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ABSTRACT: A new suction-roll material has been developed to
withstand the increasingly harsh paper machine environment. Alloy 1
is an extra-low-carbon, duplex stainless steel. Various kinds of
corrosion data, as well as its high pitting resistance equivalent number
(PRE, = Cr + 3.3Mo + 16N) (1, 2), indicate that Alloy 1 possesses

superior pitting corrosion resistance in harsh white waters.
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‘ N J e have been working together
since the late 1960s developing

various kinds of suction-roll shell ma-
terials for the paper industry. Those
materials include Alloy 4 (martensitic
stainless steel), Alloy 3 (duplex stain-
less steel), and Alloy 2 (precipitation
hardened stainless steel).

More than 600 Alloy 2 shells have
been produced and installed world-
wide since 1980. Alloy 2 has been es-
tablished as an excellent material for
suction-roll shells because of its good
corrosion fatigue properties and its
low residual stress.

Paper machine white water and
other operating conditions have be-
come more and more aggressive. For
instance, significant chloride ion con-
centrations exceeding 180 ppm are not
unusual in the West Coast paper mills

of the United States because of ocean
transport and storage of logs. Also,
increased recycling of white water is
raising its temperature and lowering
its pH value (3).

The white water temperature has
reached levels as high as 60°C (140°F)
in some Scandinavian paper mills. In
addition, significant thiosulfate (S,0,%)
concentrations are often analyzed in
some paper mills as a result of bleach-
ing using sodium hydrosulfite. Thio-
sulfate ions are one cause of pitting
corrosion in chloride-containing white
waters (—6).

Due to this increasing severity of
thecorrosion environment and increas-
ing machine speeds and widths, better
materials are always needed. In re-
sponse to these demands, we have de-
veloped Alloy 1, a new duplex stainless
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steel. In this paper, characteristics of
Alloy 1—such as mechanical and met-
allurgical properties, corrosion resis-
tance, corrosion fatigue strength,
residual stress, and corrosion fatigue
crack propagation—are described in
comparison to other suction-roll mate-
rials. Field performance results of Al-
loy 1 shells also are introduced.

Chemical composition

Table I shows the chemical composi-
tion of Alloy 1 and other suction-roll
shell materials. Alloy 1is an extra-low-
carbon stainless steel grade. Molybde-
num and copper are added to obtain
resistance to localized corrosion. Ni-
trogen in Alloy 1 affects the partition-
ing of chromium and molybdenum
between the austenite and ferrite
phases of the duplex stainless steel by
distributing the chromium and molyb-
denum more evenly between the two
phases, thus improving the resistance
to localized corrosion (7, 8).

Table II shows the effect of nitro-
gen on the degree of partitioning of
chromium, molybdenum, and nickel
between the two phases as measured
by an electron-probe microanalyzer.
Alloy 1 has a pitting resistance equiva-
lent number (PRE = Cr + 3.3Mo +
16N) of more than 30, which is the
highest among suction-roll shell mate-
rials currently available. The higher
this number, the more resistance the
material has to pitting and crevice cor-
rosion.
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Microstructure I. Chemical composition (wt%, typical)

Microstructures takenfrom actual suc-

tion-roll shells are shown in Fig. 1. Alloy “ cr Ni Mo N Others

Alloy 1 has amicrostructure consisting Alloy1  0.02 24.0 5.7 2.4 0.18  Cu, others

0f40~-60% pools of austenite in a ferrite Alloy2  0.05 20.0 5.0 20 ... Cu,others

matrix. Homogeneous microstructures Alloy3  0.05 23.0 8.3 1.1 p

areobserved throughout the wall thick- Alloy 8 0.02 18.5 5.0 2.8 0.1 e
Alloy 5 0.02 26.0 6.8 ... AN Cu

nessoftheshells. Nointermetalliccom-
pounds such as o phase or y phase are
observed.

Heat treatment

The heat treatment of a suction roll is a
very important factor in obtaining low
residual stresses within the shell as
well as in obtaining good corrosion re-

II. The effect of nitrogen on the degree of partitioning of chromium, molybdenum, and nickel

sistance and toughness. Alloy 1 Alloy 1

In general, slow cooling of duplex without nitrogen with nitrogen
stainless steels, such as furnace cool-
ing, results in low residual stresses. Element ‘Ferrite Austenite , Ferrite Austenite
However, toughness and gorrosion re- Cr 23.03 o4 17 " 2651 o078
sistance of the shell deteriorate due to Mo 69 158 266 1.62
precipitates along, as well as within, Ni 452 7.65 412 6.25

the ferrite phase of the duplex micro-
structure. On the other hand, rapid
cooling, such as water quenching,
achieves good toughness and corrosion
resistance, but it causes high residual
tensile stresses within the shell.

To overcome these adverse charac-
teristics of duplex stainless steel shells,
a computer-aided, air cooling, heat
treatment process was developed. Af-
ter being heated and held at a mini-
mum temperature of 1050°C (1922°F)
for a specific length of time, the Alloy 1
shellis air cooled, while rotating, under
temperature-controlled conditions. The
control of this procedure is important
because temperature gradients
through the thickness of the shell wall
during cooling determines the degree
and profile of residual stresses.

To obtain uniform cooling rates on
the outside and inside surfaces, the
inside surface of the shell is preferen-
tially cooled by blowing it with misty
air. The amount of air and mist are
controlled by a computer and based on
thermal gradient measurements taken
on the inside and outside surfaces dur-
ing cooling. The influence of the cooling
method on the properties of duplex
stainless steel having the same chemi-

1. Microstructure of Alloy 1
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2. T.T.T. curve of Alloy 1

3. Residual stress profiles (Sachs method)
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M. influence of cooling method on various properties (room temperature) cal composition as Alloy 1 is summa-
rized in Table IfL.
. ' ' Furnace cooling, which gives the
Yield Tensile Impact Hard-  Weight slowest cooling rate, makes the mate-

Cooling strength, strength, Elong- tough- ness, loss,” ial brittl d vield tough £

method MPa MPa ation, %  ness, J BHN  g/mé/h rlal brittie an, yields a ng ness o
only 12 Joules in a Charpy impact test.

Furnace Furnace cooling also reduces the pit-

cooled 530 820 27 12 255 10.5 ting corrosion resistance of the mate-
rial. Water quenching, on the other

Controlled hand. gi llent tough d

aircooled 545 700 31 156 229 20 and, gives exce 1ent Loughness and an
exceptionally high pitting corrosion

Water resistance. However, water quenching

quenched 540 700 41 242 208 0.8 impartshigherresidual tensile stresses
within the shell.

*ASTM G48-76 FeCl, solution, 50°C, 72 hours Optimum materials properties are
obtained by controlled air cooling, as
shown in Table II1. The controlled air
cooling technique developed for Alloy 1
results in low residual tensile stresses
as well as good mechanical and corro-
sion resistance properties, all of which

IV. Mechanical properties (room temp.) arevery dgswable for duplex, stainless
steel, suction-roll shells,

Figure 2 shows the T.T.T. (Time-

Yield Tensile Impact Temperature-Transformation) curve

strength, strength, Eilongation, toughness, for Alloy 1. When duplex stainless steel

Alloy MPa MPa % J is used for suction-roll-shell applica-

Alloy 1 510 700 30 150 tions, the prep1p1tat10n ofa o pha.se
should be avoided because of deterio-

Alloy 2 480 730 26 100 ration of toughness and corrosion re-
sistance. Precipitation of ¢ phase is

Alloy 3 410 640 37 160

avoided for Alloy 1 during controlled
air cooling. Although chromium car-
bide precipitation will occur, Alloy 1 is
able to keep optimal corrosion resis-
tance because of its low carbon content,
and effective elements such as chro-
mium, molybdenum, and nitrogen still
remain in the matrix due to the
material’s high PRE of more than 30.
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4, Maximum residual tensile stress

5. Influence of PRE, on pitting corrosion re-
sistance

6. Corrosion resistance of products in FeCl,
solution
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7. Pitting potential of Alloy 1

8. Pitting potential of Alloy 2

9. Pitting potential in a solution containing
thiosulfate ion
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Residual stress residual stress profile also shows com-  ness decreases drastically. The tough-

We used the Sachs method to check
the level of residual stress of Alloy 1.
The Sachs method is the best proce-
duretoaccurately evaluate theresidual
stress profile through the wall thick-
nessofacylinder, although thismethod
is expensive, time consuming, and re-
quires great care and skill.

Strain gauges were mounted on the
outside surface of an actual Alloy 1
shell. The changes in strain from each
strain gauge were measured as 4-mm
increments of wall thickness and were
machined from the inside of the shell.
To avoid the influence of temperature
on the change of strain, strict attention
was paid to the machining so as not to
increase the temperature of the shell.
Measurements of strain were taken
under constant ambient temperature.
Resuits are shown in Fig. 3.

You can see that Alloy 1 shells pos-
sessvery beneficial residual stress pro-
files. Thevalue of residual tensile stress
at mid-wall is as low as 21 MPa. The
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pressive stresses at the inside and out-
side surfaces. Compressive stresses
are desirable since they help reduce
the chances of corrosion fatigue and
stress corrosion cracking (10).

Among currently used suctionroll
shell materials, Alloy 1 has the lowest
residual tensile stress, asshownin Fig.
4. The eontrolled air cooling developed
contributes the beneficial residual
stress profile of Alloy 1.

Mechanical properties

Mechanical properties of Alloy 1 are
summarizedin Table IV togetherwith
those of other suction-roll materials.
Alloy 1 has higher yield strength than
Alloy 2 and Alloy 3. Alloy 1 also has a
good ductility of 30% in elongation and
an average toughness of 150 Joules in
impact-absorbed energy as a result of
the controlled air cooling. When du-
plex stainless steels are subjected to
slow furnace cooling, elongation does
not deteriorate significantly, but tough-

ness level of a given shell material can
be used as an index to determine
whether ornot the shell has been prop-
erly heat treated.

Corrosion properties

Pitting corrosion test using 6%
F eCl3 solution

Pitting corrosion tests were performed
using a6% FeCl, solution at 50°C for 72
hours. Test coupons having different
PRE, numbers were prepared. The
results are summarized in Fig. 5.
AsPRE  isincreased, weightlossis
drastically decreased. Also, the effect
of decreased pitting corrosion by in-
creasing PRE, seems to level off at
about 30. On average, Alloy 1 has a
PRE, of 34. Figure 5 indicates that
Alloy 1 has excellent pitting resistance
in severe chloride-containing environ-
ments. Furthermore, as shown in Fig.
6, in 6% FeCl, solution, Alloy 1 has
excellent pitting corrosion resistance



10. Corrosion fatigue strength in white water containing thiosulfate ion

11. Corrosion fatigue strength in TAPPI Il solution
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among several currently used suction-
roll shell materials.

Electrochemical pitting corrosion
test

Using Alloy 2 for comparison, the pit-
ting corrosionresistance of Alloy 1was
evaluated using anodic potentiody-
namic polarization measurements.

The effects of the amount of chlo-
ride ion (CI), thiosulfate ion (S,0.%),
and temperature on pitting potential
were investigated. The pitting poten-
tial was determined at a current den-
sity of100 uA/em? (V' ) inaccordance
with JIS (The Japanese Industrial
Standard) G0577. The concentration
of sulfate ion (SO,?) and pH were held
constant at a level of 100 ppm and 3.5,
respectively. The potentiodynamic
scan sweep rate was 20 mV/min.

Figures 7 and 8 show the influence
of chloride ion content and tempera-
ture on the pitting potentials of Alloy 1
and Alloy 2, respectively. As tempera-
ture or Cl content, or both, increase,
pitting potentials for both materials
decrease. However, Alloy 2 clearly is
more susceptible to the increase in
temperature or Cl than Alloy 1. In
actual severe white water environ-
ments having 200 ppm Cl and a tem-
perature of 70°C, Alloy 1 maintains a
pitting potential of 600mV versus satu-
rated calomel reference electrode
(SCE).

Figure 9 shows test results in white
water containing 10 ppm thiosulfate
ion (S,0,*) with CI ion contents vary-
ing from 100 ppm to 500 ppm at a

temperature of 50°C. Over therange of
Cl contents, Alloy 1 has higher pitting
potentials than Alloy 2. Figure 9 also
indicates that the pitting potential of
Alioy 1 is more than 700 mV versus
SCE at 500 ppm Cl with 10 ppm S,0.%
This shows that Alloy 1 is suitable for
mills using sodium hydrosulfite bleach-
ing, where white waters may contain
thiosulfate ion as well as high levels of
Cl ion.

Corrosion fatigue property

Corrosion fatigue properties of Alloy 1
were evaluated using an ONO-type,
rotating, bending fatigue machine.
Smooth, round bar specimens were
taken from an actual Alloy 1 shell. The
rotational speed was 1750 rpm, and the
specimens were exposed to simulated
white water having 1000 ppm CI, 40
ppm S,0,%, 800 ppm SO,*, and a pH of
3.5. The tests were conducted at a con-
stant room temperature of 25°C.

As shown in Fig. 10, Alloy 1 has a
higher corrosion fatigue strength than
both Alloy 5 and Alloy 6 (11, 12). Corro-
sionfatigue results for specimens taken
from actual Alloy 1 suction shells deliv-
ered to Scandinavian paper mills also
are included in Fig. 10. Shown on or
abovethe determined corrosionfatigue
curve, these dots confirm the high cor-
rosion fatigue strength of Alloy 1 in
aggressive white water.

Corrosion fatigue properties for Al-
loy 1 were also determined for another
simulated white water environment
having 1000 ppm of CI, 1000 ppm of

80,2, and apH of 3.5. Specimens were
rotated at 3000 rpm at ambient tem-
perature. As shown in Fig. 11, the
corrosion fatigue strength of Alloy 11is
higher than Alloy 2 in severely corro-
sive environments due to the superior
corrosion resistance of Alloy 1.

Crack growth rate measurement

Recently, studies have been focused
on corrosion fatigue crack propaga-
tion rates, since it is well known that,
although it can measure the number of
cycles to the initiation of a crack (13), a
smooth-barrotating corrosion-fatigue
test cannot predict the life of a suction
roll.

In the future, studies of corrosion-
fatigue crack propagation will be ex-
tensively performed, since the data
produced will be useful in predicting
shelllife as well as determining inspee-
tionintervals and critical flaw sizes for
suction-roll shells (14).

Studies of corrosion fatigue crack
propagation were performed for Alloy
1. The experimental procedures fol-
lowed American Society for Testing
and Materials Standard Method E647
(15). One-inch compact tension speci-
mens were prepared from an actual
Alloy 1 suction-roll shell with crack
growth arranged to be in the cireum-
ferential direction of the shell. After
being precracked, the specimens were
subjected to fatigue loading in simu-
lated white water.

Average crack growth rates were
calculated using periodic measure-
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ments of the erack length. Threshold
stress intengities (AKm) for crack
growth were determined by a load-
shedding technique. The test speci-
mens were subjected to pulsating
tension loading with a sinuous wave
form and a frequency of 25 Hz.

Tests were conducted with several
mean stresses corresponding to an R
ratio of 0.1. The white water contained
1000 ppm CI, and a pH of 3 and a
temperature of 50°C were maintained.
The results are shown in Fig. 12. The
data are plotted in a format similar to
that presented in a previous investiga-
tion by Yeske (16).

Although it is not entirely possible
to directly compare the results of Fig.
12 with those of Yeske (because of
somewhat different conditions and
specimen size), Fig. 12 clearly shows
that Alloy 1 has satisfactory resistance
to crack initiation.

Field performance

After determining and evaluating the
material properties of Alloy 1, more
than 35 Alloy 1 shells have been pro-
duced and installed in Northern Euro-
pean, Scandinavian, and North
American papermills since 1989. Alloy
1 shells have been used mainly in suc-
tion-press-roll applications in aggres-
sively corrosive white waters having
high chloride and thiosulfate ion con-
tents brought about by sodium hydro-
sulfite bleaching practices. All shells
installed today are performing ex-
tremely well and continue to establish
an excellent reputation for Alloy 1.

Conclusion

Alloy1is anew suction-roll shell mate-
rial that has been developed for ag-
gressive paper machine white waters.

Computer-aided, controlled air cool-
ing makes it possible for Alloy 1 tohave
lowresidual stress, excellent corrosion
resistance, and superior corrosion fa-
tigue strength.

Electrochemical corrosion studies
indicate that Alloy 1 is able to maintain
high pitting potentials in severely ag-
gressive high-temperature white wa-
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12. Crack growth rate of Alloy 1
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ters containing high levels of thiosul-
fate and chloride ions.

Alloy 1 has a greater corrosion fa-
tigue strength than Alloy 2 and other
suction-rollshellmaterialsinhigh-chlo-
ride and thiosulfate-ion-containing
white water.

Alloy 1 has an impact toughness of
150 Joules on average, based on the
Charpy impact test at room tempera-
ture.

Alloy 1 has low tensile residual
stresses at mid-wall and beneficial re-
sidual compressive stresses at the in-
side and outside surfaces of actual
production suction-roll shells.

Service experience to date is very
encouraging, and we believe that Alloy
1 should give excellent service in the
more aggressive environments now
being found in the paper industry. Hl
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