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POST-WELD LASER-TREATMENT
OF 18 Mi (250) MARAGING STEEL

ABSTRACT

This investigation studied fatigue resistance of post-weld laser-
treated 18 Ni (250) maraging steel. High powered laser-dressing of the weld
toe was sludied. An AVCC-Everett High-Power GOy Laser with heliuwe shielding
gas was used to perform this process.

Macro- and microstructural examinations were conducted to characterize
the microstructure, hardness and fatigue crack initiation sites resulting
from the as-welded and the post-weld treated specimens.

Fatigue strenglh predicitions were made using the I-P model assuming
validity of the Kgpayx concept and predicted regidual stress effects. The

aznalytical predictions were compared with experimental data,



I. TINTRODUCTION

1.1 Rccent Trends

The fatigue resistance of a welded structure is almost always
governed by that of its welds; consequently, much research has been devoted
to the understanding and improvement of weld fatigue behavior. Post-weld
treatments for fatigue life improvement have been developed; sece Fig. 1.
Some treatments give better resulis than others and complete recovery of
the "lost" fatigue life can be obtained; e.g. shot peening most effectively
increased the fatigue life followed closely by laser-dressing and lastly by
GTA dressing for welded ASTM A514 structural grade steel [1], and grinding
and shot peening of weldments increased the fatigue life up to that of the
base metal for NIBKIMSTPr marapging steel [2]. Ion implantation used with
this steel affected the fatigue resistance very little [3].

Material properties in critical regions of weldments such as the HAZ
can vary considerably depending on the heat input, joint details, plate
thickness and weld process. However, the resulting differences in
microstructure and hardness generally have only a minor effect on weld
resistance because the severity of the notch and residual stress effects
generally overshadow the metallurgical variables. Therefore, no method which
improves weld fatigue resistance by improving material properties has been
utilized. However, improvement of material properties accompanies most post-
weld treatments shown in Fig. 1 [4].

Of the many factors, there are two which significantly affect the

fatigue resistance of weldments: geometry and surface residual stresses.



1.1.1 Geometry

Fatigue cracks generally initiate and propagate from
discontinuities in weldments. Many investigators have tried to predict when
and where this will occur. Harrison [5], Gurney [6], Maddox i7]1, and Frank
[8] assumed that all internal discontinuities were crack-like-defects or
that there were preexisting ecracks at external discontinulties alter
fabrication; therefore, the fatigue crack initiation life (N7) was said to
be negligibly short or nonexistent. Under this assumption, the total fatigue
life (Np) of welds was considered to be the fatigue crack propagation life
(Np) of welds which could be estimated using linear elastiec fracture
machanics (LEFM) concept.

However, the work of Lawrence and Munse [9], and Lawrence and Burk [10]
suggested that the fatigue life of butt welds with a crack-like-defects
could not be explained solely by crack propagation and that the
initiation life was found to comprise as much as half the total fatigue
life. Also, studies by Lawrence [11], and Burk and Lawrence [12] on A36 butt
welds showed that a significant portion of fatigue life was spent in
initiation a 0.25 mm (0.0l in.) fatigue crack at the weld toe and that
unrealistically small values of initial crack length would be required,
especially in the long life region, to accounf for total fatigue life. In
addition, Smith and Smith [13] measured fatigue cracks in the filled weld by
the potential drop method and found that at a stress ratio of R = 0.17
initiation life occupied as much as 39% of the total fatigue life (1.5x106
cycles). Thus, it does not seem proper to consider all discontinuities to he
crack-like-defects because the initiation life may be appreciable, and
neglecting 1t may be excessively conservative. Moreover, it is doubtful that

there is always a preexisting crack in a sound weld.



In the absence of weld defects, the major stress concentration in a
specimen containing a transverse butt weld left in the as-welded condition
occurs at the weld toe {(Fig. 7). Having had advantageous wecld toe shape
(notch root radius (r) and flank angle (©)) the fatigue strength of weldment
can reach that of the base metal [14] under conditions that r = ® and & =
0. In order to obtain this kind of weldment, machining and grinding were
used. Weld fatigue life improvement through changing the geometry of the
weld toe is used more often because it is more economical [15]; e.g.
grinding, GTA-dressing and recently laser-dressing. This treatment changes

the notch root radius and the flank angle is that as for as-welded state.

1.1.2 Surface Residual Stresses

When a weld deposit coole, contraction of the hot weld metal is
restrained by adjacent material, and this contraction causes tensile
residual stresses in the weld metal and adjacent material upon cooling,
Normally, the residual stresses in the toe of a weld will reach the
magnitude of the yield point of the base metal.

It is currently accepted that residual stresecs (whether introduced by
the welding or introduced during subsequent treatment) may be treated as
mechanical overstress and can thus be considered to be additive to the
applied stresses [16, 17, 18, 19, 20].

The influence of residual stresses on the fatigue life of weldments has
been reviewed and gummarized by Curney [1l4}, Munse [21], Pollacd and Cover
[22], Kelsey [23], and Reemsnyder [24). Tensile residual stresses at the
weld toe decrease the fatigue resistance of a weld. Stress relief (no
residual stresses) improves weld fatigue resistance by reducing the tensile

residual stresses. The compressive residual stresses improve the fatigue



resistance [20, 25, 26]. Burk [20] found that when AS514 F butt welds werec
overloaded above 690 MPa before testing so as to induce compressive
residual stress (-830 MPa assumed), their fatigue strength was twice that of
as-welded welds. Lawrence and Ho {25] also found that overstressing GTA
dressed A514 F butt welds before testing resulted in plain plate failure
instead of weld toe failure. Also, Booth [26] studied shot pcened, non-load-
carrying fillet welds and found that plain plate failure occurred. It seems
possible, therefore, that compressive residual stresses may permit the
recovery of the fatigue life lost through welding.

Of the techniques that produce compressive residual stresses, shot
peening is mostly used becauss it brings about considerable improvement in
fatigue resistance and it is economically attractive [15]. The exploding
foil-flyer-plate technique and laser shock process (both techniques are
called shock-loading) have been developed recently. Shock waves created
while processing, cause plastic déformation of the treated zone and induce
compreseive residual stresses and consequent by increased Lensile strength
(27, 28, 29, 30]. The E.O. Paton Welding Institute has developed
ultrasonic technique [31] and explosion treatment [32] that are competitive
with other methods of improving the fatigue strength of welded joints, and
there are as effective as work-hardening for butt joints made out of high

strength steel.

1.2 Models for Weldment Fatigue Life Prediction

Empirical expressions for the fatigue strength of weldments subjected
to either axial or bending loads have been suggested [33 - 41]. The
propagation medel has been developed by Maddox [33] and El Haddad [34] in

which the total fatigue life (Ny) is predicted solely through estimates of



the fatigue crack propagation life (Np). Lawrence et al,, [35 - 41] have
developed a hybrid, initiation-propagation (I-P) model in which the total
life (Np) is predicted by combining estimates of the fatigue crack
initiation life (Nj) and the fatigue crack propagation life (Np).
Weldwents are generally subjected to both axial and bending loads; the
latter often results from the straightening of fabrication induced
distortions under load. Thus, the combined effects of axial and bending
loads must be considered in estimating weldment fatigue strength. For
fatigue lives greater than 102 cycles, the local stress-strain response to
the applied remote stress amplitude (S,) and the nominal mean stress (S
can be assumed to be elastic., Thus, the local mean stress (o) and stress

amplitude (o5) at the notch root can be expressed as [41]:

A A B B
m” %’ [Kfmax "t Rfnax nJ (L)
1 +R A B B . 1 +R
T %t 1R [ fmax Sa * Kemax ga] sinee S, = [1 - R] Sa

where (o) is the notch-root residual stress and (R) is the stress ratio.

Also,

A A B B _ )
%a ” [Kfmax ®a ' Xfnax Sa] ‘ )
From Basquin's relationship and Egs. 1 and 2;

) 1+R{A _A _B B b
7a " [af "% T 1T -R [Kfmaxsa * Kemax Sa]] [ZNI] (3)

Rearranging Eq. 3, the fatigue strength of weldment at long lives (Nt > 10°

cycles) is:
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A comparison of fatigue strength predictions made using Eq. 4 and
experimental data for both as-welded and post-weld treated steel weldments

is given In Fig. 3 [42].

1.3  Scope

This investigation focuses on increasing the fatigue resistance of
welded 18 Ni (250) maraging steel through laser-dressing and overstressing.
Fatigue data of the as-welded, laser-dressed, and prestressed condition
were collected to compare the effects of these improving methods.
Experimental fatigue strengths under a 2x106 cycle regime were compared with

those of predicted fatigue strengths using Eq. 4.



II. EXPERIMENTAL PROGRAM AND RESULTS

Different post-weld treatments were used for the fatigue resistance
impfovement of weldments during this study. Fig. 4 shows the block diagram
which ineludes, for a given weldment type, the heat treatment and the
different combinations of laser-treatment and overstressing subsequently
used.

The experimental program includes specifically:

- specimen preparation
- post-weld treatment
- fatigue tests

- microstructural observations.

2.1 Material

The 18 Ni (250) maraging steel was used in this study which had the
composition and the monotonic, cyclic, and fatigue properties (after aging)
given in Tables 1 and 2. The filler metal of similar composition was used

during welding.

2.2 Specimen Fabrication

The 18 Ni (250) maraging steel was derived as a plate with the
thickness of 4,15 mm which was saw-cut into smaller plates that included ten
test-pieces. Bead-on-plate weldments were fabricated by depositing a wcld
bead on both sides of the plate using a semi-automatic GMA welding apparatus
the processing parameters of which are given in Table 3. Test pieces were
saw-cut into strips which were subsequently subjected to different post-weld

treatments.
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Bead on Plate As-Welded (AW). The strips were machined to dimensions

shown in Fig. 5 and heat-treated,

Bead on Plate Ovewxstressed (AW-0S). The Strips were machined %o

dimensions shown in Fig. 5, heat-treated and overstressed.

Laser Dressed Aped (IDA). The strips were laser-dressed, machined to

dimensions shown in Fig. 5 and heat-treated.

Laser Dressed Aped-Overstressed (LDA-0S). The strips were laser-

dressed, machined to dimensions shown in Fig. 5, heat-treated and

overstressed.

Laser Dressed (LD). The strips were machined to dimensions shown in

Fig. 5, heat-treated and laser-dressed.

Laser Dressed Overstressed (LD-08). The strips were machined to

dimensions shown in Fig. 5, heat-treated, laser-dressed and overstressed.

2.3 Post-Weld Treatments

The heat treatment, laser-dressing and overstress were nsed as the

post-weld treatments.

2.3.1 Heat Treatment

Aging at 480°C for 5 hours is the standard heat treatment for the 18
Ni (250) maraging steel after welding. This process produces intermetallic

pPrecipitates which gives the steel mechanical properties listed in Table 2.

2.3.2 Laser-Dressing

An AVCO-Everett High Power (09 Laser with helium shielding gas was
used to perform the laser-dressing of the weldments. This laser produces a

beam of 10.2 pm continuous radiation at powers up to 10 kW. A fixed laser
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beam defocused with a f18 focusing mirror to an annular circle of 5 mm
diameter was used to obtain a proper irradiated area and to avoid any
possible damage caused by refocusing of the beam through back reflection.
The beam impingement angle was 10° from the plate normal. The plates were
moved horizontally beneath the beam at a constant speed. Helium shielding
gas was directed along the weld toe at 6.8 m3/h through an oblong (25.4 x 6
mm) nozzle positioned to give maximum coverage to the molten and cooling
regions during the treatment: see Wig. 6. The surfaces of the weld toecs were
coated with ultra-black paint to maximize the absorption of energy.

The process parameters (Table 4) and experimental geometries (Fig. 6
and 7) to obtain desirable toe configuration were established after series
of preliminary tests for the particular geometry and material used in this

investigation.

2.3.4 Overstresgs

A 20 kip MTS machine was used to overstress the weldments. The
tensile load up to the yield point (1,700 MPa) of the base metal was applied

in order to induce the compressive reeidual gtresses. The overstressing was

applied just before the fatigue test of each specimen: see Fig. 4 -- AW-0S

and 1D-05.

2.4 Fatigue Testing and Results

The fatigue tests were carried on in the conventional manner
utilizing the 20 kip MTS machine with self-aligning grips using a sine wave
form, load control, a zZero-to-max. stress cycle (R = 0) and frequency of 10
Hz. There were considerable bending stresses due to the fact that the

specimens were not perfectly straight.
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2.4.1 Bending Stresses

The bending stresses were estimated using two micro-measurements
strain gauges (6.4 mm, 120 ) which were attached to both sides of each
specimen using M-bond 200 adhesive (cyanoacryle). A proper distance
(one-third of the plate thickness) from the weld toe (or new toe) to the
strain gauges [36, 44] was maintained so as the monitored strains would be
independent of the weld toe stress concentration and would approximate the
nominal surface strain. The bending strains were measured under small axial
loads (0-to-4 kN) prior to cycling and calculated considering the magnitude
of strains measured on both sides of the specimen. The results of rhesge

calculations and fatigue test results are shown in Tables 5 through 9.

2.4.2 Results

The results of fatigue tests for the cases indicated in Fig. 4 (AW,
AW-0S, LDA, 1DA-0S, and LD) are shown in Figures 8 trough 13. Only few data
points were available for AW-0S and LDA-0S. The slopes of the S5-N curves
were calculated using Eq. 18,

The summary of the fatigue test results is shown in Fig. 13. Laser-
dressing and overstress played significant role in the fatigue resistance
improvement of weldments. The overstressing of laser-dressed weldments {LDA-
0S) increased the fatigue strength the most, followed closely by
overstressing of as-welded (AW-0S) specimens. Laser-dressing of the aged
weldments (LD) ig less effective than laser-dressing of the unaged (LDA)
specimens. The main reason for this was a presence of the undercuts in the
LD weldments produced during laser-drcasing while the laser beam was

entering and leaving the laser-treated zone. The machining would remove
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those undercuts. But due to the high hardness of the LD weldments {52 HRC)
after aging, the machining had to be done before aging and laser-dressing.
The LDA weldments did not have any undercuts because they were machined and

aged after laser-dressing (p. 2.2).

2.5 Microstructural Observations

Laser-treatment altered the geometry, microstructure, mechanical
properties and location of the fatigue crack initiation sites. Regions of
interest were examined with optical (OM), scanning electron (SEM), and
transmission electron (TEM) microscopes. Microhardness traverses were
performed using a Leitz microhardness tester.

The macrographs and micrographs of cross-section for as-welded (AW) and
laser-dressed specimens (LDA and LD) are shown in Figures 14 trough 16. The
composition of the filler metal was the same as the base metal.
Consequently, both the weld and base metal had the same basic
microstructure. Both consist of a low-carbon martensite matrix which hardens
through the precipitation of intermetallic compounds on aging [45]. The
laser-dressed HAZ includes several regions which differ one from another
depending on the amount of reverted austenite (white pools: see Fig. 14},
which is soft and stable. The reverted austenite does not harden when the
joint is aged. Consequently, the regions with reverted austenite remained
softer than the rest of the HAZ zone structure [45]. The amount of reverted
austenite depends on the welding or laser-dressing heat input. Since the
amount of reverted austenite increases with heat input, one would expect the
strength to decrease as the heat input increases. This trend is shown in a

plot of ultimate strength versus heat input (Fig. 17).
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The OM examinations of laser-dressed weldments (LD, 1DA) a surface
layer which looked different from the WM and HAZ, despite aging was
performed either before or after laser-dressing: see Figures 15 and 16. The
SEM examinations showed a great deal of reverted austenite in laser-treated
zones (Figures. 15b and 16c). To prove existence of reverted austenite in
the laser-treated zone, a TFEM study was undertalken.

Fig. 18 shows a series of TEM bright-field and dark-field micrographs
and a corresponding selected area electron diffraction pattern for a laser-
treated and aged (LDA) zone. In this region, the reverted austenite is
present in a predominantly low-carbon body-centered cubic "lath" martensite
matrix as seen in the bright-field image shown by Fig. 18a. This particular
micrograph’ does not clearly show the existence of austenite. The dark-field
images (Figs. 18 b and c¢) show a great deal of reverted austenite visible asg
small white needles, possible due to local enrichment in nickel which favors
austenite formation [46). The small needles (approx. 85 nm long by 5 nm
diameter) interspersed within the marxtensite matrix end in some cases much
larger austenite patches are present at prior austenite grain boundaries;
see region "A", Fig. 18c. Electron diffraction indicates the existence of
Ni3Ti and NizMo precipitates within the martensite [47], [48].
Identification of the various phases was done with selected area electron
diffraction: see Figs. 18d and e.

Fig. 19a shows a bright-field image corresponding to the aged laser-
treated (LD) zone. Reverted austenite is again visible as small needles
interspersed within the martensite matrix. Identification of the phases was
done with selected electron diffraction: see Figs. 19 b and c. No

precipitates have been identified, presumably due Lu the effect of heat
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input while laser dressing, which may be regarded as solutionizing heat
treatment after which low-carbon mértensite is formed upon cooling [46].

Figures 20a and 2la show bright-field images of wald meral and basas
metal, respectively. The microstructure is similar to those described above;
however, no reverted austenite has been found in the base metal. NisTi and
NijzMo precipitates are visible in both the weld and the base metal regions.
Identification of the phases was done with selected electron diffraction:
see Figures 20 b, ¢, and 21 h, o.

Knoop hardness traverses for as-welded (AW) and laser-dressed (1D and
LDA) specimens are plotted in Figures 22 - 24. Following ref. [45] the HAZ
has been divided into three separate zones; nearest to the weld is a zone
(A) that was heated into the fully austenitic region by the heat of welding
and transformed to martensite on cooling, next to this is zone (B) that was
heated into the two-phase austenite + ferrite field, and a zone (C) that
experienced temperatures from approximately 500 °C to just above ambient.
The new HAZ and molten metal zone (MM) have been created as a result of
laser-dressing process (Figures 23 and 24).

The hardness in as-welded (AW) specimen does not vary significantly in
the zones studied; however, a slight decrease in hardness was noticed in
zone (C) as a result of reverted austenite that occurs due to welding
process [45]. There were some soft regions in the base metal which might be
attributed to improper hot rolling while manufacturing. Laser-dressing
process eignificantly changes the distribution of Knoop hardness. The MM
zone is much softer due to existence of reverted austenite and lack of
precipitates (Figures 23 and 24). The hardness declines when laser-dressing
is being performed after aging (LD) in both MM and the mew HAZ (Fig. 24).

This is the effect of heat input during laser-treatment. Besides, zonme (C)
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is much softer for that case (annealing effect) than it is for the case when
laser-dressing was performed before aging: compare Figures 23 with 24.
Generally, a significantly soft surtace layer is created by laser-
dressing of welded 18 Ni maraging steel despite the post-weld aging was
performed either before or after laser-treatment. The presence of stable
reverted austenite that blocks precipitation of NigTi and NiaTi in this
layer is the main reason for softening of the laser-treated zone. Besides,
heat input due to welding and laser-dressing process causes solutionizing
heat treatment after which low-carbon martensite is formed upon cooling

without any precipitates within it.

2.6 Fatigue Crack Initiation Sites

The as-welded toe profiles in Fig. 25a and clearly show the variation
of toe radius along its length. The variability of the toe radius apparent
in this figure supports the basic idea of the K,y concept that all radii
are present in a given region. Dressing treatments significantly altcred the
curvature of the original toe and produced a new toe at the intersection
between the dressing bead and the plate surface with associated new HAZ:
see Figures 23a, 24a, 25b and 25c. Properly executed laser-dressing with
high degree of control over the location and motion of the molten pool,
could produce a very straight new fusion line with very smooth, nearly
imperceptible undercut along the length of the mew toe [4]. In fact, this
new toe was generally undercut to some degree. This fact plays an important
role in the fatigue fracture of the dressed welds (Figures 25 b and c).

Each of the as-welded specimens failed at the weld toe. Fatigue cracks
started from the surface (Fig. 26a), usually at the place where the smallest

radius occurred (r = 0.1 mm).
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Most laser-dressed failures initiated at the new weld toe, despite the
fact that aging was performed either after or before laser-treatment.
Figures 26b and 27 show franture surfaces with indicatiens of the crack
initiatlon sites which were located at the surface near the new weld toe (MM
zone: see Figures 23a and 24a). This area was relatively softer due to
reverted austenite formed after 1a§er-treatment. In some cases specimens

failed either at the HAZ or even in the base metal.
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ITI. FATIGUE STRENGTH PREDICTIONS

The post-weld treatments used in this study significantly altered one
or more of the major factors which influence the total fatigue life:
geometry, residual stresses, and material properties. The I-P model
developed by Lawrence et al. was used to predict the fatigue strength of the

as-welded (AW) and laser-dressed (LDA and 1D) weldments.

3.1 Application of the I-P Model to Laser-Dressed Weldments

Early experiments showed that dressing process altered geometry of the
weld toe and produced a new toe at which there was a slight undercut,
Moreover, the hardness of laser-dressed zone was lower than that of the weld

metal and HAZ.

3.1.1 Stress Concentration Factor (Ki)

To determine (K¢) of a new toe, a model was developed which
considered the geometry of the new toe with undercut to be a big notch (weld
toe) with a emall surface noteh (undercut): see Fig. 28. The stress

concentration factor (K%) for a weld toe was calculated by Mattos and

Lawrence [49] using FEM:

g 1/2
RE =14 a[t/rg] / (6)

where (t) is the plate thickness and (rg) is the radius of big geometry. The

stress concentration factor for a general surface notch is:

K 14 Z[d/rn]l/z 7
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where (d) is notch depth (undercut depth) and v, is noteh root radius. If a
weld toe has a surface notch, the stress concentration factor (Ki) at the

surface notch root can be estimated by superposing the two value of {Re):

see Fig. 28b:

5  LE n
Kt = Kt X Kt (8)
Substituting Eqs. 6 and 7 into Egq. 8:
K - [1 + a(t/rg)lfz] [1 + 2(d/rn)1/2] 9)
Here, (t) and (a) are known and (rg) can be measured,

Therefore, (Ki) can be expressed:

Ki - C[l + 2(d/rn)1/2] = C + ZC[d/rnJI/z (10)

where C(21) is a constant representing the calculations of the first term

with known values in Eq. 10. Thus, the fatigue natch factor (Kz) can be

expressed:
s 1/2
¥ : 2
Ko —x -t “C[‘Vrn] (11)
il 1+ E/rn 1+ g/rn
] cos
For (Kfmax) condition:
s
e _ (12)
dr
n
s
As a result, (Kfmax) occurs when r? = T
{ a(c - 1) + [(c - 1)%a% 4 4§02d]l/2 2
T, = (13)
M 20d1/2

Since notch depth (d) can be measured, (ry) can be evaluated numerically.

Therefore, (K;max) can be estimated by substituting the value of (ry) into
Eq.11.
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The depth of the undercut at possible crack initiation sites was
measured using a profilometer for laser-dressed weldments. The profiles and
depths are shown in Fig. 29. The root radius of undercut showed sufficient
variation to support the use of the (Kgpay) condition in each case. For the
case of a surface notch on a flat surface, (C) is unity. Then, from Eq. 13,

(Kfmax) occurs when ry = a, which is the same result as Lawrence et al. [35]

found in a simple, as-welded geometry.

3.1.2 Residual Stresses (gy)

The maximum compressive residual stresses of high strength steels can

be obtained as a function of either tensile strength or hardness [4]:
oy = -(0.21 8§, + 550) = -(0.9 BHN + 550) (14}

However, as a rule of thumb, (o) for laser-dressed 18 Ni (250) maraging
steel can be assumed Lo be negative value of 50 - 60% of the tensile

strength before laser-treatment:
op = -(0.5 - 0.6) 5, (15)

This assumption was confirmed by estimation of the residual stresses of
laser-dressed 18 Ni (250) maraging steel bead-on-plate weldments. The
longitudinal (axial) residual stresses were measured at both the toes and at
the top of the welds using an X-ray residual stress apparatus. The
irradiated spot was 2.5 mm diameter with an X-ray surface penetration:
penetration depth was less than 5 pum. The results are given in Table 10.
This assumption, however, does mot apply to the as-welded specimens;
residual stresses in the weld metai were about 20% smaller than those

predicted. According to ref. [45], residual compressive stresses are set up
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while welding 18 Ni (250) maraging steel. It is due to the austenite to
martensite transformation at comparatively low temperatures, that causes
increase in volume and sets up opposing compressive stresses that are large
enough to neutralize and overceme the tenslle stresses, that were before
transformation due to the heat input while welding. Therefore the measured
values given in Table 10, should be considered to be the results of heat

input and austenite to martensite transformation while welding and post-weld

treatment; laser-dressing.

3.1.3 Determination of Fatipue Properties

Hardness traverses of the laser-dressed zone showed that its
hardness varied significantly and was about 25% lower than that of the hasa
metal (Figures 23 and 24). Since the crack initiation takes place very near
the surface, the material at the depth (ay) will respond to the loeal
stresses and determine the crack initiation life of the structure.
Therefore, the material properties determined from hardness measured at the
depth of crack initiation (ay) were used in the prediction of the fatigue
strength.

The ultimate strength was estimated from hardness measurements:

LDZ BM DPHLDZ

s = s ' (16)
u u DPHBM

where (SEDZ) is the ultimate strength of laser-dressed zone, (SiM) is the

ultimate strength of the base metal, (DPH } is the hardness of laser-

LDZ

dressed zone, and (DPHBM) is the hardness of the base metal.

The fatigue strength coefficient (aé ) and fatigue strength exponent

(b) were calculated using equations [50]:
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of = 3.3 DPH ,, + 370 (173

1 191
b ~—— log[Z[l + JLbZ ]] (18)
u

Young's modulus (E) was assumed to he unaffected by the

post-weld treatments.

3.3 Comparison of Predictions with Experiments

Experimental reéults for as-welded (AW) and laser-dressed (LDA)
specimens were compared with those of predicted using Eq. 4. There is a
good agreement within the high cycle fatigue between experimental results
and predictions for laser-dressed (LDA) weldments. The only difference ig in
the slope which is: b = -0.0282 for the experimental results, and b = -
0.0597 for the prediction. This means that the notch radius of the laser-
dressed area significantly affected the initiation portion of the fatigue
life within the tested weldments.

Predictions for the as-welded (AW) case underestimated the fatigue
strength having almost the same slope (b) as it was for experimental
results. This difference came out probably from the fact that I-P model used
for these predietions was developed for weldments made out of thicker
plates. In this case the thickness of the welded strips was 4.15 mm. That

fact was presumably the main reason for the difference shown in Fig. 30,
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IV. CONCLUSIONS

Laser-drescsing was found to be an effective method of improving the
weld fatigue strength of 18 Ni (250) maraging steel. More advantageous
geometry and compressive residual stresses were the factors that mainly
affected the fatigue strength.

Reverted austenite was produced by the laser-dressing treatment and was
found to be metastable and relatively softer than Lhe HAZ.

It appears that the I-P model as presented herein can predict the weld

fatigue strength for the laser treatment studied in this investigation.
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Table 1
Chemical composition of Ni 18 (250) maraging steel. @b

C% Mn% P% S% Si% Ni% Cr% Mo% Cu% Ti% Co% Al%

0.02 0.0t 0.008 0.007 0.08 1829 0.03 540 0.04 034 731 0.01

2 Chemical composition analysis was done by CHICAGO SPECTRO SERVICE LABORATORY, Inc.
b, Iron -- balance.
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Table 2

Mechanical properties of 18 Ni (250) maraging steel.

Monotonic Properties
Elastic Modulus, GPa (ksi)

Hardness, HRC
Yield Strength (0.2%), MPa (ksi)
Ultimate Tensile Strength, MPa (ksi)
Reduction in Area
True Fracture Strength, MPA (ksi)
True Fracture Ductility
Strength Coefficient, MPa (ksi)
Strain Hardening Exponent

ic Properties

Fatigue Ductility Coefficient

Fatigue Ductility Exponent

Fatigue Strength Coefficient, MPa (ksi)
Fatigue Strength Exponent

Cyclic Strength Coefficient, MPa (ksi)
Cyclic Strain Hardening Exponent
Cyclic Yield Strength, MPa (ksi)
Transition Fatigue Life, Reversals

Propagation Properties
Fracture Toughness, MPaJm (R =0)

186 (26,867)
30-52

1,700 (247)
1,800 (260)
35

2,146 (310)
0.80

2,160 (312)
0.03

0.80

-0.61

2,232 (322)
-0.063
2,282 (329)
0.10

1,245 (181)
330

85
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Table 3
GTA welding parameters.

Plate Thickness, mm
Electrode Diameter, mm
Current, A

Voltage, V

Travel Speed, mmy/s
Heat Input, kJ/mm
Shielding Gas

Gas Flow Rate, m3/h

Gas Cup Size, mm

4.15
2.3
150

24

1.7

2.1
Argon

0.51
12.7
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Table 4

Laser-dressing parameters.

Beam Impingement

Shielding Gas

Shielding Gas Pressure, MPa
Shielding Gas Flow Rate, m3/h
Shielding Gas Impingement Angle
Beam Power, kW

Heat Input, kJ/mm

Focussing Mirror

Distance to Focus from Surface, mm
Travel Speed, mm/s

Surface Coating

80°
Helium
0414
6.8
80

0.59
f18
50
6.8
Ulwra-black Paint
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Table 5
Fatigue test results for as-welded (AW) specimens (R = 0).

Maximum Stress  Bending Stress Fatigue Life Failure Site Comments
(MPa) (MPa) (Cycles)
350 31 51,100 weld toe
350 35 33,400 weld toe
350 25 48,700 weld toe
400 - 80,200 weld toe
450 - 60,400 weld toe

500 - 30,300 weld toe
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Table 6
Fatigue test results for as-welded and overstressed (AW-OS) specimens (R = 0).

Maximum Stress  Bending Stress Fatigue Life Failure Site Comments
(MPa) (MPa) (Cycles)
350 11 4,000,000 - no failure
450 10 2,000,000 - no failure
643 15 814,000 weld toe
643 7 65,100 weld toe

643 29 89,000 weld toe
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Tablc 7
Fatigue test results for laser-dressed and aged (LDA) specimens R=0).

Maximum Stress  Bending Stress Fatigue Life Failure Site Comments
(MPa) (MPa) (Cycles)

350 29 4,000,000 - no failure
350 38 176,000 weld toe
350 6 5,000,000 - no failure
450 6 254,300 weld toe
450 13 2,000,000 - no failure
450 10 144,000 weld toe
450 6 2,000,000 - no failure
450 34 93,300 weld toe
450 6 179,800 weld toc
450 20 2,000,000 - no failure
500 35 178,500 weld toe
500 66 55,300 weld toc
500 5 2,000,000 - no failure
500 75 85,200 weld toe
500 6 2,000,000 - no failure
550 12 96,600 base metal
550 29 72,600 base metal
550 8 519,100 base metal
600 5 1,103,000 weld toe
600 20 86,800 weld toe
643 30 44,300 weld toe

643 15 61,000 weld toe
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Table 8
Fatigue test results for laser-dressed aged and overstressed (LDA-OS) specimens (R = 0).

Maximum Stress  Bending Stress Fatigue Life Failure Site Comments
(MPa) (MPa) (Cycles)
643 3 2,000,000 - no failure
750 7 133,200 weld toe

643 38 433,100 weld toe
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Tablc 9
Fatigue test results for laser-dressed (LD) specimens (R =0).

Maximum Stress  Bending Stress Fatigue Life Failure Site Comments
(MPa) (MPa) (Cycles)
350 - 2,000,000 - no failure
350 - 49,800 weld toe
350 - 78,900 weld toc
350 - 197,400 weld toe
350 - 149,100 weld toe
350 - 281,300 weld toe

350 - 385,200 weld toe
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Table 10
Results of residual stress measurements.

Description Location Predicted Value Measured Value
using Eq. 15 (MPa) (MPa)
As-welded (AW)  Weld Metal (Center) -(900 + 1,080) -756
Toe -(900 + 1,080) -333
Laser-dressed (LDA) Weld Metal (Center) -(900 + 1,080) -787
Toe -(900 + 1,080) - 1122
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WELDMENT IMPROVEMENT METHODS

Methods of Redusing
Stress Concentration

Grinding

GTA Dressing

Plasma ARC

Dressing

Methods of Modifying
Residual Stresses

Modification of
Material Properties

Stress Relief

Peening

Tensile
Prestressing

Laser Dressing

Local Heating

Shock Loading

Ion Implantation

Fig. 1 Weldment improvement methods,
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Fig. 2 Geometry of butt weld.
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Fig. 3 Comparison of weldment fatigue strength predicted using Eg. 4 with experimental

data principally from the UTUC Weldment Fatigue Data Bank [42].
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Fig. 6 Laser dressing set-up used in this study.
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Fig. 7 Position of laser beam and resultant profiles after Kado et al. [43].
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Fig. 14 Macrograph and micrograph of cross-section for as-welded (AW) 18 Ni (250)
maraging steel. Aging was performed after welding: a) One-pass weld metal, b), c), d), e),
f), g) Heat affected zone, h) Base metal.
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Fig. 15 Macrograph and micrographs of cross-section for welded and laser-dressed (LDA)
18 Ni (250) maraging steel. Aging was performed after laser-dressing: a) One-pass weld
metal, b) Laser- treated area, ¢) New heat affected zone, d), e), f), g) Heat affected zone, h)
Base metal.
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Fig. 16 Macrograph and micrographs of cross-section for welded and laser-dressed (LD}
18 Ni (250) maraging steel. Aging was performed before laser-dressing: a) One-pass weld
metal, b) Two-pass weld metal. ¢) Laser-treated area, d) New heat affected zone, e), f), g)
Heat affected zone, h) Base metal.
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C 071 _gq002A o—Austenite [114 fcc
Z TR e—Martensite [T bee

Fig. 19 Transmission electron micrographs of welded and laser dressed (I.ID) 18 Ni (250)
maraging steel. Aging was performed before laser-trearment:: a) Bright-field image
showing a low-carbon bce "lath" martensite matrix and reverted aunstenite (indice A), b)
Diffraction pattern, c) Sketch showing principal indexing.
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o Austenite [55@ fce
e—HMartensite 1230 bec

x—Precipitates

Fig. 20 Transmission electron micrographs of as-welded (AS) 18 Ni (250) maraging steel.
Aging was performed after welding: a) Bright-field image showing a low-carbon bee "lath”
martensite matrix and reverted austenite (indice A), b) Diffraction pattern, ¢) Sketch
showing principal indexing.
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o —Martensite [220] pcc
x-Precipitates

Fig. 21 Transmission electron micrographs of base metal of 18 Ni (250) maraging steel: a)
Bright-field image showing a low-carbon bee "lath" martensite matrix and precipitates
(spots P), b) diffraction pauermn, ¢) Sketch showing principal indexing.
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Fig. 22 Knoop hardness traverse for as-welded (AW) 18 Ni (250) maraging steel, Aging

was performed after welding: a) At a depth of 0.3 mm below the surface along the
weldinent, b) Inward from the toe.



Pr—

61

700 1 a
> o
o 0
o, a
6500 + °e ® oo o b c 0@
g ooa g o, o0 % o, ° . ooo o OOO o 06)0% e ¢,
.) ° o o ) %0 Yo oo ° %0
-~ o ) a °©
i o0 ) o
03‘500; e o o ° o0 o °©
o o 00 o] Q o
°
g 400 o " e
U -
— o Q
g o
. 3007
Q o
S
p
} f t t t t t o E——

2 4 6 8 10 2 g 6 18 20
Ocstance [mm]

o
Laser-dressing S

A B c Base Matal

Laser—-arassing

ss, L0@Q 2f
S
(=3
Q
1~
8]
]
<
Q
[s]

€
Nt
2
o

o
S
S

G

Q

P
%
o

knaop Hararé

200+ °

04 08 12 s 20
LDistance [mmy

Fig. 23 Knoop hardness traverse of welded and laser dressed (LDA) 18 Ni (250)

maraging steel. Aging was performed after laser-treatment:: a) At a depth of 0.3 mm below
the surface along the weldment, b) inward from the toe.
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Fig. 24 Knoop hardness traverse of welded and laser-dressed (LD) 18 Ni (250) maraging

steel. Aging was performed before laser-treamment:: a) At a depth of 1.2 mm below the
surface along the weldment, b) Inward [rom the toe.
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Fig. 25 Various toe configurations of welded 18 Ni (250) maraging steel: a: AW, b) LD,
¢) LDA.
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Crack Initia tion Site

Fig. 26 Fracture surface of welded 18 Ni (250) maraging steel after fatigue test: a) As-
welded (AW) -- fatigue crack initiation site was at the weld toe, b) Laser-dressed (LD)
fatigue crack initiation site was at the new weld toe.
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Crack nt't'aim [8

Crack Initiation Scto

Fig. 27 Fracture surface of welded and laser-dressed (LDA) 18 Ni (250) maraging steel

after fatigue test: a) fatigue crack initiation site was at the new weld toe, b) Fracture surface
of a) with higher magnification.
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Fig. 29 Roughness profile and depth of undercut at fatigue failure sites for laser-dressed
specimen,
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