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ABSTRACT

Progress in materials for centrifugal compressors over the last
twenty vears is reviewed. Specific areas discussed include:

* Impeller materials and fabricating procedures.

¢ Shaft manufacture, processing, and testing.

* Casings with reference to recent changes in the ASME
Boiler and Pressure Vessel (B&PV) Code.

* Sulfide stress cracking and the impact of NACE MR0175.

* Wire wool failures and their prevention.

* Repair procedures including plating, metal spray, and
welding.

* Technological advances in electron microscopy and fracture

mechanics and their relevance to compressor materials
engineering.
INTRODUCTION

The selection of materials for rotating and stationary compo-
nents of centrifugal compressors as well as other turbomachines
such as axial compressors and steam and gas turbines requires
consideration of a number of factors. In a review by Cameron
and Danowski [1] presented at the Second Turbomachinery
Symposium, it was pointed out that these considerations in-
cluded some or all of the following characteristics:

* tensile properties

* modulus of elasticity
* thermal expansion

e fracture toughness

¢ damping

e fatigue strength

e thermal conductivity
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* specific heat

¢ hardenability

* weldability

* corrosion resistance

e thermal stability

All of the above are mechanical, physical, or chemical proper-
ties which are amenable to some form of reasonably satisfactory
quantitative measurement. For most, if not all, of these proper-
ties, it is necessary to evaluate the effect of temperature if it is
significantly different from room temperature. Further, for
some components it is necessary to consider properties which
are not readily quantifiable. A specific example of this would be
susceptibility to wire wool failure of some materials when used
as bearing journals.

IMPELLER FABRICATION

Most impellers are fabricated by welding blades to forged
discs and covers. A photograph of a section of a typical fillet
welded impeller is offered as Figure 1. Other manufacturing
techniques, however, have come into increasinguseasreported
by Boddenberg [2]. Several of the possible constructions are de-
picted in Figure 2.

Figure 1. Section of Fabricated Impeller with Disc, Cover, and
Blades.

Shielded metal arc welding (SMAW) is still used, as it has
been for fifty vears, and it is likelv to continue to be used. While
the original equipment manufacturers will probably move in-
creasingly to other manufacturing processes, the service shops
are not likely to follow as rapidly. For some vears, one of the
biggest problems with SMAW was delayed eracking due to hy-
drogen. This problem was largely overcome by the development
oflow hydrogen welding consumables, and by work on overcom-
ing hydrogen problems, perhaps most notably at the Welding
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Figure 2. Impeller Constructions. a) fillet welded; b) slot
welded; c) integral cast; d) brazed.

Institute in Cambridge, England [3]. The work done in Cam-
bridge and a number of other places served to put proper em-
phasis on storage of welding consumables in such a manner as
to prevent absorption of moisture from the atmosphere. This
work also highlighted the importance of preheat and postweld
heat treatment. With these parameters under control, the inci-
dence of delayved or cold cracking decreased dramatically. Such
cracking is not a major concern now when vigilance is exercised
to ensure that all of the necessary precautions are taken. Re-
duced levels of impurities, such as phosphorus and sulfur, in
steel made by the more modern processes as compared with the
old, and now obsolete, acid furnace process, have reduced sus-
ceptibility to cracking during fabrication.

In the 1980s, several manufacturers automated the welding
process with the use of robots. Submerged arc welding (SAW),
gas tungsten arc welding (GTAW), and gas metal arc welding
(GMAW) may all be used. Usually, the welding heads used in
these processesare not capable of enteringimpeller gas passages
as narrow as some thathave been welded with the manual pro-
cess (SMAW). The quality is good. There is some question about
whether the best impeller welded with the automated processes
is better than the best impeller welded by SMAW. With their
long history, it is self evident that impellers of the required qual-
ity can be and have been produced using the manual process.
There should, however, be a significant advance in consistency
with automated processing. With automation, the results of the
process are less dependent on the skill and experience factors of
individual operators.

Impellers fillet welded as illustrated {Figure 2a) have welds
that intrude into the gas passage. Consideration of weld fillet
size is more important on small impellers than large ones, be-
cause the weld occupies a greater percentage of the gas passage
cross sectional area. While the welds can be ground to present
asmooth aerodynamic surface if necessary, itis desirable to keep
this grinding to a minimum. It is time consuming and expensive.
Moreover, itis difficult to control. It is hard to determine exactly
how much material has been removed, and how much weld re-
mains in place. If too much material has been removed, the weld
thickness may be less than desired. This may be indicated if the
root of the fillet weld shows on magnetic particle inspection.
Such indications of a thin weld will not be found on nonmagnetic
materialsinspected by fluorescent or dye penetrant procedures.

Slot welding (Figure 2b) is one method that has been used to
improve the aerodvnamics. This process was developed, origi-
nally, to make it possible to fabricate by welding impellers hav-
ing a gas passage too small to permit entry of welding apparatus.
For this construction, the blades are milled or cast integral with
the cover. The slots are machined in the disc. The number of im-
pellers that have been slot welded is small in comparison with
the number that have been fillet welded. Still the number of im-
pellers that have been slot welded overthe last 25 years is in the
thousands.

One piece cast open impellers, similar to the construction in
Figure 2c, except open on one side, are universally used in the
relatively small sizes emploved on shop air compressors. One
piece cast closed impellers have been used increasingly in larger
sizes for both single and multistage air and gas compressors.
Most are produced by some variation of the investment casting
process which vields close tolerances and smooth suifaces. The
alloy steels used most commonly for welded impellers fre-
quently are replaced by stainless steels for improved casting
characteristics.

The first brazed impellers (Figure 2d) were produced in the
1950s. The process then was not used for a number of vears.
Brazing has, however, been used increasingly in the last few
vears. Brazed impellers are usually fabricated by machining or
casting the blades integral with the disc or cover and attaching
the other member by brazing. The earlier brazed impellers had
acceptable quality, and some are still in service. The costs were
high, chiefly because reruns through the brazing furnace were
almost alwaysrequired. At that time, brazing was done in a dry
hyvdrogen atmosphere. More recently, brazing has been carried
out in vacuum furnaces with muchimproved results and consist-
ency. There have also been substantial advances in ultrasonic in-
spection techniques and equipment, making evaluation of the
braze quality more reliable.

Two types of brazing alloys have been used (Table 1). Some
manufacturers prefer a nickel base alloy such as American Weld-
ing Society (AWS) BNi-la or BNi-2 while others use the gold-
nickel alloy, BAu-4. In either case, the brazing temperature is
in the neighborhood of 1850°F to 2000°F. For the alloy steels
such as the American Iron and Steel Institute (AISI) 41xx 43xx
series, this high temperature results in a grain size in the base
material larger than is generally considered acceptable. The
large grain size is accompanied by a low level of fracture tough-
ness. This, however, mavbe corrected by cooling the brazement
to room temperature, and subsequently applving the usual
quench and temper heat treatment for mechanical properties.
For the 12 percent chromium and 13 percent chromium-4 per-
cent nickel grades of stainless steel, the brazing temperature is
at or only a little above the usual austenitizing temperature.
Thus, for these grades, the brazing and austenitizing treatments
may be combined. A postbraze tempering treatment is then the

Table 1. Brazing Alloys Composition and Brazing Temperature.

BNi-1a BNi-2 BAu-4
Chromium 14 7
Boron 3 3
Silicon 4.5 4.5
Iron 4.5 3
Carbon 0.06 0.06
Nickel 74 82 18
Gold 82
Brazing
Temperature °F 2050 1925 1800
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only additional heat treatment needed for these martensitic
grades of stainless steel.

Fabricated impellers all require careful attention to the fitup
of the parts prior to welding or brazing. The fillet welded con-
struction is more tolerant of imperfect fitup than either slot
welding or brazing. In addition to a good fit between the con-
tours of the mating members, slot welding requires accuracy of
the registry between the slots in one member and the blades on
the other. In brazing, the strength of the resulting braze is heav-
ilv dependent on the joint thickness. Optimum strength of the
joint is obtained when the thickness of the braze metal in the
joint is not greater than 0.002 in to 0.004 in (2, 4].

Machining of one piece impellers by electrodischarge
machining (EDM) is still practiced by some manufacturers.
There is enough service experience to demonstrate that the pro-
cess is acceptable even though it is necessary to remove the re-
cast layer. Advances in EDM techniques and apparatus can
minimize the thickness of the recast layer, but do not eliminate
it. Arecast layer of minimum thickness still has a serious adverse
effect on fatigue strength [1].

At one time, the principal method of fabrication was riveting.
This construction continues to be used by some compressor
manufacturers in some of their new apparatus. It is also used in
the manufacture of service partsfor replacement of damaged im-
pellers where riveting was emploved in the original parts.

Other manufacturing procedures including electron beam
welding, diffusion bonding, and electrochemical machining
have been considered for the manufacture of compressor impel-
lers. For a variety of reasons, none have been widely adopted.
In some cases, the reasons have been technical problems. In
others, the costs were not acceptable. In the case of elec-
trochemical machining, there is a severe problem with waste
disposal.

IMPELLER MATERIALS
Most Commonly Used Materials

Representative data on chemical analyses and mechanical
properties of the various impeller materials are shown in Tables
2 and 3. The chemical analyses are typical values. The strengths
shown illustrate the range of minimum requirements that may
be specified. In the AISI 4lxx group, for example, one might
find a specification requiring a minimum yield strength of 80 ksi,
and another specification requiring a minimum of 95 ksi. The
same is true for the AISI 43xx series, but at a somewhat higher
level of strength. These differing specifications are readily ac-
commodated with some variation in heat treatment. Ductility
requirements must be reduced modestly when strength require-
ments are increased.

There have been few changes in the most commonly used im-
peller materials in a number of years. Chromium - molybdenum
alloy steels in the AISI 41xx series continue to be used in the
smaller sizes and the nickel-chromium - molybdenum AISI 43xx
series in the larger sizes. The exact carbon contents in these
grades vary a little among different manufacturers, butthe prin-
ciples remain the same. As may be seen from the chemical com-
positions in Table 2, the 43xx series is more highly alloyed than
the 41xx series. The significance of this is that the higher alloy
content imparts more hardenability to the 43xx compositions. In
the sizes where the 41xx series has sufficient hardenability, there
is no advantage to using the more highly alloved material. In the
larger sizes, 43xx is a better choice. The term hardenability is
not a measure of the maximum hardness that can be developed
on quenching. Rather, it is a measure of the maximum section
size of the material that will develop the required properties.

It is well known that the various AISI alloy steels and their
modifications will yield the same mechanical properties when

Table 2. Chemical Analyses of Impeller Materials (Typical).

Alloy Steels

AISI 4lxx 43xx
Tradename 9% Nickel
UNS G41xx0 G43xx0 KS1340
Carbon 0.30-0.40  0.20-0.40 0.10
Manganese 0.85 0.40 0.60
Nickel 1.75 9.00
Chromium 1.00 0.80
Molybdenum 0.20 0.25
Stainless Steels
AISI 410 630 XM-12 XM-25 304
Tradename Custom

12% Cr 13Cr-4Ni 17-4PH 15-5PH¥ 450%%
UNS S$41000 S41500 S17400 S15500 S45000 5$30400
Carbon 0.12 0.05 0.05 0.05 0.05 0.04
Manganese 0.75 0.75 0.75 0.75 0.75 1.00
Chromium 12.50 13.00 17.00 15.00 15.00 0.60
Nickel 4.00 4.00 5.00 6.00 19.00
Molybdenum 0.70 0.75 9.00
Copper 4.00 3.50 1.50
Columbium 0.30 0.30 0.30

Other Materials

Tradename Monel® Titanium Titanium  Aluminum  Aluminum ~ Aluminum
K500 Unalloyed GAI-4V CS55 7050

UNS N05500 R50250 R56400 A035500 A97050
Carbon 0.1
Manganese 0.6 0.8
Nickel 66.5
Copper 29.5 1.2 4.4 2.3
Aluminum 2.7 6.0
Titanium 0.6 99.5
Vanadium 4.0
Magnesium 0.5 2.2
Silicon 5.0 0.8
Zinc 6.2
Zirconium 0.1
“Monel K300 is u trademark of International Nickel Company.

PH are tradensarks of Armeo Steel Corporation
“Custom 450 s 4 trademark of Carpenter Technology Corporation

Table 3. Representative Mechanical Properties of Impeller
Materials.

Tensile Yield Reduction

Strength Strength Elongation Of Area Brinell
Material {(ksi) (ksi) (pet) (pet) Hardness
AISIT 4140 100-120 80-95 16 45
AISI 4340 125-140 110-125 15 40
12% Cr Steels 95-110 75-90 14 40
Ppt'n.Hardening 130-150 100-120 15 45
AISI 304 75 30 40 50
Monel K500 130 85 20
Ti unalloved 65 40 7 30
Ti 6A1 4V 130 110 10 20 HRC 36-39%
Al C355 45 33 3 100
Al 2025T6 52 33 12 125
Al 7050T73 T4 65 5 142

heat treated similarly and to the same hardness. There are some
exceptions to this generalization that are important in some ap-
plications. For example, the resistance to brittle fracture at low
temperatures is better for the nickel containing AISI 43xx series
than for the AISI 41xx series when both have the same carbon
content and are heat treated to the same vield strength.

Many of the problems that were serious a number of years ago
have been virtually eliminated with the use of vacuum degassing
to remove hydrogen, and basic electric steel making which re-
duced phosphorus and sulfur contents. Advances in what has
come to be called ladle refining promise still further improve-
ment. Some of these processes are capable of producing alloy
steel plates in thicknesses of several inches having good strength
and ductility in all directions, including the through thickness
direction. Cross rolled steel plates have been emploved for tur-
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bine discs for halfa century. The different shape of impeller forg-
ings has been a deterrent to the use of plate for these applica-
tions, but this may change with the improved through thickness
properties now becoming available. The viability of such a possi-
bility is vet to be evaluated. The material would be less costly,
but more material and machining would be involved. Availabil-
ity of the material in heavy plate and in the small quantities
needed for a few impellers could be a problem.

When more corrosion resistance is needed than can be ob-
tained from the alloy steels, one of the grades of stainless steel
is used. The austenitic grades such as Type 304 have been used
in single stage machines, but seldom in multistage units because
of the low vield strength. The 12 percent chromium steels, the
13 percent chromium - 4 percent nickel, and the precipitation
hardening compositions, of which 17-4PH, 15-5PH, And Cus-
tom 450 are examples, have been widely used. More will be said
about them in the remarks addressed to sulfide stress cracking.

In recent years, the modified 13 percent chromium steel con-
taining about four percent nickel and slightly under one percent
molybdenum has received increased attention in the United
States. It had earlier been more popular in Europe where it was
developed. Due to the low carbon content, it is more readily
weldable than the standard AISI 410 containing 12 percent
chromium. For castings, many foundries report thatnot only are
castings of 13 percent Chromium, four percent nickel easier to
repair weld, they are also less prone to defects in the first place.
Castings in this alloy have been more readilyavailable than forg-
ings, but this is changing. There is at least one ASTM specifica-
tion, A182[5], covering the 13 percent chromium—four percent
nickel steel in wrought form.

Processing of impellers made from the AISI 41xx, 43xx, alloy
steels,and the 12 or 13 percent chromium steels-Type 410 and
the modified grade containing 13 percent chromium and four
percent nickel are all similar. They derive their properties from
a conventional austenitize, quench, and temper heat treatment.
The alloy steels require liquid quenching, but the stainless
grades do not require cooling more rapidly than in air after the
austenitizing treatment. It is usual to specify that the tempering
temperature be at a minimum of 1100°F in order to get a well
tempered structure and a low level of internal stress. Unless sul-
fide stress cracking is a problem, post weld heat treatment con-
sists of a tempering or stress relief heat treatment at 1100°F.
Higher temperatures cannot be used without risk of exceeding
the tempering temperature. In such an event, the yield strength
of the material might be reduced to an unacceptable level.

The precipitation hardening grades, Armco 17-4PH, Armco
15-5PH, and Carpenter Custom 450, are heat treated by solu-
tion treating and precipitation hardening. The precipitation
treatment should be at the maximum temperature that can be
used without forming austenite. A higher level of strength could
be obtained at a lower precipitation temperature, but at a sac-
rifice in ductility, toughness, and resistance to stress corrosion
cracking. With the higher precipitation treatment temperature,
the strength is still comparable to or higher than that of the allov
steels. Postweld heat treatment of the precipitation hardening
grades is a stress relief treatment at, or slightly below, the tem-
perature of the final precipitation treatment. The precipitation
treatment is usually in the range of 1100°F to 1150°F, and the
postweld treatment at 1100°F.

Special Materials

A variety of other materials have been used for special pur-
poses, but not in large quantities on process gas. For example,
Monel K500 is used for dry chlorine. Titanium and titanium al-
loys have been used for wet chlorine and in special cases where
the lower density is attractive. Aluminum allovs are used in
large quantities forimpellers in air service, for example in diesel

engine turbochargers. Aluminum alloys are seldom applicable
in process gas machines. The reasons are high coefficient of ther-
mal expansion and loss of strength at temperatures above 200°F.
Nine percent nickel steel has been used for impellers in com-
pressors for boiloff gas from liquid methane due its high fracture
toughness at temperatures down to —320°F.

These special materials are processed much like the more con-
ventional compositions with the exception of the titanium
grades and Tvpe 304 stainless steel which are used in the an-
nealed condition. The low temperature material, nine percent
nickel steel is quenched and tempered. Monel K500 and the
aluminum alloys are precipitation hardened. The temperatures
are different, much lowerfor the aluminum alloys, but the prin-
ciples are exactly the same.

ROTOR SHAFTS
General Comments

In recent vears, there has been much concern and discussion
concerning shafts. Little of it, however, has had to do with the
basic materials. Most shafts continue to be made from alloy
steels such as AISI 4130, 4140, 4330, 4340, and related modifica-
tions. A comprehensive list of shaft materials in Table 4 includes
some which are seldom, if ever, used for compressor shafts. In
addition to the alloy steels already mentioned, Ty pe 410, Tvpe
304, and 17-4PH have been used occasionally. The other grades
are or have been used for turbine rotors, and will be of interest
in the discussion of wire wool failures. The mechanical proper-
ties of the most frequently used shaft materials are listed in Table
5. These tables are not intended to include all possible shaft ma-
terials, but, to give an understanding of the types of alloy steels,
and the accompanying properties of shafts that have a history of
satisfactory service.

Table 4. Shaft and Rotor Materials— Typical Analyses.

Material Carbon Manganese  Chromium Nickel Molybdenum Vanadium
AIST 4140 0.40 0.85 0.95 0.20

AIST 4340 0.40 0.75 0.75 1.80 0.25

Mod. 4340 0.40 0.75 0.50 1.80 0.50 0.04
3Cr-0.5Mo 0.60 5.00 0.50

Ni-Mo-V 0.40 0.40 2.80 0.50 0.06
Ni-Cr-Mo-V 0.35 1.50 3.50 0.40 0.10
Cr-Mo-V 0.70 1.00 1.25 0.25
Type 501 0.40 5.00 0.50

Type 410 12.00

Type 304 18.00 9.00

17-4PH 0.75 17.00 +.00 Copper +

Table 5. Minimum Mechanical Properties Most Frequently Used
Shaft Materials.

Tensile Yield Reduction

Strength Strength Elongation of Area Brinell
Material (ks iksi) (pet {pct) Hardness
AIST 4140 100 5 16 45
AISIT 4340 115 90 16 45
Mod. 4340 125 115 15 40

The governing factor in selection of the alloy steels for shafts
is hardenability, which was discussed with reference to impel-
lers. There is no advantage to be gained by the use of the more
highly alloyed, more costly AISI 43xx series where AISI 41xx
series has the mechanical properties required for the intended
service. Conversely, when the sections become too large for the
required mechanical properties to be met with 41xx, there is no
viable alternative to the use of the 43xx group or a modification
designed to have higher hardenability. When the operating tem-



MATERIALS FOR CENTRIFUGAL COMPRESSORS—A PROGRESS REPORT 13

perature is lower than about —50°F, there is also an advantage
to the nickel containing AISI 43xx group which have higher frac-
ture toughness.

There is a parallel with impellers in the manufacture of alloy
steels for shafts. Because the sections are larger in shafts, vac-
uum degassing has been even more helpful in shafts than in im-
pellers. With proper degassing, flaking due to hydrogen in the
steel is eliminated. The improved cleanliness of the basic elec-
tric steel has resulted in fewer nonmetallic inclusions. This pro-
cessing has proven to be adequate. Serious consideration to vac-
uum arc remelted or electroslag melted steel has not been
needed.

Bars vs Forgings

The question of whether shafts should be made from bars or
fergings has been debated at length. This question is a classic
example of a situation where the desired results should be
specified rather than the method by which they are achieved.

At times it has been thought that there existed a clear cut dis-
tinction in that forgings were produced on hammers or presses
while bars came from rolling mills. Forging, however, is defined
(6] as the process of working metal to a desired shape by impact
or pressure in hammers, forging machines (upsetters), presses,
rolls, and related forming equipment. Rotary forging machines
were developed, originally, to manufacture such things as rail-
way car axles. These machines can be and are used to produce
what are sometimes called forged bars for turbine and compres-
sor shafts, Some steel suppliers stock and sell what they call bars
in diameters of twenty inches and more. These barsare in reality
the product of a forging press. The distinction is not sharply
defined.

The most recent revision of API 617 (Fifth Edition) [7] permits
the use of rolled bars up to a finished diameter of eight inches.
It is believed that this ficure could be increased to nine inches.
Some steel mills are capable of producing bars in sizes up to
about ten inch diameter. The machining allowance recom-
mended for bars in this size range subject to magnetic particle
inspection is 0.437 in on the radius [8]. The machining allowance
is needed to remove oxidation, decarburization, and surface im-
perfections. The machining allowances of hammer or press
forged parts are greater than those for rolled bars. Because of
the small quantities and the large sizes, these forgings are made
on open dies. Bars can be rolled to closer tolerances than is prac-
tical for open die forgings. Obviously, when the size of the shaft
is above the range where bars can be obtained, forgings must be
employed. This is the case for many compressors. Forgings must
also be used when bars are not available due to the relatively
small amount of material needed.

The characteristics required to produce a good shaft can be
stated very simply as mechanical strength and integrity. These
characteristics can be present or absent in either a rolled bar or
a press forged shaft. The mechanical properties are easily mea-
sured, as they have been for many vears, by appropriate tests,
principally tensile, but also including impact tests when low
temperature toughness is of concern. The integrity of forgings
or bars can be assured by means of magnetic particle and, more
especially, ultrasonic testing. There are several relevant ASTM
procedures, and these are usually supplemented by additional
agreements between the material producer and the compressor
manufacturer. There are at least two different approaches to ul-
trasonic testing — standards based on back reflection, and those
based on reflection from a flat bottom hole.

One of the characteristics not readily measurable is that of
concentricity of the final product with the original center of the
ingot. While this is desirable, unless there is gross eccentricity,
the importance of concentricity has sometimes been overesti-
mated. Experience indicates that having the actual center of the

forging displaced from the center of the ingot by aninch or more
in a 12 in diameter makes little difference. For whatever it may
be worth, this concentricity is more readily obtained with rolled
bars than with forgings.

Summing up, a strong case can be made for considering the
method of manufacture of the rotor shaft material to be a minor
issue, leaving the decision to be made on grounds of availability
and cost. As will be seen, experience on thermal stability testing
supports this conclusion.

Processing

In the case of either bars or forgings of the alloy steels used
for most shafts, the mechanical properties are obtained by heat
treatment. Bars are finished at a uniform temperature after rol-
ling. Forgings have a more variable finishing temperature. For
this reason, forgings are usually given a normalizing heat treat-
ment to improve homogeneity. In heat treatment for mechanical
properties, the parts are heated into the austenite temperature
range and liquid quenched. In most cases, quenching is done in
oil, but water or a synthetic polymer may also be used. Espe-
cially in large sizes, oil quenching may not be fast enotugh when
the specification requires impact testing at a temperature near
the limit of the material. Quenching is followed by tempering
at a high enough temperature to get the required ductility and
stress relief while retaining the needed strength. Most specifica-
tions require that tempering be done at a minimum temperature
of 1100°F. Alloy steels such AISI 4140 and its derivatives do not
reqquire multiple tempering. There is some difference of opinion
about AISI 4340 and its modifications. The general case is that
a single temper is sufficient, although there may be evidence
for double tempering when sulfide stress cracking may be
encountered.

For either material, standard manufacturing practice includes
a stress relief heat treatment in the machining cycle. In the case
ofopendie forgings, this is usually performed by the forge shop
after machining to the customer’s rough machining configura-
tion. Stress reliefheat treatment at 1100°F has been satisfactory.

Thernal Stability

In the 1973 report, brief mention was made of thermal stabil-
ity testing. This question has received concentrated attention in
the intervening years.

The procedure used for thermal stability testing of compres-
sor shafts is similar to thatdescribed in ASTM A472 [9] for steam
turbine shafts and integral rotors. Because of the lower operat-
ing temperature, compressor shafts are tested at alower tempei-
ature such as 400°F to 500°F. The limits on permissible runout
are also adjusted to fit compressor experience. Briefly, the test
is performed on a lathe with the shaft between centers. A heater
boxis mounted on the lathe so that the ends ofthe shaft protrude
through the end walls of the box. Three to five indicators are
mounted on the shaft. There is one at each end as close as possi-
ble to the centers on which the shaft is mounted, and outside
the heater box. The purpose of these two indicators is to deter-
mine whether there is any movement of the centers during per-
formance of the test. Depending on the length of the shaft from
one to three indicators are mounted on extension rods inserted
through the side of the box. All of these indicators are read at
intervals during heating, at hourly intervals during a hold time
ofatleast three hours at the test temperature, and after cooling
to about 100°F. The readings of most interest are those at the test
temperature, usually called the final hot, and those after cool-
ing, usually called the second cold.

Timo and Parent [10] identified four causes of instability:

e Type A due to circumferential differences in emissivity
* Type B due to relief of nonuniform residual stresses
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* Type C due to non-uniform heat treatment

e Tvpe D due to variations in thermal diffusivity

Shimoda, et al. [11], concluded that Tyvpes A and D are simi-
lar, and do not warrant rejection of the shaft. They also intro-
duced a Type C' which is similar to Types A and D. When the
residual stresses which caused the Tvpe B instability have been
relieved by heat treatment the shaft is suitable for operation.
The stress relief heat treatment may be performed in the stabil-
ity testing rig.

The most serious type of instability is that due to nonuniform
heat treatment—Type C. The nonuniformity may occur in any
of three places. It may be in the austenitizing heat treatment
prior to quenching if the furnace is overloaded, or if the parts
are not supported in such a way as to obtain uniform heating. If
too much material is put into the quench tank at one time, the
quenching medium may not have sufficient access to all of the
shaft resulting in a non- uniform quench. The third possibility
is in the tempering heat treatment. Just as in the case of the aus-
tenitizing heat treatment, it is important that heating be
uniform.

If sufficient precautions are not taken, the result is a differ-
ence in the microstructure around the circumference [12].
These different microstructures can have different coefficients
of thermal expansion leading to unacceptable deflection on ther-
mal stability testing. This condition can be corrected only by ad-
ditional heat treatment. If the deficiency occurred in the tem-
pering treatment, it may be possible to correct the difficulty by
retempering. This, however, is the least likely of the three pos-
sibilities. It is far more probable that the instability arose from
shortcomings in the austenitizing heat treatment or in the
quenching cycle.

The oxide on bars after hot rolling is usually thinner, tighter,
and more uniform than on forgings. For this reason, bars may
be heat treated without removing the oxide. In the case of forg-
ings, it is frequently required that forging scale be removed by
machining prior to heat treatment for mechanical properties.
Sometimes, these forgings have low spots which do not com-
pletely clean up in this preliminary machining. If these spotsare
large, the oxide should be removed by local grinding prior to
austenitizing and quenching.

As pointed out, Type C instability can be corrected only by
additional heat treatment. It must be recognized, however, that
this can be done. In a number of cases, where the deflection on
thermal stability testing was several times the maximum al-
lowed, reheat treatment corrected the problem. The treatment
required to achieve stability was a complete retreatment includ-
ing, austenitizing, quenching, and tempering. The shafts in
question have been in service for about ten years without
difficulty.

Returning to the question of bars vs forgings, the record on
stability testing has been about the same, with a slight edge in
favor of bars.

CASINGS

Most multistage centrifugal compressor casings are fabricated
or cast from carbon steel. The higher temperatures requiring
alloy steels in steam turbine casings are rarely encountered with
horizontally split centrifugal compressor casings. Occasionally,
an alloy steel is required for strength reasons, especially, in high
pressure vertically split units. Alloy steels are more frequently
needed to achieve the desired toughness at subzero tempera-
tures such as are encountered in propane and ethylene compres-
sors, and compressors for boiloff gas in liquified natural gas serv-
ice. A listing of several typical casing materials along with the
usual minimum temperature for each of them is presented in

Table 6. Casing Materials.

Minimum

Trade Temperature
ASTM Name (Fahrenheit)
Wrought
A516 Gr.60 Carbon Steel —50
A537 Cl.1 Carbon-Manganese -75
A203 Gr.A 2.25% Nickel —100
A203 Gr.E 3.50% Nickel —150
A203 Gr.E 3.50% Nickel —160
A353/A553 9% Nickel —320
Cast
A216 Gr.WCB Carbon Steel —20
A352 Gr.LCB Carbon Steel —-50
A352 Gr.LC2 2.25% Nickel —100
A352 Gr.LC3 3.50% Nickel —150
A352 Gr.LC4 4.50% Nickel —-175
A571 Aust.Nickel Duct.Iron —320

Table 6. This table must be used with some caution. Some of
these materials may not be readily available in small quantities.

While the basic materials have remained unchanged, there
have been some developments and changes worthy ofnote. One
of these is the advent of calcium-argon blown steel. Plate steels
such as those featured in Table 6 can be blown with calcium in
an argon stream in the ladle after tapping from the melting fur-
nace. The effect of the treatment is to reduce the sulfur content.
Without this treatment the usual specification for sulfur is 0.04
percent maximum, and a typical value would be in the range
0.02 percent to 0.03 percent. With the treatment, sulfur can be
specified at 0.010 percent maximum. The calcium treatment
also provides inclusion shape control. In total, the steel is
cleaner, less likely to contain stringer tvpe inclusions, and,
therefore, less likely to show imperfections on plate edges dur-
ing in-process magnetic particle inspection. It is also less likely
to be susceptible to lamellar tearing during fabrication. The ad-
vantage is questionable in lighter plate thicknesses, but can be
significant in thicknesses above about three or four inches. The
cleaner steel is also higher in fracture toughness which means
that the low sulfur material can be made to the required stan-
dards for impact testing for a lower temperature than would be
possible with the standard product. There are still further devel-
opments including ladle refining furnaces on the horizon. These
developments, however, are not yet much concerned with
steels of the types used in the manufacture of compressor
casings.

For service at low temperatures, the usual practice in both
cast and fabricated casings has been to apply the rules of ASME
Boiler and Pressure Vessel Code, Section 8, Division 1, as re-
quired by API 617. In a 1987 addendum [13] to the 1986 Code,
the rules that are applied to fabricated compressor casings were
changed, significantly. The required Charpy V notch energy ab-
sorption values have been made a function of the plate thick-
ness. Recognition of the effect of thickness on fracture toughness
has now been extended to Section 8, Division 1 of the Code. It
had previously been included in some other sections, and in
some individual company specifications. Further, the latest re-
quirements are divided on a basis of specified minimum vield
strength. Formerly, the division was based on tensile strength.
A few examples of the “old” and “new” requirements are listed
in Table 7. In most cases, the minimum energy absorption val-
ues have been increased. In some instances the increases are
nominal, but in others they are substantial. There are a few
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cases, in lighter plate thicknesses, where the requirements have
been reduced.

Table 7. Casing Impact Test Requirements.

Service
Temperature ~ ASTM  Thickness Charpy V' Notch (ft.lbs.)

(F) Spec (inches) 1986 1987
-10 A516 Gr.60 2.5 not reqd. 16
-25 A516 Gr.60 1 13 not reqd.
—40 A516 Gr.60 2.5 13 16
=75 A537 ClL.1 2.5 15 23

—150 A203 Gr.E 2.5 15 17

Note: Above values provided for discussion only. For specification purposes refer-
ence should be made directly to the ASME B&PV Code.

There has not yet been sufficient experience for a full evalua-
tion of the effect of these new requirements. It is clear, however,
that increasing the minimum acceptable impact energy absorp-
tion specifications will have the effect of raising the minimum
temperature at which a given material can be employed.

Welding consumables that will satisfy the impact test require-
ments are available for all of the grades in Table 6. Actual test
results for any given consumable or combination of them de-
pend heavily, not only on their chemical composition, but also
on the preheat, interpass temperature, thickness of individual
weld beads, heat input rate, and post weld heat treatment. The
complex interaction of these variables makes it inadvisable to
cite test results, but the manufacturers should have the data for
the specific welding consumables and procedures used on their
casings. The greatest difficulty in meeting the requirements may
occur in the base metal weld heat affected zone, rather than in
the weld metal. It is not unusual, with the nickel alloy steels, to
find that the welding consumables employed result in a nickel
content in the weld metal a little higher than that in the base
metal.

The revisions to the ASME Code published to date apply only
to wrought products. A revision similar to the above in the stan-
dards for castings has not vet been adopted. Castings involve
some special problems so that what is done for plate cannot be
readily be applied directly to castings. Some modifications will
be needed. It is assumed, however, that the same guiding prin-
ciples will be followed, and that the requirements for castings
will be modified along similar lines.

SULFIDE STRESS CRACKING
Background

Sulfide stress cracking involves interaction of several
variables:

¢ Hvdrogen sulfide concentration and partial pressure

* pH

¢ Tensile stress

e Material composition, heat treatment, strength, and
microstructure

e Water

* Temperature

e Time

When all of the necessary conditions have been fulfilled, sul-
fide stress cracking may occur. Onset of the problem can be over-
come, in many cases, by making adjustments to one or more of
the above variables.

NACE MRO175

For both manufacturers and users of centrifugal compressors,
the most important single event of the last fifteen years in the
area of sulfide stress cracking was the 1975 National Association
of Corrosion Engineers (NACE) publication, Standard MR0175
[14]. Since initial publication, MRO175 has been revised several
times, and supplements have been issued between revisions.
NACE has recently announced that MR0175 will be reissued an-
nually, and that intermediate supplements will not be issued.
This step should help to minimize confusion in a complex situa-
tion. Several NACE Task Groups are continuing to work actively
on MROI75.

For the alloy steels such as AISI 4140 and the 12 percent
chromium steels including Type 410 stainless steel, the general
requirement of MR0175 is that they must have a maximum hard-
ness of HRC 22. API 617 contains provisions requiring not only
the maximum hardness, but also a maximum yield strength of
90,000 psi. There are differing schools of thought about the rel-
ative importance of hardness and vield strength. It is difficult to
measure the vield strength of a weld heat affected zone. In prac-
tice, manufacturers work to a vield strength for impellers of 80
to 90 ksi. For the 13 percent chromium, four percent nickel mod-
ification, there is provision in MRO175 for a maximum hardness
of HRC 23. There is also an exception for the precipitation har-
dening grade 17-4PH to have a maximum hardness of HRC 33
when heat treated in accordance with either of two procedures
in Appendix A of MRO175. There are a number of additional ex-
ceptions dealing with materials not used for compressor
impellers.

Compressor impellers for sour gas service are given a full
quench and temper heat treatment after welding. With this
treatment, the weld heat affected zone ceases to exist [1]. The
base metal then has uniform hardness conforming to NACE
MRO175 and API 617. With the stress relief postweld heat treat-
ment used for general application the weld heat affected zone
hardness may be about HRC 30.

The list of approved materials in MRO175 was, initially, based
on satisfactory service experience. There is provision for adding
materials on this basis as well as by successfully completing a test
program where the material is tested for susceptibility according
to the requirements of NACE Test Method TMO177 [15]. There
is a dilemma here. Referring to the materials in Table 2, AISI
4140, for example, when heat treated to the limits required in
MRO175, has an outstanding record of successful service in cen-
trifugal compressor impellers. AISI 4140, in the same condition
of heat treatment, performs well when tested according to
TMO177. The 12 percent chromium steels and the precipitation
hardening grades also have an excellent service record. They do
not, however, perform as well as AISI 4140 in the TMO0177 test.
There is now a move underway to puta note concerning this situ-
ation in MRO175. There are two possible explanations for this
anomaly: 1) the test conditions in TMO0177 are more severe than
those encountered in operation of the impellers, or 2) the
operating stress is lower than that used in the test program.
Probably, there is some combination of these two effects at work.

This gives rise to the question about how rigorously the re-
quirements of MRO175 should be applied. A specific question
concerns application of the specification to compressor shafts.
There are many shafts in service with yield strengths much
higher than that permitted for alloy steels in MRO175, but no fail-
ures have occurred. This is not just fortuitous. The highest stress
in shafts occurs at the coupling fit where there is no exposure to
the gas containing hydrogen sulfide. Inside the compressor
where the sour gas is present, the operating stress is quite low.
The combination of these circumstances gives rise to successful
operation. In the large sections encountered with shafts, it is fre-
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quently desirable to use asteel ofhigher hardenability than AISI
4140 for the reasons discussed in the section on shafts. AIS14340
and modified 4340 are probably the most common shaft mate-
rials. API617 has a note appended to paragraph 2.11.1.7, approv-
ing the use of higher vield strengths for shafts for the reason
cited here.

Recent Literature

MRO175 has, from the beginning, contained a prohibition
against alloy steels containing more than one percent nickel.
There have been conflicting reports on the effect of nickel on sus-
ceptibility to sulfide stress cracking. Payer, Pednekar, and Boyd
[16] have recently published a report showing that the nickel
containing AISI 4330 is more susceptible than the non nickel
free AISI 4130 by only a small margin, when both are given op-
timum heat treatment. With a less than optimum treatment,
AISI 4330 has less attractive properties. Adequate control of the
heat treatment does not present a serious problem. The conclu-
sions reached by Paver et al support the view expressed by Craig
[17] that some of the earlier conclusions relative to the harmful
effect of nickel did not take into sufficient account the impor-
tance of other variables such as heat treatment, microstructure,
and other elements.

There has been a series of papers [ 18, 19, and 20] covering the
development of a modification of AISI 4135 containing about
0.75 percent molybdenum and 0.035 percent columbium. Be-
cause of its higher hardenability and superior response to heat
treatment, as compared with standard 4135, the modified grade
requires a higher tempering temperature for the same yield
strength. This reduces internal stress,and increases resistance to
hydrogen embrittlement. The beneficial effect of molybdenum
is at a maximum near 0.75 percent. Both higher and lower
molybdenum contents have a lesser effect. Troiano and Hehe-
man [21] have also reported on the benefits of high tempering
temperatures. Tumuluru [22] has shown improvement of resis-
tance to sulfide stress cracking with improved steel cleanliness.

Concerning the 12 percent chromium steels mentioned previ-
ously, it has been reported By Ishizawa, Shimada, and Tanimura
[23], and by Klein [24] that Tvpe 420 with a carbon content of
about 0.20 percent is more resistant to sulfide cracking than
Tvpe 410 with a carbon content of 0.10 percent. This is interest-
ing, and the material will have some applications for this reason.
Compressor impellers, however, are unlikely to be one of them,
because of the poor weldability of Tvpe 420.

Gaertner and Imgram [25] have confirmed reports concern-
ing the sulfide stress cracking problem being at a maximum
somewhere below 150°F, and less serious at higher tempera-
tures. This effect may, in part, be due to the fact that the gas
would contain less moisture at the higher temperatures. Al-
though the first stages of many compressors operate in the re-
gion of a potential problem, the later stages frequently operate
at temperatures above the range of maximum susceptibility.

Keller and Cameron [26], concluded that AISI 4140 is suitable
for impellers at vield strengths up to 110,000 psi. This conclusion
was based on successful field experience and on alaboratory test
program. In part this success may be attributed to the relation-
ship between the stress in the impeller on overspeed testing and
in operation. As shown inTable 8, the stress in operation at rated
speed is 69 percent of the stress at overspeed. At the maximum
continuous speed, this factor is still only 75 percent. Thus, an
impeller heat treated to a vield strength of 110,000 psi. might
have a stress at overspeed of about 105,000 psi, and in operation
of 75,000 psi.

WIRE WOOL FAILURES

Wire wool failures have been encountered in bearings and
seals of turbines, generators, and compressors [27]. Such fail-

Table 8. Impeller Stresses at Various Speeds of Rotation.

Stress as
% of
Speed Stress Overspeed

Speed (pet) (pet) Stress
Design 100 100 69
Maximum Continuous 105 110 75
Trip 115 130 90
Overspeed 121 145 100

ures donotoccur frequently, but when they do, theyare usually
major problems. The result is not simply scoring, but deep
grooving of the rotating member requiring either replacement
or a major repair. Dawson and Fidler [28] reported that in one
instance it took only ten minutes to wear a groove one eighth
inch deep. The debris that is generated looks like steel wool,
hence the name wire wooling. This damage has also been called
black scab and, less frequently, machining damage (Figure 3).
The term machining may be applicable to the early stages, but
itisnotbelieved to be the action that causes most ofthe damage.
Most wire wool failures occur soon after a startup, not necessar-
ily the initial startup of the machine. The interval of down time
has sometimes been brief. The risk is increased if, during the
shutdown, work was performed on the lubricating system or re-
quired opening the casing.

Tyvpical chemical analyses for shaft and rotor materials are
shown in Table 4. The susceptibility to wire wool type failure in-
creases with the chromium content. Carbon and alloy steels
such as AISI 4140 and 4340 are not immune, but are much less
likely to give trouble than eventhe three percent chromium, 0.5
percent molybdenum steel. This latter composition was widely
used in Europe for turbine rotors some 30 or 40 years ago, but
is not currently in use for new construction. Fidler [29] has sug-
gested that chromium contents be kept below 1.8 percent. The
five percent chromium Type 501, martensitic stainless Type 410,
austenitic Tyvpe 304, and the precipitation hardening grades
such as 17-4PH have all been known to present serious risks of
wire wool problems. Although they are not good candidates for
shafts in turbomachinery for many reasons, it has been sug-
gested that high carbon, high chromium tool steels which con-
tain about one percent carbon and 18 percent chromium are not
particularly susceptible to wire wooling. These materials are
usually used at a much higher hardness than is the case for
shafts, and it has been reported that increasing the hardness is
helpful [30]. Manganese has been thought to be detrimental.
The evidence for this, however, is based on poor test results on
an austenitic manganese steel containing 14 percent manganese
and another austenitic grade containing eight percent nickel and
eight percent manganese. The effect of varying the manganese
content in the range normally present in alloy steels, less than
one percent, does not appear to have been studied.

The fundamental reason for the variation in susceptibility to
wire wool failure among different materials is not vet under-
stood. Such failures are, however, known to be caused by a small
particle of foreign material gettingintothe bearing or seal. With
thinner oil films the likelihood of a problem increases. Wire wool
failures are more likely on thrust bearings than journal bearings,
due to the higher unit loads and lesser oil film thicknesses. Ob-
viously, however, if a foreign particle falls into a journal bearing
while the machine is open, that is where the failure will occur.
It is not necessary that the particle be hard. Wire wool failures
have been initiated by particles of mild steel becoming embed-
ded in the babbitt bearing material. Such particles develop a
hard surface (black scab) when they rub against the rotor and
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Figure 3. Wire Wool Failure Grooves in Shaft and Black Scab in Bearing.

transfer a thin layer of hardenable material from the rotor to the
particle.

Summarizing his own work and that of others, Fidler [29] out-
lined a sequence of failure events:

* Due to the high coefficient of friction between the particle
and the rotor, a high interface temperature develops.

* Transfer and bonding of shaft steel to the foreign particle.

* Hardening, partial oxidation, and perhaps thermal cracking
of the transferred layer.

s Breakup and roughening of transferred layer to produce a
surface configuration capable of cutting and spinning material
from the shaft surface.

¢ Acquisition of shaft material by foreign particle to form a
growing scab.

* Development of excessive heat, local oil breakdown, rapid
carburization of the scab.

¢ Self propagation of the failure.

Even though the fundamental reason for the difference in sus-
ceptibilty to wire wool failure remains elusive, understanding
the mechanism provides insight into measures that may be
taken to prevent wire wooling.

It is desirable to make rotor shafts from 4140 and 4340 type
alloy steels to the maximum degree possible. These materials
have chromium contents well below the maximum of 1.8 per-
cent proposed by Fidler. There are, however, situations in pro-
cess gas compressors where it is necessary to use a material of
higher corrosion resistance such as Tvpe 410 or Type 304 stain-
less steel or one of the precipitation hardening grades such as
17-4PH. In these cases, measures can and should be taken to
protect the shaft. Karpe [26] has suggested nitriding, but this
may pose serious problems in getting it done on large shafts.
Further, Fidler [25] has indicated that nitriding is not always
successful. Other possibilities include coating the bearing jour-
nal with hard chromium plating or coating with tungsten carbide
{or a mixture of carbides) or ceramic applied by detonation gun
or plasma processes. Both of these latter possibilities involve

some care in making certain that the work is well done. A good
bond of the coating to the substrate is, obviously, essential.
These coatings have been used successfully. Steel sleeves on the
shaft may also be used with the sleeve being made from a mate-
rial resistant to wire wooling. Thisis not always a viable solution,
due to engineering reasons. For example, with reduction of the
shaft size, the critical speed of the rotor may fall into an unaccept-
able range.

One possible way to reduce the risk of wire wool failures in
bearings and seals is to increase the clearance. Thiswould sim-
ply increase the tolerance for foreign particles to a slightly larger
size. It would not eliminate the risk, and would probably be un-
acceptable for other reasons.

Restoration to service ofa part damaged by wire wooling may
present a difficult problem, due to the depth of the groove.
Nevertheless, it is one that requires serious consideration, given
the lead time and cost usually associated with making a new
shaft. In most cases, the damage is too severe to permit repair
by coatings of the relatively small thicknesses associated with
chromium plating and detonation gun or plasma spraying. The
use of a sleeve can be satisfactory if the reduction of the shaft
size does not unacceptably affect shaft stress or critical speed,
and if there is not an integral thrust collar that precludes in-
stallation of a sleeve. In the relatively recent past, there has
been activity in weld repairing by either filling the groove or
welding on a new shaft end. Such repairs have been performed
successfully.

REPAIR PROCEDURES

General Comments

There has been increased attention given to the underlying
technology of repair procedures inrecent years. In part, this has
been due to the increased sophistication of new procedures. It
has also been due torecognition of the well known principle that
prior preparation prevents poor performance. Although the eco-
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nomic pressures for quick repairscanbe intense, the time spent
in adequate preparation is always rewarded.

Chromium Plating

Chromium electroplating is a prime example of a process
where proper preparation is an absolute essential. If the work is
not clean when it goes into the plating bath, poor adhesion will
surely be the result. For industrial purposes, the plating should
always be hard chromium [31] and not decorative chromium.
Hard chromium is deposited directly on the substrate. Decora-
tive chromium has a very thin layer of chromium on top of inter-
mediate layers of nickel or nickel plus copper. As the name im-
plies, the hardness of hard chromium is very high, about 1000
on the Vickers diamond pyramid scale.

Chromium plating is one of the oldest repair procedures, hav-
ing a history that goes back at least fifty years. The thickness of
plated chromium is probably most frequently in the range of one
or two to perhaps 25 mils. Thicker layers have been used on oc-
casion, but infrequently, and with special precautions. The most
common use of chromium for repairs probably is to restore the
dimension of a diameter or bore in parts, such as bearings and
seals, that have become worn or damaged in service. Chromium
plating has been used in new construction for wear resistance.
It has also been used for prevention of wire wool failure by appli-
cation to the journal area on shafts made from a susceptible
material.

Federal Specification QQ-C-320 [32] has requirements,
which are well founded, with respect to treatment before and
after plating:

¢ Forpartshaving hardnesses below HRC 40, and not subject
to dvnamic stresses, prior shot peening and baking after plating
are not required.

* When the hardness is under HRC 40 but the part is subject
to dynamic stress, shot peening prior to plating is required.

* For hardnesses over HRC 40 and static stresses, shot peen-
ing is not required, but the parts must be baked at 375°F for a
minimum of 3 hours immediately after plating.

¢ Parts having hardnesses in excess of HRC 40 and cyclically
loaded should be shot peened before plating and baked as above
after plating.

While shafts and rotors are subject to cyclic or dynamic load-
ing, the cyclic stresses are not usually significant in the bearing
or seal areas restored by hard chromium plating. Further, in
most cases the hardness is well under HRC 40. There is, how-
ever, one situation where additional care is needed. If a bearing
journal or seal area has been damaged by rubbing, it is possible
that sufficient heat was generated to cause a local hard spot. In
at least one case exactly this occurred. Cracks developed, due
to hyvdrogen embrittlement, while the part which had been re-
paired by chromium plating was in storage.

Hard chromium has been reported to have lost market share
to thermal spray coatings because they can be done more
quickly, with less specialized equipment, and withoutwaste dis-
posal problems [31].

Thermal Spraying

Thermal spray coatings have been defined [33] as a family of
coating systems whereby a properly prepared substrate is
coated with any of a variety of materials whichhave been heated
to the molten or semimolten state and propelled at a sufficient
velocity against the substrate to produce bond strength suffi-
cient for the application. It is thought [34] that with some combi-
nations of coating and substrate there may be some diffusion al-
loying, and that some bonding may occur due to Van der Waals
forces. The temperature of the substrate is increased very little

during application of the coating, not sufficient to have an ad-
verse effect on the properties of the substrate.

Many coatings applied by thermal spraying are in regular use
not only as repairs, butinnew construction. Aircraft engines are
probably the most outstanding example where such coatings are
regularly used to prevent oxidation, corrosion, wear, etc. Flame
spraved 12 percent chromium steel has a history of more than
40 years in the seal surface of steam turbine shafts under carbon
seal rings. Without this coating, there would be a serious prob-
lem with galvanic corrosion of the alloy steel shaft caused by the
difference in potential between steel and carbon. Some of the
plasma and detonation gun coatings have been used to protect
bearing and seal surfaces from wire wooling. In the above exam-
ple, there has been no difficulty with wire wooling. The 12 per-
cent chromium steel which is used has a carbon content higher
than that of Tvpe 410 stainless steel. Due to the rapid cooling of
the flame spraved metal, and the presence of oxide in the de-
posit, the hardness is about HRC 40.

In many cases, the thickness of flame sprayed coatings is less
than 0.030 in, but thicker coatings are used when necessary.
Coatings having a thickness well in excess 0f0.100 in have been
used successfully in some applications. Thick coatings must be
applied in a series of light passesrather than a few heavy passes.

There are a number of variations in thermal spraving equip-
ment. The oldest of these (and perhaps still the most used) flame
spraying, operates with a fuel gas as the heat source. The coating
material may be in eitherwire or powder form. This process has
high deposition rates, low equipment cost, and ease of operation
in its favor. The chief disadvantage is that the deposits are less
dense than those applied by the more recently developed
methods. Several newguns using hydrogen or propylene for the
fuel gas are now being marketed. These also have a modified
nozzle to increase particle velocity and bond strength. Coatings
deposited with some of these guns are said to approach those de-
posited with a plasma or detonation gun.

Plasma processes produce higher temperatures and higher
particle velocities than are possible with flame spraying. The
coatings deposited by the plasma process are also more dense.
The coating material is in the form of powder. There are several
variations and modifications in the plasma process. Standard
plasma guns may be rated at up to 40 kW, while the newer high
energy guns are rated as high as 80 kW. The particle velocity is
higher with the high energy gun, and both types of plasma guns
produce a higher particle velocity than flame spraying (Table 9).
There is a considerable spread in the published information on
particle velocities. There are obvious difficulties associated with
the measurement of these velocities. A converging, diverging
nozzle attachment for a standard plasma gun has been used to
increase particle velocity.

Low pressure plasma spray equipment has been developed to
apply coatings inside a vacuum chamber. Low pressures in the
vacuum chamber prevent contamination of the coating particles
by oxidation of some of the highly reactive elements in coatings
used for aircraft applications. Because of the lesser oxidation,
low pressure vacuum chamber plasma coatings are also thought
to have a higher bond strength.

Table 9. Thermal Spray Processes.

Particle

Velocity Density
Process (fps) (pet)
Wire flame spray 500-800 85
Plasma 800-1800 90-95
Detonation gun 2500 99
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Coatings applied by the detonation gun process have been
used for many of the same purposes as coatings applied by the
plasma process. Because of the high particle velocity, the bond
obtained with detonation gun coatings is probably in excess of
that from other processes. Detonation gun coatings, many of
whichare tungsten or chromium carbides innickelor cobalt bin-
ders, are very hard and wear resistant. They have been used suc-
cessfully in restoration of bearing and seal surfaces and in a vari-
ety of applications involving resistance to severe wear or
erosion.

Preparation ef the surface of parts to be coated by flame,
plasma, or detonation gun processes is critical. For flame spray-
ing, the most successful procedure requires rough machining,
frequently consisting of rough threading followed by knurling.
When this is not possible, bonding materials that require only
grit blasting may be used, but may not be as successful in appli-
cation. The plasma spray and detonation gun processes require
grit blasting. The grit must be carefully monitored, for break-
down of the particles and contamination with foreign material.

The thickness of plasma and detonation gun coatings is often
only a few mils, but plasma coatings of 0.050 in to 0.100 in or
more have been used for restoration of dimensions damaged in
machining or service, and for the deposition of materials used
as abradable seals.

Welding

Repair by welding for stationary parts and for impellers that
were originally manufactured by welding has long been consid-
ered to be a standard practice. Repairs on the shaftand on impel-
lers integral with the shaft have been looked at with reservation.
In these cases, repairs by chromium plating, thermal spraying,
or sleeving have been regarded more favorably. Repair welding
has been used occasionally on steam turbine disc rims. In the
last few vears, there has been more attention given to repair of
rotors by welding. The impetus came mainly from steam
turbines where construction having the discs or bucket wheels
integral with the shaft is more common than in centrifugal
CoOmpressors.

There have been several recent publications outlining the
general procedures, [35, 36, 37, 38]. The incentives have been
time and cost. [thasbeen reported thatturbinerotorshave been
repaired for as little as five percent of the cost of a new rotor [35],
although figures of 15 or 20 percent seem to be more common.
The time saved could, in extreme cases, be as much as a year
for a large turbine. These figures provided a powerful incentive
for the development of acceptable procedures for repair by
welding.

Welded steam turbine rotors, for new construction, have
been produced in Europe for many vears. There have been
changes and improvements in the welding procedures over the
vears. The operating record has been good. This background
has, no doubt, been a contributing factor in increased accept-
ance of welding repair. As yet, published data on the repairs are
limited. Several manufacturers and repair shops have their own
proprietary information on welding consumables, welding pro-
cedures, and resulting mechanical properties.

Welding repairs for such locations as bearing journals and seal
surfaces would not be expected to be in areas of high stress (Fig-
ure 4). This might or might not be the case fora repair on a rotor
with integral impellers. In either case, information should be
studied covering the properties of the weld metal in relation to
those of the original base metal. This should include a review of
the properties of the heat affected zone in the base metal adja-
cent to the weld. Considering the alloy steels customarily used
for rotors, a post weld tempering heat treatment should be part
of the procedure. This might be a local treatment, as seems usu-
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Figure 4. Possible Locations for Repair Welding of Shafts and
Rotors.

ally to be the practice with turbine rotors. It could be done ver-
tically [38], or horizontally with the shaft rotating. If available,
thermal stability testing apparatus could be used.

Most of the repair welding of turbine rotors appears to have
been performed using submerged arc welding. There does not
appear to be a technical reason that other processes such as gas
tungsten arc, gas metal arc, or flux core arc welding could not
be emploved if satisfactory properties can be obtained. All of
these processes lend themselves to mechanization. There are
probably a large number of combinations of filler metal and flux
which are capable of yielding satisfactory mechanical properties.
A full evaluation, however, requires more than identification of
the consumables. Itisnecessary to develop a procedure on simu-
lated parts including the welding parameters of current, vol-
tage, and travel speed in order to know the heat input rate per
unit of weld length. Full details of preheat and postweld heat
treatment are needed. Variations in these parameters can have
a significant effect on the resulting properties, especially in the
heat affected zone of the base metal. It follows that actual weld-
ing conditions on a shaft or rotor should closely follow those on
the simulated parts used for evaluation.

FAILURE ANALYSIS

In the last decade, there has been substantial technological
progress with regard to failure analvsis in two areas of interest
to manufacturers and users of all types of turbomachinery. Spe-
cifically, these are electron microscopy and fracture mechanics
used in the analysis and prevention of service problems. The two
are synergistic.

Scanning electron microscopy (SEM) has been widelv used in
the examination of fracture surfaces. While electron micro-
scopes are capable of magnifications higher than those usually
associated with optical microscopes, much of the work done
with SEM is well within the range of magnification available
with optical instruments. The most important advantages to
electron microscopy are increased resolution and depth of field.
Resolution has been defined [39] as capability to separate closely
spaced forms or entities, and is specified as the minimum dis-
tance by which twolines or pointsmust be separated before they
can be distinguished as separate entities. Depth of field is a mea-
sure of the degree to which a surface may depart from a plane
and still be a sharp image. For optical microscopes, a high de-
gree of flatness is required, while for scanning electron micro-
scopes substantial departure from a plane surface is permissible.
This makes it possible to examine the peaks and valleys of frac-
ture surfaces directly at magnifications above the range for opti-
cal microscopes. Formerly, such direct examination was possi-
ble only with wide field low magnification (up to perhaps 30 X )
instruments.
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In Table 10, McCall [40] lists comparative values of three
characteristics of light, scanning electron, and transmission elec-
tron microscopes. In a scanning electron microscope (SEM), the
specimen is examined directly. In a transmission electron mi-
croscope (TEM), a replica of the fracture surface is examined
with the use of a transmitted electron beam.

Table 10. Comparison of Resolution and Depth of Field.

Light Transmission Scanning
Optical Electron Electron
Resolution, A ~2000 ~5 ~100
Depth of Field® 250(@ 15x 500@4000x 1000@100x

0.08@ 1200x
15 to 2000x

0.2@500,000x
200 to 300,000x

10@10,000x

Magnification Range 20 to 50,000x

'Angstroms

Microns

In the study of fatigue fracture surfaces, the SEM may be
satisfactory for measuring the striation spacing for low cvcle
fatigue. In high cycle fatigue, however, the striation spacing is
more often smaller than the resolution capability of an SEM. In
such cases, the superior resolution of the TEM makes it possible
to measure the spacing. When the striation spacing has been de-
termined and the size of the fatigue crack measured, using frac-
ture mechanics, it is possible to derive a great deal of infor-
mation concerning the cyclic stress and the number of cvcles to
failure. Quantitative information of this sort provides a basis for
determining corrective action.

There are some difficulties. The crack growth rate is seldom
constant throughout the growth of the crack. In most cases, the
growth rate increases with the size of the crack requiring several
measurements of striation spacing. It is advisable to make sev-
eral measurements of striation spacing at different points along
the path of the crack. It is not unusual for portions of fatigue
crack surfaces to have been damaged during crack propagation.
In the damaged areas, the striations may have been obliterated.
Still, this analysis permits a better evaluation of the problem
than would have been possible without it. A better understand-
ing of the problem leads to increased probability of solution.

Examination of the fracture surface will also reveal whether
the fracture was ductile or brittle, and whether it was inter-
granular, transgranular, or mixed mode. Representative elec-
tron micrographs showing the marked difference appear in Fig-
ures 5 and 6. Intergranular failures may be indicative of stress
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Figure 5. Magnification 575X . Electron Micrograph of Trans-
granular Ductile Fracture.

Figure 6. Magnification 60X . Electron Micrograph of Inter-
granular Fracture.

corrosion or corrosion fatigue. At usual compressor operating
temperatures, straight mechanical failures due to overstressing
or fatigue are transgranular. Atelevated temperatures inthe hot
end of steam and gas turbines, intergranular failure may occur.

The disadvantage to electron microscopy is that the specimen
being examined must be in a vacuum chamber. This imposes a
limit on the size that can be accommodated. In most cases, this
is not really a serious problem. Electron microscopes with large
vacuum chambers are available—that is chambers capable of
handling specimens of several inches in all dimensions. A great
deal of useful work has been done on microscopes capable of
handling specimens not larger than about a one inch cube.

Although not in the realm of failure analysis, but associated
with failure prevention, fracture mechanics has made it possible
to evaluate quantitatively the effect of imperfections found in ul-
trasonic and radiographic examination of various compressor
components. When the size and location ofan imperfection have
been established by these inspection procedures, it is possible
to assess the effect that it would have on serviceability. It is also
necessary to know the state of stress during operation at the loca-
tion of interest. With this information, the stress intensity may
be calculated. (Note: The term stress intensity has one meaning
in fracture mechanics and a different meaning in ASME Boiler
and Pressure Vessel Code, Section 8, Division 2.) Critical stress
intensities below which brittle fracture will not propagate have
been published for most materials. Thus, if the actual stress in-
tensity is below the critical value, the partmaybe accepted. Un-
certainties concerning the stress must be factored into the deci-
sion making process on the conservative side.

If the stress is steady, the calculated imperfection size is valid.
If the stress is alternating, however, it is necessary to evaluate
the possibility of crack growth due to fatigue from an original
subcritical size to a critical size. This can be done when the mag-
nitude of the cvclic stress is known or can be estimated within
reasonable limits. With this information, it is possible to make
a determination concerning the likelihood of a crack propagating
from the imperfection.

With specific application to welds, British Standards Institu-
tion PD 6493 [43] has provided a method for Engineering Crit-
ical Assessment of defects in welded structures. Noting that
quality control limits are necessarily arbitrary and conserva-
tive, PD 6493 contains procedures for determining “fitness
for purpose” of fabricated structures with various tvpes of
imperfections.
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From this quick, introductory look, it may be seen that frac-
ture mechanics and electron microscopy have provided com-
pressor manufacturers and users with powerful tools.

SUMMARY

Progress in the last fifteen or twenty years in materials for cen-
trifugal compressors has been reviewed. Specific subjects that
were examined included impeller manufacture and materials,
shaft manufacture and stability, sulfide stress cracking. casing re-
quirements, repair technology, and failure analysis. In each
case, there were significant advances during this interval. The
service record of compressors has been good. With implementa-
tion of the newer and improved technology this record may be
expected to be still better in the future.
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