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/ ABSTRACT

Fatigue initiation studies were performed on a potential hydrofoil
material, HY130 steel, using a Tatnal-Krause type fatigue testing machine.

The welded HY130 steel shows fatigue endurance properties of 480
MPa (70 Ksi) when in the ground and polished condition, the condition
which would be present in the highly stressed areas of a foil. In the
as-welded condition, the material shows an endurance limit of 240 MPa
(35 Ksi) at a stress ratio of R = +s,

Local high residual tensile stresses, due to welding, have little,
if any, effect on the fatigue initiation properties of the welded HY130

steel specimens.
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FATIGUE CRACK INITIATION PROPERTIES OF
WELDED AND STRESS RELIEVED HY130 STEEL
by

T. P. Nikiforuk and B. F. Peters

INTRODUCTION

The suitability of weldable high strength alloys fog gdvanced surface
ships has received considerable attention in recent years. " Some of these

alloys have even been used in prototype ships with some success. One weld-

able high strength low a%loy steel, HY130, has been recommended as suitable
for a 90 knot hydrofoil. The advantages of this material are:

1) It has excellent fracture toughness, having a fracture toughness
3/2 (120 g1 JIh)?
2) It is not subjecE go enviromental crack initiation in plate or

parameter, K;., in excess of 132 MNm

welded material.
3) It has very good envirommental cracking resistance, having a
Kigoc Parameter in f§7gss of 110 MNm—3/2 (100 Ksi /in) for parent
material and 88 MNm (80 Ksi vin) for welded material, as well
as, a KIHAC parameter in ef§7§s of 93.5 MNm-3/2 (85 Ksi vin) for
(50 Ksi /in) for welded material."

4) The steel is readily available and poses no fabrication problems.

parent material and 55 MNm

It does not require a post fabrication heat treatment for strength
requirements.
Under fatigue conditions, high strength materials are known to be

particularly sensitive to notches and other stress raisers.6 Also, because
of the high service stresses associated with high strength material the
problem of notch sensitivity requires more attention in the high strength
steels than for low strength materials; that is, relatively small defects
will initiate fatigue cracks. Accordingly, much of the international work
on HY130 has centred on fatigue crack growth rates,7 assuming cracking will
always occur in the life of any ship.8 This work however, has been conducted
on the fatigue crack initiation properties of welded HY130 steel.
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Res%dual stresses are known to affect the fatigue properties of
materials. Compressive stresses enhance fatigue performance (i.e. shot
. peening) and tensile stresses degrade fatigue performance. Hi§8,€$f%gual ;
stresses are known to be present in and around HY130 weldments. In
structures, the stresses are of two types:
1) 1local residual stress?g close to or in the welds, some likely
near the yield point,
[j 2) longer rgnge residual stresses due to locked in fabrication
stresses (which in fatigue have the effect of changing the
R-ratio*).
Because stress relief heat treatments are being considered for welded
HY130 steel, studies have been conducted on the fractur?stoughness proper-
ties of stress relieved HY130 weldments. These studies have indicated
that a reduction in toughness was experienced by the HY130 - E12018 weld-

ments when heat treated at 621°C (1150°F) for 2 hours and furnace cooled.
| It is possible that this heat treatment might also affect fatigue proper-
ties.
Accordingly, this present study was conducted to:
1) review the fatigue initiation properties of welded HY130 steel,
and
2) evaluate the effect of residual stress and stress relief heat

treatment on the fatigue initiation properties.

T~
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*The R-ratio in fatigue is the ratio of the minimum stress to the maximum

stress.
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EXPERIMENTAL

Four series of fatigue tests were performed:
1) Parent material, fine ground and polished, R = -1
(a) from "as received" material
(b) from "stress relieved" material
2) Mill-finished parent material (ground on one side), R = -1
(a) from "as received' material
(b) from "stress relieved" material
3) HY130 welded with MIL-140S wire, fine ground and polished,R = -1
(a) from "as welded" material, with weld running across the
specimen
(b) from "stress relieved” material, as above
4) Mill-finished material welded with E12018 rod, and the weld bead
left proud, R = -1, R=0, and R = %,
(a) from "as welded" material with weld running across the
specimen as in Figure 1.
(b) from "stress relieved" material, as above.
The parent material was Air Melt Vacuum Degassed (AMVD) HY130 steel.

Table 1 gives the compositions of the parent material and the weldments.
TABLE I

Compositions of HY130 and Weldments (in weight percent)

C N Mn C Mo ¥V SIS
AMVD plate 0.1 5.3 0.78 0.59 0.49 0.06 0.3 0.012
E12018 weld rod 2.3 1.6 0.74 0.37

MIL-140S Mig. weld 2.1 1.9 0.88 0.54

The MIG welding involved the use of Argon - 27 oxygen shielding gas
and 0.89 mm (0.035") filler wire (MIL-140S) stored at 30°C (85°F). The
parent metal plate was preheated at 120°¢ (250°F) and welded with multiple
passes (all weave) at 28V and 225A.

The E12018 weldments involved the use of 3.2 mm (0.125") stick
electrodes for the root passes and 4.1 mm (0.16") electrodes for the
remainder. Electrodes were stored at 177°C (350°F) for 48 hours prior to
reversed polarity welding at a current of 170A.
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The flat specimens were all similar in shape to that shown in Figure
1. Specimens for Series 1 to 3 were all cut from 12.7 mm (0.5 in.) plate
and ground to final dimensions approximately 3.2 mm (0.125 in.) thick.
Prior to testing, all the ground surfaces were hand polished longitudinally
to ensure that small stress raisers were removed.

The fatigue specimens were cycled in a Tatnal-Krause type fatigue
testing machine (Figure 2) at a cyclic speed of app;oximately 1200 CPM.
Normally, specimens were cycled to failure or to 10 cycles.

Heat treatments for series 1-3 were performed in a tube furnace,
holding the specimens at 621°C (1150°F) for 2 hours while purging with
preheated argon. Specimens for series 4 were placed in heat treating bags
and held for 2 hours at 621°C (1150°F) in a Dyna Trol box furnace. All
stress relieved specimens were furnace cooled.

Due to limitations in supply, normally only one specimen was tested

at each stress level for a given series.
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RESULTS

The results of the fatigue tests are presented in Figures 3-6, and

summarized in Table II.

TABLE II
s Summary of Fatigue Tests.

By Series Description R Approximate Remarks
3 Ratio Endurance Limit
1(a) awp csp P -1 515-550 MPa (75-80 Ksi)
()  as above sr V) -1 515-550 MPa (75-80 Ksi)
2(a) Mill-finished -1 310-345 MPa (45-50 Ksi)
surface
: (b) as above SR -1 310-380 MPa (45-55 Ksi)
,' 3(a)  MIG Welded G&P -1 480 MPa (70 Ksi) Failed well
] (transverse weld) away from weld
(b) as above SR =1 380-415 MPa (55-60 Ksi) Failed in weld
4(a) E12018 weld =) 140 MPa (20 Ksi)
(b) as above SR =1 140 MPa (20 Ksi)
(e) E12018 weld 0 170 MPa (25 Ksi)
(d) as above SR 0 170 MPa (25 Ksi)
(e) E12018 weld +5 240 MPa (35 Ksi)

(1) G&P, Ground and Polished
(i1) SR, Stress relieved at 621°C (1150°F) 2 hours, followed by

furnace cooling.

The Series 1 specimens indicated (Figure 3) that HY130 had, in the
machined and ground condition, an R = -1 endurance limit of approximately
515~550 MPa (75-80 Ksi). It would appear that the stress-relief heat
treatment had no significant effect on the fatigue properties of the parent
plate.
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The mill-finished plate, with its rough "pebbled" surface, Series
2 and Figure 4, had a much lower endurance limit; that is, approximately
310 MPa (45 Ksi) at R = -1, Here again, the stress relief heat treatment
had no significant effect. It was observed, with these specimens, that
more than one crack would initiate on the rough mill-finished plate, as
shown in Figure 7.

The welded (MIG) ground and polished specimens, Series 3(a) and
Figure 5, showed an endurance limit at R = -1 of approximately 480 MPa
(70 Ksi). It is noteworthy that all but one of these specimens failed in
the same place in the parent plate, well away from the weld and heat
affected zone. The stress relieved specimens tended to fail in the weld
and the endurance limit appears to have been reduced to approximately 415
MPa (60 Ksi) by the heat treatment. The tendency for the as-welded
specimens to fail outside the weld zone (region of highest residual stress)
was quite distinct.

One of the fatigue specimens from Series 3(a) was analyzed for
residual stresses at the University of B.C., using x-ray diffraction
techniques. The results for the specimen shown in Figure 8 before and after
fatigue testing at a stress of 415 MPa (60 Ksi) for 7.6x106cyc1es, 3
are outlined in Table IITA. These specimens had been ground to 3,2 mm ]

thick with the result that the residual stresses were significantly reduced
from the as-welded plate. DREP residual stress results based on strain ]

gauge work on as-welded E12018 Weldmentslzare summarized in Table IIIB.

TABLE I1IIA
Position Stress Prior to Fatigue After Fatigue :
MPa (Ksi) MPa (Ksi) |
0 5.5 (0.8) Ten. 11.0 (1.6) Ten.
1 5.5 (0.8) Ten. 11.0 (1.5) Ten.
2 16.5 (2.4) Comp. 16.5 (2.4) Ten.
3 (in HAZ) 60.8 (8.8) Ten. 66.2 (9.6) Ten.
4 (in Weld) 5.5 (0.8) Comp. 38.6 (5.6) Ten.
5 (in HAZ) 71.7 (10.4) Ten. 71.7 (10.4) Ten.
6 16.5 (2.4) Comp. 16.5 (2.4) Ten.

essl?
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TABLE IIIB
Position Residual Stress
MPa (Ksi)
in weld (longitudinal) 228 (33) Comp.
in weld (transverse) 248 (36) Comp.
HAZ (longitudinal) 276 (40) Ten.

The hardnesses of the fatigue specimens were also evaluated before
and after stress relief heat treatment, as shown in Figure 9. Hardness
tests indicated that the heat affected zone was significantly stronger
than the parent plate and weld. Stress relief heat treatment lowered the
overall hardness of the specimen but the HAZ remained stronger.

The welded (E12018) 6.4 mm (0.25 in.) specimens, Series 4 and Figure
6, showed similar fatigue properties in the as-welded and stress relieved
conditions when tested at all R values. The fatigue endurance limit varied
with R values: 140 MPa (20 Ksi) at R = -1, 170 MPa (25 Ksi) at R = 0,
and 240 MPa (35 Ksi) at R = %. Failure in all cases occurred at the notch
formed by the weld bead and the parent plate, as shown in Figures 10 and 11.

Fatigue fractures produced in all four series were also evaluated
using electron fractography. There was no distinct difference in the
fracture appearance of parent material before and after stress relief heat
treatment. A typical area of fracture is shown in Figure 12, The fatigue
striation indications are not pronounced for this R = -1 specimen. Fatigue
fractures in the weldments (Series 3) were not as flat. (Figure 13).
However, indications of striations were, again, not very pronounced.

Considering the Series 4 fatigue specimens, where comparisons could
be made for the heat affected structure (Figure 11), no differences were
noted between material in the as-welded and stress relieved conditions.
However, there were distinct differences between specimens that had been
stressed under R = -1 and R = 0 conditions: those stressed in straight
tension (R = 0) showed very distinct striations, as in Figure 14, compared
to those tested under both tension and compression conditions (R = -1),

as in Figure 15.
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DISCUSSION

The foregoing results indicate that the fatigue properties of the
welded HY130 steel are similar to those of other high strength steels.13
As Figure 16 shows, other high strength construction steels with tensile
strengths of 980 MPa (142 Ksi) also have fatigue strengths of approximately
550 MPa (80 Ksi) when ground and polished. Similarly, for other surface

conditions, the HY130 steel has fatigue properties which compare to other

high strength steels.

It has been proposed that stress relief heat treatment., to r?%?Y?,lz
high residual tensile stresses known to exist in the weld regions,
ghould improve the fatigue endurance limit. However, stress relief heat
treatment of the ground and polished welded HY130 has resulted in a lowering
of the endurance limit. As well, failure of the welded material occured in
the parent material (around position 1 in Figure 8) where the residual stress
is approximately 5.5 MPa (800 psi) tension, (see Table IITA) and not in the
heat affected zone where the residual tensile stresses are much higher or
in the weld where small defects would be more likely. After heat treatment
the fatigue failures occured in the weld, and at lower stresses.

These results from the ground and polished welded specimens may be

explained as follows.

1) The high residual tensile stresses in the heat affected zone of
the welded specimens did not deleteriously affect the fatigue
properties because the welding process, as well as producing the
residual stresses, also resulted in strengthening this H.A.Z.
material as shown in Figure 9. Specifically, the 1200 MPa (175
Ksi) UTS heat affected zone material with its high residual ten-

sile stresses was less subject to fatigue initiation than the
1070 MPa (155 Ksi) UTS parent material, because it is stronger.
2) The high residual compressive stresses in the weldments did,
apparently, improve the fatigue properties of this material.
Otherwise, why would failure take place in the 1070 MPa (155 Ksi)
UTS parent material and not in the 1035 MPa (150 Ksi) UTS weld
material with its inhomogeneities and greater likelihood of small

defects.
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Also, during fatigue pre-cracking of notched fracture toughness specimens
for DREP fracture toughness tests, it was observed that as-welded material
required significantly higher stresses to produce fatigue cracks than
either parent material or stress-relieved weld material. Obviously the high
residual compressive stresses in the weldments have significantly enhanced
the fatigue crack initiation properties of the weldments.

Consicering the stress relieved material, the decrease in fatigue
properties is associated with the removal of residual compressive stresses.
With the beneficial residual compressive stresses removed, the welds, being
the weakest material, become the site for fatigue crack initiation.

When comparing the as-welded and the stress relieved weld properties,
one wonders whether the reduction in fatigue endurance limit from better
than 480 MPa (70 Ksi) to 380 MPa (55 Ksi) can be attributed to the removal
of residual compressive stresses and the decrease in hardness alone. Charpy
V-notch results indicated that the 621°C (1150°F) stress relief heat tr?gt—
ment decreased the impact properties of E12018 weldments significantly.

The fatigue results may support the position that the temper embrittlement
in these particular weldments also deleteriously affected the fatigue i
initiation properties. This finding would be contrary to the literature.

Based on the limited data, the unwelded mill-finished material (Series
2, Figure 4) showed nolgfg?ificant change in fatigue properties when stress
relieved. It is known that the mill-finished material has large sur-
face compressive residual stresses, stresses that should improve the endur-
ance limit of the material. However, the stress relief which removed these
stresses did not lower the endurance limit of the material, indicating that
the surface roughness effect is the more dominant factor.

The residual stress study on the electropolished specimen (Figure 8)
stressed at 415 MPa (60 Ksi) for 7.6x106 cycles, indicated that fatiguing
did not result in a stress relief. This is consistent with the results of
others9 for specimens evaluated at stresses near the fatigue limit.

The question of the effects of possible residual stresses due to
grinding in the Series 1-3 fatigue specimens was also considered in this
study. It is noteworthy that, in Series 1, the ground material produced
marginally better fatigue results than the ground and stress relieved

material. Any deleterious residual stress effects due to grinding were,

< /10
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apparently, very small.

DESIGN CONSIDERATIONS

Before extrapolating these fatigue results to real structures such as
hydrofoil foils, it should be noted that the above results were obtained
from specimens subject to bending stresses. In these specimens the maximum
stresses are at the surface (where small defects can be detected with NDT -
and none were present in the specimens evaluated). In actual foils, the
fatigue loading will be such that the whole weld will be subjected to the
maximum stresses. Accordingly, subsurface flaws which are less readily
detected with NDT could cause the actual welds to show poorer fatigue
initiation properties than the DREP fatigue specimens indicated. The need
for detailed and careful NDT on commercially produced welds is, clearly,
of utmost importance.

When considering the design of high performance structures, such as
hydrofoil foils, made from HY130, it is apparent that the highly stressed
welds should be ground flush so that an endurance limit of 480 MPa (70 Ksi)
at R = -1 can be considered. The closing welds in a foil, where machining
is not possible Ewith their endurance 1limit of 240 MPa (35 Ksi) at R = +%:],
should be designed into areas of the foil subject to compressive stresses.

The value of any stress-relief heat treatments in a welded hydrofoil
foil made from HY130 is not evident. The above results indicate that the
high local residual weld stresses do not show any detrimental effects on
fatigue initiation of HY130 steel weldments. Indeed, local residual
compressive stresses in the welds (where defects are more likely) could be
beneficial. Also, preliminary work at DREP has indicated that long range
stresses in fabricated structures of HY130 have varied from 21-42 MPa
(3-6 Ksi). The softening effects of stress relief heat treating at 621°C
(1150°F) for 2 hours followed by furnace cooling has a much greater
deleterious effect on fatigue than would the 42 MPa (6 Ksi) stress. While
stress relief heat treating at 540°C (1000°F) for 6 hours would reduce the
scftening, it is not apparent that such a heat treatment would have any
value.

It might be noted at this point, that the high residual stresses in
the HMCS BRAS D'OR hydrofoil foil caused stress corrosion cracking and

eee/11




=11~

hydrogen cracking.16

HY130 steel has a very high resistance to cracking by
these mechanisms and, accordingly, residual stress relief heat treatments
are not necessary to alleviate these problems in HY130 steel structures.
The above results, based on small laboratory specimens, indicate that
a hydrofoil foil built from HY130 steel;
1) needs to be carefully designed to ensure that the high fatigue
properties of HY130 can be utilized;
2) needs to be meticulously evaluated by NDT after welding, using
every technique available (AE, radiography, ultrasonics) to

ensure sound welds;

3) needs no residual stress relief heat treatments.

CONCLUSIONS

I. Welded HY130 steel shows similar fatigue properties to those of other
high strength steels.

2. For completely reversed loading (R = -1), ground and polished samples
of welded HY130 have a fatigue endurance limit of 480 MPa (70 Ksi),
only slightly lower than the 550 MPa (80 Ksi) endurance limit of the
parent plate.

3. The fatigue endurance limit of as-welded HY130 witﬁ the weld bead
proud (notch effect) varies from 140 MPa (20 Ksi) at R = ~1 to
240 MPa (35 Ksi) at R = k%,

4, Local high residual tensile welding stresses, due to welding, have
relatively little if any, effect on the fatigue initiation properties
of welded HY130 steel specimens.




10.

11.

12.

13.

14,

=12

REFERENCES

NMAB report "Application of Fracture Mechanics Analysis Techniques
in High Performance Marine Systems' NMAB-327 dated 1976.

G. Sorkin, C.H. Pohler, A.B. Stavory and F.F. Borriello "An Overview
of Fatigue and Fracture for Design of Advanced High Performance Ships",
International Fracture Mechanics, 1973, Vol 5, P. 307-352.

Hydrofoil Materials Research Program Final Report, 1 July 1965 LTV
Vought Aeronautics Division Ling-Temco-Vought, Inc. Dallas, Texas
Engineering Report 2-53100/5R-2179.

T. P. Nikiforuk and J. A. H. Carson, being prepared for publication.

J. A. H. Carson, Minutes of the Hydrofoil Materials Committee Meeting,
Ottawa, 1976.

J. G. Macco "The Effect of Stress Ratio on High-Cycle Fatigue and
Corrosion Fatigue on HY130 Steel Weldments' Naval Ship Research and
Development Center Report 28-969 dated February, 1974.

T. W. Crooker '"The Role of Fracture Toughness in Low-Cycle Fatigue
Crack Propagation for High-Strength Alloys, NRL Report 7422 dated
20 June 1972,

H. H. Vanderveldt, T. W, Crooker and J. A. Corrado, "'Structural
Integrity Technology for Advanced Surface Ships" Naval Engineers
Journal, April 1976, p.97.

Elbert S. Rowland "Effect of Residual Stress on Fatigue'" in
Fatigue - An Interdisciplinary Approach Proceedings of the 10th
Sagamore Army Materials Research Conference. Ed. J. J. Burke,
N. L. Reed, V. Weiss, Syracuse University Press 1969.

B. Hawbolt "Residual Stresses in Welded HY130 Steel'" UBC Report
on Contract DSS - SS5 - 2043, July 1976.

C. M, Adams and D. A. Corrigan, Mechanical and Metallurgical
Behaviour of Restrained Welds in Submarine Steels, MIT Report,
Code 634B, May 1966.

B. F. Peters and B. W. Greenwood '"Residual Stresses in Shielded
Metal-Arc HY130 Weldments, DREP Lab Note 75-10, June 1975.

K. Takahashi, H. Takashima, A Ito and Y. Yazaki "Fatigue Strength
of High Tensile Structural Steels and Welded Joint' 11W DOC XIII -
684 - 73.

Metals Handbook, Vol.l, 8th Edition "The Selection of Steels for
Notch Toughness' (ASM Committee on Notch Toughness) p.232.




e N

.,
i R R AR b ¢

g
b5,
-~

RS A O gy

15.
16.

-]3~

B. F. Peters, being prepared for publication.

J. A, H. Carson, R. D. Barer and B. F, Peters, '"Laboratory and Service

Experience with Cracking of 250 Ksi Maraging Steel in Sea Water'.
Proceedings of the Fourth Inter-Naval Conference on Marine Corrosion,
Washington, Oct. 1972,




=15

| ! I
INCH

| FIGURE 1: 6.4 mm(.25 in) thick HY130 plate fatigue specimen with E12018
{ stick weldment (for Series 4a to 4e)
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FIGURE 2: Fatigue specimen in DREP Tatnal-Krause type fatigue machine.
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FIGURE 7: Mill finished fatigue specimen, from Series 2a and 2b, showing
more than one crack initiating.
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FIGURE 8:

Mig-welded specimen from Series 3a, electropolished to evaluate
residual stresses (see TABLE IITA), The arrow marks the weld.
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FIGURE 10: Section through HY130, E12018 welded, fatigue specimen from series
4, showing cracks initiating at edge of weld bead. (10x)
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FIGURE 11: Fatigue crack in HY130, E12018 welded, fatigue specimen (Series 4).
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FIGURE 12:

FIGURE 13:

Electron micrograph of fatigue fracture face of AMVD plate specimen

(9000x)

Electron micrograph of fatigue fracture face of AMVD HY130, E12018

weldment (9000x)
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FIGURE 14:

FIGURE 15:
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Electron micrograph of fatigue fracture in heat affected zone
of HY130, E12018 weldment (at R = 0) (9000x)

Electron micrograph of fatigue fracture in heat affected zone
of HY130, E12018 weldment (at R = -1) (9000x)
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FIGURE 16: Graph showing range of fatigue properties with strength of high
strength steels (from Takahashi et all%)
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