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Tensile behavior of functionally graded steels produced by electroslag refining has been studied.
Functionally graded steels containing layers of ferrite, austenite, bainite, and martensite may be
fabricated via diffusion of alloying elements during electroslag remelting. Tensile strength of the
composites depends on the composition and number of layers and those have been modeled based on
the tensile behavior of individual phases. The yield stress of each element in the composites is related
to the microhardness value of that element. Considering the Holloman relation for the true stress-
strain behavior of each element, the tensile strength of an individual element is also related to the
microhardness value of that element. By applying the rule of mixtures, the tensile strengths of the
composites were determined via the numerical method. The obtained results are in good agreement

with the experimental results.

I. INTRODUCTION

ALTHOUGH considerable attention has been drawn to
produce functionally graded materials (FGMs),!* it seems
that the utility of FGMs with metallic base is yet to be
investigated. Functionally graded steels (FGSs) were orig-
inally produced from austenitic stainless steel and carbon
steel base materials using electroslag remelting.””! Micro-
structural studies of the FGSs have shown that it is possible
to obtain multilayered composites consisting of ferrite, aus-
tenite, bainite, and martensite. By selecting the appropriate
arrangement and thickness of the initial ferritic and auste-
nitic steels used to set up the electrodes, it is possible to
control the variety and thickness of the merging phases
after remelting. When the primary electrode contains two
slices of ferritic and austenitic layers as (agy), the mor-
phology of the resultant composite is (Sv); hence,
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where
a = ferretic layer,
v = austenitic layer,
[B = bainitic layer,
el = electrode,
com = composite, and
R = remelting.
Similarly, when the primary electrodes contain three sli-
ces of ferretic and austenitic steels, the following phases
appear in the final composite after remelting:
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where M = martensitic layer.
Finally, by using four slices of austenitic and ferretic
steels, it follows that

R
(a0 Y020Y0) g — (@BYMY)com

R
(700‘00‘03’0)61 - (Yﬁaﬁy)com

Diffusion of chromium, nickel, and carbon atoms taking
place at the remelting stage in the liquid phase controls
the chromium, nickel, and carbon atom distribution pattern
in the produced composites. As alloying elements diffuse,
alternating regions with different transformation characteris-
tics are created. The diffusing atoms individually or together
stabilize different phases such as bainite or martensite. The
transformation characteristics of FGSs have already been
presented.”! In this work, the tensile behavior of these com-
posites is studied.

II. EXPERIMENTAL METHOD

An experimental electroslag remelting apparatus was set
up to produce FGSs. A mixture of 20 pct CaO, 20 pct
Al,O3, and 60 pct CaF, was used as the slag. Consumable
electrodes consist of slices of AISI 1020 and AISI 316
steels (called alfa, «y and gamma, vy, steel in this work,
respectively) with chemical compositions as given in Table
I. The height of slices was 25 mm in four-piece, 50 mm in
two-piece, and 25 mm and (37.5 X 2) mm in three-piece
electrodes.

The remelting procedure was carried out under a con-
stant power supply of 16 kVA. Cylindrical specimens with
up to four layers of alfa and gamma steels were fabricated,
upset, and finally hot rolled into plates of multilayered
composites. Rolling and forging operations were carried
out at 980 °C, and then the plates were air cooled. Vickers
microhardness tests were conducted using one kgf weight.

Tensile tests were carried out under an extension rate of
0.1 m/s. Specimen dimensions are in accordance with the
ASTM E8 standard, as shown in Figure 1. The longitudinal
direction of the tensile specimens was parallel to the rolling
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Table I. Chemical Composition of Gamma and Alfa steels

Pct Pct  Pct Pct Pct Pct Pct
Steel C Si  Mn P S Cr Ni

Gamma (y,) 0.07 1 2 0.045 0.03 18.15 09.11
Alfa (ag) 02 03 02 005 0.05 — —

v
>

38.1+0.1

L

203.2 <yl 3

Fig. 1—Dimension of tensile composite specimen (mm).

direction, and the specimen’s wider surface was parallel to
the layer’s interface. Also, the longitudinal direction of the
tensile specimens taken from the as-received alfa and gamma
steels was parallel to the rod axis. The as-received rods were
annealed at 980 °C and then air-cooled.

III. RESULTS AND DISCUSSION

Microhardness profiles of the afy, yMvy, yBaBvy,
afyMvy, and afyBa composites are shown in Figures 2
through 6, respectively; phase distribution and position of
merging bainite and martensite phases are also indicated.
For the purpose of modeling, the inner austenite layer in
the aByMy composite has been divided into three regions:
Y1, Y, and yq. In Figure 7, the microstructure of the mar-
tensitic phase surrounded by austenitic layers in the a8 yMvy
composite is shown. The microstructure of the bainitic phase
formed between ferretic and austenitic layers is shown in
Figure 8. The thickness and microhardness of bainite and
martensite layers in all studied composites were similar, since
the process variables and initial base materials remained
unchanged. This is in accordance with the previous work that
the concentration of alloying elements of bainite and marten-
site phases in each of the studied composites are similar."!
The microhardness values of each element in these function-
ally graded steels depend on the transformation characteristic
of that element. Due to the diffusion of chromium and nickel
atoms from gamma to alfa steel, and inversely carbon atoms
from alfa to gamma steel, the concentration of these alloying
elements in the produced composite are graded as are the
microhardness profiles.™!

A. Modeling the Tensile Strength of
Three Layered Composites

Several aspects of FGMs have been modeled, e.g., thermo-
elastic-plastic behavior,"” propagation of stress waves,' and
residual stress.”! Although some limited work on elastic and
plastic analyses of FGMs has been conducted," it seems that
more studies are required to establish a correlation between
the microstructure and mechanical properties of FGMs in
order to obtain more realistic models.
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Fig. 2—Microhardness profile of «By composite plate.
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Fig. 3—Microhardness profile of yMy composite plate.

In this work, the tensile strength of FGSs is modeled. To
simulate the tensile strength of the three layered compo-
sites, tensile test specimens from a single-phase layer as
thin films were delicately made out of each composite by
electrodischarge machining (EDM). The positions of the
specimens are selected such that each contains single-phase
bainite in the yBy composite and single-phase martensite in
the yMvy composite (Figures 2 and 3).

Thickness of the tensile test specimens made from single
phase bainite (8) and martensite (M) layers are 0.6 mm and
1.5 mm respectively. Dimensions of the tensile test speci-
mens are shown in Figure 9. Dimensional tolerance for the
obtained specimens is less than 0.033 mm.
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Fig. 5—Microhardness profile of 3 yMy composite plate.

The thickness of the tensile composite sample is not the
same as that of the individual constituent phases; therefore,
the stress state within the thinner sample may be different
than in the thicker samples. For the purpose of modeling
the tensile strength of the composites, the stress-strain
curves of the thinner constituent phases are corrected to
obtain the modified stress-strain curves of the single-phase
bainitic and martensitic layers; initially, the average chem-
ical composition of the layers was obtained (Table II).
Afterward, bainitic and martensitic staples with composi-
tion in accordance with the average composition of the
single-phase bainitic and martensitic specimens were pro-
duced by means of a vacuum induction furnace. Similar to
the primary composites, the hot rolling process was carried
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Fig. 6—Microhardness of a3yBa composite plate.

Fig. 7—Martensitic layer surrounded by austenite phase.

out at 980 °C, followed by air cooling. Through trial and
error (i.e., conforming the chemical composition and
changing the cooling rate), the staples with the nearest
hardness to the single-phase bainitic and martensitic speci-
mens were chosen and tensile test specimens with 0.6- and
10-mm thickness and 1.5- and 10-mm thickness were made
from the bainitic and martensitic staples, respectively.
Dimensions of the 0.6-mm and 1.5-mm-thick specimens
are shown in Figure 9 and that of the 10-mm-thick speci-
men is shown in Figure 1. Tensile test results of the single-
phase bainitic and martensitic layers together with those
produced from the staples are shown in Table III. As seen,
there is excellent agreement between the yield and tensile
stresses of 0.6- and 1.5-mm single-phase specimens with
those produced from the staples. Therefore, the stress-strain
curves of the 10-mm bainitic and martensitic specimens
may be considered as corrected stress-strain curves of sin-
gle-phase bainitic and martensitic specimens, respectively.
Figures 10 and 11 illustrate true stress-strain curves of
the a7y and yMy composites, the corrected single-phase
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Fig. 8—Bainitic layer formed between austenite and ferrite phases.
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Fig. 9—Dimensions of single-phase martensite and bainite tensile speci-
mens (mm).

specimens of bainite and martensite, together with the orig-
inal alfa and gamma steels. The tensile test result of the alfa
and gamma steels represents the boundary condition to the
studied composites (i.e., tensile behavior of the composite
edge layers). Electron-probe microanalysis studies illus-
trate that the chemical composition of the a edge layer
is pct C = 0.2, pct Cr = trace, and pct Ni = trace, and
that for the y edge layer is pct C = 0.07, pct Cr = 18.1,
and pct Ni = 9.1, which is similar to that of original alfa
and gamma steels; this is in accordance with the previous
results.”!

In order to model the tensile strength of a3y composite,
the cross section of the specimen is divided into regions
of @, v, and B (Figure 2). It is assumed that region o con-
sists of m, elements. The tensile strength of the constit-
uent elements in this region changes from the original
alfa steel from one side to the bainite layer at the other
side. Similarly, it may be assumed that region 7y consists
of m,, elements, and in this region, the tensile strength of
constituent elements changes from the tensile strength of
the bainite layer from one side to that of the original gamma
steel at the other side. Further, it is assumed that the yield
stress of each element is proportional to the Vickers micro-
hardness of that element. Therefore, the yield stress of each
element in regions a and 7y should also obey the hardness
pattern. Therefore, the yield stress of each element may be
related to the Vickers microhardness of that element as

oy(B) _ M
, VH(B) V(e

my — 1

oy(ao)
VH(C(())

oy(ai)=VH(e) (i—1)

i=1...m,
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Table II. Chemical Composition of the Bainitic and
Martensitic Single Layers Together with Those
of Produced Staples

Pct  Pct Pct Pct Pct Pct Pct
Specimen Studied Ct Ni C Si Mn S p

Single-phase bainite 145 72 0.12 08 1.8 0.03 0.04

Single-phase martensite 7.3 3.2 0.19 0.39 0.3 0.04 0.05

Bainite specimen
produced from
the staple

Martensite specimen
produced from
the staple

14.7 7.15 0.13 0.85 1.9 0.032 0.045

7.38 3.14 0.21 0.28 0.28 0.033 0.055

Table III. Tensile Test Results of the Single-Phase Bainitic
and Martensitic Layers Together with Those Produced
from the Staples

Yield Tensile

Thickness Stress Stress

Specimen Studied (mm) (MPa) (MPa)
Single-phase bainite 0.6 1451 1520
Single-phase martensite 1.5 1654 1653
Bainite specimen produced 0.6 1460 1531
from the staple 10 1025 1125
Martensite specimen 1.5 1662 1662
produced from the staple 10 1440 1482

o,(%) , VH()
VH(y,)

where o(8), o,(ap), and o, (yo) = yield stresses of the
bainite layer, alfa steel, and gamma steel, respectively;
VH(a;) = Vickers microhardness of each element;
VH(a), VH(yg) = Vickers microhardness of alfa and
gamma steels, respectively; and m,, m, = number of ele-
ments in regions « and vy, respectively.

If it is assumed that the stress-strain curve of each element
obeys the Holloman relation, the imposed stress to each ele-
ment at fracture strain of the composite may be given as

dwmﬂg]mm

o)

¢ n(vi)

7! =]
&(71)

where o}, o/ ,= imposed stress to each element in the & and
v regions at the fracture strain of the composite; &' =
fracture strain of the composite; and n(e;) and n(y;) =
strain-hardening coefficient of each element in regions «
and vy, respectively. It is assumed that the stain hardening
coefficient of each element within the studied region of the
composite obeys exponential functions; therefore,

METALLURGICAL AND MATERIALS TRANSACTIONS A



1000
800 -
’é: =)
=
S 600+ affY %
L
5
7.8}
oo
400
200 =
T ] I ] T ] T
0 0.1 0.2 0.3 0.4
True strain

Fig. 10—True stress-strain curves of a7y composite, single phase of
bainite, alfa, and gamma steels.
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Fig. 11—True stress-strain curves of yM+y composite, single phase of
martensite and gamma steel.
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Fig. 12—True stress-strain curves of af8yMy composite, single phase of
bainite, martensite, austenite, alfa, and gamma steels.

n(B)

lnn( ]
() =n(yo) exp | EXE G- 1)

where n(ay), n(yyp), and n(B8) = strain-hardening coefficient
of the alfa steel, gamma steel, and bainite layer, respectively;
and &(«;) and &(vy;) in Eqs. [3] and [4] are defined as the yield
strain of each element in regions «a and vy, respectively.

By considering the boundary conditions,

Ati =1, &(o) = e(ap)

Ati = mg, &a;) = &(B)

Similarly,

Ati =1, &(y) = &(yo)

Ati = m, a(y;) = &)

where

e(agp), &(vp), and &(B) = yield strain of the alfa steel,
gamma steel, and bainitic layer respectively.

The yield strain of each element in regions « and vy of the
composite is as follows:

©(B) _ (a0)
)= ) | ), THE) Vi)
i=1...m,
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Fig. 13—True stress-strain curves of af8yBa composite, single phase of
bainite, alfa, and gamma steels.

oy (B) _ 9y(%)

*m@_T%)

_VH(%) 7y(70)
E | VH(y,)

(i-1)

where E = elastic modulus.

Now considering o7, as the tensile strength of the bainite
layer, by combining Eqgs. [1] through [6], the tensile
strength of the a3y composite may be determined by using
the rule of mixtures as following:

T oy(a0) | T ~ Ve
o, = VH (¢ J -1
(@By) = 3 V(@) |20 4 T T )

o 1Me)
i

i oy(Yo) | VHB) T VH) ;-
+ Y VH(y) |2 + i—1
i; ) VH () my — 1 ( )

ol "Ny e

where Vg = volume fraction of bainite phase, and V; =
volume fraction of each element in « and vy region.

Because necking was not observed in the martensite speci-
men and in the bainitic specimen, that was not very remark-

2130—VOLUME 37A, JULY 2006

7] YBapY

Stress (Mpa)

4] 01 0.2 0.3 0.4
True strain

Fig. 14—True stress-strain curves of yBafy composite, single phase of
bainite, alfa, and gamma steels.

able, to the first approximation, it is assumed that the
Holloman relation is valid up to the fracture point. For the
purpose of numerical determination of tensile strength of
afy composites, it is assumed that the thickness of each
element in regions « and vy is 10 wm (i.e., in this case, the
maximum difference in the strength of two adjacent ele-
ments is less than 8 MPa). By taking into account the thick-
ness of regions « and vy, the number of elements in each
region (m,, m,) may be obtained. The strain-hardening coef-
ficients of the boundary elements, n(a), n(yg), and n(B),
were determined from the corresponding stress-strain curves.
Since the Holloman relation is not fully satisfied (i.e., the
slopes of In ¢ against ¢ are not constant), mean values for the
strain-hardening coefficient were considered. This is consis-
tent with the previous results obtained for mild steels™ and
austenitic stainless steels.””! Finally, by using the microhard-
ness value of each element and those of bainite, alfa, and
gamma steels, the tensile strength of the a3y composite is
numerically determined. The result is shown in Table I'V.

Similarly, the tensile strength of the yMy composite may
be presented as follows:

oy (M) oy(%)
VH(M) VH(yy) (

my, — 1

ay(Yo)

VH(y) |

7y =2 3 VH () i 1)

i=

[?_/] n(vi)

v Vit o' (M)V (M)
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where 07, = tensile strength of the martensite layer, and v, =
volume fraction of the martensite layer.

The tensile strength of the yMvy composite was numeri-
cally determined and the result is shown in Table IV. As
seen, the agreement between the obtained and experimental
results for three layer composites is considerable.

B. Modeling the Tensile Strength of
Five- and Six-Layered Composites

In Figures 12 through 14, the stress-strain curves of
aByMy, aByBa, and yBaBy composites are shown.

Since in af8;yMy composite the microhardness profile in
the austenitic region between bainite and martensite layers
reaches a minimum value, to model the a3yM+y composite,
it is essential to take into account the tensile behavior of this
austenitic layer (yyy). Therefore, a 0.6-mm-thick tensile test
specimen was delicately made by EDM from this region of
the composite. Given the average concentration of the vy as
pct Cr = 16.1, pct Ni = 8.06, pct C = 0.08, pct Mn = 1.9,
pct p = 0.04, and pct S = 0.03, the stress-strain curve of the
v layer is also corrected and that is shown in Figure 12. The
yield stresses of each element in regions «, yy, Y, and 7y are

oy(B) _ oy(ao)
o) =Vit(a) | e+ YHE)_Tleo) 6y

i=1...m,

oy(B)  oy(yu)
o )=V () | 2+ FHEL_LO
i=1...m,,

oy (M) _ oy(yu)

oy (V) =VH (Vi) \(j})[((?;l:l)) + VH(A,Q/ Y}lI(YH) i-1
i=1...m,,

oy(M) — oy(vo)
o) =Vit(y) {20k VDT

i=1...m,

where o, = yield stress of vy layer.
Finally, the tensile strength of the a8, yMy composite is

O'y(B) o U'y(ao) n(a')
rulapyity) = 3 vi(as) |0 VB Vo) 6y |2y o gyve)
. oy(B)  oy(vn) n(v,i)

+ i; VH (yy) g;_l((?;[;)) + VH(BW)IYI _Vll‘l()'H) (i—-1) j(;(hE) Vi + o' (v)V(v)

" oy (M) _ oy(vn) (i)

' ;1 VA Yw) 51)1((7;’[111)) ! VH(A’;?y —Wli(yn) (=1 L(;m')] Vit o VM)
M) o) N
R el ol B
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Table IV. Comparison between Experimental and Calculated
Tensile Strength of the Studied Composites

Calculated
Results (MPa)

Experimental

Composite Type Results (MPa)

afy 596 623
yMy 760 773
afyBa 668 684
vBaBy 681 697
aByMy 740 798

If the thickness of each element in regions «, 7y, 1, and
v is chosen as 10 wm, considering the number of elements
in each region (m,, my;, mym, m,) and by applying the
numerical method, the tensile strength of the a3 yMy com-
posite is determined and the obtained result is shown in
Table IV.

The tensile strength of yBaBy and afyBa composites
also has been determined. For the purpose of modeling the
vBaBy composite, a thin ferretic layer is assumed in the
middle of the « region. The microhardness of this layer is
similar to the alfa steel (a); in the previous work,"! it has
been shown that the composition of this layer is similar to
the alfa steel. Therefore, the stress-strain behavior of the
alfa steel was substituted for that of the assumed « layer in
the yBaBy composite.

Since the minimum microhardness of the vy layer is close
to that of the <y layer in the aB-yMvy composite, given the
acceptable similarity between their chemical composi-
tions,"*! the corrected stress-strain curve of the 1y layer
was also substituted for the vy layer in the model.

The experimental and calculated tensile strengths for the
studied composites are shown in Table IV; despite
the assumptions and simplifications considered throughout
the process of modeling FGS, there is good agreement
between the experimental and calculated results. This could
be essentially due to the gradual change of composition in
FGSs, leading to the proximity of the mechanical properties
of the adjacent elements, since some of the discrepancies
observed in modeling certain laminated composites are due
to characteristics of the interface or the large difference
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between the strength or Poisson’s ratio of the adjacent ele-
ments.

From a design point of view, analogous to some engi-
neering laminated composites,!'”! if the uniform distribu-
tion of strain in the stressed specimen is essential, the
FGS would be fabricated in a symmetrical manner (e.g.,

aByBa, yMy, and yBafy).

IV. CONCLUSIONS

1. The tensile strength of FGSs depends on the type and
number of layers in the composite.

2. The tensile strengths of FGSs are modeled regarding the
tensile properties of the merging bainite and martensite
phases in addition to the microhardness profiles of fer-
ritic and austenitic layers based on the rule of mixtures.

3. The obtained results from the proposed model are in
good agreement with the experimental results, despite
all assumptions and approximations.
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