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Microstructural Control of Weld Heat-Affected Zone of Steel
by Mn Depletion around Non-metallic Inclusions
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Role of Mn depleted zone formed around MnS precipitate in transformation of
intra-granular ferrite (IGF) in low alloy steel subjected to simulated thermal cycle
of weld heat-affected zone (HAZ) was studied. Mn distribution in austenite (y) adja-
cent to MnS were examined by field-emission type transmission electron microscope

(FE-TEM) with energy dispersive X-ray spectroscopy (EDS). Foil samplesfor TEM

were prepared using focused ion beam (FIB), which enabled a direct measurement

of Mn concentration profiles near MnS. Change in area fraction of | GF with ther-

mal cycle conditions was well explained by the extent of Mn depletion. It was con-
cluded that the formation of | GF was controlled strongly by the Mn depletion effect

in low alloy steels.

1. Introduction

High-heat-input welding brings about significant advantagesin
costs and shortened working periods in the construction of welded
steel structures such as ships and buildings. On the other hand, re-
quirements for the safety and reliability of structures have grown
more than ever over the last years, and it is necessary to secure high
material toughness for preventing brittle fracture of steel members,
especially in welded steel structures. Responding to such social re-
quirements, Nippon Steel Corporation has devel oped steelsfor high-
heat-input welding that have excellent toughness in weld heat-af-
fected zones (HAZ), and has supplied such steels for awide variety
of applications such as ships, offshore structures, buildings and
bridgest?.

The toughness of the HAZ is governed by the properties of the
iron matrix, a hardened phase acting as an initiation site of a crack
and effective grain size®. In the HAZ of high-heat-input welding,
the material is heated to high temperatures of 1673 K or higher, near
the melting temperature of steel, for along period, and as a result,
grains coarsen remarkably. For this reason, preventing the increase
in the effective grain size is especially important for improving the

toughness of aHAZ. Incidentally, the effective grain sizeis defined
asthe size of aregion in which the crystallographic orientation of a
body-centered cubic lattice is substantially the same.

In order to enhance the toughness of aHAZ by refining the effec-
tivegrain size, it is effective to suppress the growth of austenitic (y)
grains, refine the microstructure inside they grains or combine these
two measures. To suppress the growth of they grains, it isvery effec-
tive to pin their growth; particles of oxides and sulfides which are
nanometer in size, contain elements such asMg and Caand are stable
at high temperatures®® are used for this purpose, in addition to con-
ventionally used TiN particles”. On the other hand, to refine the mi-
crostructure inside y grains, intra-granular ferrite (IGF) transforma-
tion is effective; TiN?, Ti, 0,59, TiNeFe, (CB).'?, TiNsMnS™ and
other oxides and precipitates have been reported as the particles that
serve asthe nuclel of the transformation.

While the mechanism of the IGF transformation has been dis-
cussed from such viewpoints as the | attice coherency between ferrite
() and a particle and the formation of Mn-depleted zonesiny asa
consequence to the precipitation of MnS', the authors hypothesized
that the formation of Mn-depleted zones plays an important role in
the IGF transformation of a high-heat-input HAZ. The objective of
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this paper is to clarify the influences of Mn-depleted zones on the
IGF transformation. For this end, the authors subjected an Al-killed
low-alloy steel containing Ti to thermal cycles simulating various
HAZsto investigate the | GF formation behavior, prepared specimens
for transmission electron microscope (TEM) observation of non-
metallic inclusions (hereinafter called simply the inclusions) that
served as the sites of |GF formation employing atechnique applying
the focused ion beam (FIB) machining method, measured the Mn
concentration around the inclusions in detail by the TEM-EDS (en-
ergy dispersive X-ray spectroscopy) analysis, and thus examined the
mechanisms of the |GF transformation.

2. Test Method

A steel containing the alloying elements shown in Table 1 was
melted in avacuum in the laboratory, cast into ingots, heated at 1,423
K for 3.6 ksand hot rolled into 15 mm thick plates. Then, test pieces
for heat treatment 12 mm x 12 mm x 100 mm in size were cut out
from those plates. The test pieces underwent the three thermal cycle
patterns shown in Fig. 1 in high-frequency induction heating equip-
ment. Under the thermal cycle simulating the thermal history of a
coarse-grain HAZ of high-heat-input welding, the test pieces were
heated to 1,673 K and then cooled continuously to room temperature
(curve CinFig. 1). Under the other two thermal cycles (curvesA and
B in Fig. 1), the test pieces were heated to 1,713 K, then rapidly
cooled to (A) 1,523 K or (B) 1,373 K within 5 s, held at the respec-
tive temperatures for 100 to 1,000 s, then rapidly cooled to 823 K
within 5 s, held at the temperature for 30 sto have the a transforma-
tion occur, and then rapidly cooled to room temperature to freeze the
transformation. All rapid cooling was done by He gas quenching.

A section of each test piece that went through one of the above
thermal cycles was polished and etched with 2% nitral, and the mi-
crostructure was observed at the surface using an optical micro-
scope to measure the area fraction of the IGF. The microstructure
was observed just below the portion where a thermocouple was at-
tached. After the measurement of the | GF area fraction, the inclu-
sions serving as the sites of |GF formation were observed using a
scanning electron microscope (SEM) and aTEM in the following
three test pieces showing different |GF area fractions: Those heated

Table1 Chemical compositions of steel tested (mass%)

C S Mn S Ti Al N
0.08 0.19 1.47 0.004 | 0.012 | 0.026 | 0.004

A 1713 K x4s
1,673 K x 8s

\ A:1.523 K x (100-1000)s

B:1,373 K x (100-1000)s

C:Continuoudg
3.6 K/s)

Temperature

823 K x 30s

Quenching

A 4

Time

Fig. 1 Simulated HAZ thermal cycle patterns

t0 1,713 K and then held at 1,373 K for (1) 100 and (2) 1,000 s, and
(3) at 1,523 K for 1,000 s. The Mn concentration around the inclu-
sions was measured using an EDS mounted on the TEM. After con-
firming inclusionsthat served as | GF formation sitesthrough an SEM,
thin film specimens of theinclusionsfor TEM observation were pre-
pared by milling the inclusionsinto thin films by the FIB machining
method using a FIB device, FB2000 made by Hitachi Ltd. A field
emission type TEM (FE-TEM), HF2000 a so made by Hitachi Ltd.,
equipped with afield emission type electron gun was used for the
TEM observation and EDS analysis.

3. Test Results
3.1 Thermal cyclesand change of | GF area fraction

Figs. 2 and 3 show optical photomicrographs of the microstruc-
tures observed. Among the test pieces subjected to the thermal cycles
to hold within the y temperature range isothermally (curvesA and B
inFig. 1), those held at 1,373 K for 100 s showed the largest amount
of the IGF, and the IGF amount decreased as the holding time in-
creased. The amount was smaller in the test pieces held at the higher
holding temperature of 1,523 K. On the other hand, in the test pieces
that were continuously cooled from 1,673 K, the IGF formed in more
quantities than in those held within the y temperature range. Fig. 4
shows the | GF area fractions measured in these microstructures. The
IGF fraction varied from 0 to 80% depending on the holding time
and temperature, decreasing with longer holding time. The measure-

Fig. 2 Microstructural changeswith simulated HAZ thermal cycle
conditions

Held at (a)1,373K for 100s, (b)1,373K for 300s, (c)1,373K for 1,000s,
(d)1,523K for 100s, (e)1,523K for 300s and (f)1,523K for 1,000s
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Fig. 3 Microstructure of continuously cooled specimen
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Fig. 4 Influence of holding time and temperaturein austenite region
on |GF areafraction

ment results showed that, while the IGF area fraction decreased only
to approximately 40% after aholding at 1,373 K for aslong as 1,000 s,
it decreased to nearly zero after aholding at 1,523 K for only 300 s.
3.2 Mn concentration distribution around inclusions

Fig. 5 shows SEM micrographs of typical inclusionsin atest
piece heated to 1,713 K, then held at 1,373 K for 100 s (IGF area
fraction approximately 80%) and another heated to the same tem-
perature and then held at 1,523 K for 1,000 s (IGF areafraction 0%).
In thetest pieces of the former heat cycle, the IGF was found to form
in quantities nucleating around Al,O, + MnS + TiN composite inclu-
sions. Fig. 5(a) shows such an example; |GF growing radially around
an inclusion are indicated as F1 to F5.

In the test pieces of the latter heat cycle, on the other hand, the
IGF was not found to form in spite of the existence of similar Al,O,
+MnS+ TiN composite inclusions, and instead, martensite structure
formed around the inclusions as a result of the rapid cooling from
the y temperature range (see Fig. 5(b)).

Figs. 6(a) and (b) show, respectively, an enlarged SEM image
around the inclusion shown in Fig. 5(a) and aresult of TEM obser-
vation of the same inclusion after machining the portion into athin
film specimen by the FIB method. Although Figs. 6(a) and (b) are
SEM and TEM images of the same inclusion, the surface etching
layer that had been formed at the SEM observation was removed
during the preparation of the thin-foil, and as a result, its structure
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suffered some modifications: For example, the Al,O, and TiN seen
in the SEM image are missing in the TEM image. Nevertheless, itis
clear that the inclusion (MnS) seen in the TEM image acted as the
IGF nucleation site.

Fig. 7 shows the EDS measurement results of Mn concentration
in steel around MnSinclusions. The abscissa represents the distance
from the interface between MnS and ferrite (o), and ordinate the Mn
concentration in the o phase as measured by the EDS analysis. Here,
the Mn concentration was measured at 10 points away from an inter-
face by the same distance, and the average of the readings at the 10
points was used as the value of Mn concentration at the distance.
The diameter of the beam used for the analysis was approximately 2
nm.

Fig.5 Changein microstructure around an inclusion (SEM) with
holding condition at austeniteregion, (a)1,373K for 100s,
(b)1,523K for 1,000s
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Fig. 6 IGF nucleated from an inclusion in the sample held at
1,373K for 100s, (a)SEM image, (b) TEM image
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Fig. 7 Compositional profilesof Mn in steelsadjacent to MnS
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In the test pieces held at 1,373 K for 100 s (corresponding to
Fig. 6), the nearer to the interface between MnS and the a phase,
the smaller the Mn concentration became; the Mn concentration in
the region 10 nm from the interface was lower than that in regions
sufficiently away fromit by approximately 0.4 mass %. The decrease
in the Mn concentration near the MnS-a. interface was observed also
in the test pieces held at 1,373 K for 1,000 s, but the decrease in the
Mn concentration in the region approximately 10 nm from the inter-
face (the difference from the value at points sufficiently away, roughly
200 to 300 nm, from the interface) was alittle smaller, approximately
0.2 mass %. In contrast, in thetest piecesheld at 1,523 K for 1,000 s,
the Mn concentration in steel did not decrease near the interface.

4. Discussion
4.1 Measurement accuracy of Mn concentration

The authors did not measure the Mn concentration at positions
lessthan 10 nm from the interface. Thisisbecauseit isimpossibleto
set the MnS-Fe interface perfectly in parallel (edge-on) to the inci-
dence direction of the electron beam. As aresult, the fluorescent X-
ray signal from the MnS could not be prevented from being detected
at aposition less than 10 nm from the interface. The reason why the
interface could not be put edge-on to the electron beam is presum-
ably that the interface was not flat, and that the portion of the inclu-
sion fabricated into the thin-foil by the FIB technique was out of the
center of theinclusion. Therefore, although the measurement results
are thought to reflect the real Mn concentration distribution reason-
ably, thereis still some room for improving the accuracy.

Incidentally, all the Mn concentration measurements at positions
sufficiently away from the interface were substantially constant, fluc-
tuating within an accuracy of + 0.03 mass %, which indicates that
the measurement accuracy was satisfactory. Counting error consti-
tutes one of the factorsthat determine the accuracy of the EDS analy-
sis. Letting atotal number of counting be N, counting error S (%) is
approximated as 100 N-°5, The total number of counting of MnKo.
rays in the present test was 10,000 or more (total of the 10 points
measured), and the counting error was approximately 1%. There-
fore, assuming that the Mn concentration is 1.5 mass %, the concen-
tration fluctuation caused by the counting error isapproximately 0.015
mass %, which means that the above measurement accuracy is at-
tainable. It has to be noted, however, that the Mn concentration at
positions sufficiently away from an interface (the Mn concentration
in the matrix phase) varied from specimen to specimen. That is to
say, the Mn concentration in the matrix phase measured with differ-
ent specimens cut out from test pieces that underwent the same ther-
mal cycle fluctuated within the range from 1.5 to 1.7 mass % de-
pending on the positions from which they had been cut out. Thisis
presumably due to the fluctuation of the matrix Mn concentration
owing to causes such as micro-segregation.

While the Mn concentration in the matrix phase varied specimen
by specimen, it was substantially constant with little fluctuation within
a specimen as written above, and thus the evaluation of Mn deple-
tion was confirmed to be viable.

4.2 Verification of Mn-depleted zone formation by calculation

Asdescribed in the preceding section, the authors have confirmed
through tests that the behavior of the Mn-depleted zone formation
around an inclusion changes significantly depending on thermal his-
tory. They studied the issue further through calculation.

Since the concentrations of Mn and S were low, the authors as-
sumed that the diffusion of these elements in ay phase followed
Fick’s second law.
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where: C,, and C, are the concentrations of Mn and S (mass %),
respectively; D,, and D are the diffusion coefficients of Mnand S
in steel, respectively, which are functions of temperature T (K); tis
time; r isaspherical coordinate having the origin as the center of an
inclusion (MnS); r, istheradius of the inclusion assumed to be spheri-
cal; andr,_ is1/2 of the average distance between inclusions.

Assuming that the solubility product of Mn and S arein equilib-
rium with MnS locally at an interface between MnS and ay phase,
then

logy (CunCd=A-8 (r=ry) 3
where A and B are constants. In addition, since the fluxes of Mn and
S according to their respective concentration gradients during the
precipitation or solution of MnS are equal to their stoichiometric
ratio in MnS (1:1), the following equation holds true:

aC'vin

DMn or

(4)

where C',, ‘and C’ are the concentrations of Mn and S (mole frac-
tion), respectively. Then, assuming that the boundary condition was
expressed as

r=rg
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and that the Mn and S concentrationsin ay phase at 1,373 K were
constant at 1.5 and 0.0001 mass %, respectively, asthe initial condi-
tion, the solution and re-precipitation of MnS and the diffusion of
Mn and S during the heating, cooling and holding processes were
calculated solving equations (1) to (5) simultaneously. Here, in con-
sideration of the S concentration in the specimen steel and the aver-
age radius of MnS of r;= 0.5 um, r__was assumed to be 10 um.
Note that, since the fluctuation of r; was small, its value was as-
sumed to be constant.

Figs. 8(a) and (b) show the calculation results for the two differ-
ent holding temperatures, and Fig. 8 (c) shows the same for the con-
tinuous cooling. Here, the vertical axis representsthe Mn and S con-
centrations in the y phase, the horizontal axis the holding time at
1,523 (a) and 1,373 K (b), the axisin the depth direction the distance
from the MnS-y interface. Whereas MnS dissolves during heating
and the Mn and S concentrations near an inclusion rise as a conse-
guence, MnS re-precipitates during cooling and the Mn and S con-
centrations near an inclusion fall, and thus zones depleted of these
elements form around the precipitate.

When a steel material is held at 1,523 K (Fig. 8(a)), the fall of
Mn concentration near the interface is small, approximately 0.1 mass
% at the largest (after holding for approximately 50 s). Any longer
holding time at the temperature decreases the fall of Mn concentra-
tion near aMnS-y interface further, and after approximately 500 s or
more, the Mn concentration distribution becomes homogeneous ir-
respective of the distance from the interface. When a steel material
isheld at 1,373 K (Fig. 8(b)), on the other hand, the fall of Mn con-
centration near the interface is approximately 0.3 mass % at the larg-
est (after holding for approximately 100 s). The relative decrease in
Mn concentration near the interface is maintained through longer

I'=Tmax
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Fig. 8 Calculated Mn and S concentration in samples held at (a)1,523K, (b)1,373K, and (c)continuously cooled

holding time: after holding at the temperature for 1,000 s, the Mn
concentration is still lower by approximately 0.2 mass %. In con-
trast, when a steel material is continuously cooled (Fig. 8(c)), since
the solubility product of Mn and S decreases with temperature, the
fall of Mn concentration near the interface increases.

4.3 Mechanism of Mn-depleted zone formation

Table 2 shows the calculated and measured falls of Mn concen-
tration near a MnS-matrix interface (hereinafter referred to as the
Mn depletion) and the IGF area fractions under four heat treatment
conditions. The Mn depletion, either calculated or measured, was
obtained based on the Mn concentration at positions 10 nm away
from an interface. It has to be noted that, whereas the calculated Mn
depletionisthat in they phase, the measured Mn depletionisthat in
the o phase. However, since Mn diffuseslittle during ashort holding
time (30 s) at 823 K according to a calculation based on the diffusion
coefficient of Mn in steel, one can judge that Mn concentration dis-
tribution islittle different before and after the y-to-a. transformation,
and thus, a direct comparison of the two figuresisvalid.

The formation of the Mn-depleted zones estimated on the bases
of the diffusion equations of Mn and S and the assumption of the
local equilibrium reasonably agrees with the measurement results of
the EDS analysis using the FE-TEM. This indicates that the model
used for the simulation calculation in the present test is capable of
reproducing the actual formation processes of Mn-depleted zones
pretty well. One can understand the influences of thermal history on
the formation of the Mn-depleted zones and the Mn depletion as
follows. (1) Because of the smaller diffusion rate of Mn than that of
S, Mn-depleted zones form as MnS precipitates. (2) Asthe MnS pre-
cipitation advances, Siseventually consumed totally and MnS ceases
to precipitate. Any longer holding time at the temperature results
only in the diffusion of Mn, and the Mn-depleted zones disappear
gradually. Thisis the reason why Mn depletion was small after a
long holding time at 1,373 K. (3) When the temperature of holding is
ashigh as 1,523 K, since the solubility product of Mn and Sislarge,
MnS ceases to precipitate early and Mn diffuses rapidly thereafter,
and as a consequence, Mn-depleted zones disappear within a short

time period.
4.4 Mechanism of | GF formation

Asseenin Table 2, the IGF areafraction isin close correlation
with the Mn depletion around MnS, indicating that the Mn-depl eted
zones play an important role in the formation of the IGF. When dis-
cussing the IGF area fraction, it is necessary to take into consider-
ation not only the IGF forming ability of individual inclusion par-
ticles but also the rate of cooling and the distribution (number den-
sity) of the particles. However, since the number density of inclu-
sions was approximately 200 particles'mm? in the present test, little
different from specimen to specimen, the authors considered the ob-
served change of the |GF area fraction as described below, focusing
only on the Mn depletion and cooling rate.

Mnisay-former; it isknown that adecreasein Mn concentration
in steel by 1 mass % raises the y-to-a. transformation temperature by
approximately 50 K*. For this reason, from the fact that Mn con-
centration was lower near MnS precipitates by approximately 0.4
mass %, one can surmise that the transformation temperature was
higher there by approximately 20 K and the transformation began
therein priority over other portions. In this case, however, it is nec-
essary to take into consideration that, disregarding the influences of
factors such as the decrease in the Mn concentration and lattice co-
herency, the commencement temperature of intra-granular transfor-
mation islower than that of grain boundary transformation by 70 K
or more?, and for this reason, it is reasonable to suppose that the
transformation commencement temperatureishigher at y grain bound-
aries than near aMnS precipitateinside ay grain. By the heat pat-
terns of the present test, the test pieces were rapidly cooled from the
y temperature range to 823 K, and the IGF is presumed to have formed
near MnS simultaneously with a grain-boundary o phase, resulting
in an IGF fraction as high as 80%.

On the other hand, the fact that the Mn depletion of the test pieces
that were held at 1,373 K for along period decreased to a half seems
to result from lower |GF transformation ability than that of the test
pieces held at the temperature for a shorter period. One can presume
that, in the test pieces that were held at 1,523 K, the Mn depletion

Table 2 Measured and calculated Mn depletion and | GF area fraction

Annealing condition | Mn depletion (measured) | Mn depletion (calculated) | IGF areafraction
1,373K for 100s 0.4mass% 0.3mass% 80%
1,373K for 1,000s 0.2mass% 0.2mass% 40%
1,523K for 1,000s Omass% Omass% 0%
Continuous cooling - 0.6mass% 70%
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decreased to zero, the transformation temperature shifted probably
to significantly lower than 823 K, and as a consequence, only grain-
boundary transformation occurred, resulting in the remarkable de-
crease in the IGF area fraction. By comparison, alow cooling rate
leads to the transformation at y grain boundariesin priority, resulting
alsoin alow IGF areafraction. The reason why the |GF areafrac-
tion of the test pieces that were cooled continuously was not very
high, approximately 70%, in spite of the large Mn depletion (calcu-
lated) of 0.6 mass % is presumably that the cooling rate was low and
the transformation at y grain boundaries proceeded in priority. This
presumption is supported by the fact that the grain-boundary o phase
is seen in a comparatively large amount in the microstructure of a
continuously cooled test piece shownin Fig. 3.

Another possible factor that influences the formation of IGF is
that the presence of precipitates having high lattice coherency with
an o phase lowers the surface energy between the o. phase and the
precipitates to accel erate the o transformation. Whereas a confirmed
fact isthat, in middle-C stedls, the a. phase that have nucleated around
vanadium carbonitride particlesisin such a specific orientation rela-
tionship with the vanadium carbonitride as to minimize misfit (the
Baker-Nutting relationship)*¥, there is a paper reporting acase in
which no such special orientation relationship existed™. TiN, which
were found to form a part of the IGF formation nuclei in the present
test, hasthe same B1 type crystal structure as vanadium carbonitride
does, and is considered to have comparatively good lattice coher-
ency with an a phase.

However, if one assumes that TiN contributed to the formation
of the IGF because of its good lattice coherency with the o. phase,
then a specific orientation relationship between the IGF and TiN
becomes a necessary condition for the IGF formation. What is more,
since the IGF and ay phase are in a K-S orientation relationship*®,
the above assumption leads to a conclusion that the |GF forms only
from those TiN particles that have a specific orientation relationship
with the y phase. However, from the fact that, in the surfaces ob-
served of the specimens of the present test having high IGF area
fractions, the IGF was found to have formed from almost all TiN
particles, the selective | GF formation because of the y-IGF orienta-
tion relationship islittle plausible. Furthermore, it is difficult to ex-
plain the results of the present test, in which the IGF formation be-
havior changed depending on the heating conditions in the y tem-
perature range, on account of the lattice coherency.

Ti oxidesin steel are known to absorb Mn to form Mn-depleted
zones™. Besides, thereisareport pointing out that Mn-depl eted zones
formed around TiN particles leading to the formation of the IGF,
without the mediation of MnS precipitates'®. These indicate to the
possihility that some Mn-depleted zone formation mechanisms dif-
ferent from those examined in the present test are involved in the
IGF formation from Ti oxide particles. While the above requires fur-
ther investigation in detail, Mn-depleted zones are considered to play
an important role in the IGF formation from Ti oxide particlesin the
similar manner as observed in the present test.
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5. Conclusion

(1) Thebehavior of IGF formation nuclested from inclusions changed
significantly depending on the temperature and time of holding
in the austenite temperature range. The area fraction of the IGF
decreased with longer holding time. In contrast, the IGF increased
remarkably through continuous cooling.

(2) The formation of Mn-depleted zones was confirmed through
measurement of the Mn concentration distribution in austenite
near MnS particlesusing TEM-EDS. Thefall in the Mn concen-
tration near an interface between MnS and austenite decreased
with longer holding time in the austenite temperature range.

(3) Asaresult of the calculation of the Mn concentration distribu-
tion in austenite resulting from the dissolution and precipitation
of MnS, the calculated fall in the Mn concentration near the in-
terface agreed well with the results of the measurement in (2)
above.

(4) Thefadl inthe Mn concentration near an interface between MnS
and austenite isin close correlation with |GF formation behav-
ior, and a significant role in the IGF formation played by the
formation of the Mn-depleted zones was confirmed.
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