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A Review of Microsegregation Induced Banding
Phenomena in Steels
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A review is presented of banding in hypoeutectoid and hypereutectoid steels. The data available on
hypereutectoid steels are quite limited and therefore a study is presented on banding in a 52100 steel.
Similarities and differences are identified in the banding that occurs in commercial hypoeutectoid versus
hypereutectoid steels. The distinct surface patterns of Damascus steels, which are nearly pure
hypereutectoid steels, have recently been shown to be due to carbide banding. It is shown that the carbide
banding in the 52100 steel occurs by a distinctly different mechanism than the carbide banding of the
Damascus composition steels.

Keywords hypereutectic steels, hypereutectoid steels, ported arrest temperatures taken as the temperature where the
microsegregation (banding) first derivative of the time/temperature plots abruptly changed

slope. All metallographic samples were prepared on sectioned

surfaces to avoid possible surface contamination effects.

1. Introduction

The dendritic nature of the solidification process in steels 3. Hypoeutectoid Steels
leads to microsegregation of impurities and alloying elements in
the steel. One of the major consequences of this microsegrega- The most common form of banded microstructures is the fer-
tion is the formation of banded structures in wrought steel prod-rite/pearlite (f/p) banding, which occurs widely in plain carbon
ucts. Such banding phenomena have been widely studied irsteels and in slow cooled low alloy AlSI steels. In such struc-
hypoeutectoid steels and sparsely studied in hypereutectoidtures, longitudinal micrographs display alternating bands of fer-
steels. This paper presents an extensive review of the literatureite and pearlite lined up in the direction of the deformation used
on both types of steels along with some new data, mainly on hy-to form the wrought steel product. To demonstrate the ubiquity
pereutectoid steels. of this microstructure in hypoeutectoid steels, the four hypo-
eutectoid steels of Table 1 were studied. All four steels showed
. modest amounts of f/p banding in the as-received state. How-
2. Experimental ever, after austenitization at temperatures of 870 t¢Q36I-
lowed by furnace cooling, all four steels displayed strong f/p
Experiments were carried out on the four hypoeutectoid andbanding on longitudinal sections, as illustrated in Fig. 1.
two hypereutectoid steels listed in Table 1. All of the commer-  As might be expected for such a ubiquitous microstructure,
cial steels were received in the form of 2.54 cm rounds, exceptthere exists a large literature on this structure extending back to
the 15B21, which was in the form of 6 mm thick plate. Samples the beginning of the twentieth century. Some of the first investi-
were cut from the round bars as 6 to 8 mm thick disks, which gatoré§-¢ discovered special etchants to reveal microsegregation
were sectioned into two pieces along a diameter. Similar sizedand the etchants are now named after treem, Stead’s and
pieces were cut from the plate. Individual samples were wired toOberhoffer’s etches. Early recognition of the ubiquity of the
a 3 mm diameter stainless steel sheathed type K thermocouplé#anded structure is illustrated by Carpenter and Robertdon’s
and inserted into a vertical resistance heated tube furnace undesiassification of the banded ferrite morphology along with the
vacuum. The tube was back filled with Ar and after austenitiza- Widmanstéatten ferrite morphology as “normal ferrite struc-
tion the samples were cooled at a range of cooling rates. Thaures.” The now widely used term of “banding” was slow in ac-
slowest cooling rates=(0 °C/h) were obtained with a pro- ceptance. Early studies, in addition to using the term banding,
grammed controller and the fastest rates by forced air coolingoften referred to these structures as ferrite lirflesr ghost
(=7.4 x 10 °C/h). Most samples were furnace cooled(0 lines®-*2 particularly if the bandwidth was large. The transition
°C/h) and faster intermediate rates were achieved by raisingto exclusive use of the term “banding” appears to have occurred
samples into the cooler part of the furnace. All of the reportedin the decade of the 1930s or shortly after.
cooling rates were taken at the arrest temperature for the eutec- It is now clear that these banded microstructures arise be-
toid reaction with the thermocouple embedded in a hole drilled cause of microsegregation of some alloying element, X, in the
in the sample. Data were collected as computer files and the rehypoeutectoid Fe-C-X steel. This microsegregation is produced
by the dendritic growth mode of steel during solidification. Den-
John D. Verhoe\/enDepartment of Materials Science and Engineer- dritic solidification virtually always causes the X element to con-
ing, lowa State University, Ames, IA 50011. centrate in the interdendritic regions (IRs) and leaves the X
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Table 1 Chemical analysis of steels examined in this study (all compositions in this paper are in weight percent)

Steel C Mn P S Si Ni Cr Mo Cu

15821 0.20 1.01 0.013 0.004 0.20 . . . .

1018 0.17 0.70 0.007 0.020 0.20 0.02 0.04 <0.01 0.01
1045 0.43 0.77 0.011 0.039 0.23 0.07 0.13 <0.01 0.22
1144 0.43 1.50 0.017 0.228 0.21 <0.01 0.03 <0.01 0.01
52100 1.03 0.30 0.19 0.014 0.23 0.06 1.28 <0.01 0.10
Damascus 1.41 <0.01 0.098 0.006 0.05 0.04 <0.01 <0.01 0.09
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tween bands, as it must go from a value of around 0.02% in a
ferrite band to a value of around 0.77% in the pearlite band.
There are two possible origins of this microsegregation, which,
adopting terminology from Kirkaldgt al.[*3l may be termed
presegregation and transegregation. Presegregation refers to the
concentration lower in the dendritic regions (DRs), and the con-microsegregation that has occurred in the dendritic solidification
centration difference will be called dendritic microsegregation. process plus any reduction in the amplitude of this dendritic
In a wrought alloy, the DRs, as well as the IRs, will have been microsegregation during the cooldown to the start of ferrite pre-
strung out into stringers parallel to the dominant flow directions cipitation,i.e.,to theA,; temperature. Transegregation refers to

of the mechanical deformation. Because microsegregation is theany segregation that occurs during the solid state transformation
root cause of banding, it is the microsegregated elements thafrom austenite to ferrite pearlite.

cause the ferrite and pearlite to form preferentially along the  Consider first the solidification of a pure Fe-C alloy. Both ex-
stringers. Apparently, the first suggestion that such microsegreperimental and theoretical argumétithave shown that due to
gation was the cause of banding was made by Stéatis Cu the high value oD in austenite, coupled with the small distance
based etchantse.,Stead’s etches, are extremely effective at re- between dendrite arms, virtually all of the dendritic microsegre-
vealing the relative P concentration in steels. At the low P level gation of C between austenite dendrite arms is homogenized dur-
present in steels, they are more sensitive than modern electromg solidification or very shortly after the final interdendritic
probe microanalysis (EPMA) techniques at revealing the pres-liquid has solidified. This means that the presegregation of C is
ence of microsegregation. Stead’s etches cause high P regions ssentially zero in a pure Fe-C alloy. Consequently, one would
appear white relative to lower P regions, and interestingly, this not expect banding to be able to occur in high purity Fe-C alloys,
contrast occurs independently of the ferrite/pearlite microstruc- as the austenite is homogeneous at the temperature where ferrite
ture present in the background of a micrograph. Based on hisucleatesA, i.e, there is no microsegregation remaining.

early studies, Stead concluded that there was a one-to-one cor- Consider now the solidification of an Fe-C-X alloy. After this
respondence between ferrite bands and high P bands and that tfeloy has cooled to th&; temperature, the dendritic microsegre-
banding was therefore produced by microsegregation of P. Lateigation of X will remain in the austenite because of the low value
studie§® questioned the requirement of P for producing a of Dy in austenite. This presegregation of X will, in turn, produce
banded structure, and there is good evidé&htat although P a presegregation of C due to the fact that X has an effect on the C
may cause banding in laboratory steels, itis unlikely that it plays activity. The high value ddc means that the C concentration will

a significant role in commercial steels. The large body of re- adjust to constant C activity, which, in the presence of the X pre-
search on banded steels now offers overwhelming evidence thasegregation, means their will also be a C presegregation. Such a

Fig. 1 Banded microstructure of four steels after austenitization and
furnace cooling
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condition has been termed a transient equilibrium by Kirkaldy  Early in the century, it was recognized that to better explain
and Purd§® and Brown and Kirkald{® and they have done ex-  banding, new experimental techniques would be required to ad-
periments with common alloying elements in steel that allows equately characterize the chemical microsegregation present in
one to calculate how much a given presegregation of the X elebanded steel$? and such techniques were developed around
ment in austenitedCx(y), will change the C concentration in  midcentury. Initially, the new techniques used to study banded
austenite AC(y). Suppose, for example, thatin a Fe-0.3C-1.0Mn steels were microradiograptfftland autoradiograpH$?! Later
alloy the presegregation of the Mn runs from a minimum of 0.5% the more quantitative method of EPMA was utilized starting, ap-
to a maximum of 1.5%. Their d&fd® show that thif\Cy,(y) of parently, with the work of Philibert and Bizou&ftdand fol-
1% will produce a corresponding C microsegregatioh@{(y) lowed by numerous studi€g1218.24-28]
=0.03%,i.e.,the C concentration will vary from 0.27 to 0.33%,
in the austenite. Thi&C.(y) leads to two effects upon adjacent
presegregated band regions: (1) the difference in carbon comp
sition, and (2) a difference in tiAg; temperature. The first effect
will be negligible in the final banded structure because the change
in C composition in ferrite inherited from t&&(y) is reduced
by the factor of the partition coefficielit,of C between austen- The f/p banding phenomenon arises from a change in com-
ite and ferritej.e., ACc(a) = KAC(y), wherek = the ratio of the  position between the DR and IR bands. This change in compo-
fraction C in ferrite to that in austenite at a given temperature, assition can give rise to a variety of banded microstructures in
determined by the phase diagram. For the Fe-C diagnaanies steels. The varieties may be partitioned into two types: structural
from around 0.02 to 0.06. Hence, the 0.03% Q\@k(y) in the banding and chemical banding. In structural banding, the micro-
above example will produce/sC(a) in the range of 0.0006 to  constituents vary between alternate bands. The p/f banding is an
0.002% C in the ferrite formed, showing that the first effect will example of structural banding and it is the type of banding seen
be essentially negligible. most often in plain carbon steels. In alloy steels, the following
However, the second effect of the presegregation of the Mnadditional types of structural banding often occur, depending on
is not negligible. The reduction A, at the high Mn regions (the  cooling rates: f/b, f/m, p/b, p/m, b/242°-32where b and m
IR bands) versus the low Mn regions ( the DR bands) sets up theefer to bainite and martensite, respectively. Whereas structural
mechanism of transegregation. The ferrite will nucleate first banding is produced by changes in fagemperature between
along the locus of the bands with the highgtemperature (the  the DR and IR bands, chemical banding results from an etching
DR bands for X = Mn), and this will produce the bands of ferrite effect. Special etches are able to etch regions of high X element
lying parallel to the deformation flow. Kirkalast al.have con- concentration darker or lighter than the regions of lower con-
sidered how the C presegregation will influence banding by centration. Hence, bands appear in structures that are 100%
showing how it affects th&; temperature. At the slower cool-  martensit&23033lor in structures that are 100% bairfiteln ad-
ing rates where banding occurs, they assume thagh@o- dition, if the microsegregated X element is P, the use of Stead'’s
vides a good approximation &fs. All the alloying elements  etch may show light/dark bands in a two-phase f/p matrix, where
segregate to the IRs and this, in turn, causes C to segregate eithgite bands do not correspond specifically to either the pearlite or

%. Characteristics of Banding
in Hypoeutectoid Steels

to the IRs or the DRs depending on whether the alloying elemenferrite microconstituent.

raises or lowers the C activity. Then, by considering the corre-

The important characteristics of f/p banding may be listed as

sponding effect of C on the Fe-C-X phase diagram, they deter-follows.

mine the qualitative effect ofvs. Their results show that all of

the common alloying elements except Ni tend to increase the dif-1.

ference inAg; between IR and DR bands and therefore tend to
enhance the tendency for banding due to the transegregation
mechanism.

The transegregation mechanism operates as follows. The fer-
rite nucleates first along the sets of either the DR bands or the IR
bands, depending on which set has the highgiemperature.

So long as the ferrite/austenite growth front moves into the
austenite along a planar or nearly planar geometry, it pushes the
C ejected from the nearly pure ferritic iron ahead of the advanc-
ing interface plane into the austenite. Hence, if the ferrite nucle-
ates along the DR bands, and grows with near planar fronts
toward the IR bands, it will concentrate C in the IR bands and
pearlite will finally form there. There is little doubt that this is
the mechanism of C mass transport that occurs in f/p band for-
mation, because the ferrite is often obsefvé# 1elto have a
bamboo structure with the ferrite/ferrite grain boundaries re-
vealing that the ferrite growth direction was at right angles to the
band directionj.e.,from DR bands to IR bands wice versa.
Such boundaries are shown at the arrows marked A in Fig. 1.
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It has been known since the earliest stlfdiéshat the
banded microstructure appears after a single cooldown from
the austenite region, but only if the cooling rates are relatively
slow. This resultis illustrated nicely by Samu&lsyho pres-

ents a series of micrographs for samples cooled at increasing
rates showing that the banding disappears at rates of 1500 to
3000°C/h in a 1.75% Mn/0.25% C steel. However, if the
nonbanded fast cooled steel is reaustenitized and cooled at
300°C/h, the bands return. The importance of cooling rate
has been established by many investigatfdrig?17.18.35-40]

The critical cooling rate required to eliminate f/p bands is a
function of the steel and its processing history. A few studies
have determined the critical cooling rates required to elimi-
nate p/f banding?1384The values appear to have a fairly
large range, from around 120G/h*2 to around 1.& 10

°C/h k9 Such variability was qualitatively confirmed in this
work. The four steels of Fig. 1 were cooled in stagnant air and
forced air, which produced cooling ratess@f7 x 10* and
=7.5x 10 °C/h, respectively. The stagnant air cooling rate
eliminated the banding in only the 1045 steel. The forced air
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cooling rate completely eliminated banding in the 15B21
and 1018 steels, but a few isolated bands remained in the
1144 steel, and these were found to coincide with those sul-
fide stringer bands containing the smaller sized sulfides
present in this steel.

If the amplitude of the microsegregation is reduced by dif-
fusion during a high-temperature heat treatment, the p/f
banding can be permanently eliminalfgg?1217:2029.30,37,41-43]

The amount of the reduction required to eliminate p/f band-
ing has been shown to be less than that required to eliminate
banding in tempered martensite structures. In a clever set of
isothermal transformation experiments, Jatzikall

demonstrated that the level of microsegregation remaining 5.

in a 4340 steel after a 6 h 1280 anneal is no longer ade-
guate to produce f/p bands, but it is adequate to produce m/p
bands in steels quenched after partial transformation. In fact,
even a 200 h anneal at 1200 was not adequate to com-
pletely eliminate the m/p bands. In addition, studies have
shown that in some ste&tg4a hold of only 10 min at 1320

°C will eliminate p/f banding, but the banding is not perma- 6.

nently eliminated as it can be made to return on subsequent
deformation. It seems likely that some subtle effect worthy
of additional research is operating here, because if diffusion
during this thermal treatment were adequate to drop the
microsegregation amplitude enough to eliminate banding in
the as-rolled steel, subsequent rolling would not allow it to
return. (Perhaps the 132G anneal is adding grain bound-
ary pinning sites so that the return of the banding is due to a
reduced austenite grain size after the subsequent rolling and
reaustenitization that was employed.)

The ferrite band spacing determined metallographicglly,
may be compared to the microchemical band spacing de-
termined with EPMAS,. Most studie4?18.2428lfind a 1:1
correspondence between these two spacings. However, as
discussed in the following point, there appears to be some
exceptions to this rule.

The f/p band formation may be eliminated by growing the
austenite grains significantly larger tigrbecause the fer-

rite bands nucleate on prior austenite grain boundaries alonc
the microchemical bandfs218.2426:36.43454¢h the absence of
significant amounts of microsegregated second-phase par:
ticles, such as (Mn,Fe)S, the ferrite will only nucleate in the
microchemical bands at locations where austenite grain
boundaries cross them. To form a ferrite band geometry, the
individual ferrite grains must nucleate close enough to-
gether along the microchemical band that they will connect
together along the band centerline after only a small amount
of growth. Experiments show that the banding disappears
when the grain size is greater th8nby factors of 2 to
3121828 Grossterlinderet all*® also show that when the
austenite grain size approaches the value required to elimi-
nate banding, the ferrite band spacifgrises and exceeds
S.. This effect is attributed to an inadequate supply of
austenite grain boundaries to nucleate ferrite bands in eact
microchemical band. This effect of increasesiat higher
austenitizing temperatures has also been found by &¢t@rs.

In addition, Grossterlindeet all*®! show that sometimes
the ferrite spacing is reduced by a factor ofe2, $=S,/2,

Journal of Materials Engineering and Performance

due to formation of a double pearlite band. Apparently, in
a rather homogeneous array of uniformly spaced ferrite
bands, some ferrite bands halve their spacing by containing
two pearlite bands. During band formation, two ferrite
growth fronts approach the interferrite centerline from ei-
ther side trapping an austenite layer between them. Carbon
is ejected from each growth front into this austenite region,
with the maximum %C obtained in the austenite at the two
growth fronts. Their model assumes that in $e S,/2
case, the pearlite reaction is initiated on both of these
growth fronts, but the pearlite so formed is not able to grow
clear to the ferrite centerline.

Work by Grangé® presents micrographs that allow esti-
mates of both the primary and secondary dendrite spacings
in the ingots. Comparing the f/p band spacing to these val-
ues, and accounting for the expected reduction in spacing
due to mechanical deformation, it is found that the f/p band
spacing corresponds to the primary dendrite arm spacing of
the ingots rather than the secondary arm spacing.
Depending on the X element of the Fe-C-X alloy, the ferrite
bands correspond to either the IRs or the DRs of the ingot.
Following the suggestion of Pokorny and Pokdifiyele-
ments causing the ferrite to lie in the IR bands will be called
inverse banding elements, as opposed to direct banding ele-
ments, which cause the ferrite bands to form in the DR bands.
(The term inverse was coined because ferrite in the IRs pro-
duces a C microsegregation inverted from that expected for
nonequilibrium freezing of an FeC alloy.) Whether a given
alloying element is a direct or inverse banding element de-
pends on what it does £9; at the high compositions of the

IR bands versus the lower compositions of the DR bands
(Fig. 2). Elements that raigg; can be inverse banders at
lower cooling rates or direct banders at higher cooling rates.
However, elements that lowéy; should always be direct
banders. For air cooled steels, elements generally found to be
direct banders (ferrite in the DR bands) are Mn, Ni, and Cr,

Ferrite start curve for solute rich IRs.
P raises A3.  Mndrops A3

P

Temperature

A3 of DRs

;

Ferrite start curve for DRs. Low in solute
composition for both P and Mn cases.

Slow
cool
Fast
cool

Log Time

Fig. 2 Ferrite start curves on a continuous cooling transformation
diagram

Volume 9(3) June-2289



and those found to be inverse banders (ferrite in the IR bandspands and thereby form pearlite between them. Carbon is trans-
are P, Si, and MB4 Note: laboratory experiments using ported in the direction of growth of the GBA precipitates. How-
isothermal transformatidé* can lead to different results, ever, with the acicular ferrite that forms at high cooling rates, C
as theA s is now controlled by the IT diagram. atoms are transported at right angles to the fast growth direction

7. The morphology of the ferrite and pearlite bands dependsof the ferrite plates or needles. Hence, as the acicular ferrite
onthe type of deformation emp|0yed_ It has been found thatgrows out from the centerlines of the microchemical bandS, it
deformation to rod shapes produces cylindrical morpholo- does not transport the ejected C atoms in the proper direction to
gies, while deformation to plate (sheet) shapes producestrap them between the bands. Consequently, the pearlite (or per-
planar morphologie®:2263349The planar morphologies in haps bainite or martensite at higher cooling rates) does not form
rolled sheet show considerable variability, however, with as a band, but rather as a matrix between acicular ferrite.

the extent of the bands in the longitudinal direction some- ~ The morphologies of the four steels of Fig. 1, cooled at rates
times being greater than in the transverse direction. sufficient to remove banding, were examined to test this alter-

8. The element Mn is a special case because it can cause eith8At€ theory. Widmanstétten ferrite did not occur in the 1018

normal banding or inverse banding depending on the S |eve|s§eel. It co_nsisted of fine gquiaxed ferrite g_rains of_aroumi 9 _
of the steel. as discussed below. diameter interspersed with a small fraction of finer pearlite

. . rains. Assuming, = S for the furnace cooled samples, the fer-
9. There have been several studies of the effect of banding oy, =~ . o . . !
mechanical propertié#2:334245Generally, little to no ite diameters are §,/2, which is consistent with the GKLP the

effect is found on the anisotropy of tensile properties, but aory._ Both the 1045 and_t_he 11.44 st_eels displayed a thin GBA
significant anisotropy of reduction in area and impact,prop- fef”te strugture on pearlitic grains .W'th a very minor amount of
erties is found. Banded steels invariably contain some Ole_Wldmanstatten _S|d¢plate_s. The thickness of the GBA averaged
gree of elongéted inclusions, usually sulfides, in the IR around 3=m, which is again Iesg théiq/Z,. so that the results for
bands, which can contribute tc; a reduction of tra’nsverse im-theSe two steels are also consistent V.Vlth the GKLP theory. The

’ . AP ) 15B21 steel contained two distinct microstructures, apparently
pact properties. Therefore, it is important to consider

whether the anisotropy of area reduction and impact pro _due to a centerline segregation. It contained a mixture of Wid-
o py o PaCL Prop- 5 nstatten ferrite and bainite, with the ratio varying from
erties is due to the banding or to the elongated inclusions,

and this is difficult to determine because treatments that re_roughly 70/30 in the center to 30/70 outside the center, respec-
move Iba{ndilnl gften lead tc; S heroilélization of elonaated tively. In both cases, there was no evidence of banding, so for
sulfides Onlygsome of the studFi)es cited consider thisgprob-this steel, the loss of banding at high rates could be explained by
lem 29344 The most careful of these studiégound that the change of the ferrite morphology to the acicular Wid-

the reduction in anisotropy of mechanical properties after manstatten morphology.
removal of p/f banding was due solely to the coarsening of
the elongated sulfides by the treatment used to remove theb.2 Banding Caused by S

banding. The element S is present in steel as compounds of FeS and/or

there remain (Mn,Fe)S with the relative amounts depending on the Mn level.
gl'hese compounds form in the last liquid to fréézend serve
as markers to locate the IR bands of a banded steel. Some early
literaturé>-.525%1 attributed the banding in steel to nucleation on
. these sulfide compounds. Later studie®;353743recognizing
5.1 Rate Dependence of F/P Banding that ferrite bands sometimes form at the sulfide inclusions and
Grossterlinderet al*® attributed the loss of banding at high sometimes do not, have concluded that the sulfide compounds
cooling rates to a reduction of the distance the austenite/ferritedo not control band formation. There is an interesting and sub-
interface can move to values less tharfi@ distance required tle effect produced by the (Mn,Fe)S particles lying in the IR
to produce the C transport between ferrite and pearlite bandsbands of a wrought steel that was pointed out by Kirked@dy!>*
They developed a finite difference analysis to predict the dis- They presented a thermodynamic analysis, which predicts that
tance a planar austenite/ferrite interface can move versus coolas the temperature drops, the Mn content of the solid (Mn, Fe)S
ing rate, and successfully predicted the critical cooling rates forthat has formed in the IRs should increase, and this will, in turn,
the three steels studied. Their theory will be termed the “GKLP” deplete the surrounding IR austenite of Mn. Their EPMA data
theory. The experimental data of Samié@lsuggests an alter-  show large Mn depletion in the ferrite surrounding large sulfides
nate theory. In a steel of composition 0.25C, 1.75Mn, 0.34Si, in skelp. These sulfide particles originated, not from dendritic
and 0.24Cr, the micrographs show that the unbanded micro-segregation, but apparently from large sulfide segregates present
structure produced by high cooling rates contains ferrite exclu-in ingots, such as the well-known A segredite.
sively in the Widmanstéatten form. Hence, it is possible that the  Kiessling® presents data on two experimental studies that
loss of the banding at high cooling rates could be due to a changdave documented the pickup of Mn by (Mn,Fe)S in annealed in-
in the ferrite precipitate morphology from the blocky grain gots versus as-cast ingots, as well as the Mn depletion zones
boundary allotriomorphs (GBA) to the acicular shaped Wid- around the (Mn,Fe)S particles. Clearly, the formation of low Mn
manstatten morphology. The blocky ferrite morphology of GBAs austenite around (Mn,Fe)S particles by solid state diffusional
is ideally suited to form the connected flat growth front along a processes during hot forging or rolling would favor formation of
ferrite band that is required to partition the C between alternateferrite in the IR bands where these inclusions lie, as opposed to

In spite of the large literature on f/p banding,
some interesting questions concerning the mechanism of th
banding formation. Three such questions will be considered.
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having the ferrite lie in the DR bands as is normally found for of the cubic iron dendrites; and the spacing of the primary and
low S steels. Two studies have sh&#ai that the ferrite phase  secondary arms are givengsandA,, respectively. The dark

of f/p bands can be switched from DR bands to IR bands by in-circles pinpoint the locations of the final liquid to freeze. The top
creasing S levels. It seems likely that such strong conclusions as;enter of Fig. 4 shows the dendrites growing perpendicular to the
“inclusions have very little or no influence on the formation of page, while the right picture shows a three-dimensional con-
banded structure$t¥ might not be applicable to high S steels. struction formed by connecting the final points of liquid to
Evidence that this is the case is presented in Fig. 1, which show$reeze. It can be seen that these points are arranged as a tetrago-
bands in the resulfurized steel, 1144, where it is consistentlynal lattice having a-axis length oA and ara-axis length oh,,.
found that the ferrite bands surround the sulfides (arrows B). InThis lattice will be called the IR lattice. Since each austenite
addition, the banding in this 1144 steel persisted to higher cool-grain forms with a particular orientation of dendrites, each grain
ing rates than found for the other three steels studied here, andill possess its own IR lattice. The maximum microsegregation
the persistent bands were found along bands of sulfides. The rein each grain will be located along the IR lattice of each grain,
sulfurized steels (11xx) contain relatively high levels of both S and the sulfide particles present in virtually all steels will also be
and Mn; they show copious (Mn,Fe)S particles in them and pres-located along this lattice.

ent a class of steels where it is likely that the band structure is  For the hexagonal case of Fig. 3, the IR lattice is very similar

controlled by the inclusions. to the square array, having the sarfagatio, but with the hexag-
onal arrangement of points in the basal plane. In both cases, one
5.3 Banded Alignment ends up with a lattice of final points to freeze bearing a specific

relation to the primary dendrite array that formed when the lig-

When observing strongly banded structures, it is amazing g sojigified. The presence of the planar bands in the deformed
how well the bands line up with the deformation plane in sheetj, s indicates that during deformation some set of IR lattice

materials. As s_hc[)wn in the oldest study of the band morphology y|anes probably becomes aligned in the deformation plane dur-
In shget mat.erlalsf,l, the band ghgnmgnt on transverse and lon- ing the hot deformation. If this suggestion is correct, it seems
gitudial sections is often indistinguishable in strongly banded likely that it is one of the high density planes of the IR lattice,

steels. An interesting question that has not been studied in the litr 551 or £1101. that lines up in the rolling plane. perhans b
erature is how the dendritically produced segregation arrays be'i,omé typEa of I}éttice rotation? g piane, p ps by

come so well lined up into the two-dimensional planar bands
during rolling or forging of sheet materials.

The discussion of band alignment will be presented for the .
case of inverse banding such as occurs with P or with (Mn,Fe)sP. Hypereutectoid Steels
banding. In this case, the ferrite bands will occur at the location
of the IR array, which is produced by a combination of the den-  Banding is also a common microstructure observed in hy-
dritic solidification and the subsequent deformation. The geom- pereutectoid steels where bands of carbides appear in a matrix
etry of the IR array produced by solidification may be described that can be ferrite, pearlite, bainite, or martensite depending on
with the aid of Fig. 3 and 4. Figure 3 illustrates two possible ar- the thermal history following the deformation process. There is
rays of dendrites from a view normal to the growth front. One a very sparce literature on hypereutectoid banding and there ap-
might expect the hexagonal array to be the normal mode ofpears to be only one careful study of carbide banding in con-
growth because of its close packed nature, but there does notentional steel8% Recent studies have shd®&®l that carbide
seem to be any strong theoretical reason for this to be true anthanding is responsible for the surface patterns on the famous
our experiments on steel ingots, as well as directional solidifica-Damascus blades of antiquity and that this banding requires re-
tion experiments on steéd! find both types of arrays. The left peated thermal cycling. Hence, there are two distinct thermal
of Fig. 4 presents a three-dimensional sketch of a square array gbrocesses for producing carbide banding in hypereutectoid steels
four primary dendrites growing vertically. The secondary arms and these will be considered separately.
project orthogonally from the primaries, as required by the
<100> growth directions for both primary and secondary arms

+ + + + + +
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Fig. 3 Two possible geometric distributions of austenite dendrites Fig. 4 Three-dimensional view of a square array of primary dendrites
growing toward you defining the IR lattice
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6.1 Carbide Banding with Conventional Heat Treatments malized from 1100C to remove the as-received banded struc-
ture. They were then austenitized at either 930 min or at
There are two possible sources of carbides in these steels, prif95°C/30 min and cooled by either furnace cool#gd0°C/h)
mary carbides, which form directly from the liquid in the IRs, or at slow programmed cooling rates of around@. Results
and secondary carbides, which form by solid state reactions. Pri-differed dramatically with the two austenitizing treatments, but
mary carbides will result if the IR liquid reaches a carbide eu- no significant difference was observed between the two cooling
tectic composition of the alloy, and this commonly occurs in rates.
hypereutectoid high alloy steels, such as many tool steels. In this  Austenitization at 795°C. Slow cooling from the 798C
case, carbide banding is inevitable in the wrought product as theemperature produced a banded microstructure similar to that of
carbides often cannot be made to dissolve into the austenite othe as-received material. Figure 5 presents high magnification
forging and will simply remain in the steel and align during the micrographs from within neighboring bands showing typical dif-
hot working process. In low alloy hypoeutectoid steels, such asferences in carbide densities that produce the carbide density
the common bearing steel 52100, primary carbides generally dishanding. Samples cooled at the faster furnace cooling rates of
solve into the austenite during hot working, and banding may re-=400°C/h displayed very similar structures with carbide diam-
sult from secondary carbide formation. One would expect that eters that were only very slightly smaller. In both cases, the high
secondary carbide formation might lead to carbide banding sim-density bands corresponded to the IR locations as they were
ilar to the ferrite banding for hypoeutectoid steels and this pos-collinear with the sulfide stringers.
sibility is examined in the following discussions. To investigate the nature of the carbide formation mecha-
Hellner and Norrmd#! have studied banding in 52100 steel nism, interrupted quench experiments were done in which, fol-
as well as in two tool steels. The banding was studied in steeldowing the 795°C/30 min austenitization, the samples were
that had been given an annealing treatment or a quenched anguenched in water 10 to 20 s after the eutectoid arrest tempera-
tempering treatment. In the two tool steels, the banding in theirture was detected. This technique produced microstructures con-
micrographs is dominated by primary carbides. However, in the sisting of the eutectoid transformation product in a martensite
52100 steel, the banding is due mainly to secondary carbides imatrix, as illustrated in Fig. 6(a). The small black features of
wrought samples produced from the top-center of their ingots. Fig. 6(a) are eutectoid transformation products, and the particu-
They present EPMA data showing that the bands correlate withlar region labeled “T” on Fig. 6(a) is shown at high magnifica-
variations in the alloying elements in these steels. They concluddion in Fig. 7, where the labels “M” are positioned on top of the
that the carbide banding is caused by carbon segregation in thenartensite phase produced from austenite by the quench. As has
solid state, with the carbon diffusing to the bands rich in carbide been recently discussé#l,when austenite containing fine car-
formers. If this were true, then the carbide banding should alsobides undergoes the eutectoid transformation, the reaction may
display the characteristic numbered 1 above for hypoeutectoidoccur by either the famous pearlite transformation or the di-
steels;i.e., the banding should appear after a single cooldown vorced eutectoid transformation (DET). In the DET reaction, the
from the austenite region. A series of experiments was carriedpre-existing carbides of the matrix simply grow in diameter by
out on the 52100 steel of Table 1 to examine the nature of cararound 30% as the transformation front (shown at several points
bide banding in this steel. by arrows located at the edge of the martensite regions on Fig. 7)
The as-received 52100 steel was in the spheroidized condiimoves past them and converts the matrix phase from austenite to
tion and displayed dark/light bands when etched in picral. Theferrite. The larger transformation products of Fig. 6(a) lie along
bands were produced by a variation in carbide size and densitybands, thus indicating that the DET reaction nucleates first along
and this type of banding will be termed “carbide density band- bands, apparently due to the microsegregation.
ing.” Initial experiments were done to see if a banding could be
produced in this hypereutectoid steel by a single austenitization
and cool. Samples were austenitized at 130 min, and
guenching experiments showed this treatment was adequate t ¥4
dissolve all the carbides. Samples furnace coatd(°C/h) T

metallographically from the sulfide stringer locations, and there 5
was no change in carbide size at these locations. Hence, it appeali it
that the banding in this hypereutectoid steel differs from that "#.':'
found in hypoeutectoid steels. Whereas a single austenitizationZ
slow cool produces f/p banding in the latter case, it does not pro .]'
duce carbide/p banding in the hypereutectoid 52100 steel. -
Additional experiments were carried out to investigate the

mechanism of the carbide density banding in the as-receiveGH]
achieved with a spheroidizing anneal treatment that often con-

sist$? of austenitization at around 796 followed by a very Fig. 5 Microstructure of slow cooled sample;®/h. (a) Low density
slow cool €6 °C/h) from 750 to 678C. Samples were first nor-  band.(b) High density band. Picral etch
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Fig. 7 An enlarged SEM micrograph of region T of Figa) Labels
M lie over the martensite bandin®) SEM enlargement. Picral etch

Mital
formation of the carbide density bands at faetemperature
(found to be around 7AT) or just above it, one expects the vol-
ume fraction carbides to decrease as the temperature continues to
rise. Experiments have sho#hthat there is a competition be-
tween the pearlite and the DET reactions and, if the pre-existing

Whereas nital etches ferrite much faster than martensite incarbides in the austenite become too large, the pearlite reaction
these samples, as evident in Fig. 7, picral was found to etch thelominates. A likely explanation of the banded structure of Fig. 8
martensite phase and the ferrite phase at similar rates. Hence, the that at 900C the carbides in the initially formed low density
carbides of the martensite matrix and of the ferrite matrix are putcarbide bands have dissolved sufficiently to allow the pearlite re-
into relief by roughly the same amount. As seen in Fig. 6(b), oneaction to dominate, but they remain large enough in the high den-
does not see the DET product phase with a picral etch, except fosity bands to allow the DET reaction to dominate. The final ferrite
the largest patches, but a banding is apparent. High magnificatior+ carbide bands do lie in the initially formed high density carbide
scanning electron microscope (SEM) examination shows that thebands, as both are collinear with the sulfides.
dark/light regions of Fig. 6(b) correspond to differences in car-  An alternate form of banding has previously been reported in
bide density, similar to that shown in Fig. 5. Hence, these results52100 steeP! Samples were isothermally transformed after
show that the carbide density bands are produced in the austeraustenitization at temperatures high enough to dissoleall
itization step when the carbides of the original pearlite structurebides. Samples quenched after partial transformation in the
transform to spherical carbide arrays in the austenite matrix. Al-pearlite range found no banding of the pearlite formed, but trans-
though the DET appears to nucleate initially along bands, it isformation in the bainite range found strong banding of the bai-
unlikely that this process contributes significantly to the final nite microconstituent. Hence, with a one cycle heat treatment in
carbide density band morphology, because the density bands aréne hypereutectoid 52100 steel, it is possible to produce banded
already present in the pre-existing carbides of the austenite priostructures of (a) bainite/martensite, (b) density banded (carbide
to the occurrence of the DET. + ferrite)/(carbidet ferrite), and (c) pearlite/(carbideferrite).

An experiment was done in which the 52100 steel was waterHowever, it does not appear to be possible to produce banded
quenched to martensite from 1180 and then austenitized at  structures of pearlite/(grain boundary carbide) or pearlite/
795°C and furnace cooled. It displayed the same type of carbidemartensite. In both the (b) and (c) structures studied here, the
density banding as found with the normalized pearlitic samples.microsegregation must alter the kinetics of the initial formation
Hence, the formation of carbide density bands upon austenitiza-of the carbides, but the mechanism has not been studied. The
tion occurs whether one starts with a martensitic or a pearlitichigh density carbide bands are found to be located where one
structure. finds the sulfide inclusions, which means they are occurring in

Austenitization at 900°C. The samples austenitized at 900 the IRs, which is also where the microsegregated Cr, S, Si, and
and furnace cooled displayed prominent banding, as illustrated inother elements are located. It may be that more than one mech-
Fig. 8(a). The structure consists of alternating bands of (a) pearliteanism is involved as the high density bands form preferentially
and (b) spheroidized carbides in a ferrite matrix (Fig. 8b). Appar- on heatup of either a martensite/retained austenite structure or a
ently, upon cooling, the pearlite reaction occurs in one set of banddine pearlite structure. In the former case, the initial carbides
and the DET reaction in the other set. This result is consistent withprobably nucleate on heatup from the martensite phase, while in
formation of carbide density bands discussed above. After initial the latter case, they probably form from a spheroidization of the

Fig. 6 Interrupted quench sample etchedaj nital and(b) picral.
Three vertical fiducial microhardness marks on the right. Optical micro-
graphs
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Fig.9 Damascus sword from Moser collection. Sword 9 of ZschRke.
Donated by Ernst Klaey, Bern Museum (Bern, Switzerland)

Fig. 8 Austentized at 900C/30 min and furnace coole) Optical
micrograph showing bandinfh) SEM enlargement. Picral etch
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carbide component of pearlite as fagtemperature is exceeded. [ a2
The pearlite spacing of the normalized starting steel was found tci i -
be around 75 nm, which means the carbide lamellae were onlygy i
around 8 nm thick. Such thin lamellae should quickly spheroidize [ s - b
as theA, is exceeded. Perhaps the presence of the microsegrefil 7
gated Cr slows the spheroidization rate of the fine carbide lamel-g& -
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6.2 Carbide Banding with Cyclic Heat Treatments
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The famous Damascus steel swords of antiquity possess an a :
tractive surface pattern, which is often termed a damascene pa
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illustrating the damascene pattern. The pattern is produced b
bands of carbide particles that are aligned into the plane of the
sword blade, as is demonstrated in the sectioned view of the blad§
shown in Fig. 10. Longitudinal and transverse sections of the blad
appear virtually the same, thereby showing that the bands posse$%&l
a planar geometry as opposed to a lath geometry. The bands are o _ _
formed by tightly clustered arrays of carbide particles generally Fig- 10 Longitudinal section of blade of Fig. 9
having diameters of 5 to 10n. Damascus steel swords are rela-
tively pure hypereutectoid plain C steels, as illustrated by the com-
position of the steel of Fig. 9 given in Table 1. Recentres&€afth  tity and composition restricted, as discussed below. The ingot is
has developed techniques that reproduce both the damascene sumew forged to a blade shape. It is necessary to carry out the final
face pattern and the internal bands of carbide particles in hyper-10 to 20 forging cycles at temperatures of approximately €00
eutectoid steels; and it has been concluded that the microstructurbelow theA.,,temperature of the ingot. Longitudinal sections of
of these swords results from a type of carbide banding requiringthe final blades appear virtually identical to Fig. 10, having bands
cyclic heat treatments for their production. The matrix of the of closely clustered carbide particles in a pearlitic matrix.
microstructure is controlled by the final thermal cycle. With rapid ~ The formation of the banded structure requires two main re-
air cooling, one obtains the (carbid@earlite)/pearlite banding  strictions on the process. First, it is necessary to use sufficiently
of Fig. 10. With a furnace cool, the structure becomes (cafbide large reductions in the initial stages of the forging to close the IR
ferrite)/pearlite as the DET reaction occurs only in the carbide microporosity that occurs in the hypereutectoid ingots upon so-
bands. With a quench, the structure becomes (carbidetensite- lidification. If this is not done, graphite will nucleate in IR micro-
retained austenite)/martensite-retained austenite. pore$? and one ends up with bands of graphite stringers rather
The banded structure in the reconstructed Damascus blades ihan with bands of carbide particles. Second, it is necessary to
produced as follows. A small, roughly 2.5 kg (5 Ib.), ingot of Fe- include certain types and composition levels of the X element in
C-X alloy is prepared with a primary dendrite spacing of 500 to the ingot. If the X elements are not included, the carbide parti-
600um, a C level of around 1.5 wt.% C, and the X element iden- cles will not cluster into the bands, but will appear either ran-
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domly or in nonbanded arrays. Different levels of band forma-
tion and alignment have been found to occur and depend upon
the type and amount of the added X elenff@rtrong banding

is found with the addition of the carbide forming elements V or
Mo at compositions of less than only 0.03%. Weak banding has
been found with the addition of either the carbide forming ele- «
ments, Nb, Cr, and Mn, or S or P at levels of 0.03 to 0.05 %.
Steels having these levels of X elements and C levels of 1.1 to
1.8% C will be referred to as Damascus composition steels. The
historical blade of Fig. 9 contains 0.005% V, in addition to the

random arrays. Calculations show that an 18 h heat treatment
at 1250°C is adequate to homogenize microsegregation of
typical substitutional alloy elements in austenite. Hence, the
results present strong evidence that microsegregation of the
X element causes the banding to od&ur.

An electron microprobe stulf§f was carried out on Fe-C-X
alloys with X elements such as V present at the low levels of
0.035%. The DRs were located by finding the FeS particles,
which were present in these ingots with S levels of 0.003 to
0.008%. A significant microsegregation of VV and similar el-

elements listed in Table 1.

Whereas the formation of the banding discussed previously
occurs on a single cooldown from the austenitizing temperature,
the carbide banding of Damascus composition steels requires
several repetitive thermal cycles between the austenitizing tem-
perature and room temperature. If a banded Damascus steel is
fully austenitized and quenched in water followed by reausten-
itization at=100°C below itsA., temperature and air or fur-
nace cooled, one finds no evidence of a banded structure, as the
carbides are fairly randomly arrayed. By comparison, the same
treatment with the 52100 steel produces strongly banded struc-
tures, as illustrated in Fig. 8. However, if the Damascus steel is  The above data present strong evidence that the carbide band-
now thermally cycled between room temperature =t@D °C ing of Damascus composition alloys is produced by microseg-
below itsA.,, one begins to see faint evidence of banded carbideregation of the X element in the original ingots. Furthermore, it
arrays after two to four cycles, and after around six cycles, theshows that the bands of clustered carbide particles form by some
banded arrays become dominant; they appear similar to Fig. 10mechanism that requires thermal cycling between room temper-
except that the carbide particles have smaller diaméters. ature and a temperature just below &g temperature. The
Hence, it is found that the bands of clustered carbide particles inmechanism of formation of the carbides clustered selectively
Damascus composition steels require the use of thermal cyclingalong the IRs during the cyclic heating of the forging process is
for their formation. This same conclusion is found by examina- not resolved. It seems likely, however, that it involves a selec-
tion of the development of microstructure during the forging of tive coarsening process, whereby carbide particles lying on the
ingots to blades. The banded microstructure is observed to fornRs slowly become larger than their neighbors lying on dendrite
gradually as the number of forging cycles incre&3es. regions and crowd them out. A model for such a selective coars-

The following is a review of the evidence showing that mi- ening process has been presefttéBuring the heatup part of
crosegregation of the X element plays a key role in the forma-each thermal cycle, the smaller carbide particles will dissolve
tion of the carbide bands in Damascus composition steels. and only the larger particles will remain at the forging tempera-

) o . ture, which lies just below tha,, temperature. The model re-

* Small pieces of an as-solidified ingot were austenitized yjres the segregated impurity atoms lying in the IRs to selectively
and then thermally cycled between room temperature andyeqyce the mobility of the carbide/austenite interfaces in those re-
=100°C below theA:, temperature. If the X element was gions. Larger particles would then occur in the IRs at the forging
included in the ingot, a microstructure of clustered arrays of emperature. They would maintain their dominance on cooldown
carbide particles lying in the IRs of the ingot was observed. pecause one would not expect the small particles that had dis-
The arrays were identified as lying in the IRs because theygplyed to renucleate on cooldown in the presence of the nearby
appeared with the characteristic outline of dendrite arrays. carpide particles. These nearby particles would provide sites for
In addition, the microporosity and the FeS particles were carhide growth on cooling prior to adequate local supercooling
also found within the arrays. If the X element was not in- gyfficient to nucleate new particles. The EPMA séddyrovides
cluded, the cycled ingot pieces displayed carbides only in some indirect evidence to support this model, as the increased
random arrays. The experiments showed that the X elementomposition levels of carbide forming elements such as V in the
addition causes the carbides to form on thermal cycling as|r carbides means that they are partitioning to the IR carbides, an
clustered particles in the IRS. effect that would be expected to slow the carbide growth rates se-

*  Two pieces of a hypoeutectoid blade with the banded struc-lectively in the IRs.
ture similar to Fig. 10 were austenitized and quenched to de-
stroy the banded microstructure. One piece was then )
thermally cycled six times between room temperature and /- Summary and Conclusions
=100°C below itsA;,, temperature. The banded microstruc-
ture returned. The other piece was heated to 21€58nd A review of the very large literature on banding in hypo-
held for 18 h. After this treatment, it was given the same six eutectoid steels has identified several characteristics of this phe-
cycle thermal treatment as the first piece, but the banded mi-nomenon and pointed out a few areas where further research
crostructure did not form; the carbide particles remained in would be helpful. The literature on banding in hypereutectoid

ements was found in the DRs. For example, V carbides were
found in the IRs and V levels of 0.6 to 1.4% were found in
the MyC carbides located there, even though the overall V
level of the ingots was only 0.035%. The studies show that
a strong microsegregation of the X elements occurs during
ingot formation. In addition, a study of several ancient Dam-
ascus bladé®! similar to Fig. 9 consistently found the pres-
ence of carbide forming X elements, particularly V, at levels
of 0.004% and above, showing that low levels of carbide
forming elements were present in these Damascus steels.
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steels was found to be quite sparse, and banding experiments a8
presented on 52100 steel. They show that the banding by second-
ary carbide formation is similar to banding in hypoeutectoid steels
in that it occurs on a single-thermal cycle, but the mechanism is
quite different, often involving the DET. A distinct type of carbide

banding can be made to form in relatively pure hypereutectoid 3o,

steels, which differs from the banding found in commercial hy-

pereutectoid steels because of the requirement of thermal cycling31. !
662. T.B. Smith:J. Iron Steel Inst1963, vol. 200, p 602—09.

33. R.A. GrangeMetall. Trans.1971, vol. 2, p 417-26.
34. M.A. PortevinRev. Metall.1913, vol. 10, p 689-91.

This type of banding occurs in Damascus composition steels an
requires the addition of low levels of carbide forming elements,
such as V or Mo, Its mechanism is thought to involve a preferred ;g
coarsening of the carbides in IR bands during the thermal cycling.

36.
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