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Synopsis :

Research and development of surface modification for process rolls
have been carried out to improve the quality and productivity of
steel strip sheets, as well as to prolong the span of service life of the
rolls. To apply to bridle rolls that control strip tension in processing
lines, thermal spray coating techniques of providing wear resistance,
slip resistance and corrosion resistance have been developed. These
coatings are WC-cermet coating, provided with roughness-control
technology, and multi-coating, sprayed with WC-powder including
undercoat with sealing technology. As for the conductor rolls that
have conductive function at the plating section, self-fluxing alloy
coating added with WC-cermet, which can prevent WC particles
from peeling by the flattening of the particles, was developed. This
WC self-fluxing alloy coating has excellent corrosion-resistance and
wear-resistance. Through the investigation of Mn build-up
mechanism to acquire ways to reduce and prevent the Mn build-up,
thermally sprayed coating with eminent Mn build-up resistance has
been developed for hearth rolls that convey steel strip sheets in a
continuous annealing furnace. These activities have made the
process rolls more reliable and their span of service-life longer.
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1 Introduction

Rolls used in steel manufacturing processes must sai-
isfy various performance requirements. Becanse these
rolls come info direct contact with the steel strip, they
have an important effect on the surface quality of the
strip. In particular, surface-modifying technologies have
been develeped and introduced with the process rolls
that are used in cold rolling, coating, and stainless steel
preduction cquipment in order to increase the reliability
of these rolls in response to higher strip quality require-
ments and the expanded variety of manufacturing
processcs. Among these, a large number of thermal
spraying technologies' have been developed, and vari-
ous types of materials have been applicd up to the pre-
sent time

Thermal spraying refers to a method of surface modi-
fication in which a powder or wire material is sprayed at
high speed onto a base material while in a semi-molten
state to form a coating. As features of thermal spraying,
in comparison with other surface modification methods
such as CVD (chemical vapor deposition) and PVD
(physical vaper deposition), the speed of coating forma-
tion is extremely high, and a number of material types
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Synropsis:

Research and development of surfuce modification for
process rolls have been carried aut to improve the qual-
iry and productivity of steel strip sheets, as well as tv
prolang the span of service {ife of the rolls. To apply to
bridle rolls that control strip fension in processing lines,
thermal sprav coating techniques of providing wear
resistance, slip resistance and carrosion resistance have
heen developed. These coatings are WC-cermet coating,
provided with roughness-control technology, and multi-
coating, sprayed with WC-powder including undercoat
with sealing technology. As for the conductor rolly that
have conductive function af the plating section, self-flux-
ing alloy coating added with WC-cermet, which can pre-
vent WC particles from peeling hy the flattening of the
particles, was developed. This WC self-fluxing alloy
coating has exceflent corrosion-resistance and wear-
vesistance. Through the investigation of Mn build-up
mechanism to acquive ways to reduce and prevent the
Mn build-up, thermally spraved coating with eminent
Mn build-up resistance has been developed for hearth
rolls that convev steel strip sheets in a continuous
annealing firnace. These activities have made the
process rolls more reliable and their span of service-life
longer.

can be deposited by thermal spraying because this
method has virtually no restrictions related to the mater-
ial properties of the object being treated. Moreover,
because the temperature of the base material can be held
to under 150°C during spraying, this method also offers
other advantages. For example, heat strain of the type
that occurs during overlay welding for rotl hardening is
not a problem, and recycling repairs can be carried aut
at a comparatively low cost. However, the corrosion
resistance of sprayed coatings is not adequate because
fine pores remain in the coating,” and there are cases in
which peeling under impact is a concern because the
coating and base material are bonded mechanically. To
solve such problems, sealing treatment technology or
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multi-coating techniques and heat treatment (fusing)
technologies have been devcloped and are applied as
requircd by the application.

This paper presents a brief explanation of the various
lypes of surface-medifying technologies using thermal
spraying which have been developed for process rolls up
to this time, and describes the elucidation of the mecha-
nism of build-up which forms on the surface ol anneal-
ing line hearth rolls during the production of high
strength steel strip, together with a newly developed
technology for alleviating and preventing this problem.

2 Surface Modification Technologies for
Various Types of Process Rolls

This chapter describes the surface modification tech-
nologies applied to bridle rolls, which have a tension
confrolling function, conductor rells, which have a con-
ductive function, tension meter rofls, which have a strip
tension detecting function, and deflector rells, which ate
used to change the direction of strip travel.

2.1 Bridle Rolls

The bridle roll is a type of process roll that is used to
contro!l strip tension. With these rolls, wear resistance is
necessary in order to maintain this function over the
long term without the occurrence of slips. Convention-
ally, these rolls were coated by chrome plating, but life
was short due to wear, For this rcason, WC cermet,
which has high hardness among cermet coatings, was
selected and applied by thermal spraying. However,
unlike the chrome plated surface, WC cermet is a con-
tinuous body with a sharp surface shape, and causes
dents on the steel strip if left in the as-sprayed condition.
Therefore, a technique of polishing by buffing was
developed to give the roughness peaks the same rounded
shape as the chrome plated surface, and to give the WC
coating a similar friction coefficient. Specifically, it was
found that, with the bearing length ratic (mr} specified
in JIS BO601, virtually the same roughness profile as
that of a chrome plated surface can be obtained if the
bearing length ratio of the 1/2 maximum height (Ry)
from parts showing roughness peaks can be reduced to
the same value as the chrome plated surface, and a buft-
ing technique for controlling roughness in this manner
was developed. Figure 1 shows the results of an investi-
gation of the relationship between friction and the bear-
ing length ratio when the surface roughness Ra is 67
pm. In this case, it can be understood that thc WC
spraved surface has basically the same friction coeffi-
cient as the chrome plated surface when buffing is per-
formed two times, and a similar roughness profile is
oblained. This technique made it possible to prevent the
occurrence of dents on steel strips and extend the life of
the W sprayed rolls by more than five times in com-
parison with the conventional chrome plated rolls.>

Further, if a WC-Co cermet thermal spray coating is

38

) (ﬂJ'o haffii}ﬁ) ! ) ! I
EOEN | Iy WCspray
05 Lt ! i - )
= @ |: Crplating
‘& N |
& o4 |
o ~,
3 "
2 o3 | |
2 H AN P
g ! : %L (4 tirngs baffi
e 02 | CTT
E (2 times baffing) |
T | !
01 + ] T
!
P O SRS
1] 1 20 30 4 50 e 70 a0
Bearing length ratic (%)
Fig. 1 Relation befween bearing length ratio and

static frictional coefficients of bridic rolt

used under a corrosive environment, Co, which is the
W binder, tends to corrode. For this reason, a Cr-added
WC-Co-Cr cermet coating and a WC-Cr,-C,-Ni cermet
coating, which uses Ni as the binder, were introduced,®”
establishing an appropriate selection of materials
depending on the level of corrosion. For wet environ-
ments, a multi-coating was developed, in which the WC-
Cr;-C,-Ni cermet is applied by thermal spraying to an
undercoat, which also serves as a sealing technique,
This type of coating achieves a life more than three
times longer than that of conventional high carbon, high
alloy overlay welding hardened rolls.

On the other hand, coating improvements have also
been achieved through progress in thcrmal spraying
technology. With high speed flame thermal spraying
equipment, ultra-high speed powder spraying has been
realized, the feed rate has been made uniform and the
coating forming speed has been increased,” and the tra-
verse accuracy of the thermal spray gum has been
improved. As a result, it has become possible to form a
finer coating and improve adhesion, and reduce undula-
tions during spraying. At the same time, progress has
alse been made in analyzing the crystal structure of the
thermal spraying powder, Based on this work, by using a
granulation sintering powder with WC cermet, it is pos-
sible 1o obtain a coating that contains little W,C in com-
parison  with melting  pulverized powder. The
appropriateness of these improvement techniques for
steel strips has also been evaluated quantitatively, and
high steel strip quality, high productivity, and long roll
life have been realized.

2.2 Conductor Rolls

Conductor rolls, which have an electrical conducting
function as the cathode pole in the tin plating section,
ar¢ required to provide corrosion resistance against
strongly acidic selutions that contain mixed hydrechloric
acid, fluoric acid, and other acids. Conventionally, these
rolls have been chrome plated, and their life was short
due to corrosion. Therefore, SFWC 2 type sclf-fluxing
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alloys, as specified in JIS H8303, which possess elcetri-
cal conductivity and provide excellent corrosion resis-
tance and wear resistance, were evaluated and
introduced. In an immersion test, as shown in Fig. 2, the
corrosion ratc was reduced to less than 1/10 that of
chrome plated material. However, it was expected that
there would be cases in which the WC material peeled
off, the plating components precipitated in the tracks left
by the peeling, and this would cause dents on the strip.
For this, a thermal spray coating was developed by
applying the cermet in a flattened form by gas plasma
spraying, thus preventing peeling of the WC and reduc-
ing the peeling tracks. As a result, roll life has been
extended to more than five times that with chrome plated
rolis, and dents have not been a problem.”

2.3 Deflector Rolls and Tension Meter Rolls

Deflector rolls and tension meter rolls are required to
provide wear resistance and corrosion resistance. There-
fore, a ceating improvement technology was developed
in order to achieve a dramatic increase in the wear resis-
tance of Ni-base self-fluxing alloys, which possess
excellent corrosion resistance. Specifically, a technique
for producing a fine coating was developed by adding
metal carbides (metal carbides with ductility), which
resist peeling from the alloy matrix, in ameunts of up to
50 mass%, and fusing this coating. As a result, roll life
has been extended to more than three times that of the
conventional SUJ rolls. !0

3 Technology for Preventing Buildup on
Hearth Rolls

3.1 Description of Problem

Hearth rolls, which convey the steel strip through the
annealing scetion of continuous annealing lines and sim-
ilar equipment, must possess resistance to high tempera-
ture wear and thermal shock due to cyclical heating and
cooling. Normally, in lines where the temperaturc of the
rol} itself is less than 850°C, Cr;-C,-NiCr is applied by
thermal spraying in order to reduce wear under high
temperature conditions. [n rolls used at temperatures of
more than 850°C, the thermal spraying material is
MCrAlY,'? '¥ which is mainly used in gas turbines and
jet engines, with added oxide ceramic material. The pur-
pose in this case is to prevent Fe type buildup, as well as
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to secure wear rcsistance. Here, it should be mentioned
that the M in this MCrAlY is the main composition sys-
tem, comprising Co, Ni, and Fe, and Cr and Al are pro-
tective oxidation film forming elements. Y is an element
that has the function of strengthening and maintaining
the oxidation film.

In recent years, increasing production of high strength
steels has caused buildup problems with this conven-
tional coating material. These steels, which have been
developed and commercialized to meet the necd for
weight reduction in the automotive industry, are
strengthened by adding Si, Mn'® and P, which form
solid with Fe, However, because these elements are cas-
ily oxidized, they tend to concentrate at the strip surface
during annealing.'® These concentrated oxide com-
pounds then build up on the thermal sprayed coating on
the hearth roli barrel. As a result, there has been a
rematkable increase in quality-related rejects due to the
transfer of these substances back to the steel strip. In
other words, with thermal sprayed coatings of MCrAlY
materials that conventionally contained added oxide
ceramics, it became impossible to provide adequate
assurance of resistance to buildup on the roli surfacc as
the amount of high strength steel strip increased.

3.2 Elucidation of Mechanism of Buildup by
Investigation of Actual Condition of Coating

The coating in areas with buildup was sampled from
the surfaces of rolls that had been used for approxi-
mately five years in the soaking section of a continuous
annealing line, and SEM and chemical analysis were
performed on the surface and the cross-sectional direc-
tion. Photo 1 shows an SEM surface micrograph. The
largest amount of buildup can be scen in the black area
labeled 1. An analysis of the surface by EDX showed
that the area labeled 1 consisted almost entirely of Mn,
whereas, the surrounding area, which is labeled 3,
showed a reduced level of Mn and an increased level of
Al An SEM cross-sectional micrograph of area 3 and
the EPMA scanning images of Mn, Al, and O on the
surface (Phato 2) were taken, and it was found that the
Al which had diffused from the spray coating was dis-
tribuied virtually uniformly in the concentrated Mn. The
results of a surface X-ray diffraction analysis of this area
identified MnO, Al,O;, and spinel type compound
oxides of MnAl,Q,. From this, it was understood that, at
the interface between the buildup part and the coating, a
solid reaction occurred between Al which diffused’™
from the coating and Mn compounds that had concen-
trated at the surface, resulting in a strong buildup.

3.3 Analysis of Reaction Products by Simulation

In order to clarify theoretically that the Al diffused
from the coating side and the compounds of Mn which
had concentrated at the surface from the steel strip
formed compound spinel type oxides by a solid reaction,
the reaction behavior of the steel strip and the thermal
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spray coafing in the anncaling furnace was analvzed
using a thermodynamic chemical equilibrium computa-
ticn software called ChemSage.'® The calculated results
are shown in Table 1, and indicate that in a selid reac-
tion between the concentrated Mn compounds gencrated
from the steel strip and the thermal spray coating,
MnAlLO,, which is a spinel type oxide of MnO and
Al,O;, will form in the temperature range of 700~
950°C, regardless of the annealing furnace atmosphere,

Further, a chemical potential map was prepared using
simuiation software MALT 2'" in order to verify that
these compound oxides may in fact appear, In preparing
the map, a temperature of 970°C and N, partial pressure
of 1 MPa were used. The results are shown in Fig. 3.
The partial pressure of oxygen cquivalent to that in
actual annealing furnaces corresponded to the oxygen
partial pressure region in which spinel type compound
oxides form by a reaction between Mn in the steel and
Al in the coating, mdicating that it is possible for these
substances to appear under actual operating conditions.
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Table 1 Stream constituents with simulation pro-

gram ‘ChemSage’

Constituents Amount (mol)
Hafgas/ 0k 0-d T
N./gas/ 9.70 > 10!
0,/ gas/ GOU > in ¢
CO/gas/ 150> 1) 1

Mn 1.33 > 10
Fe : 144 = 1071
Co 1.06 > 10
Cr n.od X 107
Al 3.20x 10 °
Y 1.04 % 1071
AlQ, 1.26 > 1079
C 1.92 x 104
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Fig. 3 Chemical potential map of Al-Mn-O system
at 970°C

It might also be noted that a similar rcaction involving
Cr in the coating is conceivable. The above considera-
tions suggest that it is possible that a solid reaction
resulting in the formation of spinel type compound
oxides duc to Mn buildup may proceed in the tempera-
ture region of 700-~670°C when the partial pressure of
oxygen (log Po,) is in the range of —24-5.

3.4 Study of Mn Buildup Resistant Material in
Laboratory Tests

From the results of the investigation of the actual
coating and the simulation described above, it was
inferred that reducing the Al content of the MCrAlY
coating material and suppressing the outward diffusion
of Al provide an efiective method of reducing and pre-
venting Mn buildup with thermal spray coatings having
an MCrAlY base. However, the relationship between Mn
buildup and the ceramics that are added to MCrAlY had
not been investigated previously. Therefore, the reiation-
ship between Mn buildup and the Al content of MCTALY
and amount and type of ceramic material was investi-
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gated by laboratory Mn buildup tests. As shown in
Table 2, test pieces were prepared using eight types of
coating material containing varying amounts of Al and
amounts and types of ceramics. These coatings were
applied to an SUS base metal 25 mm square and 10 mm
in thickness. The test results, as shown in Table 3, were
adjusted so that the dew point would in all cases be from
—30 to —-20°C in an atmosphere of 3%H,-N, at a tem-
perature of 250°C. The tests were conducted using the
method shewn in Fig. 4, in which high tensile steel
sheets were placed in uniform contact with the test spec-
imens and exposed for an extended period of time in an
atmosphere furnace. The EDX analysis values of the
coating surfaces after the test are shown in Fig. 5, The
Mn content increased basically in proportion to the Al
content of the surface, and both the surface Al and Mn
increased as the Al content of the MCrAlY increased. It
was also found that Mn decreased as the amount of
ceramic addition increased, and the C ceramic was more
effective than the A ceramic in reducing the amount of
Mn. In other words, the amount of Mn varied depending
on both the amount of ceramic addition and the type of
ceramic added. The above indicates that reducing the Al

Table 2 Characteristics of spray coating

No. 1 2 3 4
CoCri24lY | CoCrl2AlY
M%::N + 10 mass%|+ 20 mass%
Thermal| 4 |CoCri2AlY| A metal | Amefat | CoCrBAIY
Ceramics| mdd? OXid‘.a
ceramics | ceramics
No. 5 6 7 8
Bach 1 CaCrBAY CoCrBAIY | CoCrBAIY | CoCrBAlY
MCeAIY 1+ 10 mass%l ¥ 20 mass%|~ 10 mass%|+ 20 mass%
+ A metal B metal C metal C meta]
Ceramics|  oxide borid.e Oxid? uxid?.
CEramics | CCramics | ceramics

Table 3 Test conditions

Dew point (] —30~-20
Atomosphere 3% HyN,
Hearth temperature ("C) 950
Test time {h) 60
High tentional steel
‘ Spray coating

Iearth

Base metal (SUS:25w X 251 % 10t mm)

Fig. 4 Outline of test apparatus
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content is effective in preventing Mn buildup, and
ceramic addition is effective in suppressing the outward
diffusion of the Al in MCrAlY.?" It is therefore consid-
ered that determining the proper type and amount of
ceramic material provides an effective method of pre-
venting Mn buildup.

3.5 Design of Thermal Spray Material and Basic
Performance Evaluation

A wmaterial was designed and specimens were pre-
pared using MCrAlY with reduced Al and a ceramic that
had the effect of suppressing the outward diffusion of
Al. These test pieces were used to evaluate thermal
shock resistance and high temperature wear resistance,
which are fundamental performance requirements in
hcarth roll material. The conventional coating was used
as a comparison material,

3.5.1 Evaluation of thermal shock resistance

Test pieces were prepared by spraying the devel-
oped coating on an SUS base mctal 50 mm square and
10 mm in thickness. The test was conducted by repeat-
edly heating the test pieces to 1 000°C in a heating fur-
nace with an air atmosphere, holding for 15 min, and
water cooling for 15 mn. This cycle was repeated a
maximum of 20times, and if no abnormalities were
found, the piece was considered to pass. As a result, as
with the conventional coating, no peeling of the devel-
cped coating was observed up to 20cyeles, and no
oxides or other abnormalities were found. Accordingly,
the developed coating is estimated to have satisfactory
resistance to thermal shock.

3.5.2 Evaluation of high temperature wear

The hardness of the coating was measured using a
high temperature microscope hardness gauge, based on
J18 Z-2252. The measurement load at this time was set
at 100 gf. The results are shown in Fig. 6. [n the range of
temperatures from room temperature to 400°C, the con-
ventional coating showed higher hardness and the differ-
ence in hardness was large. However, when the
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tional coating and developed coating

temperature was increased to 800°C, the difference in
hardness was virtoually within the measurement error
range. Accordingly, the new coating is estimated to have
substantially the same high temperature wear resistance
as the conventional coating when used at 850°C or
higher,

3.6 Reliability of Mn Buildup Resistance in
Laboratory Tests

An Mn buildup test was performed using the test con-
ditions shown in Table 3 and the test apparatus shown in
Fig. 4. Photo 3 show the SEM cross-sectional micro-
graphs and Mn surface analysis results of the conven-
tional coating and the developed coating after the test, In
the conventional coating, a concentration of Mn ¢om-
pounds built up on the coating, and Al and compound
oxides formed in the surface layer of the coating. On the
other hand, in the developed coating, virtwally no Mn
buildup could be observed.

T SBG  aBia D3

. o]
(a) SEM for conventional coating  {¢) bEM for developed coating

(b} SEM of Mn for conventional {d} SEM of Mn for developed

coating coating

Phote 3 SEM cross-section micrograph and EPMA
scanning image of Mn, showing effect of
build-up preventing {a), (b): conventionzl
coating, (¢), (d}: developed coating
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Table 4 Results of EDX analysis for conventional
coating and developed coating

o (mass%)
T i " Conventional DchlopLd
- e | cosmting | coaling
Surface Mn 496 20.4
Al 43.5 4.1
Cross Mn w5 T
section Al 544} 3.0

Table 4 shows the results of a chemical analysis of
the surface and cross section by EDX. From the analysis
of Mn and Al on the surface, it can be understood that
the Mn content of the developed coating was reduced to
one-half that of the conventional ceating, and the Al
content was reduced to less than 1/10. From the analysis
of Mn in the cross-section, the Mn conlent of the devel-
oped coating was approximately 1/7 that of the conven-
tional coating, and inward diffusion was very slight.

From the results described above, it is considered that
the developed coating has excellent resistance to Mn
buildup in comparison with the conventional coating.

3.7 Total Evaluation in Production Equipment

Rolls with the developed coating and conventional
coating were installed at adjacent positions in the soak-
ing zene of a continuous annealing line and compared.
The results showed that Mn buildup can be reduced
from that in rolls with the conventional coating, con-
tributing to a reduction in quality-related rejections of
steel strips caused by buildup. Further, it was also possi-
ble to maintain the same level of surface roughness as in
rolls with the conventional coating, showing that high
temperature wear resistance is not a problem. At present,
rolls where Mn buildup is a potential problem are being
replaced with rolls coated with the newly developed
material.

4 Conclusion

To extend the life of the process rolls used in steel
manufacturing lines, rescarch and development were
carried out to establish the optimum material property
design technology and surface modification technology
by thermal spraying. The following results were
obtained.

(1} For WC cermet thermal spraying of process rolls,

(a) A roughnecss control technology was developed
that satisfies the mutually contradictory perfor-
mance requirements of slip resistance and dent
resistance.

(b} In order to improve corrosion resistance and
enable long term use under wet cnvironments, a
multi-coating was developed in which WC-Cr,C,y-
Ni cermet is applied by thermal spraying to an
undercoat, which also serves as a sealing treatment
technique.
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With these technologies, the life of rolls has been
extended to more than three times that of the conven-
tionally used chrome plated rolls.

(2) For conductor rolls, a thermal spray coating with
reduced peeling tracks was develeped by applying a
self-fluxing alloy containing WC cermet by gas
plasma thermal spraying, flattening the WC, and per-
forming fusing treatment, thereby preventing peeling
ol the WC. This has made it possible to prevent dents,
extending the life of conductor rolls to more than five
times that of the conventidnal chrome plated rolls.

{3) For deflector rolls and tension meter rolls, a technol-
ogy was developed which makes 1t possible to pro-
duce a fine coating by adding carbides that do not peel
to a selffluxing alloy in amounts of up 50 mass%o,
extending roll life to more than three times that of the
conventional SUJ rolls.

(4) For hearth rolls,

(a) The actual condition of the conventional MCrAlY
alloy thermal spray coating was investigated to elu-
cidate the mechanism of Mn buildup. It was found
that Mn adheres to the thermal spray coating, and
compound oxides form by a solid reaction between
this Mn and Al that diffuses outward from the inte-
rior of the coating.

(b) In an analysis of reaction behavior by simulaticn,
it was found that spinel type compound oxides
form in the temperature range of 700~950°C
regardless of the furnace atmosphere. Based on the
fact that the partial pressure of oxygen equivalent
to that in commercial annealing lines is included in
the region where formation occurs, the appearance
of these oxides is considered possible.

(c) In laboratory tests of Mn buildup, it was found
that reducing the Al content of MCrAlY is effective
in preventing Mn buildup, and addition of ccramics
is effective in suppressing outward diffusion of Al
Further, by determining the proper type and amount
of ceramic material, it is possible to prevent Mn
buildup.

(d) Laboratory tests confirmed that the newly devel-
oped material has excellent resistance to thermal
shock, high temperature wear, and Mn buildup in
comparison with the conventional ceating. The new
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ceating was also evaluated in an actual annealing
line. The results showed that quality-related rejec-
tions of steel strip originating in buildup can be
reduced and high temperature wear is not a prob-
lem,
It is considered that these results will contribute to
higher guality and high productivity in steel strip prod-
ucts in the future.

In closing, the authors wish to express their sincere
appreciation to all those concerned at Praxair Surface
Technologies K. K., Tocalo Co., Ltd. and Das-ichi High
Frequency Co., Ltd. for their cooperation in the develop-
ment of the surface-modifying technologies using the
thermal spray mecthod discussed in this paper.
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