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ABSTRACT

This is the fourth phase report of an
investigation of the low-cycle fatigue
behavior of nonferrous alloys for submarine
heat exchanger and saltwater piping applica-
tions. The low-cycle fatigue behavior of
forged Ni-Al bronze and cast valve bronze was
investigated in both air and salt water. The
flexural fatigue behavior of these two mater-
ials, together with cast Ni-Al bronze and
cast Monel* "E" of phase three, were compared
to that predicted by Langer's ecuation. It
was concluded that lLanger's equation was ¢ .z
overly conservative for the materials reported,
and that saltwater corrosion has very little
effect on low-cycle fatigue life. Both cast
and forged Ni-Al bronze rank as superior,
whereas valve bronze ranks poorly as far as
low-cycle fatigue performance is concerned.

*Registered trade name of the International ;
Nickel Company Incor orated 2
A ?P RQavee S ‘-
)‘* . &w-‘  hea
tar, 9“5 3 “- “vJ ‘ \3 (3
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LOW-CYCLE FATIGUE OF NONMFERROUS ALLOYS
FOR HEAT EXCHANGERS AND SALTWATER PIPING

1.0 INTRODUCTION

1.1 Background. This investigation was conducted to further
study the low-cycle fatigue behavior of nonferrous alloys for
heat exchangers and saltwater piping, particularly for use in
submarinc applications where exposure to full sea pressure dur-
ing submergence is involved. This report is the fourth in a
series. References (a), (b), and (c¢), the first three reports,
covered the following: ’

) Reference (a) - Low-cycle fatigue behavior in air and salt
water of cast gun metal, cast Superston 40, wrought Monel, and
wrought 70-30 cupronickel.

e Referernce (b) - Low-cycle fatigue behavior of cast 70-
30 cupronickel, wrought 90-10 cupronickel, wrought Cufenloy 40,
and wrought cupronickel 707.

® Reference (c) - Low-cycle fatigue behavior of cast Ni-Al
bronze and cast Monel "E!; low-cycle corrosion--fatigure results
for cast 70-30 cupronickel, wrought 90-10 cupronicked, and
wrought Cufenloy 40; and high-cycle fatigue behavior of all
allovs investigated in previous reports.

From the foregoing investigations, the following conclusions were
made: '

® Saltwater corrosion is not an important factor in the
low-cycle fatigue behavior of the nonferrous alloys investi-
gated.

@ The low-cycle fatigue behavior of wrought Monel,
wrought Superston 40, and Cufenloy 40 (drawn and stregs relieved)
is superior to that of the other materials when compared on the
basis of either nominal or pseudoelastic stress.

® The low-cycle fatigue behavior of cast materials is
erratic; that of wrought materials is more consistent, and thus,
more predictable,
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° Langer's equation gives a good estimate of the fatigué'
relationships for wrought materials, but is overly conservative
in the low-cycle region for cast materials.

1.2 Present Investigation. The fatigue properties of forged

Ni-Al bronze and cast valve bronze were obtained over a life
range of 100 to 100-million cycles. 1In addition, six low-cycle
corrosion-fatigue tests were performed on these and two other
alloys, namely cast Ni-Al bronze and cast Monel "E," The fatigue
results of the four alloys were compared with those predicted by
langer'!s emperical equation. Als>, nine low-cycle fatigue tests
were made on weldments of 70-30 Cu-Ni welded to 70-30 Cu-Ni,
Monel welded to Monel, and Monel welded to steel.

2.0 DESZRIPTION OF MATERIAL

The source, condition, composition, and mechanical proper-
ties of the new materials in the program, forged Ni-Al bronze and
valve bronze, are listed in Table 1. The true-stress/true-strain
curves for these materials are shown in Figure 1, along with a
mathematic expression of the true-stress/true-strain relationship
in the form of the equation

Qt

]
b
o

where

true stress, psi*

strength coefficient, psi
true strain, in/in,

strain hardening coefficient.

8 evR Qf
noh

Fracture stresses have been.cor:ected by Bridgman's correction
factor. Because of the differences observed in the tensile prcper-
ties of the two Ni-Al bronze plates, two curves are shown in

-

#2Abbreviations used in this text are from the GPO Style Manual,
. 1959, unless otherwise noted.
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Figure 1 for this material. Information for the cast Ni-Al bronze
and cast Monel "E" was presented previously in reference (c).

Table 1

Additional Materials Investigated

Scurce MEL "Chemical Composition —_1
of Condition Desig- £ (Manufacturer's Analysis
Alloy Material As Received nation Cu Ni re Al M Zn Sn Pb | P
i-Al Philadelphia |Plate, Forged
E:onza Bronze & Brass]Q0B-679 pze 181.18}4.50]2.75]10.56{0.89| -~ |wIL | -- | --
rorqed)| Corp Comp 2, Annealed
alve Philadelphia Plate, As Cast
ronze |Bronze & Brass|{MIL-B-16541 pzy  188.47]0.5310.01] -- = {3.76]5.59]1.63]0.01
cast) | cCorp
Mechanical Properties
0.2% Yiald{ Tensile [Elongation [ Reduction | Rockwell [Modulus of
Testing Strength | Strength in 2 in, in Area Hardness |Elasticity
Alloy | laboratory PSI PSI £ b "p" ps1
Porged Philadelphia
Bi-Al Bronze & Brass
Bronge c“f 47,200 97,600 L .- -
rlate 1 |wn 59,900 (117,300 10 12 9% 17 x 106
plate 100! Mrrl 43,900 | 89,400 24 22 ==
Cast Philadelphia
. Valve Bronze & Brass
Bronse .- 39,800 B -- .-
Plate 1 |reri 15,500 | 27,900(2)| 18(2) 20 39 1 x 108
Plate 50 |meL} 16,200 | 28,000(2)] 15(2) 19 -

MEL results are the average of two tests.

1
Below specification MIL-B-16541 requirements for separately cast tensil cou s ,000 psi
tensil strength; 22§ elongation). pons (3 P

5.0 METHOD OF TEST

3.1 Low-Cycle Fatigue Tests. The low-cycle flexural fatigue
tests were conducted in the manner described in reference (d).
Each test consisted of subjecting a beam specimen, similar to that
shown in Figure 2, to cycles of completely reversed alternating
bending strain. Except where otherwise noted, the tests wore
conducted in air at a cyclic rate of 5 cpm, and were controlled by
electrical timers with beam deflection limited by mechanical stops.
By controlling the movement of the load arm, the dwell time at the
maximum deflection limits was made approximately 90 percent of the
cycle period. The resultant strain versus time pattern was
essentially a square wave,
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3.2 Corrosion--Fatique Tests. Low-cycle flexural fatigue tests
"of the type described previously were carried out in an environ-
ment of salt water. A deflection level which previously had
produced approximately a 20,0C0 cycle life in air was used, with
cyclic rates of 0.25 and 0.10 cpm. Severn River water was con-

. tinuously dripped on the test section of the specimens. This
water is a brackish estuary water containing 1/6 to 1/3 of the
salt content of seawater, depending on the season and tide.

3.3 Low-Cycle Fatigue Tests of Weldments. The procedure used in
testing the weldments was identical to that described in paragraph
3.1, except that the test section of the specimen was modified as
shown in Figure 3. This modification produced essentially con-
stant stress conditions in the base metal, weld metal, and heat
affected zone.

3.4 High-Cycle Fatigue Tests. High-cycle fatigue data were
obtained from a constant-load rotating-cantilever beam test.

The specimen (Figure 4& was run in a double-end, dead-weight load
machine operating at 1450 cpm in air.

4.0 RESULTS

4.1 Low-Cycle Fatigue Tests. For each low-cycle fatigue specimen,
a hysteresis loop similar to the one shown in Figure 5 was recorded.
From this loop, the total moment range (AM), plastic strain range
(a¢p). and total strain range (Aer) were measured. The nominal
reveraed stress, Sp, was calculated by the equation:

where

= maximum reversed moment (Figure 5), in-1lb
¢ = distance from neutral axis to outermost fiber at
_ minimum cross section, in.
I = moment of inertia at minimum cross section, in.*
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The reversed pseudoelastic stress, Spg. was calculated by the
equation:

SpE -'Eg (dep)
where

E = modulus of elasticity, psi
Aep = total strain range (Figure 5), in/in.

The data for the low-cycle fatigue tests, except for the weld-
ment tests, are summarized in Table 2.

Table 2

Low-Cycle Flexural Fatigue Data

Total Plastic Total ominal Pseudo-
Moment | Strain | Strain eversed | Elastic | No. of
Range Range Range Stress | Stress [ycles to | Cycle
Test M -1 d¢p 8R Spe Pailure |Rate | Specimen
Material | Bnvironment | In-Lb InLgn In/In PSI pPSI | } CPM Rumber
¥i-al
Bronze | Air : 11,400 | 0.00187 |0.00807 | 54,700 | 72,500 | 38,348 5 DYQ-T799
Cast Salt water | 13,100} 0.00172 |0.00986 | 62,900 89,000 {12,288 0.1 |Dpyo-1
Monel
"E" Cast | Salt Water 8,750 | 0.00075 | 0.00450 | 42,000 52,000 | 31,303+ 0.1 |DzZA-%0
Wi-A1 Air 19,600 | 0.00906 [0.02130 | 94,100 | 182,000 1,430 5 DZE- 150
pronze Air 19,700 | 0.00537 |0.01660 | 94,600 | 141,000 2,430 5 DZE-100
rorged Air 20,200 | 0.00192 | 0.01430 | 97,000 |121,000 6,940 5 DZE-40
Air 18,700 | 0.00152 [0.01300 | 89,800 |110,000 | 11,030 5 DZE-5
Alr 18,500 | 0.00086 {0.01180 | 88,700 |100,000 | 18,723 5 DZE-1
Air 17,650 | 0.00174 {0.01130 | 84,700 96,000 | 21,898 5 DZE-145
Salt water | 19,600 | 0.00096 [0.01240 | 94,100 | 106,000 8,492 0.1 |Dpzm-45
Salt water |16,950]|0.00380 {0.01370 | 81,400 [116,000 u.ﬁ; 0.25 | DZE-105
Valve Air 7,000 | 0.00560 |[0.01140 | 33,600 80,000 7 5 DZ0-1
BPronze Air 6,600 | 0.00200 | 0.00445 | 31,700 31,000 1,280 5 DZU-5
cast Air 6,000 | 0.00174 {0.00558 | 28,800 39,000 1,511 5 DZU-4%
Air 4,600 | 0.00082 }0.00426 | 22,100 30,000 4,975 5 DZU-55
Air 4,900 | 0.00040 |0.00340 | 23,500 24,000 | 53,611 5 D2U-90
Adr 2,800 | 0.00015 | 0.00273 | 13,400 19,000 | 90,664 5 pZU-95
Salt Water 4,850 | 0.00112 { 0.00477 | 23,300 33,500 373 0.25 | pzZu-50
Salt Water 4,500 ] 0.00055 ] 0.00370 | 21,600 26,000 | 31,466 0.1 | pzu-4o

H

*Complete fracture initiat on underside of specimen.

e e

|
'
|
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The low-cycle fatigue characteristics of the forged Ni-Al bronze
and cast valve bronze are shown in Figure 6, using the SR versus
N (Cycles to failure) relationship, and in Figure 7, using the
Spgp versus N relationship. The solid line in each of these

plots is the calculated line of best fit for the test data,
assuming a log-log linear relationship for the life range studied.
The dashed lines are the 95 percent confidence limits,

As was expected, plastic strain measurements on welded specimens
showed nonuniform strains alcng the test length. ‘his was
caused by differences in strength properties among the materials
comprising the weldment. Accordingly, no attempt was made to
correlate strain measurements with fatigue life. Table 3
summarizes the low-cycle fatigue data obtained for the weldments.

Table 3

Results of Low-Cycle Fatigue Tests of Weldments

Nominal No. of
Reversed Cycles to
Stress, Sgp | Failure | Specimen
Material PSI N No. Remarks
70-30 Cu-Ni Welded to 43,000 4,440 DUL-290 1
70-30 Cu-Ni (INCO 137 43,000 13,089 DUL-55 1
and 187 Electrode) 42,000 20,614 DUL-60 - 1
Mon-1 400 Welded to 65,000 6,826 DZF-160 2
Monel 400 (INCO 130 65,000 7,680 DZF-150 |1 and 2
Blectrode) 58,800 14,886 DZF-155 1
Monel 400 Welded to DZF-2 |
Steel (Y.P.-4TKSI) 67,000 4,777 D2J-5 _ >
(1N¥co 140 Electrode) 66,700 8,388 g:g:g | 4
DZF-T 7
60,000 | 18.658 | 7| 4

railed in Weld Metal.
%pailed in Base Metal.

8cracks in Weld Metal, nonel, and Steel.

‘railed in Steel.
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. 4,2 High-Cycle Fatigue Tests. Table 4 contains the data from

the high-cycle fatigue tests.

Table 4

High-Cycle fatigue Data, Rotating Cantilever Beam
Specimen, Air Environment, Smooth Specimen, 1,450 cpm

No. of

Nominal
Reversed | Cycles to
Stress Failure Specimen
Material psi ‘N No.
Bronze 35,000 1,024,000 | DYQ-9
Cast 32,000 1,727,000 | DYQ-19
30,000 | 61,318,000 | DYQ-18
28, 500 931,000 | DYQ-611 |
Monel 30,000 146,000 | D2A-55
"g" 25,000 610,00 | D2A-56
Cast 20,000 3,876,000 | bza-90
18,500 | 17,730,000 | DZA-191
17,000 | 97,707,000 | DZA-91
Valve 20,000 3,000 | p2U-3
Bronze 17,500 130,000 | DZU-98
Cast 15,000 250,000 | bzu-8
10,000 1,597,000 | DZU-4
- 8.?0 9' lll-0.0CO DZU‘Q
Ni-Al 70,000 109,000 | DZE-3
Bronze 50,000 640,000 | DZE-4
Forged 50,000 1,254,000 | DZE-103
40,000 2,567,000 | DZE-104
- 35,000 |112,344,000+ DZE-8
30,000 106,922,000+ DZE-143

The nominal reversed stress, Sp, was calculated for this test
from the applied dead-weight load and the dimensions of the
specimen.
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4.3 Combined Fatigue Tests. 1In Figures 8 through 11, the low-
and high-cycle fatigue data are combined to show broad life-
spectrum Spgp versus N curves for the two materials in this
report and the two materials investigated in reference (c).

The daslied curves in the figures are based on langer's pre-
diction equation, reference (e):

E 100
S = In M- 1+ 8 H
PE T T/ ( 100-RA| ©

wvhere

Spe = reversed pseudoelastic stress, psi
= modulus of elasticity, psi
N = number of cycles to failure
RA = .reduction of area from a tensile test, percent
8g = endurance limit, psi.

The s0lid curve is the best fit curve for the data .as calculated
by assuming that the actual fatigue curve would be of the same
general form as langer'!s equation. The equation with best fit
coafficients is included in each of the figures. The corrosion-
fatigue data are also shown for comparison where available.

4.4 Low-Cycle Fatigue Tests of Weldments. The results of the
weldment tests are plotted in Figure 12 on the basis of SR versus
N. Included are the base metal relationship for 70-30 Cu-Ni and
Monel reported previously in reference (a). The results indicate
that eelding had no deterimental effect on the 1owucyc1e fatigue
life when compared to the base metal.

5.0 DISCUSSION

The low-cycle fatigue curves for forged Ni-Al bronze and
cast valve bronze, Figures 6 and 7, show similar behavior to
previcusly tested nonferrous materials, in that the wrought
material show little scatter of data, while the cast material
exhibits the wide confidence bands characteristic of consider-
able scatter of data. The low-cycle fatigue behavior of the
former is clearly superior to the latter,

8
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The broad life-spectrum flexural fatigue curves, Figures 8
through 11, show that Langer!s predicted curve is overly con-
servative for the materials considered. This behavior is typical
for the cast materials previously tested and is due to the
dependence of lLanger's equation on the reduction of area of the
material, which is low for most cast materials. The mechanical
properties and fatigue curves of the forged and cast Ni-Al
bronzes are very similar, as are their lLanger curves. It appears
that the overall effect of forging and annealing had not consid-
erably altered the average fatigue properties of the material.

For all but one case, the corrosion-fatigue data fall near
the best fit curve for the air data (Figures 8 through 11). This
indicates that the saltwater environment has practically no effect
on the low-cycle fatigue behavior of the materials considered.

The low-cycle fatigue behavior of all the nonferrous metals
thus far included in the overall investigation are compared with
respect to SR versus N in Figure 13, and to Spg versus N in
Figure 14. Using the same types of curves, it was concluded in
reference (b) that Monel, Superston 40, and Cufenloy 40 (drawn
and stress relieved) were superior to the other materials in
low-cycle flexural fatiqgue life in air. It is evident from
Figures 13 and 14 that Ni-Al bronze, in both cast and forged con-
ditions, ranks with these; it is also evident that the cast valve
bronze shows the poorest low-cycle fatigue behavior of the
materials tested,

6.0 CONCLUSIONS

The following conclusions have been reached relative to the -
fatigue performance of cast and forged Ni-Al bronze, cast valve
bronze, and cast Monel "E":

® Both cast and forged Ni-Al bronze rank among the non-
ferrous materials reported as having superior low-cycle fatigue
life on the basis of either nominal or pseudoelastic stress,
valve bronze has very poor low-cycle fatigue characteristics.

® Langer'!'s predicted curve is overly conservative for the
materials considered in this report.

® Saltwater corrosion does not appear to have an important
effect on the low-cycle fatigue behavior of the materials reported.

|
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It is also concluded that the low-cycle fatigue performance
of 70-30 Cu-Ni welded to 70-30 Cu-Ni, Monel welded to Monel, and

Monel to steel is not significantly different from that of their
respective base metals.

10
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Figure 3
Longitudinal Cross-Section of welded Constant
Stress Fatigue Specimen
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Figure 4 '

Rotating C'antilever Beam Fatigue Specimen




MEL Report 26/66

USN :
MARINE ENGINEERING LA3ORATOR

AM -~ Moment Range

Mg ~ Maximum Reversed Moment

A€ - Total Strain Rarge

€a - Maximum Reversed Strain
4Cp ~ Plastic Strain Range
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Figure 5
Typical Mechanical Hysteresis Loop and Parameters
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Low-Cycle Flexural Fatigue, Sp Versus N
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Figure 9

Flexural Fatigue Curve
Ni-Al Bronze, Forged
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Ni-Al Bronze, Cast
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