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restoration of turbine and compressor

shafts, which has resulted in increased
customer demand for laser cladding
options, and an increased number of laser
welding suppliers who are offering a variety
of solutions. Therefore, it is important to
understand the basic capabilities, limitations,
and potential pitfalls of the laser cladding
process, and how the process should be
qualified to ensure that laser weld repairs
meet requirements for the given application.

As with any welding process, the desired
outcome is a metallurgically sound deposit
that meets or exceeds the minimum
application design criteria. Filler material alloy
selection, form, and delivery methods can
have a significant impact on the quality and
suitability of the weld deposit.

One of the most critical components
of turbomachinery equipment is the rotor.
These precision assemblies rotate at
extremely high speeds and must withstand
significant stresses for extensive service
times. To achieve this level of reliability,
manufacturers must ensure that the
components are suitable for the application.
Tight controls on composition, mechanical
properties, and processing ensure that the
parts are acceptable. These inspections,
verifications, and safeguards maximize the
usable service life while minimizing the risk
of catastrophic failure.

However, wear and tear from normal
operation will eventually cause sufficient
damage that requires repair or replacement.
Accumulated damage is generally superficial,
and repair offers a cost and time advantage,
as compared to replacing the entire rotor,
while adding minimal risk related to the
repair process. Typical repair processes

l aser cladding is gaining acceptance for
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include spray coating, plating, arc welding,
plasma welding, and laser welding. Each

of these processes has advantages and
disadvantages, depending on a variety of
factors, including the location and extent

of damage, operating conditions, service
environment, the substrate and desired repair
material, and customer acceptance. This
article focuses specifically on laser welding
repairs and how the laser welding process
can be beneficial for compressor and turbine
shaft repairs, including considerations to

be addressed. The discussion includes the
most commonly repaired shaft areas, the
risks associated with laser welding in these
locations, and the types of tests that should
be required to qualify the procedure.

Laser beam welding

Before the advent of laser beam welding
(LBW), the most common process for shaft
repair was submerged arc welding (SAW),
mainly because the process is robust and
offers a high deposition rate. However, this
process involves high heat input, which

can cause distortion of the shaft and high
residual stress. Because of distortion,

SAW repairs tend to require removal of all
protruding features from the repair area,
rebuilding of those features, and extensive
overlaying to ensure sufficient machining
stock to restore dimensions. Also, because of
the high residual stress from welding, repairs
always require a post weld heat treatment
(PWHT) before final machining, which
relieves residual stresses that minimize shaft
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FIGURE ﬂ Laser welding setup.

movement (distortion) during the machining
operation.

Access to a focused laser allows for
welding (including cladding), cutting, and
heat treatment. Although LBW has existed
since the 1970s, improvements in technology
and affordability have expanded its range
of industrial applications which now include
turbomachinery rotor restoration. The main
advantage of LBW is that it is a high energy
density process, and is therefore capable
of welding with very low heat input, which
minimizes base metal degradation, the size
of the heat affected zone (HAZ), residual
stress, and distortion, while also enabling
very fast welding speeds. Meanwhile, the
smaller HAZ is also beneficial in that less
of the shaft volume has the potential for
detrimental properties caused by the heat
from the fusion process. This is particularly
important in the case of heat treatable
alloys such as quenched and tempered
steels, which are commonly used for
turbomachinery rotors. An example laser
welding setup is shown in Figure 1.

In addition to low heat input, the LBW
process produces high quality fusion
welds with a metallurgical bond (no
delamination, which can occur in coatings
based on adhesion), is easily automated for
consistency and repeatability, and has high
geometric precision. For example, the spot
size of the laser used for this study can range
from 0.2 mm in diameter for small welds, to
2.0 mm in diameter for higher deposition rate
overlays. To capitalize on the advantages of

the LBW process, the process capabilities
must be matched with the application, and
additional considerations, outlined below,
must be explored before implementing LBW
for rotor restoration.

Filler metal delivery

There are two distinct laser welding
processes. One uses powder-based filler
metal (LBW-P), and one that uses wire-based
filler metal (LBW-W). In LBW-P, powder is
delivered from a powder feeder through
tubing and one or more nozzles by a jet of
inert gas, which delivers the powder into

the weld pool. In LBW-W, the filler metal is
delivered by feeding the wire into the weld
pool, either by hand or by a mechanized

wire feeder. These two methods have
metallurgical as well as logistical differences
that must be considered when determining
the most appropriate process for a given
repair. This is especially true considering that
these differences are not yet accounted for in
ASME BPVC.

Variables for welding procedure
specifications (WPS) for laser beam welding
are covered by ASME BPVC Section IX
Table QW-264 and QW-264.1. Among the
essential variables are specifics related to
the powder filler metals, including powder
metal size, density, and feed rate. However,
there is no mention of filler wire parameters.
This indicates that the current code only
considers powder-based laser welding
applications. It follows that procedure
qualification would then also only be relevant
for powder based laser welding. This is one
reason why additional procedure qualification
requirements may be necessary for laser
beam welding.

The laser source

A variety of laser sources can be used for
laser welding. This article focuses on two of
the most common laser sources for welding
on Nd:YAG lasers and fiber lasers. Nd:YAG
lasers consist of a neodymium doped yttrium
aluminum garnet crystal that is excited by a
xenon flashlamp to produce the laser beam,
while fiber lasers consist of an array of diodes
that excite an optical fiber doped with rare
earth elements to produce the laser beam.
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While either of these laser sources can be
used for rotor restoration, each of them offers
tradeoffs, including beam quality, beam
size, beam frequency, lifespan, cost, and
efficiency.

Choosing the best laser depends on the
application. When ASME BPVC compliance
is a concern, however, the fiber laser is the
better choice. The reason for this is the
difference in the way that the laser beam is
generated, and its stability over time. Within
the Nd:YAG laser, the xenon flashlamp bulb
degrades over time and becomes dimmer
as it ages. The dimmer bulb results in lesser
excitation of the Nd:YAG crystal, which
decreases the intensity of the laser beam
produced. The effect is that the power
output for a given laser setting decreases
throughout the lifetime of the flashlamp,
though the rate of degradation will likely be
unknown. This is problematic for compliance,
since according to ASME BPVC Section
IX Table QW-264, laser power is a critical
variable that may not be changed for a given
weld procedure. Maintaining this requirement
would be nearly impossible for an Nd:YAG
laser, although this fact is not mentioned in
the code. In contrast to Nd:YAG sources, fiber
laser sources do not have this problem, since
excitation is performed by diodes. Therefore,
fiber lasers are vastly superior, and arguably
necessary, in situations that require code
compliance.

Continuous or pulsed laser

Some laser systems now have the ability

to operate in both a pulsed mode and a
continuous operating mode. The advantage
of using a pulsed laser is that the heat input
can be reduced to minimize the size of the
HAZ, the amount of residual stress, and the
amount of distortion. Aside from the general

"Access to a focused

laser allows for

welding, cutting

and heat treatment.”
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advantages, pulsing is also useful in specific
instances, such as welding on a finish-
machined part, where a PWHT is not possible.
This is because pulsed power has a lower
heat input than continuous power. Pulsed
laser operation, however, is mostly limited

to LBW-W, as LBW-P systems operate most
effectively using continuous power. This

is because in powder-based applications,
the powder is delivered continuously,

which would result in a large amount of
wasted powder or lack of fusion caused by
insufficient heat between pulses. For wire-
based systems, the wire feeder is precisely
controlled by the equipment to maintain
stable welding conditions. It is worth noting
that weld mode as a standalone variable can
also have an effect on the deposition rates
of the welding process, but this is largely
dependent on the type of system, as well as
the conditions of the repair. Overall, the weld
mode should be chosen based on the type
of filler metal delivery, but also based on the
type of repair and desired weld properties.

Joint design

To minimize the potential for defects,

the joint design must be suitable for the
type of welding system used. Wire-based
welding systems are typically more
tolerant of sharp corners and deep grooves
than powder systems. This is due to the
fact that wire systems do not require a

gas transport system to deliver the filler
material to the weld zone. In powder-based
welding systems, turbulence in the carrier
gas used to deliver powder to the melt pool

FIGURE &T Typical defects that occur in laser
welding. These defects were found in a weld
made using powder based filler metal delivery.
Porosity can be seen speckling each image.

caused by the substrate geometry, such
as a v-groove, can lead to poor powder
delivery rates and poor shielding. Poor
powder delivery rates result in low welding
efficiency and excess heat reaching

the substrate, while poor shielding can
result in porosity and the formation of
oxide inclusions. Additionally, for LBW-P,
excess unfused powder can accumulate
in the joint as well. Welding over this
loose powder can cause significant
defects, including lack of fusion, porosity,
or cracking. As a result, powder based
filler metal delivery in a groove requires a
wider groove angle, which creates more
access to the weld joint, but also increases
the volume of the groove. Therefore, the
volume of the v-groove necessary for
extracting test specimens when using
LBW-P is very large compared with the
typical size of a laser weld bead, making
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the manufacture of test specimens for
procedure qualification impractical.

In the case of wire-based filler metal
delivery, the angled wall of the groove creates
geometric challenges for shielding gas and
wire delivery, which increases the likelihood
of porosity and increases the susceptibility
for lack of fusion defects. However, groove
welding is possible with LBW. Additionally, for
maost shaft repairs where LBW is applicable,
the repairs tend to be weld overlays, which
do not require groove welding. Figure 2
shows common shaft repair types including
overlays, buildups, and stub repair. Although
stub repair would require groove welding,
it would not generally be performed using
LBW, since other processes have a higher
deposition rate. Regarding filler material type,
LBW-P and LBW-W will be acceptable for
general shaft repairs, though caution should
be taken when welds will be close to steps
or features that could cause turbulence with
a powder process. However, weld procedure
gualification requirements may be impossible
or impractical for LBW-P, and LBW-P may also
struggle where porosity is unacceptable.

Filler metal cost

and availability

The ability to choose a filler metal is
dependent on the availability of the material
in question. Generally, both wire and powder
versions are available for a variety of
materials. However, wire-based materials
tend to be limited to commonly welded alloys,
while powder materials tend to be geared
toward higher alloy steels and specialty
alloys. This is because one of the key drivers
for powder production is powder-based
additive manufacturing, which has the
highest cost-benefit ratio for the more exotic

materials. Because of this, it is difficult to find
carbon and low-alloy steel in powder form,
since these materials are cheap enough that
the use of powder form is not cost effective
for most industrial applications. Since carbon
and low alloy steels are used heavily in the
turbomachinery industry, wire-based laser
welding systems tend to be a better option
due to better availability of these materials.
Additionally, filler metal in wire form is also
generally less expensive than powder form.

Defects
From an applications standpoint, one major
difference between powder-based and wire-
based laser welding is the type of defects
and the likelihood of forming defects during
welding. LBW-W is capable of producing
fully dense, defect-free welds, while LBW-P
usually has a small amount of porosity at a
minimum. Regardless, suboptimal welding
parameters, joint geometry, or conditions can
generate defects for either process. Typical
defects that occur in laser welding include
the following, with examples shown in Figure
3, which shows defects in an LBW-P overlay.
= Porosity
m Lack of fusion
m Unfused particles
m Cracking

Porosity is characterized by voids that
occur within the weld deposit, created
by escaping gases that become trapped
during solidification. For LBW, there are
several methods by which gasses can be
introduced into the weld pool, but the main
theories include trapping shielding gas or
metal vapors, cavitation caused by unstable
keyhole welding, and gasses that were
entrapped in the powder particles during the
atomization process and released during

welding. In addition, porosity can occur from
poor shielding gas coverage during welding,
which is usually caused by an improperly
aligned gas lens or turbulence near the
weld pool. This may occur because of the
turbulence created by rapid oxidation of

the solidifying weld pool, or from gasses
created from burning the oxygen found in air.
Lastly, lack of base metal and filler material
cleanliness can also contribute to porosity.
Welding over organic matter (oil, grease,
dirt, oxides, etc.) causes outgassing during
welding that becomes trapped in the weld
pool as it solidifies.

Lack of fusion is characterized by
locations where the filler metal did not fuse
with the base metal. This occurs when the
heat source generates insufficient heat
to coalesce the filler and base metals. The
typical causes for this include poor welding
angle, excessive filler material feed rate, and/
or inadequate laser power. Similar to lack of
fusion, unfused particles are characterized
by remnants of unmelted powder being
present in the weld. This type of defect
is exclusive to LBW-P because it involves
powder while LBW-W does not. The cause of
unfused particles is similar to lack of fusion,
where there is insufficient heat to fully melt
and fuse the filler material with the base
material. This generally occurs because
the laser did not have the time, power, and/
or correct positioning to melt all of the filler
metal in the weld area.

Cracking is characterized by weld metal
fracture because of stress. Cracking can be
caused by a multitude of factors, though
common examples include highly restrained
joint design, rapid cooling rates, filler metal
susceptibility, contamination, weld bead
profile, and/or incorrect welding parameters.

Laser beam welding for rotor
restoration

Powder vs wire filler metal delivery

For shaft repairs, LBW-W is generally more
applicable than LBW-P. The first reason for
this is that LBW-W has a lower probability

of forming defects, namely porosity, which
may result in rejectable surface indications
after final machining. Second, the ability to
use a pulsed laser source in LBW-W reduces
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heat input, which helps minimize distortion,
residual stress, and the size of the HAZ [8].
Third, wire filler metal is cheaper and more
readily available than powder in general, and
it may be the only option available for the
carbon and low alloy steels commonly used
as turbomachinery shaft materials.

The post weld heat treatment
For rotor repair using conventional arc
welding, a PWHT is generally required.
First, residual stress from arc welding is
large enough to cause shaft movement
after final machining, particularly during
the heat stability test that is required for
turbine rotors. The PWHT relieves residual
stress to minimize shaft movement during
machining. Also, because rotors are typically
guenched and tempered martensitic steels,
welding creates hard and brittle untempered
martensite in the weld deposit and HAZ.
Untempered martensite reduces impact
toughness, potentially below the base
material requirements, especially for low-
temperature service. The PWHT tempers the
fresh martensite that formed during welding,
which restores the impact toughness of the
shaft. Unfortunately, the PWHT can also over-
temper the base material, which may result in
a loss of strength in some cases.

Post weld heat treatment is also a costly
and time-consuming operation. Figure 4

\
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shows the setup for a PWHT applied to a
rotor. For this process, the shaft must be
suspended vertically to minimize distortion.
In other words, if the rotor were heat treated
horizontally, the rotor would bow and sag
between supports that would become
permanent after the heat treatment. After
suspending the shaft vertically, heating
blankets and thermocouples are added
which must provide intense, yet precise heat
(generally over 1000 °F), and this heat must
be evenly distributed. If heat is added non-
uniformly, then stress will be relieved non-
uniformly, which could result in detrimental
distortion. Heating/cooling rates and hold
times must be controlled and monitored
carefully. Overall, the process is relatively
complex, time-consuming, and costly.

Often, laser weld applicators make the
assertion that a PWHT is not required with
their process because the weld deposit and
HAZ created by laser welding are small enough
that their presence has a negligible effect on
the overall shaft properties. However, little
academic research has been performed on
mechanical properties of laser weld repairs in
turbomachinery applications. While the weld
deposit and HAZ may be small, it is dangerous
to assume that they will not affect the shaft's
fitness for service, particularly when the
shaft material is quenched and tempered
steel, which is the most commonly used
shaft material. In order to avoid the PWHT,
precautions must be made to ensure that
the repair will meet the required properties
without the PWHT. These precautions include
the testing recommended later in this article,
as well as considering compatibility with the
erosion and corrosion requirements of the
operating environment.

Liquid penetrant testing

3 hardness readings
per specimen

Macro test

Liquid penetrant testing

Four transverse side
bend tests

2 tensile tests

4 transverse side bends

Procedure qualification test requirements for overlays and groove welding per ASME BPVC Section IX.

As mentioned above, current ASME BPVC
does not distinguish between LBW-P and
LBW-W, nor does it account for the inevitable
change over time in output power for Nd:YAG
lasers. This will need to be remedied in the
future to account for the differences in the
typical applications for and qualification

of these processes. Regarding procedure
qualification, groove welds would be qualified
to ASME BPVC Section IX Table QW-451.1.
However, for rotor restoration, LBW repairs
are typically performed on superficial
damage, and would therefore be considered
weld overlays. The procedure qualification
requirements for overlays from ASME BPVC
Section IX Table QW-453 can be found in
Table 1 below along with the requirements for
groove welds.

Although hardness readings are
required for hard facing overlays,

ASME does not list acceptance criteria.
Therefore, hardness limits should be
applied based on the application and
service environment conditions on a
case-by-case basis.

As mentioned before, most rotor repairs
qualify as weld overlays, but in addition to
the above requirements, further testing
may be necessary for laser beam welding
in some instances. In general, the critical
design factors for shafts should also
be considered, which are dependent on
which portion of the shaft requires repair.

The most common locations for damage
on a shaft undergoing restoration include
the coupling fits, journals, probe areas, seal
areas, and the main body. Because of the

REPRINTED FROM COMPRESSORTECH? DECEMBER 2022

nature of the repair process (fusion of the
weld deposit and the formation of the HAZ),

it is understood that the properties of the
repaired areas will not match the properties
of the original shaft material. Additionally,
each part of a shaft has its own set of design
criteria. Therefore, it is important to ensure
that the restored areas meet the minimum
design requirements at each repair location.
With that in mind, below is a discussion of the
critical properties that should be considered
for each region of the shaft. A summary of
this information is found in Table 2.

Main shaft body repairs are usually

located in the lowest stress areas, where
matching the shaft material composition
and properties is generally unnecessary.

In these locations, the intent of the repair

is to restore dimensions without creating
distortion elsewhere. Because the main body
of the shaft is in contact with the process
gas, weld repairs made on equipment used
for hydrogen service (over 100 psig partial
pressure of hydrogen) must be constrained
to a maximum yield strength of 120 ksi and
a hardness of 34 Rockwell C to meet the
requirements of API 617. Accordingly, further
analysis is required to determine if and how
LBW may be applied for rotor repair that will
operate in hydrogen service.

Journals, seals, and probe areas are generally
smaller in diameter compared to the main
body of the shaft, so stresses in these
locations are moderately high and should

be accounted for when selecting a repair
method. Tensile strength and toughness

TENSILE STRENGTH
IMPACT TOUGHNESS

HARDNESS
(FOR HYDROGEN SERVICE)

CAPABILITY OF FINELY
FINISHED SURFACES

ELECTRICAL RUNOUT
HIGH CYCLE FATIGUE X

Critical material properties based on the repair location.

should be part of repair evaluation in these
areas. Journal areas must also be capable
of meeting surface roughness requirements
after final machining and grinding (typically
32 micro-inch or better), meaning porosity
could be a concern in these locations.
Repairs located in probe areas must have
uniform microstructures to prevent erratic
electrical runout readings. Probe areas are
typically ground and burnished to maximize
probe precision and accuracy. The filler
material must also act as a target material
for the eddy-current probe and changes to

probe calibration may need to be considered.

Although hardness is not a major concern
for journals and probe areas, seal areas will
be in contact with the process gas and must
meet the maximum strength and hardness
requirements mentioned above if the rotor
operates in hydrogen service.

The coupling area is usually one of the
smallest diameters on the entire shaft,
which means it experiences some of

ASTM A470
Grade B Class 4

ASTM A470
ASTM A470
Grade C Class 8

AISI 4330 (Modified)

AWS Ab5.28 Class ER120S-1

the highest stresses. This area may also
contain additional stress concentrators
such as keyways, grooves, or compression
fits. Unless there are other highly stressed
integral features on the rotor such as
turbine disks, the strength of the entire
shaft is selected based on this feature. This
portion of the shaft may also experience
high alternating stresses, which can be
induced by the equipment that drives the
rotor, meaning the endurance limit must

be considered. Care should be taken when
determining the endurance limit since
surface treated material may exhibit reduced
endurance limits up to 50% as compared to
the base material. Therefore, direct testing
of the fatigue characteristics is necessary
in addition to tensile properties. Fatigue
considerations of coupling repair is complex
and requires additional considerations and
testing that go well beyond ASME BPVC
guidelines. Because of the criticality and
complexity of coupling repair design and
assessment, repairs in this area are not be
considered in this article.

0.22-0.30 0.20 - 3.2-3.7
0.28 max 0.20 - 0.60 3.25-4.00
0.25-0.35 1.00 max 0.75 max
0.33-0.36 0.20-0.40 2.75-3.50
0.10 max 1.40 - 1.80 2.00-2.80

ELLIOTT GROUP

Based on the critical properties identified
in this section, the testing required by
ASME BPVC Section IX alone is inadequate
to assess the suitability of the repair for
all common repair locations, except for
the main body of the shaft. To remedy
this discrepancy, it is recommended to
perform supplemental tensile testing and
impact testing, at a minimum, for all repair
gualifications made in the journal, probe, and
seal areas. Hardness measurements must
also be taken for main body and seal repairs
in cases where hydrogen service limits the
rotor yield strength. In addition, coupling
areas require additional considerations
related to fatigue testing that are outside the
scope of this article.

Laser welding, when applied correctly,
is an effective method for the restoration
of turbomachinery shafts. However, the
requirements of wire-based and powder-
based filler metal delivery in LBW, and
recognition of the differences between
these two types of laser welding, need to
be addressed by Section IX of ASME BPVC to
ensure compliance to these practices as an
industry standard.

The following section details example test
results from LBW performance qualifications
on low alloy steels commonly used for
shafts. Each of these base metals were
welded using AWS A5.28 Class ER120S-1. The
materials used in this study, including the

0.75 max 0.40-0.60 0.04-0.12
1.25-2.00 0.25-0.60 0.05-0.15
1.05-1.50 1.00-1.50 0.20-0.30
1.25-1.50 0.30-0.40 0.07-0.10
0.60 max 0.30-0.65 0.03 max

The abbreviation, industrial standard, and composition of primary alloying elements for the materials described in this section.
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abbreviations used in this paper, the relevant
industrial standards, and composition limits
for primary alloying elements in each material
can be found in Table 3. All weldments

were made using a 900 watt pulsed laser
welding system with a fiber laser source. The
welding parameters used for this study are
considered intellectual property and cannot
be shared in detail. However, the same
welding parameters were used throughout
this study, with an average laser power of
522 W. This power is about 58% of the laser
system's capabilities, thus representing an
intermediate deposition rate (approximately
0.10 Ib/hr).

For each base material, a v-groove was
machined into a 1inch (25.4 mm) plate for
welding. The groove was machined with
a 25°included angle (12.5° per side) to a
depth of 0.625" (15.9 mm). The depth was
measured to the bottom of the groove,
which was machined with a radius of 0.1875"
(4.76 mm). After welding, the weldment was
liquid penetrant tested for surface defects,
then test specimens were extracted for
mechanical testing. In addition to the groove
weld, tensile specimens consisting entirely
of weld metal were created by depositing
and stacking layers of weld metal, each
consisting of a pad of weld beads (similar
to additive manufacturing). The bars were
approximately 0.5" wide, 0.5" tall, and 5"
long. Two tensile specimens were extracted
from each for testing. One test specimen
was tested in the as-welded condition, while
the other was tested after receiving a PWHT
for three hours at 1200 °F. The following list
summarizes the mechanical tests performed
for the LBW-W procedure qualification of
each base metal welded in this study, with all
specimens extracted from the v-groove weld
except where noted.

Two transverse tensile tests

Six Charpy impact tests
Three from the weld metal
Three from the HAZ

Hardness scan (Five indents each)
Weld deposit
HAZ
Base metal

Four side bend tests

Cross Section of an LBW Overlay

Two longitudinal tensile tests (extracted
from the all-weld metal buildup)

One in the as-welded condition

One after the PWHT

All welds passed liquid penetrant testing
and side bend testing. The macro test also
passed inspection, meaning it contained no
visible cracks at 5X magnification. Figure 5
shows a cross section of an LBW overlay,
which highlights the small size of the HAZ in
the LBW overlay, averaging 0.00975" thick in
this study. Additionally, the LBW weld deposit
was clean with no detectable porosity. The
dark speckles on the image are from slight
surface rust.

Table 4 shows the results of the all-
weld tensile tests including yield strength,

Yield Strength (ksi) 133.6

Tensile Strength (ksi) 137.1

Elongation (%) 17

Reduction of Area (%) 78

——

sit

tensile strength, elongation at failure, and
reduction of area at failure. This table lists the
experimental values for the as welded and
PWHT samples, and includes the property
requirements of the filler wire from AWS
A5.28.

The results from the groove weld tensile
tests can be seen in Table 5 for each of the
four base metals used. Test results include
yield strength, tensile strength, elongation
at failure, reduction of area, and the failure
location. The table also includes the
mechanical property requirements from the
base metal standards.

The results from the Charpy v-notch
impact testing can be seen in Table 6. Test
results include the test temperature, the
average impact toughness, the average
lateral expansion, and the average percent

78.4 105
98.3 120
25 14

76

Tensile test results from specimens extracted from all-weld metal (ER120S-1) buildups in the as-

welded and PWHT condition.
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Experimental

Data/ Standard EXp Sl Exp
N dard

Requirement

Yield Strength 1051 90min 1255

(ksi)

Tensile 105

Strength (ksi L2 min (599

Elongation (%) 20.0 17 20.0

Reduction of

Area (%) 63.5 45 75.5

Failure Location Weld = Weld

Stan- Ex Stan- Ex Stan-

dard P dard P dard

. 90 145 -

95 min 90.5 min 135.5 165
120 - 105 - .
135 1.5 125 142.3 175 min
18 min 18.5 17 min 15.8 13 min
52 min 65.5 4?’ 770 40 min

min
- Weld - Weld =

Average tensile test results from v-groove welds made using ER120S-1 wire on various base

materials and the mechanical property requirements for each base material.

Test Location Weld HAZ Weld HAZ Weld HAZ Weld HAZ
Test

Temperature °F -20 70 -20 70 -20 70 -20 -20
Impact Toughness,

Measured (ft-Ibs) 174.0 577 168.3 115.0 186.0 79.3 1n4.3 7.3
Impact Toughness, . . : )
Requirement (ft-lbs) 20 min 40 min 20 min

Lateral Expansion 830 393 723 617 823 490 663 443
(mils)

% Shear 100.0 52.3 100.0 100.0 100.0 65.7 - -

Average impact test results for v-groove welds made with ER120S-1 on various base
materials and the impact toughness requirements for each base material [19].

shear. Also included are the mechanical
property requirements from the base metal
specifications, if applicable.

The hardness survey results for each of
the groove welds can be found in Table 7.
Table 7 also contains the measured thickness
of the weld deposit and HAZ from each weld.

In addition to the mechanical testing
performed for the procedure qualification,
repair welds were performed on two
damaged shafts. The first shaft was
damaged by extensive pitting corrosion
in the seal, probe, and journal areas,
shown in Figure 6. The figure also shows
the repaired shaft after welding and after

final machining. The probe area was also
ground and burnished, which can be seen
in Figure 7 along with the electrical runout
measurements. The difference in color

Weld Deposit 376
Hardness
(HV-10) HAZ 388
Base Metal 258
Thickness Weld Deposit 0.020
(in) HAZ 0.010

ELLIOTT GROUP

between the repaired area and the rest
of the shaft resulted from the difference
in hardness of the substrates during
burnishing, however, the mechanical and
electrical runout readings were within the
required tolerances.

The second shaft was damaged by
a box cutter while being unpackaged for
assembly, shown in Figure 8. The scratch
was approximately 0.003 inches deep and
was repaired locally using a single weld
bead, which can also be seen in Figure 8.
After repair, the shaft was ground back to
geometric specifications, inspected, and
installed for service.

Tensile Properties and Impact Toughness

The as welded ER120S-1 used in this
study exceeded the mechanical property
requirements of the AWS wire standard by
26.7%,14.2%, and 21.4% for the yield strength,
tensile strength, and elongation, respectively,
in the all-weld tensile specimens. These
excellent values are speculated to originate
from grain refinement caused by the rapid
solidification inherent to the laser welding
process. Regarding the weldments, samples
tested from each v-groove indicated that
the mechanical properties exceeded the
requirements of the relevant base material
in all cases except for BM4. Therefore, BM],
BM2, and BM3 can be welded with ER120S-1
with the process used in this study without
having to worry about meeting the base
metal mechanical properties. The reason that
BM4 weldment did not meet the BM4 base
metal requirements is that this base material

369 335 373

390 390 475

299 267 377
0.015 0.014 0.015
0.01 0.008 0.010

Average Vickers hardness (HV10) and thickness of the weld metal, HAZ, and base metal

for each material welded with ER120S-1.
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Damaged Shaft

FIGURE G Shaft Damaged by Extensive Pitting

overmatches the weld material. ER120S-1 has
a minimum tensile strength of 120 ksi, while
BM4 has a minimum tensile strength of 175
ksi. Despite this, the weldment performed
admirably, achieving a 142.3 ksi tensile
strength when tested. The higher strength
exhibited here, as compared to the other
welds, was likely caused by base metal
dilution.

Despite excellent mechanical properties in
the as-welded condition, the test specimen
that received a PWHT showed a decrease
in tensile and yield strength by 41% and
28% respectively, to levels that would be
unacceptable when compared with all base
materials used in this study. As a result, this
filler wire should not be used in situations
that require a PWHT, unless the anticipated
drop in strength is acceptable from a design
perspective.

In general, the impact toughness results
were exceptional. The impact toughness
of all welded joints (those that had impact
toughness requirements) were well above
the required values. Additionally, lateral
expansion and percent shear results were
also exceptional. It is speculated that these
excellent results were due to the fine grain
size of the weld metal, which can be seenin
Figure 5, though further characterization and
testing is required to confirm.

Hardness

As mentioned previously, ASME code
requires hardness scans for weld overlay
qualification, but does not set acceptance
criteria. For rotor restoration, the most
applicable restriction that may be applied
is the maximum hardness requirement (34
Rockwell C) set by API 617 for compressor
shafts operating in hydrogen rich

After Welding

environments. This requirement would be
applicable for main body and seal repairs,
since these regions of the shaft contact the
process gas. According to Table 1 of ASTM
E140, which governs hardness conversion,
34 Rockwell C equates to 336 on the Vickers
scale. When subject to a maximum of 336
HV, none of the base metals used in this
study would be acceptable for hydrogen
service after repair welding because the
HAZ hardness exceeds the defined limit.
Also, the weld metal exceeds the 336 HV
hardness limit in all cases except for the BM3
weldment, which was measured at 335 HV
and should be considered on the extreme
borderline of acceptability. It should also be
mentioned that BM4 could not be used for
hydrogen service in any case, since the base
metal hardness was also too high.

Because of the high hardness of the
HAZ and weld deposit, none of the materials
used in this study would be acceptable
for hydrogen service in the as-welded

Runoul (in)

condition. The hardness of these regions
could be reduced using a PWHT, however as
mentioned before, the weld metal used in
this study loses considerable strength from a
heat treatment, which may be unacceptable
for shaft applications. Other filler metals may
be more appropriate if a PWHT is necessary,
but this is outside the scope of the current
work. Additionally, the extreme hardness

of the HAZ may require a substantial PWHT
to meet the requirements of API 617 for
hydrogen service, which may over-temper
the base metal of the shaft, which could
lower the strength beyond the limits set by
the application. As a side note, it should be
mentioned that a potential solution to this
issue would be to perform a localized PWHT
using induction heating, which has a skin
effect that may be able to temper the HAZ
without significantly over-tempering the
bulk of the shaft. This possibility has not yet
been explored and warrants further study.
Regardless, because of the reasons outlined

Legend (Units = in, RHCS) Paak / Valley

TE ERD Mid 0.000177
TEERD 1B 0.000162

TE ERO OB 0.000237

d—;/_‘_\;. ! ! 1 4 ﬁ\
a -\ /e F\/—f’j\" V\\;?if’.»«

-0.0001 | ¥

-0.0002

00083

© 30 60 90 120 150 180 W0 240 270 300 390 360
Angle

FIGURE L: Example of a Burnished Probe Area after Repair (left). The repair region appears dark because of

adifference between the base and weld metal; however, the repair met the geometric tolerances, surface

finish, and electrical runout (right) required for a probe area.
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FIGURE ¢ ?’, The scratch (circled) in a journal area (left); the same scratch after LBW repair (middie); and the repaired area after final machining (right).

here, LBW may not be the best option for
repair in cases involving hydrogen service,
particularly when the base material is
guenched and tempered steel.
Finish

Since geometric runout was within the
allowable limit (0.002") after welding and
finish machining, distortion induced by LBW
was insignificant. No surface indications
were found after final machining, meaning
no porosity was detected during the liquid
penetrant test. Additionally, the probe area
was successfully burnished using the
standard process, resulting in acceptable
geometric tolerances. The electrical runout
test in the probe area was also acceptable
within the tolerance limits, and in this case,
the probe did not require recalibration. It is
hypothesized that the acceptable electrical
runout can be attributed to the high degree
of uniformity in the weld deposit, which
resulted from the high degree of precision
and control inherent to the mechanized LBW
process. Further study would be necessary
to asses this hypothesis. For the scratch
repair, there was some initial concern that the
localized weld would not "clean up" after final
machining. In other words, it was predicted
that cratering at the weld start or stop, or
undercutting along the weld toes may lead to
negative space (missing material) after final
machining. However, final machining to the
original dimensions after welding produced a
smooth surface without topological defects
or low spots.

Advantages of Laser Weld Repairs
Scratch Repair

The scratch which was approximately
0.003" in depth would have rendered the

shaft as scrap without a viable repair
process. Traditional arc weld was eliminated
as an option due to the fact that it would
have required welding from the journal

area through the coupling end of the shaft.
Welding in the coupling area was not feasible
in this case due to the strength requirements
in that location. Instead, the laser welding
process was utilized to perform a localized
repair of the scratch, eliminating the need

for welding in the coupling area while saving
significant processing time. Final grind of

the repair area did not require additional
stock removal beyond the original drawing
tolerance.

Overlay Repair

The turbine rotor shown in Figure 6
sustained extensive pitting corrosion
damage in the seal and journal locations.
Conventional arc weld overlay of those areas
would have required a multi-step process
to repair. First, all damage and protruding
features (i.e., packing teeth, balance rings,
thrust disk, etc.) would be machined off
of the shaft with an additional undercut of
0.125" radial stock. The shaft would then
be welded, building up material as required
to restore the geometry of all features,
with extra stock added for machining and
to account for distortion from the welding
process. The weld repair would then require
a stress relief heat treatment to remove
residual stress. This is necessary because
the residual stress would tend to move the
shaft during machining, which would result
in a high probability of failing to meet the
required geometric tolerances. In the case
of turbine shafts, removal of residual stress
is critical to passing the heat stability check.

After stress relief, the shaft would be final
machined and then undergo non-destructive
testing. Turbine rotors would then be subject
to the aforementioned heat stability check.
By using laser welding, the repair
process would require fewer steps. First,
the damaged areas would be undercut,
though undamaged areas, including
protruding features, may be left on the
shaft. Second, the LBW overlay would be
performed to restore shaft dimensions
with an additional 0.020" machining stock.
Third, the repair would be machined to
meet the drawing dimensions, and lastly,
the prescribed non-destructive testing
would be performed to check for defects.
Overall, this process requires significantly
less machining before and after the weld
repair, and it eliminates the PWHT. Also, in
the case that the rotor is being clad with a
corrosion resistant material such as nickel
based alloys, LBW deposits less material,
which may offer costs savings. It should be
noted that the time to overlay weld a shaft
may be longer for LBW than a conventional
arc welding processes, like submerged arc
welding, but the faster machining times
and elimination of the PWHT when using
LBW generally make up for any time lost
during welding by a considerable margin. Of
course, this depends on a variety of factors
including the size of the rotor, the extent
of repairs, the complexity of features, etc.,
so the best weld repair process for a given
application can vary and should be selected
on a case-by-case basis. Nonetheless, LBW
offers clear advantages in many cases for
repair of superficial damage, which occurs
commonly over time and exposure to
service conditions.
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Laser welding, when applied correctly,
is an effective method for the restoration
of turbomachinery shafts. The process is
quick and efficient in performing superficial
repairs, and in some cases allows for the
repair without the need to perform a PWHT,
which saves further time and costs. However,
in order to perform LBW repairs outside of
the main body of the shaft, it is important
to fully qualify the welding procedure with

supplemental testing to ensure the integrity
of the as-welded repair. This testing includes
tensile testing, impact testing, and hardness.
While not discussed extensively in this paper,
fatigue testing is also critical for coupling
repairs. Furthermore, these requirements
and recognition of the differences between
wire and powder based filler metal delivery
in LBW need to be addressed by Section IX
of ASME BPVC to ensure compliance to these
practices as an industry standard.

HAZ = Heat Affected Zone

LBW  =Llaser Beam Welding

LBW-P = Laser Beam Welding (powder filler
metal)

LBW-W = Laser Beam Welding (wire filler
metal)

PWHT = Post-Weld Heat Treatment

SAW = Submerged Arc Welding

WPS = Welding Procedure Specification
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