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ABSTRACT

High chromium (Cr: 16% - 19%) iron alloy with 5% and 10% manganese (Mn) fabricated in metal and sand moulds by
induction melting technique were investigated for defects microstructure both in the as-cast and heat treated conditions.
Non-destructive techniques namely Positron Lifetime Spectroscopy and slow positron Doppler Broadening studies were
employed to characterize the defects in the bulk as well as surface of the alloy and their influence of metallurgical pa-
rameters. The Positron Lifetime Spectroscopy data reveals that the defect concentration is higher for sand mould alloy
samples compared to metal mould ones. The reasons for fewer defects in metal mould are attributed to faster heat
transfer in the metal mould. Further, heat treatment yielded spherodization of carbides in the matrix resulting in re-
duced defects concentration. The S-parameter profiles from Doppler Broadening studies suggest defect concentration
at the surface is less in 5% Manganese and near absence of any modification of defect structure following heat treat-

ment in 10% Manganese sample closer to surface.
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1. Introduction

Metal wastage occurs in ferrous materials on account of
wear and erosion in certain critical parts of thermal po-
wer generators like coal and ash handling equipments,
pressure parts etc., This is usually ascribed to high per-
centage of alpha quartz present in the coal [1,2] and is
responsible for wear damage. Therefore, it is always des-
ired to enhance the lifespan of such parts to withstand
wear & erosion [3]. Several attempts have been made in
the past two or three decades to minimize wear and ero-
sion. From these studies it is understood that the material
found to be a promising wear resistant is high chromium
(Cr) iron [4] since it contains hard carbides (M,C;) in a
martensitic matrix, but fails to withstand sudden load/
shock. To improve the impact resistance, manganese (Mn)
is added since Mn is an austenite stabilizing agent. Ear-
lier works [5,6] show that Mn content up to 4.4% in chr-
omium irons has yielded higher toughness compared to
Mn free irons. Unfortunately there is no literature on the
use of Mn beyond 4.4% in such alloy system. Hence the
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present work focuses on the use of Mn at 5% & 10% in
Cr (16% - 19%) rich iron, cast in metal and sand moulds
to study the defect structure in the as-cast and heat
treated conditions. The slow positron beam analysis
(DBAR) and conventional positron lifetime analysis
(PLS) have been used for the first time to study the
defect morphology in terms of defect concentration both
at the surface and bulk to understand the influence of
manganese addition under change of mould and heat
treatment of the samples which has a direct bearing on
erosion of particles from the surface and its connection to
bulk material. There are only few studies using other
techniques reported on this particular iron system [3-6]
which is one of the most sought after materials in thermal
power generators and the like.

Positron annihilation spectroscopic studies evolving
experiments, namely, slow positron beam based Doppler
broadening of annihilation radiation (DBAR) measure-
ments and conventional positron lifetime measurements
(PLS) are outlined in the following; Slow positron beam
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used for the present study consists of a Ultra high vac-
uum compatible sealed **Na radioisotope as the positron
source. Positrons emitted from the source were thermal-
ized by W single crystal floated at 200 V (moderator),
which has negative work function for the positrons. The
thermalized positrons diffuse to the surface of moderator,
which are extracted by an einzel lens to the solenoid. Po-
sitrons travel in spiral motion under the magnetic field in
the solenoid, which act as a velocity filter to enhance the
monochromatic nature of the positron beam. Positrons in
the form of beam fall on the sample in the target chamber,
where a magnetic field is maintained by two Helmholtz
coils. The sample holder can be floated from 0 V to 50
kV which can accelerate positrons to the required energy.
Doppler broadening spectroscopy measurement as a fun-
ction of implantation depth of positron beam has been
evolved as a good technique for depth profile of defects
at the surface of system, because the fraction of imp-
lanted positrons annihilating in two gamma photons dep-
ends upon the size and distribution of defects and elec-
tron density at the site of positron [4]. In the conventional
positron lifetime technique, positrons from a **Na source
are injected into the system under investigation and they
thermalize very rapidly. Subsequently, they annihilate
with free electrons of the medium labeled as free annihi-
lation, or if get trapped in a defect of the system and then
annihilates, is usually called trapped state annihilation
[7,8]. Since positrons localize in defects and annihilate
[7,8], their lifetime and intensity provide information on
the nature of defects and their concentration in the bulk
and as such it has been established as a novel tool for
studying the microstructural behavior of metals, alloys
and a wide variety of materials for more than four dec-
ades [8].

The bulk positron lifetime spectroscopy technique has
been used to establish a good correlation between fatigue
life ratios and PLS parameters [4] in stainless steels to
predict early fatigue damage detection. The work related
to correlation of erosion behavior with surface defect
characteristics in Cr-Mn alloy systems does not seem to
exist in literature. Hence, the usefulness of slow positron
beam studies combined with PLS has been used to un-
derstand the correlation of surface defects with the mi-
crostructure in 5% and 10% Cr-Mn iron produced in sand
and metal moulds in this work.

2. Experimental

The metal & sand molded test samples of size 75 x 25 x
6 mm’ were given austenitization soak at 960°C for 2
hours followed by oil quenching and then finally temper-
ing at 200°C for 30 min with air cooling to room tem-
perature. The as-cast and heat treated samples were sub-
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jected to defect characterization using slow positron be-
am analysis (DBAR) spectroscopy and conventional po-
sitron lifetime spectroscopy (PLS). The details in res-
pect of the melting and casting procedures of Cr-Mn al-
loy system under investigation are covered in detail in
our earlier published work [6].

2.1. Slow Positron Doppler Broadening
Annihilation Radiation Measurement
(DBAR)

DBAR was carried out in Cr-Fe alloy prepared as des-
cribed in metal and sand moulds and in as cast and heat
treated conditions using the slow positron beam facility
at Radiochemistry Division, Bhabha Atomic Research
Centre, India. The present beam has three components
interconnected under high vacuum viz. (i) slow positron
production (Source and moderator), (ii) focusing and
transport (Einzel lens and magnetic transport) and (iii)
acceleration of positrons at the target. Positrons emitted
from a sealed **Na source are moderated by 1 p thick
tungsten single crystal. The thermalized positrons come
to the surface as tungsten has negative work function for
positrons. The positrons extracted from the moderator are
focused by the Einzel lens and are guided towards the
sample through a magnetically guided assembly (90 de-
gree bent solenoid and two Helmholtz coils, respect-
tively). The positron energy is varied by floating the
sample at different voltages. The energy range of the
positron beam is 200 eV - 50 keV. Doppler broadened
annihilation radiation measurements were carried out
using an HPGe detector having resolution of 1.7 keV at
1332 keV photo peak of “°Co. A spectrum with 10°
counts was acquired at each energy. The shape parameter,
namely, S-parameter defined as the ratio of the number
of counts falling in a fixed energy window (£ 1 keV)
centered at 511 keV to the total number of counts under
the Gaussian peak, was evaluated. The S-parameter at the
surface and in bulk was determined using computer pro-
gram VEPFIT [5]. The variation in the S-parameter as a
function of depth gives the defect depth profile in the
sample. Further details of this experiment and analysis
can be found from Ref [9,10].

2.2. Positron Lifetime Spectroscopy (PLS)

Positron annihilation lifetime spectra were recorded at
room temperatures in the Cr-Mn iron system using a fast-
fast coincidence system with BaF, scintillators coupled
with photo multiplier tubes and quartz window as detec-
tors in about 1 to 2 hours. Three Gaussian time resolution
functions were used in the lifetime analysis for fast and
good convergence keeping the net resolution function ar-
ound 220 x 10?5 i.e. (220 ps). The details of the expe-
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rimental procedure and analysis can be found in our
earlier work [11]. All spectra were analyzed into two
lifetime components with the help of the computer pro-
gram PATFIT-88 [12] with proper source and back-
ground corrections. The analysis gives two lifetimes 7
and 7, with respective intensities /; and /. In the present
analysis, 7 is fixed at 107 ps which correspond to life-
time of positrons in Fe and in the present systems Fe is
the matrix. The fixed analysis will not suppress any in-
formation since the free annihilation lifetime does not
provide any material information. The trapping rate (k)
which is a measure of the defect concentration in the
system is estimated by adopting the two state trapping
model [7,8]. The parameters of the trapping model are
the positron lifetimes in the free and trapped states with
intensities /; and I,. The rate at which transitions from
the delocalized states to the localized ones happen is the
trapping rate. This transition rate (positron trapping rate)
k is proportional to the concentration of the defects. The
positron annihilation lifetime in bulk (z;) and in defect (z,)
can be determined from [7,8]

Ay =(z,)= (L + Lo, ) (1)

and 1y = 1/t;=1, ', where 4, and A, are the decay rate of
positron from bulk and defect respectively. The positron
mean lifetime, 7,, can be calculated using the formula
[7.8]

T :(71]1 +72[2) 2)

The 7, is always larger than , for open-volume defects,
such as vacancies, dislocations due to the decreased
electron density in the defect site compared to the bulk
material and hence traps positrons.

Then the trapping rate k is calculated from the
equation below

k:ﬂ,,(’m_f"j (3)

Td - Trn

Also, k = uC, where C, is the defect concentration and
the proportionality constant x is the specific trapping
coefficient and a value of 1.1 x 10"/sec is used in the
calculation of C,with appropriate weight fraction taken
into account for the alloy system of the present study.

3. Results and Discussion

The positron annihilation lifetime and intensity are
sensitive to microstructural changes due to lattice defects,
such as vacancies and dislocations caused either by de-
formation or processing or addition of substitutional ele-
ments. They are considered to be effective non destruc-
tive evaluation parameters of the damage or microstru-

Copyright © 2011 SciRes.

ctural changes brought about to the system under study.
If lattice defects exist in materials, these defects represent
regions of low electron density and become negatively
charged. This in turn causes positively charged positrons
to be attracted to the lattice defects or in other words,
positrons get trapped in to such defects and then annihi-
lates from these sites. When positrons annihilate from
these defects, the lifetime will be larger than the bulk
lifetime. Therefore, as the number of defects increases,
the number of positrons trapped in such defects also incr-
eases and the intensity of trapped lifetime also increases
[7,8,13].

Positron lifetime data from PLS for both as-cast (AC)
and heat treated (HT) conditions are shown in Table 1 &
2. The evaluated S-parameter, an index of defect concen-
tration, and the diffusion length of positrons in respective
samples are given in Table 3. The sample designation fo-
llowed in the Tables is as follows: first numeral (% Mn)
followed by a letter (mould type) and lastly a number
(section size). Hence, for example, 5% Mn bearing 24
mm sized metal mould sample is designated as SM24.

Table 1. Positron Lifetime results for Cr-Mn iron as-cast
(AC) samples.

AC: 1, was fixed at pure Fe lifetime of 107 ps

Samples 1! o L Twwm B A k C’(';ﬂ)Ad
(%) (ps) (%) (ps) (ps) (109571)(109571)(10160111—3)

SM24 67.5 2153 325 142.20 12791 7.818 1.528 11.71

5824 659 220.8 34.1 14580 129.81 7.703 1.643 12.59

10M24 68.6 2262 31.4 1444312821 7.799 1.546 11.81

10S24 683 2225 31.7 143.61 128.07 7.808 1.538 11.74

Table 2. Positron Lifetime results for Cr-Mn iron heat treat-
ed (HT) samples.

HT: 7, was fixed at pure Fe lifetime of 107 ps

Samples I o L Gww w A k C(‘f,;#’:d
G G ) B (b9 (05) 0 (K

SM24 69.2 197.2 30.8 134.78 124.55 8.029 1.317  10.09

5824 67.1 212.7 329 141.77 12791 7.818 1.528 11.70

10M24 69.5 224 30.5 142.68 127.27 7.857 1.489 11.37

10S24 69.3 215.7 30.7 140.37 126.58 7.900 1.446 11.04
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Table 3. VEPFIT Slow positron beam DBAR data of Cr-Mn
iron samples

Sample S-parameter S-parameter Diffusion length
Bulk Surface (nm)
5M24 (AC) 0.5585 0.5885 82.16
10M24 (AC) 0.5730 0.5960 63.51
10M24 (HT) 0.5769 0.6020 63.51

3.1. Influence of Mould type of As-Cast (AC)
Samples on PLS Parameters

Considering the positron lifetime data, the mean range of
positrons in the Cr-Mn iron systems for 540 keV has
been found to be 32.93 um. With this energy the posi-
trons are expected to probe only the bulk of the system. It
is known that the defect profile at the surface is not nec-
essarily the same as that of the bulk; however, the defect
profile of the bulk influences the surface properties. This
issue has been reported from the surface studies carried
out in various metals and semiconductors using slow
positron beams [14]. In the present study, we have used
both PLS and slow positron beam studies to characterize
separately the defects at the bulk and the surface respec-
tively. The lifetime in the present samples in the absence
of defects should be in the range 99 - 107 ps. Further, the
theoretical estimate of the expected defect lifetime for
these systems assuming mono-vacancy type defects should
be about 186 ps. But the second lifetime measured for the
present alloy systems is in the range 197 - 220 ps which is
higher and indicates that there are defects other than mono
vacancy present in the sample which might have evolved
in the Cr-Mn-Fe system during the solidification process
in both metal and sand moulds. Although, the mean
range of positrons in all these systems is the same, their
defect lifetime show variation with respect to the mould
variety used as explained below. For the metal and sand
mould employed, the heat transfer process appears to be
different in each case; a transformation in the microstru-
cture takes place as a result of varied cooling rates pre-
vailed in the moulds. Further, it is observed that a con-
sistent reduction in mean lifetime for samples after heat
treatment (Table 1&2) indicates that some of the defects
are indeed annealed out. As the fraction of positrons
probing the single interface is negligible due to the mean
positron diffusion length of few hundred nanometers,
very little trapping is expected from the interface. These
facts indicate that most of the positrons are getting anni-
hilated in the bulk state as seen from /; and I, values
given in Table 1 & 2.

The lower positron lifetime and less number of defects
exhibited by 5M24 (Figure 1 & 3) indicates the fact that
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metal mould produces less number of defects compared
to 5S24. Similarly, there is a marginal variation in life-
time and defects concentration Cy in 10M24 compared to
10S24 (Figure 2 & 4). In an earlier published work of
the author on the same system [15,16], it was reported
that the erosion volume loss is lower at all impact angles
and hardness is higher for the 5% Mn and 10% Mn bear-
ing metal mould samples compared to the sand mould
ones. More clearly, for metal mould samples, because of
shorter positron lifetime and less defect concentration,
higher hardness and low erosion loss were observed com-
pared to sand mould samples.
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Figure 1. Plot of positron lifetime z, for 5M24 and 5524 sa-
mples.
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Figure 2. Plot of positron lifetime z, for 10M24 and 10S24
samples.
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Figure 3. Plot of defect concentration C4 for 5M24 and 5524
samples.
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Figure 4. Plot of defect concentration Cy for 10M24 and
10S24 samples.

This shows that there is a definite correlation between
defect structure from PLS, hardness and erosion results
observed for these samples. These data trends have now
been explained based on the heat transfer characteristics
obtained during the solidification process on account of
mould variety adopted. The heat transfer coefficients
may be calculated using the well known equation [17]

given below.
o( or oT

ax(K atj " @
where « is the thermal conductivity, p is density and c is
specific heat.

When the effect of solidification rate on the erosion
and PLS parameters is to be looked into, equation (5)
given below is used to calculate the heat transfer rate
during melting and casting taking in to account the ther-
mal conductivity of the mould type used. This equation is
obtained by integrating the equation (4) with appropriate
boundary conditions [17].

0= (k.AAT)/L 3)

Here Q is Heat transfer rate, 4 is the cross sectional
area, L is the overall thickness of the casting, and AT is
temperature difference during solidification.

It is noted that the solidification rate prevailed in the
metal mould is higher than in sand mould in view of
higher thermal conductivity (k) and lower specific heat
(c) prevailed in the metal (x = 52 W/m.k) mould com-
pared to sand (k= 0.325 W/m.k) mould which has lower
x and higher c. Further, the heat transfer rate is more in
the metal mould compared to sand mould counterpart as
it is directly proportional to ‘x’ the thermal conductivity.
Hence, the heat transfer coefficient will also be higher in
the metal mould than in sand mould. No attempt has been
made in this work to measure the temperatures at the
mould wall as well on the casting periphery. These fac-
tors give credence to the present data trends thus empha-
sizing the fact that the metal mould samples have smaller
sized carbides and less defect concentrations compared to
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the sand mould counterparts.

3.2. Effect of Mould Variety on PLS Parameters
in the Heat Treated (HT) Condition

From the PLS data, it is seen that the defect size and its
concentration (C,) are higher for as-cast samples irres-
pective of Mn content compared to the corresponding
heat treated samples. Following heat treatment in 5SM24
sample, the defect concentration C, decreases by 13.8%
while it is 7.07% decrease in 5524 sample (Figure 3). In
case of 10M24, upon heat treatment, the defect concen-
tration C, decreases by 3.73% while 10S24 sample
showed a decrease by 5.96% (Figure 4). These observa-
tions are attributed to annealing out of some defects and
also resulting in smaller size defects. Therefore, the cha-
nges in defect concentration correlate well with the imp-
roved erosion behavior and hardness characteristics of
Cr-Mn iron systems reported earlier on the high chromi-
um irons [18] that the erosion process is dominated by
the matrix removal with carbide particles not getting da-
maged. Interestingly, from the earlier work of the authors
[15,16], it was observed that, following heat treatment,
the erosion data showed higher volume loss at all impact
angles and lower hardness for 5524 compared to 5M24
samples and the same was the trend observed in the case
of 10M24 and 10S24 samples. Therefore, we can see that
increased defect concentration resulted in lower hardness
and higher erosion loss in the as cast samples and heat
treated samples of 5524 and 10S24 which can be attrib-
uted to longer time available for the diffusion of molten
material and the evolution of bigger size carbides in the
sand mould samples and vice versa is true for metal
mould samples. In other words, the globular type of car-
bides were formed in faster cooling conditions prevai-
ling in metal mould casting. This further verifies the cor-
relation of the positron data with the erosion and hard-
ness results observed by the authors.

3.3. Surface Defect Characterization Using the
Slow Positron Beam Analysis (DBAR)

The basis of DBAR spectroscopy is due to the relative
velocities of positron and electron pair just prior to
annihilation; the energy deviation from 511 keV is do-
minated by the moment of the electrons. Since the elec-
tron momentum distribution at a defect site is the chara-
cteristic of that defect, the DBAR energy lines-shape is
in fact a ‘fingerprint’ of the defect structure in material.
Thus, by monitoring changes in the DBAR line-shape
parameter, it is possible to track changes in the defect
types and/or defect concentrations [19]. If the energy of
the incident positron can be varied, the depth profile of
the defects can be understood from DBAR. The variation
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in positron annihilation line-shape parameter S as a func-
tion of incident positron energy and the mean implan-
tation depth of the positron beam is shown in Figure 5.
The mean implantation depth (Z) of mono-energetic
positron beam having incident energy E in a material
with density p (gm/cc) is determined using the following
equation [20]

< Z) _ ﬂ L6 (6)
2
where, (Z) is expressed in nm and E in KeV.

The positrons implanted in the sample have three paths
to annihilate: (i) annihilation in the vacancy-free bulk;
Spuik 18 a characteristic parameter for the material; (ii)
trapping by vacancy-type defects and annihilation there,
leading to a value S, higher than S, and (iii) diffusion
to the sample surface, giving a value Sy,; lower than
Spulk-

S(E):f Seut + FracSvae + TourcSpunc (7)

surf vac™ vac

where fo fiac and fiy are the fraction of positrons anni-
hilating at the surface, in the vacancy-type defects, and in
the bulk.

S-parameter characterizes the positrons that annihilate
with low momentum electrons, mostly valence electrons
and it is sensitive to open volume defects. Therefore, an
increase in S-parameter can be taken as an indication of
increased vacancy defects [21-23]. For low energy posi-
trons, the changes in the S parameter as a function of
positron energy provides the defects at the surface and
we towards the bulk as the positron energy are increased.
The S-parameter profile of 5% Mn concentration is seen
to be different from other two 10% Mn [as-cast (AC) and
heat treated (HT)] samples (Figure 5). The surface, as

Mean depth (nm)

70.65 214.18 409.76 649.28
1 N L L Il L L

0.605 X
10M24(HT) sample (Diffusion length =63 nm )

10M24(AC) sample (Diffusion length = 63 nm )
5M24 (AC) sample (Diffusion length= 82.16 nm)
Fitted data

0.600 -
0595
0590
0.585 -
0.580 -

0.575

S-parameter

0.570 4

0.565

0.560

0.555

Positron energy (keV)

Figure 5. The variation in S-parameter as a function of in-
cident positron energy and the mean implantation depth of
the positron beam.
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Figure 6. Plot of S-Parameter for 5SM24AC, 10M24 AC and
10M24 HT samples.
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Figure 7. Plot of Diffusion length for 5M24 AC, 10M24 AC
and 10M24 HT samples.

well as the bulk values of the S-parameter (Syyx and Sq)
in 5% Mn sample is seen to be lower than the other two
10% Mn samples (Figure 6). It indicates that the defect
concentration increases with the increase in Mn percent-
age both at the surface as well as in bulk. The diffusion
length in 5% Mn sample is also higher compared to 10%
Mn samples (Figure 7), suggesting a low concentration
of defects in 5% Mn sample. However, the profiles of
S-parameter among the two 10% Mn (AC and HT) sam-
ples are almost identical indicating near absence of any
modification of defect structure near the surface fol-
lowing heat treatment in 10% Mn sample.

4. Conclusions

It is inferred from the above study that:

1) Defect size and their concentration are found to be
less in 5SM24 metal mould sample compared to sand
moulded one and this further improves with heat
treatment according to PLS data. 10% Mn will not
change the defects concentration very much.

2) Heat treatment brings out improved microstructural
transformation with some defects getting annealed
out and hence defect concentration (Cy) has come
down.
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3)

4)
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The slow positron beam analysis (DBAR) data re-
veals that surface, as well as the bulk values of the
S-parameter in 5SM24 sample is seen to be lower
than the two 10M24 samples suggesting less con-
centration of defects at the surface. Further it is ob-
served that the defect concentration increases sligh-
tly with the increase in Mn from 5% to 10% at the
surface.

The PLS and DBAR techniques can be effectively
used to study the defect structure in the bulk and sur-
face of an alloy material which is very important in-
formation while designing materials with little ero-
sion volume loss in their final industrial application.
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