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ABSTRACT Corrosion resistance and corrosion fatigue performance of IN KEYWORDS

Bronze and aluminum bronze were determined in two laboratories. The IN Bronze

Bronze exbibited corrosion rates greater than or equdl to those of aluminum Corrosion

bronze after both exposure to white waters simulated in the laboratory and Materials testing

exposure to white waters in an actual mill. Severe surface roughening Suction rolls
White water

occurred on both alloys after long-term exposure to simulated and actual

white waters. Corrosion fatigue performance, determined by the reverse plate
bending method (TIS 0402-09) in TAPPI I and modified TAPPI [ white
waters, revealed the same bebavior for both alloys. Thiosulfate ion (at a
concentration of 15 mg/L) reduced the corrosion fatigue performance of
both alloys. Aluminum bronze was susceptible to dealloying in actual white

water in the paper mill

Centrifugally cast 1N Bronze is used
extensively throughout the world as a
material for suction roll shells. This
material has lasted for extended
periods in a wide variety of paper mill
rolls. However, in recent years and in
certain aggressive white water envir-
onments, 1IN Bronze has undergone
more rapid degradation from corro-
sion (1),

Susceptibility to various forms of
corrosion has resulted in premature
failure of suction roll shells and
excessive wear of fabrics or felts (2).
The shorter life of paper machine
clothing and roll shells has increased
papermaking costs. Various ionic
gpecies responsible for this more rapid
degradation have been identified (3,
4), and the corrosive effect of thiosul-
fate ion on bronze alloys has been
documented (7, 8-5). In the future, the
move toward closed water systems in
mills will undoubtedly lead to higher
concentrations of corrosive ionic spe-
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cies and subsequently to more
corrosion-related problems,

An aluminum bronze alloy has
recently been offered as an alternative
to 1N Bronze in suction rolls. Report-
edly, this material is more resistant
to corrosion than 1N Bronze and has
improved resistance to corrosion
fatigue. In two separate laboratories,
we examined how semi-continuously
cast aluminum bronze compares with
centrifugally cast 1N Bronze in its
resistance to corrosion and corrosion
fatigue.

Experimental procedures
Materials

We evaluated three produetion cast-
ings of 1N Bronze and a single pro-
duction casting of aluminum bronze.
The 1N Bronze heats were centrifu-
gally cast and the aluminum bronze
was cast semi-continuously. Table 1
shows the chemistry of each bronze

test variable evaluated, and Table I1
lists the corresponding mechanieal
properties.

Laboratory immersion testing

Specimens for laboratory immersion
studies were machined eylinders with
nominal dimensions of 7.9 mm in
diameter by either 25.4 mm or 12.7
mm in length. The 25.4-mm-long
eylinders (1 in. long) were wet-ground
with 180-grit SiC paper. The 12.7-mm
specimens were wet-ground with 600-
grit SiC paper. Each specimen was
washed, rinsed, degreased in acetone
and methanol, and wiped dry. Spec-
imens were desiecated prior to weigh-
ing and immersion.

Immersion studies were conducted
in two separate laboratories. In one
laboratory, a six-week immersion test
program was undertaken. The pur-
pose of this test was to compare the
corrosion resistance of two bronze
alloys in simulated white water solu-



I. Chemical composition by weight percent

tions of increasing concentrations of
thiosulfate ion. Simulated white wa-
ter solutions were prepared using
reagent-grade chemieals in deionized
water, resulting in ionic concentra-
tions listed in Table II1. Each solution
was monitored daily with appropriate
chemical additions to maintain ionic
strength. Duplicate specimens were
withdrawn after 21 and 42 days.

In a second laboratory, a one-year
immersion test program was complet-
ed. The purpose of this program was
to compare the corrosion resistance of
two bronze alloys in a corrosive
solution simulating white waters
containing thiosulfate ions. This solu-
tion was prepared using reagent-
grade chemicals in distilled water,
resulting in ionic concentrations listed
in Table I1I. The solution was changed
twice daily to maintain ionic strength.
Duplicate or triplicate specimens
were withdrawn after 30, 91, 178, and
365 days of exposure.

In both laboratories, acidification of
the simulated white water solutions
was achieved by sulfuric acid addi-
tion. Solutions were continuously
aerated to achieve oxygen saturation,
simulating paper mill operating con-
ditions for suction rolls. In both
laboratories, spent solutions were
analyzed to ascertain which ionic
species played a major role in the
corrosion proeess. The corrosion pro-
ducts were removed chemically from
specimens after each exposure period.
The extent of localized corrosion was
documented. Weight loss as a function
of exposure time was determined.
Instantaneous corrosion rates of each
alloy were calculated and graphed.

Corrosion fatigue testing

Rectangular bars typically measur-
ing 184.15 mm by 15.875 mm by 6.35
mm were cut and machined from

1l. Mechanical properties

1. Instantaneous corrosion rates of 1N
Bronze vs. thiosulfate concentration as
measured in the 6-weeks laboratory immer-
sion test (chloride = 50 mg/L, sulfste = 500
mg/L, pH at 25°C = 4.0, temp. = 50°C)

2. Instantaneous corrosion rates of aluminum
bronze vs. thiosulfate concentration as mea-
sured in the 6-weeks laboratory immersion test
{chloride = 50 mg/L, sulfate = 500 mg/L, pH
at 25°C = 4.0, temp. = 50°C)

actual preduction castings. The long
axis of each bar coincided with the
longitudinal direction of the casting.
A single, 3.97-mm-diameter, drilled
and reamed hole was centered in the
width of the bar, 25.4 mm from one
end. The remaining surfaces of the

rectangular bar were ground to 2
typical finish of 0.8um Ra (average
roughness value). Specimens were
washed and rinsed in deionized water
prior to testing.

Corrosion fatigue testing was per-
formed according to TAPP1 TIS 0402-
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3. Bronze alloys after six weeks of exposure to thiosulfate and thiosuifate-free environments;
Frames A and C are the 1N Bronze and Frames B and D are the aluminum bronze

09, the reverse plate bending method.
TAPPI I white water (Table 1) and
modified TAPPI I white water were
prepared with reagent-grade chemi-
cals in deionized water. Modification
of TAPPI 1 white water involved the
addition of thiosulfate ion at 15 mg/
L. Test solutions were monitored
daily, and necessary chemical addi-
tions were made to maintain ionic
strength.

We used reverse plate bending with
deflection control to evaluate the
corrosion fatigue resistance of each
alloy (6). This method results in a fully
reversed (zero mean stress) sinusoidal
stressing pattern occurring at the

drilled hole periphery during each

load cycle. To account for the in-
creased stresses which oeeur at the
drilled hole periphery, a theoretical
stress concentration factor (K¢ was
included in maximum stress calcu-
lations. Time to crack initiation was
determined at three stress levels: 138,
172, and 207 MPa (20, 25, and 30 ksi).
Individual specimens were inspected
twice daily with a five-power magni-
fying glass to determine the number
of cycles to erack initiation. Cyelic fre-
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quency was maintained at 1725 cycles/
min. The eorrodent was wicked into
the drilled hole. Corrosion fatigue re-
sistance was determined by recording
time to crack initiation as a function
of stress amplitude.

Exposure to white water spray
in the mill

Specimens were machined to typical
dimensions of 57.15 mm in diameter
by 4.70 mm in thickness with a center
hole 11.11 mm in diameter. Speci-
mens were mounted on racks and
insulated from each other and the
rack by Teflon™ spacers. Fiber
washers were placed between Teflon
spacers and metal surfaces to provide
a creviced area. Surface finish typi-
cally measured 1.3-1.4um R.. Speei-
mens were degreased in acetone and
methanol prior to weighing and rack
assembly.

Racks containing disc specimens
were situated on a paper machine
downstream from the couch position.
In this manner, specimens were ex-
posed to a completely aerated white
water spray, the result of eentrifugal
action as white water was thrown

from the couch. Chemical analysis
and other charaecteristics of the white
water are listed in Table IV. Dupli-
cate specimens of each alloy were
exposed for 336 days of actual ma-
chine running time. Upon completion
of the test, specimens were removed
from racks, corrosion products were
removed chemically, and the type and
extent of localized corrosion was
documented. Weight loss was deter-
mined, and corresponding corrosion
rates were calculated.

Results and discussion

Laboratory immersion testing

We analyzed spent solutions in both
laboratories to ascertain which ionic
species played a major role in the
corrosion process. In all tests, concen-
trations of hydronium and thiosulfate
ion were reduced. Conversely, chlo-
ride and sulfate ions were not measur-
ably consumed.

Figure 1 shows profiles of instan-
taneous corrosion rates of 1N Bronze
as a function of time and thiosulfate
ion concentration. Instantaneous cor-
rosion rate is derived from the slope
of the line tangent to the curve of
welght loss vs. time at a specifie time.
It expresses the rate of change in
corrosion at that time. Typical eorro-
sion meters actually measure instan-
taneous corrosion rate, and it is this
value more than weight loss that has
significance in design engineering.

In the 42-day exposure period, the
corrosion rate of 1N Bronze is negli-
gible in the thiosulfate-free environ-
ment, as the figure shows. Its instan-
taneous corrosion rate reached steady
state as early as 21 days into the test.
These low instantaneous corrosion
rates for 1N Bronze in this environ-
ment indicate that the corrosion
product is proteeting the base metal.

However, with as little as 5 mg/L
of thiosulfate ion present, the corro-
sion rate of 1N Bronze increases
dramatically. A further increase in
thiosulfate ion to 10 mg/L results in
a proportionately higher corrosion
rate. Between 25 and 50 mg/L, there
is no further increase in the corrosion
rate. Furthermore, corrosion pro-
ducts that formed on 1N Bronze in the
presence of thiosulfate ion spalled off
readily compared with behavior in the
absence of thigsulfate. Such spalling
indieates that the corrosion produect is
not protecting the base metal, result-



4. Maximum pit depth vs. thicsulfate concen-
fration as measured in the 6-weeks laboratory
immersion test

5. Corrosion rates of 1N Bronze and alum-
inum bronze as measured in the 1-year
laboratory immersion test (chloride = 400 mg/
L, sulfate = 800 mg/L, thiosulfate = 35 mg/L,

6. Stress amplitudé as a function of cycles to
crack initiation in TAPPI | white waler (chloride
=100 mg/L, sulfate = 1000 mg/L, pH at 25°C
= 35, temp. = 24°C, frequency = 1725 A = ~
1)
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ing in continuous dissolution of the
base metal.

Figure 2 shows corresponding
profiles of instantaneous corrosion
rates for aluminum bronze as a fune-
tion of time and thiosulfate ion con-
centration. The instantaneous corro-
sion rate of aluminum bronze is
negligible, like that of 1N Bronze in
the thiosulfate-free environment.
Again, like 1N Bronze, the corrosion
rate of aluminum bronze inereased
dramatically in the presence of only
5 mg/L of thiosulfate ion. Increasing
thiosulfate to 10 mg/L resulted in a
proportionate increase in the corro-
sion rate of aluminum bronze. Be-
tween 10 and 25 mg/L of thiosulfate
ion, there is little inerease in the
corrosion rate, but a noticeable in-
crease in the corrosion rate of alum-
inum bronze did oceur when the
thiosulfate ion econcentration in-
creased to 50 mg/L. Corrosion pro-
ducts that formed on aluminum
bronze in the presence of thiosulfate
continuously spalled off specimens
during the test, while this did not take
place in the thiosulfate-free environ-
ment. As with 1N Bronze, this spall-
ing indicates that the corrosion pro-
duct is not protecting the base metal.

Figure 3 shows the difference in
appearance of both bronze alloys after
six weeks of exposure to thiosulfate-

HI. Characteristics of the simulated white water
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six weeks of exposure to thigsulfate-
{free and thiosulfate-containing envir-
onments. The 1N Bronze and alum-
inum bronze were observed to form
a thin, tightly adhering, blue-green
corrosion product in the thiosulfate-
free environment (Figs. 3A and 3B).
In comparison, a thick, spalling (non-
adhering), black corrosion product
readily formed on 1N Bronze in all
thiosulfate environments even at a
concentration of only 5 mg/L of thio-
sulfate ion (Fig. 3C). A nonuniform,
spalling, black corrosion produet
together with a few white nodules was
observed on corroding aluminum

bronze specimens exposed to all
thiosulfate-bearing environments,
even as low as b mg/L of thiosulfate
ion (Fig. 8D). Pitting occurred direct-
ly beneath the white nodules. Both
alloys exhibited undesirable corrosion
rates above the level of 10 mg/L of
thiosulfate ion.

More importantly, localized corro-
sion was observed on both alloys in the
thiosulfate environments. Each alloy
experienced undesirable, nonuniform
corrosive attack that resulted in a
roughened surface. The maximum
depth of attack for each alloy is
illustrated in Fig. 4. Incremental
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7. Stress amplitude as a function of cycles to
crack initiation in medified TAPPI | white water
{test conditions as in Fig. 6 with the addition
of 15 mg/L thiosulfate ion)

AN Aluminum.
bronze ;- :
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V. Corrosion rates after 336 days’ expo-
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increases in thiosulfate ion concentra-
tion generally resuited in increases in
the depth of nonuniform attack.

Examination by energy dispersive
spectrophotometry (EDS) of corroded
aluminum bronze specimens after six
weeks’ exposure to the 25-mg/L thio-
suifate environment revealed imme-
diate surface layer dealloying. We
detected significant reduction in
major alloying elements. This phe-
nomenon of surface dealloying was
not ohserved in 1N Bronze.

Figure 5 shows values of instan-
taneous corrosion rate as a funetion of
time as taken from the study conduct-

184 June 1988 Tappi Journal

ed in the second laboratory. This
figure illustrates the instantaneous
corrosion rate of both alloys in an
aggressive thiosulfate environment.
The instantaneous corrosion rate for
both alloys rapidly inecreased during
the first 30 days of exposure. After 30
days, the corrosion rate of aluminum
bronze reached a maximum value and
remained constant for the duration of
the test. Although 1IN Bronze reached
a greater maximum corrosion rate
after 30 days of exposure, it reached
a corrosion rate equal to that of
aluminum bronze after 150 days of
exposure. Both alloys continued to

corrode at an equivalent constant rate
for the remainder of the test. Similar-
ly, both alloys produced the continu-
ously spalling corrosion produets
indicative of nonprotective behavior.

More importantly, the extent of
localized corrosion cbserved on both
metals was severe after 365 days of
exposure. Each metal experienced
unacceptable, nonuniform corrosive
attack that caused a severely rough-
ened surface, The maximum depth of
attack on 1N Bronze was 914um (36
mils). The form of attack was the
same, and it ran to an equivalent
depth on aluminum bronze, measur-
ing 813pum (32 mils). This behavior
has oceurred in service on suction roll
shells of 1N Bronze, resulting in
reduced endurance in rolls, fabries,
and felts.

Corrosion fatigue testing

Figure 6 shows the results of corro-
sion fatigue tests in TAPPI I white
water. The number of eyeles to erack
initiation is longer for aluminum
bronze than for 1N Bronze at the 207-
MPa(30 ksi) stress amplitude {for
applied stress). This performance
reflects the fatigue resistance of the
aluminum bronze and not its resist-
ance to corrosion fatigue, as indicated
by the uncorroded appearance of
specimens at the end of testing.

At greater load cycles to crack
initiation (lower stress amplitudes),
the specimens did corrode. This effect
is observed in the deerease in corro-
sion fatigue performance. At the
relatively short time to erack initia-
tion of 100 million load ecycles, the
corrosion fatigue scatter bands of both
alloys begin to converge, revealing
approximately equivalent behavior.
For a modern suction roll measuring
1372 mm (54 in.) in outside diameter
and operating at 914 m/min (3000 ft/
min), 100 million cycles represents
approximately 11 months of actual
running time.

Corrosion fatigue test results for
both bronze alloys in modified TAPPI
I white water are shown in Fig, 7. The
increased aggressivity of 15 mg/L of
thiosulfate is demonstrated by a
reduction in the number of load eycles
to crack initiation at the lower stress
of 138 MPa (20 ksi). This is further
supported by the extent of corrosion
observed on test specimens. Both
alloys were similarly affected.



Exposure to white water spray in the
paper mill

Analysis of mill white water revealed
the same aggressive ionic species as
contained in simulated white waters
prepared in the laboratory, though to
a lesser extent. Data from these
analyses are listed in Tables III and
IV. Corrosion rates for both alloys are
listed in Table V. Similarities be-
tween the results at the two labora-
tories and those for the actual expo-
sure are noteworthy. Corrosion rate
values for both alloys are 2.5 times
lower, supporting the less agpressive
nature of the actual white water.
Corrosion rates of 1IN Bronze and
aluminum bronze are equal. Compar-
isons between laboratory and paper
mill exposure indicate good correla-
tion of corrosion rate data.

The 1N Bronze experienced nonuni-
form corrosion to a maximum depth
of 229um (9 mils), resulting in slight
surface roughening. This alloy did not
exhibit dealloying. Conversely, alum-
inum bronze experienced exposed
surface pitting to a maximum depth
of 467um (18 mils} and nonuniform
corrosive attack to a maximum depth
of 298um (12 mils), resulting in a more
roughened surface than the 1IN
Bronze.

More importantly, we observed
dealioying of the aluminum bronze at
the base of many pits. Dealloying, as
suspected in laboratory testing, was
confirmed after exposure to the actual
white water spray on the paper ma-
chine. Dealloying was documented by
cross-sectioning a specimen and view-
ing the polished surface with an
optical microseope.

Figure 8A is a photomicrograph at
50-times magnification, documenting
the extent of dealloying associated
with pitting. Figure 8B is a photomi-
crograph at higher magnification
(200X}, showing the dealloyed regiocn.
Dealloying is the selective removal
from a metal of most or all major
alloying additions, leaving behind a
porous metal matrix which has a
dramatically reduced strength. Un-
der cyelic loading conditions, this
reduction in strength could lead to
premature suction roll failure.

Conclusions

Aluminum bronze and 1N Bronze
alloys demonstrated high corrosion
rates and susceptibility to severe

localized forms of corrosion when
exposed to simulated and actual
corrosive white waters containing
thiosulfate ion. Also, aluminum
bronze showed dealloying associated
with pitting after exposure to an
actual mill white water containing
thiosulfate ion.

Laboratory tests indicate that white
water containing as little as 5 mg/L
of thiosulfate ion (5 ppm) may reduce
the service of aluminum bronze and
1N Bronze suetion roll shells, partic-
ularly in press rolls. Laboratory
corrosion rates correlated well with
paper mill corrosion rates. However,
localized corrosion attack did not
correlate well for aluminum bronze,
thus necessitating long-term coupon
exposure in the mill.

The corrosion fatigue resistance of
both alloys was equivalent after 100
million load cycles. Addition of thio-
sulfate to TAPPI I white water at 15
mg/L reduced the corrosion fatigue
resistance of both alloys.

Recommendations

TAPPI I white water (TIS 0402-09)
should be modified to contain thiosul-

fate ion, to properly evaluate the
corrosion fatigue performance of
materials in recoghized aggressive
environments. Mill white water ana-
lyses, including thiosulfate measure-
ments, must proceed proper material
selection. Finally, an economic eval-
uation of the cost/life factors on bronze
vs. stainless steel alloys is necessary
when thiosulfate ions are present in
the environment.

Literature cited
1. Garner, A., Pulp Paper Can. 86(3):
T62(1985).

2. Castiilo, A., 1984 Engineering Confer-
ence Proceedings, TAPPI PRESS,
Atlanta, p. 601

. Butterfield, W. and Glogowski, P.,
Tappi J. 69(11): 108(1986).

. Garner, A., Corrosion 41(10): 587(1985).

. Jaske, C. and Castille, A., Materials
Performance 26(4): 37(1987).

. Bowers, D. and Butterfield, W., 1986
Engineering Conference Proceedings,
TAPPI PRESS, Atlanta, p. 653.

Ty W Q@

Received for review June 18, 1987.
Accepted Jan 14, 1988,

Presented at the 1987 Engineering Conference.

AVAILABLE FROM

TAPPI PRESS

Industrial Environmental
Control

From John Wiley & Sons, Inc.

This book is a clear, comprehensive,
authoritative reference on pollution control
in the pulp and paper industry. The book
accurately portrays how the paper industry
is currently coping with environmental
concerns, and what new technologies
must be introduced in order to satisfy both
ecological and business requirements.

Order Number: 09 02 ECPP
Price: $84.00 (no discount)

TAPPI PRESS « Publication Sales
Technology Park/Atlanta « P.O. Box 105113
Atlanta, GA 30348-5113 « (404) 446-1400

June 1988 Tappi Journal 185



