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Rolling Contact Fatigue in relation to rail grindin

Michaél Steenbergen

Delft University of Technology, Faculty of Civil Engineering and Geosciences, Railway Engineering Group,
Sevinweg 1, 2628 CN Ddlft, the Netherlands

Abstract Spalling defects of a periodic nature are samedi observed on heat-treated pearlitic steel rails.
Defect properties suggest that there may be aagesdtip between maintenance grinding on a regudarsb
and the initiation of rolling contact fatigue (RCH this work, the effects of maintenance grinderg
investigated experimentally for both standard amdttreated pearlitic rails. Results show essdytial
different behaviour for both steels. On standawtigs, friction-induced martensite (FIM) generatadrd
grinding delaminates when in service. However, djrig induces severe top-layer deformation which
coincides with that induced by train operation stiyielding ‘pre-fatigue’ of the rail. On heat-tredtgrades,
portions of FIM accumulated at groove edges dugingding are pressed into the deeper pearlitic imnatr
combination with severe plastic deformation undegential wheel-rail contact stresses. That proeessts

in severe and extensive crack initiation. Accordiogjuantitative test results reported in the ditere, this
initial condition yields a reduction of the nornRCF life by roughly a factor nine, which is in aodance
with both observations in the field and in therhtteire on rail spalling defects.

Keywords. Rail grinding, white etching layer (WEL), rollingontact fatigue (RCF), friction-induced

martensite (FIM), squat, rail spalling, residuaéss.

1. Introduction

Recently, an increase in the number of particiddrspalling defects has been noticed on the Dutch
rail network. The defects occur typically on haatted grades such as MHH (produced by Tata
and belonging to the category R370crHT accordintheoEuropean norm [1]). At first glance, it
seems to concern a hybrid defect type with progentif both short-pitch corrugation and rolling
contact fatigue (RCF). The defects are charactttigetheir affected length (with in some cases up

to several hundreds of meters of affected rail)tHgyperiodicity in the geometry of the defect, and

" Corresponding author. Tel. +31 15 2783385; faxt 43 2783443
E-mail address: M.J.M.M.Steenbergen@tudelft.nl (M.3. Steenbergen)

1



by the fact that the cracks associated with theagfpropagate systematically in the subsurface and

do not develop deep into the railhead, leadingansverse defects. Examples are shown in Fig. 1.

Fig. 1 Periodic spalling defects on heat-treateidgrade R370crHT/MHH

On other rail networks, individual spalling defeatith similar properties and behaviour
have been noticed and called ‘studs’, a term intced by Grassie [2] in order to differentiate them
from squat defects. ‘Studs’ were observed to grelatively much faster than squats and at the
same time did not lead to transverse defects [3].

All affected rails perform in the RCF regime (iontrast to the wear regime [4]) and are
therefore maintained by cyclic grinding. The defeatevelop relatively very early in the
maintenance cycle of the rail, within the grindingerval of 15 megatons of axle loading; however
not necessarily on relatively new rail but alsorait that has already been in service for years.
Properties of the rail defects will be addressednore detail and in a wider context in the next
section. Several of these properties however akengf, and together with the early development of
the defects in the maintenance cycle, they potattime direction of a potential role of the gringlin
process with respect to damage initiation. Thislde® a more general research question: how does
rail maintenance grinding (or: the set of operalospecifications that control this process) affect
the total life cycle of the rail — is rail grindingurely a solution to combat RCF, or has grindimg t

potential to determine the further degradationh#f tail surface by setting the conditions for the
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further development of RCF? The aim of this papetoi examine the role of the rail grinding
process, as it is practised on the Dutch netwodkraany other networks worldwide, with respect to
RCEF initiation, differentiating between heat-trehtnd conventional rail grades. Its main novelty
consists of an answer to this question, substauditiay experimental results. Because of the number
of involved aspects and parameters, such as thedsped other settings of the grinding
equipment/train, which determine the specific epargput per surface area unit, and the exact
chemical composition and constitutive propertiegdiffierent rail grades, this first study is at the
same time of a preliminary nature. It is limited tt@o pearlitic rail categories specified in the
European norm [1], one standard carbon grade (RB$G@Md one heat-treated and alloyed grade
(R370crHT, in the form MHH produced by Tata).

The paper focusses explicitly on the ‘initial cdimhs’ of the rail surface degradation
process as a function of borne tonnage, and nthisrdegradation process itself and its governing
parameters, as these initial conditions may haviefirence that may in theory even exceed that of
the loading history on the final result in termsdaimage. It is further common experience that the
degradation process on rails on which not all serfdamage, in terms of RCF cracks, has been
removed to a sufficient depth (an example is showig. 2), is only briefly slowed down by the
grinding process. In fact, the geometrical irregtyaassociated to the RCF defect has been
removed, but as this irregularity is only a conssue and not the origin of the defect, the presence
of surface-breaking cracks continues to affectltdoal wheel-rail contact stress distribution and
therefore the defect continues to grow. This paldicaspect of rail grinding is however not within
the scope of this paper, which addresses the gdngrocess (and indirectly its operational

specifications) as such.



Fig. 2 A squat ground to an insufficient depth

The formulated research question has received stireet and indirect attention in the
scientific literature, but both the research apphoand the results are insufficient to answer it
adequately. The most relevant work in the litemtisr a study by Dikshit et al. [5]. This work
examined, in the framework of early RCF, samplebedt-treated rail at different moments of the
life cycle of the rail, which was ground also upostallation. The analysis included the moment
directly prior to maintenance grinding and a monart MGT after grinding. It was shown that the
number of small (smaller than 0.1 mm) cracks wasatgst very early in the life of the rail and
steadily decreased with born tonnage up to mainmnarinding, whereas the number of long
cracks consistently increased. Significant partghefrail surface were found to be covered with a
white etching layer (WEL) at lower tonnage and fechvery early in the rail life, decreasing — by a
mechanism of spalling wear — with increasing tomnadowever, as the study does not include
analyses of the surface conditions shortly aftérganding but only after 1 MGT of loading, a
potential role of the grinding process with respiecthe both the generation of WEL and crack
initiations was disregarded; their arising earlythe rail life was speculatively ascribed to wheel-
rail contact conditions. A second study [6] addeettse effect of rail grinding on RCF on standard
rail in the Japanese network. This study howevelsdeith the depth to be removed in order to
erase all plasticity as a result of accumulatechage and does not address the surface quality.
Apart from these studies specifically in the rahtext, more general work has been reported in the

literature on the relationship between surfacesfimg methods and RCF life [7-10]. These studies



will be discussed in more detail, in the framewofka validation of the outcome of the present
work, in section 5.

The structure of the rest of this paper is aoWd. Section 2 continues with a more detailed
investigation of the properties of the observedlsgadefects in the framework of other damage
types and of grinding results; section 3 discusiseset-up of a field experiment with respect ib ra
grinding; section 4 presents and discusses expetaneesults; section 5 discusses these results in
the framework of other/recent scientific work andvelopments, and section 6 finishes with
conclusions.

2. Propertiesof rail spalling defectsversusrail grinding results

Fig. 3 shows images of rails after cyclic (rotadrgrinding with a grinding train and a relatively
short period of short train loading afterwardsbbth cases the grinding facets have worn out;en th
case at the left a repetitive groove pattern iglds whereas in the case at the right a cleartshor
pitch, wavy pattern in the running band has dewedod he periodicity typically ranges from 34 to

38 mm.

Fig. 3 Rail after grinding and a relatively smadirn tonnage: longitudinal grinding facets have
disappeared — transverse grooves are still pre@mgriodicity and (b) waviness of the running
band.



Fig. 4 Periodicity (about 34 mm) in both WEL agrihding marks at the gauge corner of a
R260Mn rail (upper leg of a curve)

Fig. 4 shows a situation in the high leg of a cumwth contact concentrating on the gauge corner,
where a non-uniform white etching layer (WEL) paitdhas developed at the surface with a
periodicity (34 mm) coinciding with that of the gding pattern. Fig. 5 shows examples of standard
rails (grade R260Mn) where a non-uniform WEL pattervisible at the surface, in this case with a
36 mm periodicity and WEL-zones in the form of ‘eggmbedded in the running band. Fig. 6
shows the longitudinal surface hardness pattersuch a rail, along with some microstructural
features: the hardness clearly fluctuates peridigiedath extreme values at the centre of the egg-
shaped WEL zones and minima, with the original hasd, in between. Fig. 7 shows again a well-
developed periodic (36.5 mm) WEL formation in tlwaming band, in this case already associated
with short-pitch corrugation, though only with amglitude in the order of 10m. Fig. 8 shows the
periodicity in the spalling defect (with individudefects resembling squats), as discussed in the
introduction (Fig. 1), with again the typical diste of 35 mm. Finally, Fig. 9 shows a developing
long spalling defect where the relationship to gnmding effects is particularly evident: cracks
have initiated along the periodic zone with thepdst grinding marks and grown together; surface
etching clearly shows that the grinding marks ayedéred by white etching material. Also in the
case of unbranched squats cases occur where tleepgimdicity can be observed; an example is
given in ref. [11] (Fig. 17 from this work; periaily 34 mm); Fig. 9 shows another example from

the high leg of a 1500 m radius curve.



Fig. 5 Periodicity (35-36 mm; half the rail widdh 70 mm) in WEL (‘egg’-shaped) in the running
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Fig. 8 Periodic (about 35 mm) spalling defectsifaFig. 1), before (a) and after (b) spalling off
in the running band of two R370crHT/MHH rails



Fig. 9 Periodic spalling defect on ground R370cMHH rail (a): crack initiations along the
periodic zones with deepest grinding marks (bhc) RIM visible on the surface (etched with 5
percent Nital) of the spalled part along the gmgdmarks (d).

The findings presented in this section show a @dance between different forms of
periodicity: a geometrical one induced by trainndmg, one in constitutive material behaviour
(WEL formation) and properties in the running baadd one in the development of RCF cracks
and eventually spalling defects. From a theoretidaivpoint, geometrical periodicity induces
fluctuating normal but notably also tangential @mbtstress conditions, which may lead to non-
uniform shakedown of the rail surface material, suoiform slip and WEL generation, and finally

to periodic RCF initiation and spalling defectsthlugh the formation of WEL as well as crack



initiation seemed in some cases in practice claatbted to the grinding results, this yields self

no conclusive evidence that grinding effects magluge crack initiation. In order to clarify
unequivocally the role of maintenance grinding loé trail in relation to eventual early damage
development, the more general research questicnstied in the introduction was formulated and

an experimental programme was conducted.

3. Experimental set-up

Grinding is supposed to ‘reset the initial condigb of the rail life. Therefore, the aim of the
experimental programme was to establish these tionsglifor the treated surface of both standard
carbon (R260Mn) and heat-treated pearlitic raildgea (R370crHT/MHH). For both grades, a
regular track was selected in the Dutch networlhwitixed passenger and freight traffic, where
cyclic maintenance grinding (with a nominal také-of 0.2 mm) was to be performed by the
grinding train (Speno RR64M with flat rotationalirgting principle). The R260Mn sample was
taken from straight track and the R370crHT/MHH skmipom the high leg of a curve. A rall
sample of 75 mm length was taken out immediatebyr d@he grinding train had passed and replaced
by an enclosed arc welding. This was repeated afteew days of train operation and thus a
relatively very small number of train passagess®atting was chosen to investigate the effect of a
combination of normal and tangential stresses erfrishly ground surface for a limited number of
wheels, at the offset of the loading history; tlesding history itself as well as an eventual
difference in the loading parameters as a resuitack configuration were of minor importance. In
this way, four rail samples were collected in tokfs. 10 and 12 show the two samples collected
for each of the grades R260Mn and R370crHT/MHH eetpely; Fig. 11 shows a close-up of the
ground surface in Fig. 10.

For each of the four samples, both transverse amgitldinal cross-sections were examined with
etched microscopy. Longitudinal cross-sections waken out along the centre of a grinding facet,

globally at the centre of the running band, andhat same transverse position both immediately
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after grinding and after a few days of train operat Transverse cross-sections covered all

transitions between grinding facets.

Fig. 10 Surface of heat-treated rail (R370crHTM)HMmmediately after grinding (right) and a few
days of train operation (left); examined longitualiand transverse cross-sections.

Fig. 11 Close-up of Fig. 10: heat-treated raguge corner) surface roughness and facets
immediately after grinding.

Fig. 12 Surface of standard carbon rail (R260nirgctly after grinding (left) and a few days of
train operation (right); examined cross-sectiosglthe surface.
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4. Results of microstructural analysis

Before addressing the results, some basics oroth®afion of white etching surface material on the
rail are briefly recapitulated; a more detailedieavof the literature in this domain can be found i
earlier work [12]. There are essentially two medsiaus that lead to the formation of a hard and
brittle white etching surface layer: the first coecurs due to storage of potential (or strain) gyer
in the material; the second due to addition ofrtt@renergy. In the first case, an ongoing loading
process with notably tangential wheel-rail contstotsses and a ratchetting strain response leads to
dissolution of cementite in the pearlitic matrixthe surface and the formation of an amorphous
nano-sized structure with a hardness exceedingoftthe parent material with a factor 2 to 4. The
layer, although it has geometrically clearly deted properties in a cross-section over the height,
typically has a more gradual transition to the pareaterial in the sense of varying grain size and
orientation, and also the properties within thesfayself are a function of depth. In the seconseca
the input of heat at the contact may cause theaseirinaterial to reach the austenitization
temperature, yielding a phase transition to maiteen¥isually and in microscopic research, the
effect is very similar to the first case, with atthict white surface layer with increased hardness,
but this layer has a discrete transition to theepamaterial having a different phase; its properti
are constant over the height of the layer and inyntases internal grain boundaries remain visible.
This second type of white etching layer is alsoaled as FIM (friction-induced martensite). There
exist also hybrid layer types, as the presenceladtip strain energy in the material lowers the
austenitisation temperature, and in practice sybhidhlayers prevalil.

Fig. 13 shows different surface positions of agkeerse cross-section of standard carbon rail
(R260Mn) immediately after grinding. Observations this cross-section show clearly the
transitions between grinding facets, further thespnce of a phase-transformed white etching FIM
layer, deposits of which typically accumulate ag thorders of the grinding facets, and finally a
plastic deformation of the top layer which is styghynfacet-dependent, and therefore non-uniform
over the railhead. This deformation is howeverated towards the inside of the rail on the part of

the profile bordering the gauge corner. Longitublorass-sections (Fig. 14) show grinding grooves,
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non-uniform loose portions of FIM, and the absen€esevere longitudinal plastic deformation

texture along the rail surface.

Fig. 13 Surface (transverse cross-section) oidstal pearlitic rail (R260Mnmmediately after
grinding: FIM and strongly facet-dependent plastidmages are taken from the field to the gauge
side (at the right).

13



Fig. 14 Surface (longitudinal cross-section)tahslard pearlitic rail (R260Mnjnmediately after
grinding: FIM and negligible plasticity. The traianning direction is to the left.

Fig. 15 shows the longitudinal rail surface aftait grinding and a few days of train operation

consecutively: the FIM generated by grinding isgédy removed; individual grooves have

disappeared, and severe plastic strain of the ifeanktrix under the surface has appeared as a

result of tangential forces by train operation. ttansverse direction, also transitions between

grinding facets have disappeared.

Fig. 15 Surface (longitudinal cross-section)tahslard pearlitic rail (R260Mrafter grinding and
a few days of train operation consecutively: FIM is largely removed; severe train-induced ptas
strain has appeared.

Results on heat-treated premium rails (R370crHTHlldre essentially different from that
on standard rails. Fig. 16 shows different surfgmsitions of the transverse cross-section

immediately after grinding. Thick FIM layers areepent at many positions; remarkable is their
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stratification, which causes many of them to detate; FIM is present at the surface over the
whole cross-section Further, a strongly facet-ddpetplastic deformation of the surface layer is
present, directed toward the inside on the gauffeohéhe rail and the outside on the field half of

the rail crown.

Fig. 16 Surface (transverse cross-section) aftreated pearlitic rail (MHH)mmediately after
grinding: FIM layers and strongly facet-dependdastficity. Pictures are taken from the field to the
gauge side (at the right).
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Fig. 17 Surface (longitudinal cross-section) eétitreated pearlitic rail (MHH)nmediately after
grinding: FIM deposits and localised severe plastiain.
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Positions along the longitudinal cross-section .(Eif) show grinding grooves with severe localised
plastic deformation and large portions of FIM, tgily in the form of deposits at the edges of the
grooves. Further, no uniform longitudinal plastefarmation texture of the top layer along the rail
surface can be observed.

Fig. 18 shows the longitudinal rail surface aftait grinding and a few days of train operation
consecutively: large amounts of FIM generated bydjng are largely removed by spalling wear;
there is no uniform plastic deformation along theface as a consequence of wheel-rail contact.
However, at the same time individual portions oMFare pressed into the surface, along with
strong localised plastic strain under tangentissstes exerted in the wheel-rail contact patchs Thi
phenomenon leads to local failure of the granulatrixand crack initiation: the surface is strewn
with initiations up to depths of tens of micromsetreith subsurface crack paths propagating against
the train running direction. Apparently, the workrttening capacity of the heat-treated material is
not sufficient to accommodate the ‘imprint’ of thard FIM portions in an elastic mode. The
density of the crack initiations is correlated witie surface roughness (Fig. 11): each major FIM
deposit at the edge of a major groove is a potenteck initiator. In the present case, crack
initiations are — very roughly — interspaced at th.mIn the transverse direction (not shown), no
significant developments can be observed with @sjoethe situation immediately after grinding;
although many stratified FIM layers have delamidaded disappeared, the surface is still largely
covered with a single FIM layer; transitions betweginding facets have not changed during the
duration of the experiment. It is noted finally thiae results of the microstructural analysis cmiac
with the conclusion from the non-destructive reskaliscussed in section 2, where at the surface of

R370crHT/MHH grinding grooves were found to be leyeti by FIM (Fig. 9).
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Fig. 18 Surface (longitudinal cross-section) eéttreated pearlitic rail (MHHjfter grinding and
a few days of train operation: FIM and train-induced plastic strain cause seceaek initiation.
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Fig. 18(continued) Surface (longitudinal cross-section) of heattted pearlitic rail (MHHpfter
grinding and a few days of train operation: FIM and train-induced plastic strain cause seceaek
initiation.
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5. Discussion

Although the experimental results do not clarife throwth of running band defects related to
grinding in all its aspects, they clearly providalifferentiated answer to the research question:
according to current practice and operational $pations, which allow for aggressive rail
maintenance grinding, not only existing RCF inibas are removed but at the same time the
conditions are set for the reappearance and fudiéxezlopment of RCF cracking — at least for rails
that are being loaded in the RCF-regime:

- on heat-treated premium pearlitic rails (testedtha version R370crHT/MHH) both by
introducing a plastic deformation of the surfaceterial toward the inside of the rail over
the surface at the gauge side of the rail profjesétraining’) and by generating large FIM
deposits at the grooves, immediately resulting ifdoge-scale crack initiation upon
subsequent train operation;

- on standard carbon pearlitic rails (tested in tlkesion R260Mn) by introducing plastic
deformation of the gauge material toward the ingitléhe rail, coinciding with the plastic
strain field as a result of plastic ratchetting @indepetitive tangential wheel-rail contact
stresses.

The difference in response between standard aatitteated rail material with respect to
the imprint of FIM portions under combined normatangential loading either in an elastic or a
destructive mode can be further clarified from tbestitutive properties. The heat treatment of the
pearlite yields a grain refinement (which basicallyns at delaying crack growth) and increases

both the yield strengtRy (or Ryo.2) and the tensile strengR,; however their ratio is not specified

in the norm [1] and varies in practice. The ra@i@m—Rpolz)/ R, can be taken as a measure to
guantify the work hardening capacity in relatiorthie ultimate tensile strength; this value is about
46 percent for R260Mn versus 27 percent for R3706vHHH, whereas the tensile strength of the

latter is roughly 41 percent higher as comparethéfirst (where average values are based on

product certificates of both rail types). It follewirom the previous that tensile strength is an
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important parameter with respect to RCF, but that hardening capacity, which is not strictly
prescribed by the norm, equally governs the lifekeyperformance.

In the literature, the relationship between swafafinishing techniques and RCF
susceptibility has been addressed not in a rakedl but an industrial context, in a couple of
dedicated studies and notably comparing grindind hard turning techniques for hardened
construction steel [7-10]. According to these stgdihe hard turning technique is able to introduce
compressive stresses, beneficial with respect td-,RG a significantly greater depth in the
subsurface as compared to grinding, which introsus@mally compressive surface stresses, but
with a steep gradient into the subsurface. Theratitroduces high shear stresses parallel to the
surface, and therefore a susceptibility to spalliag argued in [13]. However, in the case of
generation of a white layer, the surface residtralsses may become tensile (up to depths of 0.1
mm), favouring easy crack propagation. Althoughhlbsrface finishing techniques may give rise
to the generation of an — eventually stratified EMVthickness and hardness are different in both
cases. In general, grinding tends to produce a rthicker WEL than turning. For both techniques,
a white layer is found to drastically reduce theFRIBe. Generally, RCF life of a component is
found inversely proportional to the thickness oé tivhite layer. Abusive grinding, introducing
white layers and surface tensile stress, yieldsdagation of the RCF life (start of surface spaljing
with roughly a factor 9 as compared to gentle gngdvith surface compressive residual stresses
(Fig. 8 in reference [10]).

As has been mentioned in the introduction, the eskerail spalling defects grow relatively
very fast with respect to conventional running baedects such as squats. In this context, a very
significant difference in growth rates between dtand ‘squat’ defects has been reported, with
roughly 1 mm growth per 2.5 MT (megaton trafficdpdor studs and flaking defects [3, 14] where,
depending on other factors, between 50-100 MT exleé to grow a squat or other regular RCF
defect on head-hardened rail [15, 16]. It is diffidco compare both defects in terms of growth rate
in depth direction, taking into account that a bpgldefects expands mostly horizontally in the

subsurface whereas a squat defect also grows itih.ditpcan however be stated generally that
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spalling defects develop during megatons of cunwdaloading, whereas squat cracks develop
during tens of megatons; i.e. roughly a factor dwer. This factor is fully supported by the
laboratory testing results from the literature miadustrial context discussed above. At the same
time, the presence of severe subsurface residerailg) stress fields may also explain the striking
geometry and location of the surface-breaking ctlawk of the spalling defects in Figs. 8 and 9,
where this crack line delimits the periodic zon&whe deepest grinding marks.

It is finally worth to consider in this contexisal the effect of third bodies in the wheel-rail
interface. An important element in the compositaingrinding stones (in grinding units of both
manual and train-based equipment) is aluminiungije or aloxite AlO3;, which is used for its
combined strength and hardness yielding excellbrasave properties, and at the same time low
costs. Different rail lubricants (friction modif@y; for different reasons also contain®@d [17]. In
the presence of repeated wheel slip (either fydl@ microslip within the contact such as spipkli
this element may give rise to the development oitevbtching material on the surface of wheels
and heat-treated rails. In the light of the findingf this work, the use of AD; and similar

compounds in lubricants should be considered atigel to RCF initiation on premium rails.

6. Conclusions
Spalling defects, over lengths up to hundreds derseon heat-treated pearlitic rails exhibit tygbic
periodicity in geometry, in material properties Isws hardness and the presence of a WEL, and in
the position of crack initiation in the running loanThis suggests a relationship between
maintenance grinding on a regular basis and thiatioin of RCF. In order to clarify the role of the
‘initial conditions’ of the rail service life in & RCF regime, effects of train-based maintenance
grinding (as it is applied on the Dutch network andny other networks) have been investigated
experimentally for two rail grades, one from thenstard and one from the and heat-treated pearlitic
rail category. The following conclusions can beeswah from this study:

1) on standard grades, friction-induced martensiteM]FIgenerated during grinding,

delaminates during consecutive train operation. él@x, the applied grinding process
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induces severe plastic top layer deformation whiomcides with that induced by train
operation. This yields ‘pre-fatigue’ of the rail.

2) On heat-treated grades, portions of FIM accumuddtgroove edges during the grinding
process. Under train operation, they are presséa time deeper pearlitic matrix, in
combination with severe plastic deformation as sulteof tangential wheel-rail contact
stresses. This yields extensive crack initiatiariha onset of the service life.

3) According to quantitative test results for industrtomponents reported in the literature,
abusive grinding, which results into a white lagecompanied by harmful tensile residual
stresses at the surface, yields a reduction withhty a factor nine of the normal RCF life.
This is in full accordance with observations on ghewth of spalling defects on heat-treated
rails, performing in the RCF regime, in the fieMhich develop within megatons of
cumulative traffic loading. It is also in agreememth the difference in growth rate of
roughly a factor ten between ‘stud’ and ‘squat'esé$ reported in the literature.

In order to avoid spalling damage, at least openati grinding specifications for rails need to be
reconsidered such that the formation of white eigHayers, accompanied by harmful residual

stress fields, are avoided, with special attenfiimrheat-treated grades.
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