X-ray elastic constant determination and residual
stress estimation of spherical carbide in JIS SK3
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ABSTRACT

After special surface treatments on specimens, residual stress behaviors
of ferrite and cementite phases in two kind sizes of spheroidized JIS
SK3 steels after tensile deformation were estimated by X-ray diffraction
method. In the study, phase cementite X-ray elastic constant was
obtained from composite X-ray elastic constants; compressive residual
stresses were observed in ferrite and tensile residual stresses in
cementite; the particle size of cementite has obvious affections on the
residual stress behaviors of both cementite and ferrite; in order to well
understand the interaction between cementite and matrix, the plastic
strains of two phases and the misfit of plastic strain between them were
analyzed based on Eshelby/Mori-Tanaka model.

KEY WORDS: Cementite; Residual stress; Plastic strain; Surface
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INTRODUCTION

It is well known, carbon in tool steels contributes to several mechanical
properties of the tool steel materials. The property of cementite (Fe;C)
that exist in carbon steels as the second phase affects the mechanical
properties of carbon steels. In the past, some studies proved that the
volume fraction and structure of the cementite will influence the
strength and fracture toughness of steels during plastic deformation and
cycle fatigue. (Sakamaki,1980,1981;Nishida,1992;Winholtz,1992;Tohgo,
1993) A complete understanding the interactions between ferrite and
cementite is helpful for us to understand the mechanical properties of
the carbon steel.

Residual stresses are known to generate within the material during
manufacturing processes by inhomogeneous plastic deformations at the
macroscopic and microscopic scale. Good understanding of the residual
stress states of ferrite and cementite phase in dual phase steels can help
us to comprehend the interactions between them in order that we can
grasp the mechanical properties of steel materials properly. The well
established X-ray diffraction technique can be used for determining the
residual stress distributions of matrix and second phase in a two-phase
composite materials. But for some two phase tool steel material that
commonly used, it is difficult to realize the residual stress measurement
of cementite phase using conventional X-ray diffraction method due to
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its” very weak intensity peaks compare with those of ferrite. Due to this

reason, the stresses distribution of ferrite in steel has been generally
analyzed but the stresses of cementite have been largely ignored in the
studies before. (Behnken,1997;Kornmeier,1997;Z6ltzer,2000) For two-
phase steel materials include cementite, it is therefore important to
know the residual stress state of cementite. In some studies as we know,
cementite stress measurement can be realized only in some specific
ways. Hanabusa (1969,1987,1989) and Nishida (1989) measured the
residual stresses of cementite in JIS SK1 & SK3 with a very low
diffraction angle (26=55°) using the improved X-ray instrument which
can realize low-angle measurement but gives large instrumental errors
in the measurement. Winholtz and Cohen (1989,1992) realized the
stress measurement of cementite using the (250) cementite peak in
148°26 using very high X-ray power, long measurement time and some
attachments. Some researchers considered that synchrotron radiation
(S.R) method was more suitable for cementite stress measurement due
to its higher power and deeper penetration than X-ray method.
(Belassel,1994;1nal,2004)

In the present study, after the special surface treatments on the
specimens, residual stress behaviors of ferrite and cementite phases in
two kind sizes of spheroidzed JIS SK3 steels after tensile deformation
were estimated by conventional X-ray diffraction method. The phase
cementite X-ray elastic constant was determined previously using
composite cementite elastic constant of {250} plane which was
obtained experimentally. At last, the misfits of plastic strain in ferrite
and cementite phases were analyzed using the theory based on Eshelby/
Mori-Tanaka model.

X-ray Stress Measurement

The X-ray stress measurement is a method of obtaining surface stresses
from calculations based on the change in lattice spacing of crystal. For
the multiphase materials, X-ray diffraction method also can be applied
to the estimation of macro- and micro stresses in each phase.

We set up the coordinate system as shown in Fig.1, &, is the stress in
¢ direction and y is the angle between the normal of diffraction plane
and the normal of specimen surface. Based on this coordinate system,
the relation between strains and stresses can be described as Eq. 1,
whereg,,, o, and g, are principal stresses.



Figure.1 Coordinates of X-ray stress measurement
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where g; can be deduced from Bragg’s law as follows,
. 1
&, = _ECOt 0,(20, —26,) (3)

Equating the Eq.2 and Eq.3, we obtain the following 20-siny relation,
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from Eq. 4, the stress 5, — 5, Is determined by the following equation;

1 cotg 020,) =
S

° 3sin2y) 180
We name S; and S, as X-ray elastic constants (XEC) and they can be

described as follows, E, and v, are X-ray Young’s modulus and
Poisson’s ratio.
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Defining K and M as

K = .cotd, (MPa/deg) @)
S, 180
0\26,

M = ( u/) (8)

alsin? )
Where K is called stress constant and M is the slope of a linear line in
the 26-sin®y diagram.

THEORY

X-ray Measurement of Micro Stresses and Misfit of Plastic
Strain in Two-phase Composite Material

Due to the yield points of the matrix and inclusion are different in
composite materials, macro- as well as micro stresses will be generated
on a macroscopic and microscopic scale after an applied plastic
deformation, as shown in Fig.2. Macro-and micro stresses can be
obtained from the phase stress of the matrix o™ and that of inclusion &'
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X
Figure.2 Stress in two-phase composite material

by defining ™, & as micro stresses in matrix and inclusion.

(6% —0%) =)ol —oM )+ t(oh — o) ©)
where f is defined as the volume fraction of the inclusion, then
microstresses of the two phases can be obtained as follows,

(Jﬂ - 03";;) =f [(Glhf —oh )+ (Jl'l - 0'3'3)] (10)
(02 - 08)=(1 -1l - o)+ (ot~ )] (1)

For two-phase composite materials with homogenous, isotropic matrix
and isotropic spherical inclusions, the misfit of plastic strain can be
obtained from the Eshelby and Mori-Tanaka method. (Sasaki, 1997)

(o) —ol)=3P. (0% —0%)-3B,f - (As, - AsD) (12)

(o, — k) =3P (05, — 0% )+ 3B,(1- f)-(Acf, — AcD) (13)

where Agup is the misfit of the plastic strain between the matrix and the

inclusion .From Eq.12 and Eq.13, Al can be written as the following

form:

*

Al — Al = g(afl —aéa)—%(aff —ol)

Phase plastic strains can be obtained as:
P P P P P P
Eg1—Epa =—T (Ael —Ag, )+(gl —& )

(14)

(15)

eh—eh=(0-f )(Aglp -Agf )+ (glp —8;) (16)

The parameters above can be determined as follows,
p=plu—u') oo i .
P= P =2_Q=B,3P(1- f)+3P"f},

- f5 Q=B.3P(L-1)+3P"F]
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where E and E " are Young’s moduli,v and " are Poisson’s ratios of the

*

B=u—{f- (8- u-u')p (17)

matrix and inclusions, respectively.

Here, E =206GPa, v =028 (S.M.S, 2002); E" =177GPa, v" =0.26
(Mizubayashi,1999), they are obtained from literatures.



EXPERIMENTAL PROCEDURES
Material Investigated

The steel used in experiment is JIS SK3. The chemical compositions of
this material are listed in Table 1 and the geometry of specimen for
tensile experiment is as shown in Fig.3.

Table.1 Chemical composition of JIS SK3 (wt.%)

Cc Si Mn P S Cu | Ni Cr
110 | 0.29 | 0.42 | 0.017 | 0.008 | 0.05 | 0.03 | 0.12

69 —T

&) &
_ _ _ _ = o)

4/% v
& .
T=3 (unit:mm)

Figure.3 Geometry of tensile specimen

The specimens for tensile experiment have undergone different heat
treatments in order to obtain two kinds of micro structure: large size
globular cementite structure (GL) and small size globular cementite
structure (GS). GL was obtained by spheroidize annealing between
700°C and 770°C ,as shown in Fig.4(a); the material was austenitized at
900°C for 2 hours and oil quenched, thereafter GS was obtained by
spheroidize annealing between 700°C and 750°C, as shown in Fig.4(b).
The micro structures that we obtained were shown in Fig.5.
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700°C, 7Hr. °C.5Min.

A
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A (a) Heat treatment of GL
Temp| 900°C,2Hr.
770°C
1Hr.
CovledinGil\ T 700°C
4 Hr.
AN
- »
Time

(b) Heat treatment of GS

Figure.4 Heat treatment process

(a) Large globular structure (GL)

10 pm

(b) Small globular structure (GS)
Figure.5 Micro structure of specimen

Surface Treatment and X-ray Diffraction Condition

In order to obtain sufficient diffracted intensity of cementite, surface
treatments of specimens are indispensable to the X-ray measurement in
this study. At first, superficial oxidizing and decarburized layer that
generated in the heat treatments (as shown in Fig.6 (a)) was polished by
sandpaper and the surface effects induced in this step (Fig.6 (b)) were
eliminated by electrochemical polishing (Fig.6 (c)); thereafter the
specimen was wet polished using 0.5 pm diameter of alumina polishing
powder and the surface residual stresses were limited to not more than
50MPa (Fig.6 (d)); at last, the surface of the specimen was corroded
slightly by HNO; + CH3;OH liquid(Fig.6 (e)). The final state of
specimen for X-ray measurement was shown in Fig.7.

Oxide& decarburized
layer

ﬂSandpaperlng
(b)

<— Residual stress layer

Electrochemical polishing
(70%C,HsOH + 10%HCLO, aq.)

C
( ) < Free state cementite particles
Wet polishin
(d) J ] wetpolisning
© GO%CH30H +20%HNO; aq.
e

\ -

< Final state for measuring

Figure.6 Surface treatment procedure

Figure.7 Final state of specimen after surface treatment
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Using the above procedure and under the conditions that summarized in
Table 2, we obtained the cementite peak as shown in Fig.8 and
succeeded in X-ray stress measurement of cementite. The whole stress
measurement time of cementite is about 3 hours.

Table.2 Conditions of X-ray diffraction experiment

o-Fe Cementite
Characteristic X-ray Cr-K,
Measure method Q-diffractometer method
Diffraction plane, hkl 211 250
Kp-Filter \% None
Tube voltage, KV 30
Tube current, mA
Diffraction angle, deg 156.4 148.1
Peak position H.V.B Gaussian
8600
g »
= 8400 - w %,
= g . -
E B200| o N . e

I S S U S SN SN [N S ST SN TN NN SO SO S
144 146 148 150 152
20, deg

Figure.8 Intensity of the 250 cementite peak (=0)

RESULTS AND DISCUSSION
X-Ray Elastic Constant Determination

The composite X-ray elastic constants (CXEC) of cementie and ferrite
phases were determined by 4-point bending experiment. The CXEC
determination is based on the lattice strain & measurement by sin’y
method under different applied loading stresses 0,60,120 and 180 MPa.
The slopes of M and 26y=0 and intercept with applied stress for 250
cementite diffraction are shown in Fig.9.

In the stress calculation of each phase in composite materials, the phase
X-ray elastic constants (PXEC) are required. In this study, the PXEC of
cementite phase is obtained by the method (Tanaka,1990) as follows,

(2 harpase ¢ (52" hanpus
composite f composite 1-f)=1
(SZI )phase ’ (SZM )phase ( )

and (s are the CXEC of ferrite and cementite
respectlveliimaﬁﬁ they can ' be obtalned from Fig.9; ( s) )ph was calculated
using the Kroéner model with the elastic compliance of ferrite single
crystal and equal to 11.41x10°® MPa™; the volume fraction of cementite
f was determined by point count method, and f = 0.16 + 0.0010 for
GL, f =0.15+0.0028 for GS.
The XEC and K of ferrite phase for the {211} plane and cementite
phase for the {250} we obtained are listed in Table 3. We obtained
approximate (Sz) values of cementite which were calculated from
of GL and GS individually.

where (g¥ )

(SZ )composne
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Figure.9 Slope of M and 26,=0 and intercept with

applied stress for 250 cementite



Table.3 XEC and K of SK3. (Sy, S,: 10 MPa?, K: MPa/deg)

Phase (Sl )compusite (SZ )cumposite (32 )phase K
. GL |-1.17+0.05 |10.5+0.1 | 11.41 -319.3
Ferrite
GS |-1.21+0.07 |10.8+0.1 | 11.41 -319.3
. GL |-0.80+0.07 |10.7+0.3 7.56 -661
Cementite
GS |-0.79+0.04 |10.4+0.2 8.01 -624

Micro Stresses and Misfit of Plastic Strain after Tensile Plastic
Deformation

In this study, the relations between stress evolutions and applied plastic
strains were obtained after tensile plastic deforming and unloading in
ferrite and cementite phases. Macro stresses and phase stresses in
globular cementite structure were shown in Figure 10 and Figure 11,
respectively. GL and GS have the parallel behaviors of residual stress
evolution. In the material, compressive residual stress was observed in
ferrite phase and tensile one in cementite. The residual stresses in
cementite phase are much higher than those in ferrite phase. In the
globular structure cementite, the residual stresses in GS are higher than
those of GL, the residual stress values of GL and GS are approximately
in the ferrite phase. The phase residual stress of cementite in GL
increases with applied plastic strains till about 3.5%, and decreases with
subsequent strains thereafter. We named the strain value from where the
stress in cementite begins to decrease as the border strain point (BSP).
For GS, the emergence of BSP is earlier than GL, and it is about 2.7%.

100 T T T T T T T
g Globular structure
= ® Large size (GL)
- 50 O Smallsize (GS) _
5: ° o 8 .
= o
o}
gz 0 ° ]
= o
g )
g T
=
-100 1 1 1 1 1 | |
o 1 2 3 4 5 6 7 8
Applied plastic strain , %
Figure.10 Macro stress
1000 T T T T T T T T T T T T T T
£ ool
= L a jZE::- o N
- e s o
6‘2 600 TTte--p
0, I 9
6 400 -
2 P/ -e- Eirrite (gls_)
< - O - Firrit
k] 200 / fl—cgrzn(mezeu
@ '/’ -0 - Cementite (GS)
& L
T G%“::OWQO--O ...... O mmemmme °
-200 1 1 1 1 1 | |

0 1 2 3 4 5 6 7 8
Applied plastic strain, %

Figure.11 Phase stress

In Figure 12, it can be observed, for GL and GS, the micro stresses in
not only cementite but also ferrite decrease simultaneously when the
applied plastic strain value exceed the BSP. The evolution behaviors of

micro plastic strains in two phases, as shown in Figure 13, are as same
as that of the micro stresses. Figure 14 is the misfit of plastic strain
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between ferrite and cementite phases. The misfit of plastic strain
between two phases also decreases when the applied plastic strains
exceed the BSP. In Figure 15, it can be observed that the increase
tendencies of the phase plastic strains in cementite and ferrite are
curvilinear before the applied strain arrives at the BSP, and are linear

thereafter.
200 T T T T T T T
g % o ©° ° o )
= O
6 -200F 4
— n
<)
3 -400 B o A
7 . g
o u ® Ferrite (GL
2 600} 8 S Fenie 68 |A
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-800 | | | | T T T
0 1 2 3 4 5 6 7 8
Applied plastic strain, %
Figure.12 Micro stress
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Figure.13 Micro plastic strain
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Figure.14 Misfit of plastic strain
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Figure.15 Plastic strain



From the above experimental results we can observe that not only the
stress in cementite phase but also the misfit of plastic strain between
cementite and ferrite phase decrease after the applied plastic strains
exceeds the BSP. D.A.Porter (1978) explained this phenomenon as:
dislocations pile up at the interface that causes a high shear stress level
leading to a fracture of the cementite. In our study, scanning electron
microscopy was used to observe the reasons which induce to the
decrease of residual stress in cementite phase. We find two reasons
which may induce the decrease of residual stress in cementite, one is
the particle cracking at the cementite (Fig.16 (a)), and the other is the
crack separation at the boundary between cementite particle and matrix.
(Fig.16 (b)). The mechanism of crack generation inside cementite
particle and on the boundary will be discussed in detail in our
subsequent paper.

(@) Crack in cementite particle

(b) Crack separation between cementite particle and matrix
Figure.16 Crack in particle and at the boundary

CONCLUSIONS

(1)After the surface treatments of specimen, sufficient intensity of (250)
diffracted peak of globular structure cementite was obtained and makes it
possible to realize the X-ray residual stress measurement of cementite.
(2)PXEC of cementite was determined by the CXEC which can be
obtained experimentally.

(3)The residual stress distribution in ferrite and cementite depends on
the microstructures of carbon steels; the stress in cementite phase is
much higher than that in ferrite phase and stress of cementite in GL is
higher than that in GS; the stress of cementite phase decreases after
applied plastic strain exceeds the BSP.

(4)The crack in cementite particle and the crack separation at the
boundary between cementite particle and matrix may induce the
decrease of residual stress in cementite.
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