becomes approximatelyfomeall the carbon

content observed.

3.2 Tensile properties

The mechanical properties of the both materials were assessed leytesisiperformed at a
strain rate of 0.005 seé@nd the data plotted in the form of engineering stress—strain curves.
Curves for monolithic martensite with different carbon contedtd] [are included, for

comparison, in Fig. 3.



The characteristic values of these curves are reported in the Table 1, together wittothe uni
elongation measurements. It is interesting to point out that forosdprately the same
uniform elongation; the UTS of the as-quenched decarburized sample are 13% gegater th
that of the homogenous martensite with 0.3%C. The comparison with4#%C homogenous
martensite shows that for a decrease of 5% in UTS the graded materials achig9gd at
increase in uniform elongation. Because of the very high strength of therotletl-
decarburized steel it is more appropriate to compare it to a higher carbmmsitarwith a
similar strength: the cold-rolled graded material and the 0.5%C maetdresre a similar
strength (in term of hardness). Compared to the 0.5%C martensite ®zhileiktended elasto-
plastic transition and a higher level of ductility. For both the graded andatdd graded
material, the work-hardening rate is sustained at a high level charactefistigh carbon
martensite while achieving improved ductility compared to other stiarctures with similar

strength.

In order to compare the present results with the previous works [6, 7] on detil-rol
martensite, the maximum strength versus equivalent Von Misas giroduced by cold-
rolling are reported in Fig. 4. The superior combination of strength and duictitltg graded

material is clearly obvious.

From these tensile specimens the ductility at fracture was assessed from meatsuo¢bhe

final reduction in area (RA %). These values as well as the ones known for siarveth



different carbon contents are given in Table 1. Comparison of as-quenched deedrteel
with monolithic 0.4%C martensite shows that the effect of the gradieinamatic; in fact the
RA is increased by 400% whereas the UTS decreased only by 5%. The RA% of the cold-

rolled decarburized material is higher than that of the homogenous 0.4%C.

The fracture surfaces were observed by SEM (Fig. 5). Two distinct zones are visiblenfor bot
graded materials; ductile fracture on the outer surface and brattufe at the centre. The
fracture at the centre is an intergranular fracture correspondirigg tprior austenitic grain
boundaries. This was checked by comparing the scale of the primary austenite tiyr&e wi
characteristic scale of fracture identified on the SEM observationanteigsting to observe

that after cold rolling the characteristic scale of the fracture decreased in a way that
approximately scales with the cold-rolling reduction. A second, smahlaracteristic scale is
observed on the fracture surface as shown in Fig. 5, but its significamzews!l understood

for the moment.

The limit of the ductile outer zone appears to correspond to a carbon contenititod &96C.

The ductile outer material is bainite or autotempered martensith wkplains the apparition
of ductile fracture. The dimple/void size in the ductile outer layer decfeaseabout 5um
for the as-quenched material to less than 2um for the cold roledried. This can be

explained by the decrease of the toughness of the material after cold rolling.

3.3 Modelling of the stress state during cold rolling of the graded steel



One of the attractive properties of the graded martensitic steel showeslstutly is that it is
possible to cold roll martensite with 0.4%C to equivalent strainsxare than 1 without
cracking. This phenomenon could simply be explained in terms of the softe layer
protecting the core by preventing the propagation of surface cracks. Fig. 5 clearly lshows t
ductile nature of the fracture in the outer surface layer. Anotiberesting property of the
cold-rolled graded material is its reasonable ductilitys ltherefore of interest to make the
analysis of the stress distribution during the cold rolling as this wouldderdurther insight
into these two phenomena. Analytical analysis of the mechanicavibeh of the cold rolling
of a three layer materials composed of an internal hard layer anddfv materials has
already been presented in the literature [11]. The aim waw ttat sandwiching the hard
core between two softer layers (e.g. by cladding) can reduce the presswed dpphg cold

rolling in a rigid plastic material under plane strain conditions.

In the following analysis the distribution of stress in graded maddealong the thickness
direction is examined. The x-axis and y-axes are defined along the rolling iakdets
directions, respectively, with the origin being at the centre ofmiderial. The symbols, h, p
andoy represent, respectively, the thickness of the graded material, the pressieceadppg
y-axis to the graded material during cold rolling (positive) and the strededagm the
material along the x-direction (positive for compression). Véaous layers of the material
are considered perfectly plastic. The concentration gradient in the y-dirésds to a flow
stress gradient. As a very good approximation, the flow stress variation yrdtrection, oy

(y), is assumed to be expressed as:

oi(y)=a-b.y’ . 2



where a is the flow stress at the centre, b and q are constants which could be detesmined fr
Fig. 2. The cold rolling can be considered as plain-strain compressitdres conditions the

Tresca yield criterion is written as:

P—ox=20:(y) E. 3

The zero force boundary condition applied along x axis gives:

"
ox-dy=0 E. 4

(o]

By substituting Egs. 2 and 3 into Eg. 4 and integrating one obtains:

hd
= —2b. .5
S A PIP G 15} N

and finally by substituting p arst(y) into Eq. 3 the expression of is expressed as:

_ q_ hd
Ox = Zb(y ZWJ H. 6

Considering b>0 allowed to show that the stress at the centre is negativeasdoctiing to
our sign convention means that the centre is in tension whereas the suirfazempression.

The transition is defined as the point for whashis equal to 0. This occurs at:



5 1/q
yz[(qﬂ).z(ml)J ! a

Considering the hardness profile of the cold rolled graded steel 4340M at anegjustiain

of 1 the distribution of flow stress along the thickness can be HedcrUsing the above
analysis it is possible to evaluate the distributiorspfalong the thickness of the graded
material as shown in Fig. 6. For this application a=2700 MPa, b=1050 N and g=2. These
parameters were chosen to fit approximately with the hardness measurpnesetged in

Fig. 2.

The results show that the material at the centre is under tewsidd);(this region represents
approximately 30% of the total thickness of the material. The rengamaterial is under

compression. In fact, the compression stress at the surface is very high.

Based on the above analysis two interesting points have to besgdcEdrstly it is clearly
shown that the hardest material at the core is under tension. This canlaot #fact that
the technique of cold rolling the graded steel allows to cold rolled 0.4%C martdnsite.
therefore seems that the soft layer in compression introduced on the dsarfacmore
plausible explanation for the improved cold-workability of the gradatenal. Secondly this
analysis helps to understand the behaviour of the cold rolled gradisdastéeinderstand that
the level of ductility for such strength material. Since tiggi part of the material after cold

rolling is under compression, the effective effect of the soft phase at the surfapeoigad.



4. Conclusions

In this study compositionally-graded steel was manufactured by partial decatibuarid he
microstructure is composed of martensite with 0.4%C on the centre aiité baih 0.1%C
on the surface. From this we showed some of the interests of the graded steel.
- The as-quenched material can be cold rolled up to an equivalent strain ofhb.Gt wi
cracks and then with this kind of material it is possible to coldd@ martensite with 0.4%C
up to an equivalent strain of 1.5
- Thanks to the possibility to cold rolled the graded structures at high esptigadain
the work hardening behaviour of martensite with 0.3, 0.35, 0.4 %C for esptival
strains up to 1.3 was determined. It appears that the work hardening become
approximately linear for deformation high than 0.5. This meansabato not observe
saturation in work hardening of the martensite for high dedtiom.
- The mechanical properties of the cold-rolled material at an equivatrain of 1
were significantly better in comparison with a 0,4% C homogeneousmsdit steel.
The graded steel exhibits and extended elasto-plastic behavior andeageasith of
2.5 GPa. The fracture surface exhibits a ductile zone near the surface and a brittle zone
near the centre.
- A simple model to evaluate the stress distribution after cold rolling of the graded
steel along the thickness was developed. It shows clearly that the soft outer imone

compression which can prevent the propagation of surface cracks into the hard core
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Fig. 1: Hardness profile of partially decarburised steel (43400 and cold rolled decarburised steel
(4340M) at an equivalent strain of 1. Comparison is done with hardness bbmogeneous martensite with
different carbon content (data from [10])
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Fig. 2: a) Carbon content profile along the thickness deduced from hdness measurements for partially
decarburised steel (4340M) and cold rolled decarburised steel340M) at an equivalent strain of 1. b)
Hardness evolution with equivalent prestrain obtained by cold rolling for marénsite with 0.31, 0.35 and
0.4 %C.
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Fig. 4: a) Ultimate Tensile Strength versus equivalent strain obtainedby cold rolling for partially
decarburised steel (4340M) compared with 0.13%C martensite [6] and 0.25%artensite [7]. The UTS
of non deformed martensite with different carbon content is added. b) Riection Area (RA%) versus
UTS for partially decarburised steel (4340M) and cold rolled decdourised steel (4340M) at an equivalent
strain of 1 compared with values for different homogeneous martensiteith different carbon content

(data from [10])
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Fig. 5: SEM observation of fracture surface of a) decarburized steel (434QMand b) cold rolled
decarburized steel (4340M) at an equivalent strain of 1.
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Fig. 6 : Prediction of the stress state along the rolling direction considering theraglient of property

observed on the cold rolled decarburized steel (4340M) at an equivalent strain of 1koow the flow stress.
In this Figure we adopted the sign convention in which tensile stress ind x-direction is negative.



0, 0, 0,
Mg.r?e/:gite Mg.r?e/?lgite Mg.rfe/?lgite chil:ggﬁ?gg CR decarburized
eu (%) 4.8 3.5% 1.9* 4.9 2.5
uTS 1840 2210 2060 2090 2400
RA% 11,2 3.3 12.2 8.1

Tab. 1 : Mechanical characteristics valuesg(;: uniform elongation, UTS: ultimate tensile strength, RA%:
reduction area) from tensile test for decarburized steel (4340M) and cold rolled darburized steel

(4340M) at an equivalent of 1 compared with value for homogeneous martensitethvidifferent carbon
content (data from [10]). * means fracture without necking.



