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Abstract

Minor changes in steel chemistry can have a significant affect on weld quality. Weld procedures performe: . in a
manufacturing environment are usually developed based on the steel composition required in a material specific ttion,
This is done to consistently produce acceptable weld properties without developing a high hardness heat-affecter zone
(HAZ) in the adjacent base metal. Fatigue cracks were visually detected in cast steel suspension brackets after ¢ pera-
tors reported noticing looseness in the rear suspension system. These trucks were associated with a particular vor ation
that resulted in significant loads transferred through the torque rods that position the rear axles. It was discovere | that
the carbon equivalent (chemistry) in the steel castings had increased slightly over a period of time which ultir ately
resulted in a higher than expected hardness in the HAZ. Underbead cracks had formed in the HAZ of the castin  that
subsequently propagated by fatigue that could have resulted in detachment of the castings from the axle housing .
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Welds; Chemical analysis; Heat-affected zone; Intergranular fraciure; Fatigue

1. Imtroduction

Rear axles on heavy trucks are positioned and aligned laterally by torque rods while unique suspe: sion
components and/or track rods maintain the fore—aft axle spacing. These torque and track rods as w:ll as
other suspension members are usually attached with rubber lined bushings to the axle housing thr rugh
brackets welded onto the housing. The complete assembiy allows limited movement of the axles d iring
turning maneuvers and auto realignment after the turn is completed. Loads are transferred through hese
brackets and undetected flaws that exist in the attachment welds or brackels may initiate cracks tha can
propagate by fatigue. A generic style axle housing with welded brackets is shown in Fig. 1 to faci itate
visualization of this particular problem.

Rear axles usually have several welded-on brackets and not all of the cast steel brackets necessarily + ome
from the same foundry, In this particular instance, at least two different foundries supplied brackets that
were welded onto opposite sides of the axle housing. If the cracked bracket had not been noticed in a
timely manner, it was possible that the remaining brackets could have been overstressed allowing the axle

E-mail address: baggerly(@sos.net (R.G. Baggerly).

1350-6307/03/% - see front matter © 2003 Elsevier Lid. All rights reserved.
doi: 10.1016/S1350-6307(03)00042-6
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to detach from the chassis. This would have been catastrophic with all of the ramifications associatec with
loss of vehicle control, cargo and whether the incident occurred in a populated area or remote site.

2. Failure observations

The cracked brackets were noticed during routine inspections of the trucks involved with this prolem.
The axles were subsequently replaced and the brackets removed from the axle housings. Two typical ailed
brackets are shown in Figs. 2 and 3. Close inspection revealed that the dominant fracture occurred :n the
bracket casting and not in the weld metal or axle housing. The crack had initiated very close to the weld
and subsequently propagated by fatigue in the HAZ of the casting as shown in Figs. 4 and 5. Some « f the
weld metal appears in the photograph.

The region of crack inittation exhibited a significant degree of intergranular cracking as seen in 1ig, 6
when the fracture surface was examined using a scanning electron microscope (SEM). As the crack con-
tinues to propagate through the casting, the surface topography changes to transgranular fatigue :rack
propagation as shown by the fracture appearance in Fig. 7.

Fig. |. Generic axle housing with welded brackets.

Fig. 2. Failed axle bracket.
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Fig. 3. Failed axie bracket.

Fig. 4. Crack propagating in the HAZ of the casting.
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Fig. 5. Crack propagating in the HAZ of the casting,

Fig. 6. Intergranular cracking in HAZ.

3. Failure mechanism

The observance of intergranular fracture in the SEM examination immediately suggested some for n of
embrittlement. It is well known that underbead or cold cracking may occur in welds when the we ding
parameters and steel chemistry are such as to promote a high hardness HAZ. The fracture mechani m is
typically intergranular due to hydrogen and the hydrogen is either introduced from the welding con um-
ables during welding or is present in the base metal from prior processes. The hardness of the H/ Z is
normally controlled during welding by preheating the work piece prior to welding and sometimes by
applying a post weld heat treatment. Metallographic specimens were prepared from the bracket castin 1s so
that the polished specimen surface contained a portion of the fracture edge, the HAZ and adjacent base
metal casting. The microstructure of the HAZ, base metal casting and the transition zone between the two
regions are shown in Figs. §-10. The HAZ exhibits a martensitic structure compared to the pearlitic/fe ritic
structure of the casting, If the martensitic HAZ has high hardness, then clearly the conditions are pr sent
for underbead or cold cracking to occur.
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Fig. 7. Fatigue crack propagation in HAZ.

Fig. 8. Martensitic microstructure of the HAZ.
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£

Fig. 9. The pearlitic/ferritic microstructure of the base metal casting.

A microhardness survey was conducted using a Knoop hardness indenter to characterize the 1[AZ,
transition zone, and the core hardness of the casting. The hardness survey is shown in Fig. 11 and con irms
the suspicion that the hardness of the HAZ is sufficient 1o promote underbead cracking when a :mall
amount of hydrogen is present.

4. Root cause of failure

The cause of cracking in the cast steel brackets is the result of several factors acting concurrently and
which are described as follows: (1) a high hardness in the HAZ from phase transformation resulting rom
the heat input and welding temperature, (2) tensile residual stress induced from phase transformatior and
mechanical constraint during cooling, and (3) sufficient hydrogen in the metal, either from the we ding
consumables or present in the casting itself.

5. Discussion of root cause

The welding process at the manufacturing facility had been developed for these materials and utilize 1 for
many years to produce thousands of axle welds. The historical record has been consistently good. The
temperature of the castings and axle housings are typically above a minimum temperature of 16 °C prir to
welding, They are moved from a storage site to an inside factory location at least 12 h in advan e of
welding. Normal practice is to bring the next day’s assembly materials into the factory the night befc -e to
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Fig, 10. The transition microstructure between the HAZ and base metal casting.
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Fig. 11. Microhardness survey of the HAZ, transition zone, and casting.
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allow temperature stabilization in the parts before welding. A preheat operation prior to welding ha 1 not
been necessary since the plant temperature was generally maintained above 16 °C. The welding paran eters
were developed based on a material specification that limited the carbon content to 0.3%, the ¢irbon
equivalent (CE) to 0.6, and the maximum hardness of the HAZ to 350 HV (RC 35.5). The CE formula
referenced in the specification is associated with the International Institute of Welding (ITW) which does
not include the element silicon. The ITW formula for CE in weight percent is:

CE = C% + Mn%/6 + (Cr% -+ Mo% + V%)/5 + (Ni% + Cu%)/15 < 0.6% (1)

It can be seen from Fig. 11 that the maximum HAZ hardness of the failed castings was in excess of 1RC
47. Two of the axle housings with broken castings also contained cast steel brackets supplied by a dif crent
foundry. These steel castings were in compliance with the material specification, welded during the same
working shift with the same personnel and with the same weld parameters as the castings that cracked The
microhardness traverses across the HAZ for these twoe castings produced by casting Supplier B ar¢ also
included in Fig. [ 1. It is evident that the carbon equivalent for the cracked castings was either at the very
high range of the specification, or exceeded the material specification.

Additional insight into this problem was gained by examining the time sequence history of consec utive
casting heats from Supplier A. Fig. 12 shows the variation in chemical elements in the steel affe cting
hardenability, including Si, that are used to calculate the carbon equivalent. There are a few heats shc wing
elevated concentrations of chromium, nickel or silicon but in general the variation appears fairly typi al of
cast steel according to the ASTM A48, grade 80-50 specification. When the carbon equivalent is calcu-
lated for these heat lot chemistries and plotted sequentially, there is a gradual trend with time to h gher
values. Fig. 13 shows this trend over a 15-month period.

The importance of maintaining a low value for carbon equivalent when either preheat or pos:heat
treatments are not employed during the welding process is to control the hardness level in the HAZ and

1.0
0.8 A ‘!"'L'
‘-'l l A A Cr

0-6 ARG T A

]

0.4

Composition, wt. %

Heat Sequence

Fig. 12. Steel chemistry variation in consecutive heats of castings.



R.G. Baggerly | Engineering Failure Analysis 11 (2004) 115125 123

prevent hydrogen assisted cold cracking. Brian Graville developed a diagram showing the sensitivity t« cold
cracking based on the carbon content and the carbon equivalent of steels which represents a methodolc gy to
aid in developing appropriate weld parameters [1-3]. The diagram is divided into three zones whic1 are
described as follows: Zone 1 “Cracking is unlikely, but may occur with high hydrogen or high restr: int.”
Zone H “For steels with high carbon, a minimum energy to control hardness and preheat to ccntrol
hydrogen may be required.” Zone III “The hydrogen control method shall be used” meaning prehea: and
possibly postheat thermal treatments. His diagram has been adopted by the American Welding S: ciety
{AWS) and is included in the the AWS Structural Welding Code for Steel and can be described a. “an
alternative method for determining welding conditions to avoid cold cracking” [4]. The formula for ¢: rbon
equivalent used by Graville includes the element 8i and is shown in Eq. (2).

CE = C% + (Mn% + Si)/6 + (Cr% + Mo% + V%)/5 + (Ni% + Cu%)/15 @

There are many formulas in use for CE but this is the formula adopted by AWS for structural steel The
steel foundry industry acknowledges that Si is more difficult to contro! because of refractory linings 1 2 the
melt shop and the potential for the steel melt to pick up Si from that source. Hardenability of the H \Z is
primarily due to alloy content but grain size also has an influence. Since the grain size is smaller in wr ught
steels compared to foundry products, the grain size effect tends to increase hardenability in castings.
When the CE for the suspect foundry heats are plotted on a Graville diagram (using the fermula 1 ‘hich
includes Si), they are all located in Zone 3 as shown in Fig. 14, Careful attention to welding proce lures
would be required to prevent cold cracking with these heats of castings. An historical perspective ¢ n be
gained if similar information from other cast steel suppliers is used for comparison. The CE of wel lable
axle bracket castings from other suppliers is also included in this diagram. It is apparent that the ca: tings

0-8 T i J ¥ T T T T Li— T T T T
_ ® Trend y=+1.82.10"Y X +0.607 |
L X
0.7 r ® -
]
. ®e “

TO T

0.5

Carbon Equivalent (IT'W Formula)
=
=

Heat Lot Sequence Number

Fig. 13. Increasing trend in the CE with time.
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Fig. 15. Relationship of CE 10 HAZ hardness in welded steel castings,
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from supplier A have additional alloy content that results in welds susceptible to cold cracking usir g the
specified welding procedures. Although the steel castings were of excellent strength and quality and vould
be considered premium castings, the welding procedure developed and used for axle brackets was not
optimised for the alloy castings with higher CE. The variation in HAZ hardness maximum that mig ht be
expected using the traditional welding procedure is shown in Fig. 15 for several welded axle bracktes This
data has been collected over a period of time for various reasons and reflects the expected variation in
hardness with CE.

The structural integrity of suspension components for heavy trucks depends on quality systems th t are
in place at the supplier’s facilities as well as at the assembly plants where welding procedures mu st be
strictly adhered to for product consistency and reliability. This particular lot of castings could have been
favorably utilized by adjusting the welding process if the steel chemistry had been known to the we lding
shop prior to assembly. However, manufacturing efficiency would probably have been compromised This
investigation ultimately resulted in a revision to the specification for steel castings. Alternativelr, the
welding procedure could have been revised to include a higher preheat temperature even thoug) the
established welding process does not create high hardness HAZ’s with castings having the CE i1 the
required range. The CE requirement in the specification was therefore revised to a maximum valie of
0.61% or average CE + 30 =0.61%. A requirement of steel foundries is to know the statistical range « f the
CE for each grade of steel produced when the castings may be welded to other components. This nfor-
mation should be availabe to their customers to insure the final product is fit for the intended applic: tion.

6. Conclusions

1. The cracked axle seat brackets were cast from low alloy steel that exceeded the specificatio for
carbon equivalent.

2. The HAZ hardness of the cracked castings was in the range susceptible to hydrogen assisted cold
cracking.

3. The established welding procedure was appropriate for the steel chemistry specified and histori :ally,
would not result in a high hardness HAZ.
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Designation: A 148/A 148M - 03

Standard Specification for

Steel Castings, High Strength, for Structural Purposes’

This standard is issued under the fixed designation A 148/A 148M; the number immediately following the designation indicates the year
of original adoption or, i the case of revision, the year of last revision. A number in parentheses indicates the vear of last reapproval.
A superscript epsilon (€) indicates an edirorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Departmen: of Defense.

1. Scope *

1.1 This specification covers carbon steel, alloy steel, and
martensitic stainless steel castings that are to be subjected to
higher mechanical stresses than those covered in Specification
A27/A2TM.

1.2 Several grades of steel castings are covered, having the
chemical composition and mechanical properties prescribed in
Table | and Table 2.

1.3 The values stated in inch-pound units or SI units are to
be regarded separately as standard. Within the text, the SI units
are shown in brackets. The values stated in each system are not
exact equivalents; therefore, each system must be used inde-
pendently of the other. Combining values from the two systems
may result in nonconformance with the specification.

2. Referenced Pocuments

2.1 ASTM Standards:

A 27/A 27M Specification for Steel Castings, Carboen, for
General Application?

A 370 Test Methods and Definitions for Mechanical Testing
of Steel Products®

A T81/A T81M Specification for Castings, Steel and Alloy,
Common Requirements for General Industrial Use?

E 29 Practice for Using Significant Digits in Test Data to
Determine Conformance with Specifications®

3. General Conditions for Delivery

3.1 Material furnished to this specification shall conform to
the requirements of Specification A 781/A 781M, including
any supplementary requirements that arc indicated in the
purchase order. Failure to comply with the general require-
ments of Specification A 781/A 781M constitutes nonconfor-
mance with this specification. In case of conflict between the
requirements of this specification and Specification A 781/
A 781M, this specification shall prevail.

! This specificatzon is under the jurisdiction of ASTM Comunitiee AOL on Steel,
Stainless Steel and Related Alloysand is the direct responsibility of Subcommitiee
A0L.180n Castings.

Current edition approved April 10, 2003. Published Aprit 2003. Originally
approved i §955. Last previous edition approved in 2002 as A 148/A 148M - 02.

2 Annual Book of ASTM Stondards, Vol 01 02,

* dnnual Book of ASTM Standards, Vol 01.03.

* Annual Book of ASTM Standards, Vol 14,02,

TABLE 1 Chemical Requirements

Grade (UNS No.) Composition %

Sulfur, max F rospho-
Y 15, max
B0-40 [550-275] {D50400) 0.06 0.05
B0-50 [550-345] {D50500) 0.08 0.05
90-60 [620-415] (D50600) 0.06 0.05
105-85 [725-585] {050850) 0.06 0.05
115-95 [795-655] (D50950) 0.06 005
130-115 [895-795] {D51150} 0.06 205
135-125 [930-860] (D51250) 0.06 205
150-135 [1035-930] (D51350) 0.06 1.05
160-145 [1105-1000] (D5145C) 0.06 1.05
165-150 [1140-1035] (D51500} 0.020 2.020
165-150L [1140-1035L.} {D51501) 0.020 1.020
210-180 [1450-1240] (D51800) 0.020 2.020
210-180L [1450-1240L] (51801} 0.020 2.020
260-210 [1795-1450] (D52100) 0.020 2.020
260-210L [1795-1450L] (D52101) 0.020 2.020

4. Ordering Information

4.1 The inquiry and order should include or indi ate the
following:

4.1.1 A description of the casting by pattern nuiiber or
drawing (dimensional tolerances shall be included on the
casting drawing),

4.1.2 Grade of steel,

4.1.3 Options in the specification, and

4.1.4 The supplementary requirements desired, ir :huding
the standards of acceptance.

5. Heat Treatment

5.1 All castings shall be heat treated either by full an ealing,
normalizing, normalizing and tempering, or quench: 1g and
tempering, Unless otherwise specified in the inquiry, ¢ tract,
or order, the castings may be heat treated by any of the se heat
treatments or combination of these hear {reatments at th: option
of the manufacturer.

5.2 Heat treatmnent shall be performed after the «astings
have been allowed to cool below the transformation r: nge.

6. Temperature Control

6.1 Furnace temperatures for heat-treating shall be re qulated
by the use of pyrometers.

*A Summary of Changes section appears at the end of this standard.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, FA 19428-2959, United States.
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TABLE 2 Tensile Requirements

Grade Tensile strength min,

Yield point min,

Elongation in 2

ksi [MPa) ksi [MPa] in. or 50 mm, Reduction of Area, mii , %
min, %*
80-40 [550-275) 80 [550] 40 [275] 18 3
80-50 [550-345] 80 [550] 50 [345) 22 35
90-60 [620-415] 90 [620] 60 [415] 20 40
105-85 [725-585] 105 1725) 85 [585] 17 35
115-95 [795-655] 115 [795] 95 [655] 14 30
130-115 [895-795] 130 [895] 15 [795] 11 25
135-125 [930-B60) 135 {930} 125 [860] g 22
150-135 [1035-930} 150 {1035] 135 [230] 7 18
160-145 [1105-1000] 60 [1105] 145 [1000] 8 12
165-15G {1140-1035) 165 [1140] 150 [1035} 5 20
165-150L [+140-1035L]F 165 [1140] 150 [1035] 5 20
210-180 {1450-1240] 210 [1450] 180 [1240] 4 15
210-1804 [14506-1240L]7 210 [1450} 180 [1240] 4 15
260-210 [1795-1450) 260 [1795; 210 [1450] 3 6
260-210L [1795-1450L)7 260 [1795] 210 [1450] 3 8

A When IC| test bars are used in tensile testing as provided for in this specification, the gage length to reduced section diameter ratic shall be 4 to 1.
B These grades must be charpy impact tested as prescribed in Section 9, and with minimum values as shown in Table 3.

7. Chemical Composition

7.1 The steel shall conform to sulfur and phosphorus re-
quirements as prescribed in Fable 1.

7.2 The content of carbon, manganese, silicon, and alloying
clements may, by agreement, be prescribed by the purchaser, If
not specified, the content may be selected by the manufacturer
to obtain the required mechanical properties.

7.3 When the analysis of carbon, manganese, silicon, or any
intentionally added alloying element is specifically requested
in the contract or order, it shall be made by the manufacturer
and reported to the purchaser. The results of these analyses
shall not be used as a basis for rejection except by prior
agreement.

8. Tensile Requirements

8.1 One tension test shall be made from each heat and shall
conform fo the tensile requirements specified in Table 2.

8.2 The test coupons and specimens shall conform to
requirements specified in Section 11.

8.3 Tension test coupons shall be machined to the form and
dimension shown in Fig. 5 of Test Methods and Definitions
A 370 and tested in accordance with those test methods.

8.4 To determine conformance with the tension test require-
ments, an observed value or calculated value shall be rounded
off in accordance with Practice E 29 to the nearest 500 psi [5
MPa] for yield point and tensile strength and to the nearest | %
for elongation and reduction of arca.

9. Charpy Impact Requirements

9.1 This section is applicable only to grades 165-150L
[1140-1035L], 210-180L [1450-1240L}, and 260-210L [1795-
1450L].

Note 1—Other grades may be ordered to charpy impact test require-
ments in accordance with Supplementary Requirement 89 of Specification
A TRU/ATEIM.

9.2 The notched bar impact properties of each heat shall be
determined by testing one set of three Charpy V-notch impact
specimens at —40° £ 2°F [—40° £ 1°C]. The energy value of
the three specimens shall not be less than shown in Table 3,

]

TABLE 3 Impact Requirements
Grade 185-150L  210-180L 260 210L
{1140- {1450- {1 95
1035L] 1240L] 14 30L]
Impact Requirements 20 [27] 15 [20] E [8}
Charpy V-notch
Energy value, ftIbf [J], min value for
two specimens and minimum aver-
age of three specimens
Energy value, ftIbf [J], min for single 16 [22) 12 [16] 4 [9]

specimen

9.3 Test coupons and specimens shall conform t. the
requirements specified in Sectionll.

9.4 Tmpact test spectmens shall be machined to the for 1 and
dimensions shown in Test Methods and Definitions / 370,
Type A, Charpy V-notch specimen, Fig. 11, and test:d in
accordance with those test methods.

10. Retests

10.1 If the results of the tensile or charpy tests d» not
conform to the requirements specified, heat-treated ca tings
may, at the manufacturer’s option, be reheat treated. To sting
after reheat treatment shall consist of the full numb:r of
specimens complying with the specification or order.

11. Test Coupons and Specimens

11.1 Test bars shall be poured from the same heat ¢35 the
castings represented. Test coupons may be cast integrally with
the castings or as separate blocks similar to those shown it Fig.
1 of Specification A 781/A 781M.

11.1.1 In the case of quenched and tempered castings 1 here
the ruling section of the casting exceeds three inches, st wple-
mentary requitement S 15 of Specification A 781/A 781M shall
apply.

11.2 The bar from which the test piece is taken shall b heat
treated in production furnaces with the castings or to the same
procedure as the castings it represents,

11.2.1 When the bar from which the test piece is taken s not
heat treated as part of the same heat treatment load a: the
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casting(s) it qualifies, the austenitizing (or solution, if appli-
cable) temperatures for the bar shall be within 25°F of those for
the casting(s). The tempering temperature for the bar shall be
no higher than 25°F above that of the casting(s) and no higher
than permitted by the heat treatment procedure for the material.
The cycle time at each temperature shall not exceed that for the
casting(s).

11.3 Test specimens may be cut from heat-treated castings,
at the producer’s option, instead of from test bars.

11.4 H any specimen shows defective machining, or exhib-
its flaws, it may be discarded and another substituted from the
same heat.

12, Repair by Welding

12.1 Weld repairs shall be inspected to the same quality
standards that are used to inspect the castings. When castings
are produced with Supplementary Requirement S1 specified,
weld repairs shall be inspected by magnetic particle examina-
tion to the same standards that are used to inspect the castings.
When castings are produced with Supplementary Requirement

82 specified, weld repairs in which the depth of th: cavity
prepared for repair welding exceeds 20 % of the wall t lickness
or | in. [25 mm], whichever is smaller, or in which tt 2 cavity
prepared for welding is greater than approximately 1t in.*[65
cm?], shall be radiographed to the same standards that e used
to inspect the castings.

12.2 Welds exceeding 20 % of the wall thickness or | in. [25
mm], whichever is smaller, or exceeding approximatel - 10 in.2
[65 cm?] in area, shall be given a suitable stress relie or heat
treatment.

13. Rehearing

13.1 Tested samples representing rejected material shall be
held for two weeks from the date of the test report. Ir case of
dissatisfaction with the results of the tests, the mam facturer
may make claim for a rehearing within that time.

14. Keywords

14.1 alloy steel; carbon steel; castings; high streng h steel;
martensitic stainless steel; steel castings; structural ca tings

SUPPLEMENTARY REQUIREMENTS

The following supplementary requirements shall not apply unless specified in the purchase order. A
list of standardized supplementary requirements for use at the option of the purchaser is included in
Specification A 781/A 781M. Those which are ordinarily considered suitable for use with this
specification are given below together with additional supplementary requirements that are applicable
only to this specification. Other supplementary requirements enumerated in Specification A 781/
A 781M may be used with this specification upon agreement between the manufacturer and purchaser.

81. Magnetic Particle Examination.
52. Radiographic Examination.

§6. Certification.

§8. Marking.

89, Charpy Impact Test

S9.1 Charpy impact test properties shall be determined on
each heat from a set of three Charpy V-notch specimens made
from a test coupon in accordance with Test Methods and
Definitions A 370 and tested at a test temperature agreed upon
between the manufacturer and purchaser. The acceptance
requirements shall be either energy absorbed, lateral expan-
sion, or percent shear area, or all three, and shall be that agrecd

upon by the manufacturer and purchaser. Test specime 1s shall
be prepared as Type A and tested in accordance w th Test
Methods and Definitions A 370.

89.2 Absorbed Energy—Average energy value (f three
specimens shall be not less than specified, with not my re than
one value permitted to fall below the minimum speci ied and
no value permitted below the minimum specified for . single
specimen.

89.3 Lateral Expansion—Lateral expansion value hall be
agreed upon between the manufacturer and purchaser.

89.4 Percent Shear Area—Percent shear arca siall be
agreed upon between the manufacturer and purchaser.

$15. Alternate Tension Test Coupons and Specimer
Locations for Castings (in lieu of Test Bars Pcured
from Special Blocks).
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SUMMARY OF CHANGES

Committee AO1 has identified the location of selected changes to this standard since the last issue
{A 148/A 148M — 02) that may impact the use of this standard).

(1) Added the UNS Numbers to the grades inTable 1.

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any ifem mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their awn responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed avery ffve years and
If not revised, either reapproved or withdrawn. Your cormments are invited either for revision of this standard or for additional standards
and shouid be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeling of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown befow.

This standard is copyrighted by ASTM Internationai. 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints {single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or al 670-832-9585 (phone), 610-832-9555 (fax), or service@astm.arg (e-mail); or through the ASTM website
{(www.ashm.org).



Gear Tooth Fatigue Pit

Industry: Electric power generation

Specimen Description: Turbine gearbox pinion gear

Material: 17CrNiMo6 low alloy steel, case hardened by gas carburizing

Environment: Lubricating oil

Background: A double-helical pinion gear in a gas turbine gearbox developed pits on the loaded
teeth. A laboratory failure analysis was conducted to determine the cause for the gear teeth
pitting,

Time in Service: several years

Findings: The pinion gear suffered random, open progressive pitting on the loaded flanks of the
teeth. Other areas of the loaded gear teeth exhibited visual images of subsurface fatigue cracks
that had not developed into open pits yet. The companion bull gear had not pitted. Microstructural
investigation of a representative subsurface pit showed that it propagated parallel to the case
hardened surface and contained white etching areas (WEA's). Other subsurface, intergranular

cracks were also present that had initiated at inclusions.

Results of the failure analysis showed that the gear tooth pitting was due to surface-contact
fatigue cracking. The WEA's have been described as "butterfly wings" and white bands of altered
martensite. They reportedly occur in gear teeth that have experienced heavy shear or impact

loads.




Progressive pit on the loaded surface of a case hardened pinion gear tooth due to surface contact

fatigue

Gear Tooth Rolling Contact Fatigue Crack

Subsurface rolling contact fatigue crack emanating from inclusions in a case hardened pinion gear

tooth.

Gear Tooth White Etching Area

White etching area (WEA) at the surface of a case hardened pinion gear tooth.



Gear Tooth Rolling Contact Fatigue Crack

Subsurface rolling contact fatigue crack emanating from inclusions in a case hardened pinion gear

tooth.



Date 25/8/2550
Material data sheet

Material Number 1.8587

Country Germany

Designations 18CrNiMo7-8; 17CrNiMo6

Standards DIN EN 10084 (06/1998) Case hardening steels.

DIN EN ISO 683-17 (04/2000) Heat-treated steels, alloy steels and free-cutting steels. Ball
and roller bearing steels. Bal! and roller bearing steels for
case hardening

Steelgroup Alloy special structural steels: Structural steels, Cr-Ni-Mo-steels with < 0,4% Mo : nd < 2,0%
Ni

Range of application Case hardening steels:
Plate wheels, driving pinions and highly stressed cog wheels

Chemical composition

Element min/max Others Footnote
C 0.15-0.21
Si <=0.40
Mn 0.50-0.90
P <=0.035
S <=0.035
Cr 1.50-1.80
Mo 0.25-0.35
Ni 1.40-170
- 18)

18) DIN EN 1S0O 683-17 P <= 0,025%; 5 <= 0,015%, Al <= 0,05%; Cu <= 0,30%; O <= 0,002%

7Verlag Stahlschi?ssel 2004 Page 1 of 46




Date 25/8/2550
Material data sheet

Material Number 1.6587

Country Germany

Designations 18CrNiMo7-8; 17CrNiMo6

Mechanical properties

dimension value specirmen attemperature  chanical properties duration

DIN EN 10084 (06/1998)

Case hardening steels.

179-229 HB

159 - 207 HB

ardnessHB]
<=229 HB
:iominy-tes{:pieoe-(+ -
~ 1.5 mm 40 - 48 HRC
~3mm 40 - 48 HRC
~ 5 mm 39 -48 HRC
~7 mm 38 - 48 HRC
~9mm 37 - 47 HRC
~ 11 mm 36 - 47 HRC
~ 13 mm 35-46 HRC
~ 15 mm 34 - 46 HRC
~ 20 mm 32 - 44 HRC
~ 256 mm 31 -43 HRC
~ 30 mm 30-42HRC
~ 35 mm 29-41 HRC
~ 40 mm 29-41 HRC
Jominy test plece (+HH)
~ 1.5 mm 43 - 48 HRC
~3mm 43 - 48 HRC
~ 5 mm 42 - 48 HRC
~7 mm 41-48 HRC
~9mm 40 - 47 HRC
~ 1t mm 40 - 47 HRC
~13 mm 39 - 46 HRC
~15mm 38 - 46 HRC
~ 20 mm 36 - 44 HRC
~ 25 mm 35-43HRC
~ 30 mm 34 -42HRC
~ 35 mm 33-41HRC
~ 40 mm 33-41HRC

TVerlag Stahischl?ssel 2004
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Date 25/8/2550
Material data sheet

Material Number 1.6587
Country Germany

Designations 18CrNiMo7-6; 17CrNiMoB

Jorniny test piece (+HL}

~ 1.5 mm 40 - 45 HRC
~3mm 40 - 45 HRC
~&mm 39 - 45 HRC
~7mm 38 -45 HRC
~8mm 37 - 44 HRC
~11 mm 36-43 HRC
~13mm 35-42 HRC
~15mm 34 - 42 HRC
~20mm 32-40 HRC
~ 25 mm 31-38 HRC
~ 30 mm 30-38HRC
~ 35 mm 29 - 37 HRC
~ 40 mm

Tensile strength _
<=16 mm ==1200 N/mm? 1.1)
16 - 40 mm >=1100 N/mm? 1.1)
40 - 100 mm »>=500 N/mm? 1.1)

Hdrdness{HB}

29- 3T HRC

dies

<=2565 HB

1.1} Informative

?Verlag Stahischi?ssel 2004

Page 3 of 46




Date 25/8/2550
Material data sheet

Material Number 1.6587
Country Germany
Designations 18CrNiMo7-6; 17CrNiMo6

DIN EN IS0 683-17 (04/2000)
Heat-treated steels, alloy steels and free-cutting steels. Ball and roller bearing steels. Ball and rofler bearing < feels for

case hardening

<=229 HB

179- 229 HB

159 - 207 HB

~ 1.5 mm 40 - 48 HRC
~ 3 mm 40 - 48 HRC
~5mm 39 - 48 HRC
~7 mm 38-48 HRC
~ 9 mm 37 - 47 HRC
~ 1% mm 36 -47 HRC
~ 13 mm 35-46 HRC
~15 mm 34 - 46 HRC
~ 20 mm 32 - 44 HRC
~ 25 mm 31-43HRC
~30 mm 30-42HRC
~35mm 29-41 HRC
~ 40 mm 29-41 HRC

Hardness [HB] o

Hardriess [HB}

<=179 HB

1.2)

1.1) Depending on degre of cold forming

1.2) if cold forming is provided

?Verlag Stahischl7ssel 2004
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Material data sheet

18CrNiMo7-6; 17CrNiMo6

Material Number 1.6587
Country Germany
Designations

Date

25/8/2550

179 - 229 HB 30

159 - 207 HE 30

1.1}

11)

<=228 HB 30

1.1)

<=11 mm >=835 N/mm?

<=30 mm »=785 N/mm?

<=63 mm >=685 N/mm?
Tensile:strangth

<=1t mm 1180 - 1420 N/mm?

<=30 mm 1080 - 1320 N/mm?

<=63 mm 980 - 1270 N/mm?
Eksmgation after racture:(A5) _

<=11 mm >=7 %

<=30 mm >=8 %

<=63 mm »=8 %
Reduction of area

<=11 mm >=30 %

<=30 mm >=35 %

<=63 mm >=35 %
impact value (RVI)

<=11 mm >=41 J

<=30 mm »=41J

1.1) State of delivery

TVerlag Stahlschi?ssel 2004
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Date 25/8/2550
Material data sheet

Material Number 1.8587
Country Germany
Designations 18CrNiMo7-6, 17CrNiMo6

Heat treatement

dimension value specimen at temperature  j§0Heat treatement duration
DIN EN 10084 (06/1998)
Case hardening steels.
Carburize -
880 - 980 ?C 31
Harden .
~ 860 ?C »=30 minute(s) 3N
Gore hardening: . o
830- 870 7C 3N
Surface hardening
780 - 820 ?C 1)
Temper
150 - 200 ?C >z1 hour(s) 3.1)
Eridiguench test
~ 860 7C >=30 minute(s) 3.1)

3.1) Reference data

TVerlag Stahischi?ssel 2004 Page 6 of 46




Date 25/8/2550
Material data sheet

Material Number 1.6587
Country Germany
Designations 18CrNiMo7-6; 17CrNiMo6

DIN EN ISO 683-17 (04/2000}

Heat-treated steels, alloy steels and free-cutting steels. Ball and roller bearing steels. Ball and roller bearing s teels for
case hardening

Quenching

' 855 - 865 7C

7Verlag Stahlschi7?sse! 2004 Page 7 of 46




Material data sheet

Material Number 1.6587
Country Germany

Designations 18CrNiMo7-8; 17CrNiMoB

Date 25/8/2550

Data from Stahischi?ssel book

Hotworking
B50- 1150 7C
Soft annealing (+A)
&50-700 ?C
Treated to hardness fange (+TH).
850 - 950 7C
Treated 1o fésrite-peailite microstructure and hardness range (#FP)
900 - 1000 ?C
Single hardening
yes
Dioisble - hardening
yes
Carburize
880 - 980 7C
880 - 980 ?C
880 - 980 7C
880 - 980 ?C
880 - 880 ?7C
880 - 980 7C
Core hardening
830 - 870 7C
Surface hardening
780 - 820 7C
780 - 820 7C
780 - 820 ?C
Temper
150 - 200 ?C
intermediate annealing
630 - 650 7°C

Hot quenching 160-250
?C
Case hardening box

Salt bath 580-680 ?C
oil
Air

Water cond ional

Water cond ional
Hot quenching
ail

>=1 hour(s)

7Verlag Stahlschi?ssel 2004
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Appendix XI

Guideline on Alternative Methods
for Determining Preheat

(Mandatory Information)

(This Appendix is a part of ANSI/AWS D1.1-
requirements for use with this standard)

XI1. Introduction

The purpose of this guide is to provide some optional
alternative methods for determining welding conditions
(principally preheat) to avoid cold cracking. The methods
are based primarily on research on small scale tests
carried out over many years in several laboratories
world-wide. No method is available for predicting opti-
mum conditions in all cases, but the guide does consider
several important factors such as hydrogen level and
steel composition not explicitly included in the require-
ments of Table 4.3. The guide may therefore be of value
in indicating whether the requirements of Table 4.3 are
overly conservative or in some cases not sufficiently
demanding.

The user is referred to the Commentary for more
detailed presentation of the background scientific and
research information leading to the two methods
proposed.

In using this guide as an alternative to Table 4.3,
careful consideration must be given to the assumptions
made, the values selected, and past experience.

XI12. Methods

Two methods are used as the basis for estimating
welding conditions to avoid cold cracking:

(1) Heat-affected zone (HAZ) hardness conirol

(2) Hydrogen control

XI3. HAZ Hardness Control

X13.1 The provisioas included in this guide for use of
this method are restricted to fillet welds,

285

, Structural Welding Code— Steel, and includes man latory

XI3.2 This method is based on the assumptio | that
cracking will not occur if the hardness of the HAZ skept
below some critical value. This is achieved by cont olling
the cooling rate below a critical value dependent »n the
hardenability* of the steel. Equations and grap 15 are
available in the technical literature that relate th - weld
cooling rate to the thickness of the steel members, | ype of
joint, welding conditions and variables,

XI3.3 The selection of the critical hardness will d :pend
on a number of factors such as steel type, hydroger level,
restraint and service conditions. Laboratory test: with
filiet welds show that HAZ cracking does not accu -if the
HAZ Vickers Hardness No. (Vh) is less than 30 Vh,
even with high hydrogen electrodes. With low-hyc rogen
electrodes, hardnesses of 400 Vh could be tol rated
without cracking. Such hardness, however, may : ot be
tolerable in sgrvice where there is an increased 1 sk of
stress corrosion cracking, brittle fracture initiati m, or
other risks for the safety or serviceability of the strv sture.

The critical cooling rate for a given hardness ( an be
approximately related to the carbon equivalent »f the
steel (see Figure XI-2). Since the relationship i only
approximate, the curve shown in Figure XI-2 m ay be
conservative for plain carbon and plain carbon-r anga-
nese steels and thus allow the use of the high hai iness
curve with less risk. Some low alloy steels, partic ilarly
those cantaining columbium (niobium), may be more
hardenable than Figure XI-2 indicates, and the use f the
lower hardness curve is recommended.

*Hardenability of steel in welding relates to its proj ensity
towards formation of a hard HAZ and can be characi :rized
by the cooling rate necessary to produce a given level of hard-
ness. Steels with high hardenability can, therefore, p1 >duce
hard HAZ at slower cooling rates than a steel with lower
hardenability.
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X13.4 Although the method can be used to determine
a preheat level, its main value is in determining the
minimum heat input (and hence minimum weld size)
that prevents excessive hardening. It is particularly use-
ful for determining the minimum size of single pass fillet
welds that can be deposited without preheat.

XI3.5 The hardness approach does not consider the
possibility of weld metal cracking. However, from expe-
rence it is found that the heat input determined by this
method is usually adequate to prevent weld metal crack-
ing, in most cases, in fillet welds if the electrode is not'a
high strength filler metal and is generally of a low hydro-
gen type (e.g., low hydrogen (SMAW) clectrode, gas
metal arc, flux cored arc, submerged arc).

XI3.6 Because the method depends solely on controlling
the HAZ hardness, the hydrogen level and restraint are
not explicitly considered.

XI3.7 This method is not applicable to Q & T steels.
(See X15.2(3) for limitations.)

XI4. Hydrogen Control

XI4.1 The hydrogen control method is based on the
assumption that cracking will not occur if the average
quantity of hydrogen remaining in the joint after it has
cooled down to about 120°F (50°C) does not excesd a
critical value dependent on the composition of the steel
and the restraint. The preheat necessary to allow enough
hydrogen to diffuse out of the joint can be estimated
using this method.

X14.2 This method is based mainly on results of re-
strained partial joint penetration groove weld tests; the
weld metal used in the tests matched the parent metal.
There has not been extensive testing of this method on
fillet welds; however, by allowing for restraint, the
method has been suitably adapted for those welds.

XI4.3 A determination of the restraint level and the
original hydrogen level in the weld pool is required for
the hydrogen method.

In this guide, restraint is classified as high, medium,
and low, and the category must be cstablished from
experience.

Xi4.4 Thehydrogen control method is based on a single
low heat input weld bead representing a root pass and
assumes that the HAZ hardens. The method is, there-
fore, particularly useful for high strength, low alloy steels
having quite high hardenability where hardness control
is not always feasible. Consequently, because it assumes
that the HAZ fully hardens, the predicted preheat may
be too conservative for carbon steels.

XIS, Selection of Method

XI5.1 The following procedure is suggested  ; a guide
for selection of either the Hardness Control or 1 lydrogen
Control Method.

Determine carbon and carbon equivalent;

(Mn+Si) (Cr+Mo+V) (Ni+Cu)
6 5 I5
to locate the zone position of the steel in Fig ire XI-1.

(See XI6.1.1 for the different ways to obtain chemical
analysis.)

CE=C+

XI5.2 The performance characteristics of each zone and
the suggested action are as follows:

(1) Zonel. Cracking is unlikely, but may o :cur with
high hydrogen or high restraint. Use hydroge  control
method to determine preheat for steels in this one,

(2) Zone 11. The hardness control metiod and
selected hardness shall be used to determine 1inimum
energy input for single pass fillet welds withow. preheat.
If the energy input is not practical, use hydroge 1 method
1o determine preheat,

For groove welds,the hydrogen control met 10d shall
be used to determine preheat,

For steels with high carbon, a minimum ¢ nergy to
control hardness and preheat to control hydr gen may
be required for both types of welds; i.e., fillet ar d groove
welds,

(3) Zone III. The hydrogen control methot shall be
used. Where heat input is restricted to preserve he HAZ.
properties (e.g., some quenched and tempered s eels), the
hydrogen control method should be used to d :termine
preheat,

XI6. Detailed Guide
XI6.1 Hardness Method

XI6.1.1 The carbon equivalent shall be calc slated as
follows: -

, Mn+S) (CreMo+V) +£ﬁ+Cu)
6 5 15

The chemical analysis may be obtained from:
(1) Mill test certificates
(2) Typical production chemistry (from the nill)
(3) Specification chemistry (using maximun values)
(4) User tests (chemical analysis)

X16.1.2 The critieal cooling rate shall be di temined
for a selected maximum HAZ hardness of eithe - 400 Vh
or 350 Vh from Figure XI-2.

XI6.1.3 Using applicable thicknesses for “fla 1ge” and
“web” plates, the appropriate diagram shall be selected
from Figure XI-3 and the minimum energy i iput for
single pass fillet welds shall be detemined. Thi s energy
input applies to submerged arc welds.

CE=C
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XI6.1.4 For other processes, minimum energy input
for single pass fillet welds can be estimated by applying
the following multiplication factors to the energy esti-
mated for the submerged arc welding process in X16.1.3:

Welding Process Multiplication Factor
SAW l

SMAW 1.50

GMAW, FCAW 1.25

XI6.1.5 Figure XI-4 may be used to determine fillet
sizes as a function of energy input.

XI6.2 Hydrogen Control Method-
XI6.2.1 The value of the composition parameter,

P, shall be calculated as follows:
Pcm:C+&+N£l 9 m 9+h-19+...v._+5B

+ + +
30 20 20 60 20 15 10
The chemical analysis shall be determined as in X16.1.1,

X16.2.2 The hydrogen level shall be determined and
shall be defined as follows:

(1) H1 Extra Low Hydrogen. These consumables
give a diffusible hydrogen content of less than §mi/100g
deposited metal when measured using ISO 3690-1976
(E) or, a moisture content of electrode covering of
0.2% maximum in accordance with AWS A5.1 or AS.5.
This may be established by testing each type, brand, or
wire/flux combination’ used after removal from the
package or container and exposure for the intended
duration, with due consideration of actual storage condi-
tions prior to immediate use. The following may be
assumed to meet this requirement:

(a) Low hydrogen electrodes taken from hermeti-
cally sealed containers, dried at 700°F-800°F (370° -
430°C) for one hour and used within two hours after
removal,

(b) GMAW with clean solid wires

(2) H2 Low Hydrogen. These consumables give a
diffusible hydrogen content of less than 10 ml/100g
deposited metal when measured using ISO 3690-1976,
or a moisture content of electrode covering of 0.4%
maximum in accordance with AWS AS5.1, This may be
established by a test on each type, brand of consumable,
or wire/flux combination used. The following may be
assumed to meet this requirement:

(a) Low hydrogen electrodes taken from hermeti-
cally sealed containers conditioned in accordance with
4.5.2 of the Code and used within four hours after
removal

{b) Submerged arc welding with dry flux

(3) H3 Hydrogen Not Controlled. All other consum-
ables not meeting the requirements of H1 or H2,

XI16.2.3 The susceptibility index grouping from Table
Xi-1 shall be determined.
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X16.2.4 Minimum Preheat Levels and Inte pass. -

~ Table XI-2 gives the minimum preheat and int: rpass

temperatures that shall be used. Table X1-2 gives three
levels of restraint. The restraint level to be used st all be
determined in conformance with X16.2.5.

XI6.2.5 Restraint. The classification of types of welds
at various restraint levels should be determined « n the
basis of experience, engineering judgement, resear th, or
calculation,

Three levels of restraint have been provided:

(1) Low Restraint. This level describes commo: | fillet
and groove welded joints in which a reasonable fre :dom -
of movement of members exists.

(2) Medium Restraint. This level describes filli t and
groove welded jomts in which, because of members being
already attached to structural work, a reduced fre :dom
of movement exists.

{3) High Restraint. This level describes wells in
which there is almost no freedom of moveme: t for
members joined (such as repair welds, especially in thick
material),

Table Xi-1
Susceptibility Index Grouping
as Function of Hydrogen Level “H”
and Composition Parameter P, (see XI6 2.3)

Susceptibility Index? Grouping

IH' Szzggl“ Carbon Equivalent = P!
<018 <023 <028 <033 <)38
H! A B C D E
H2 B C D E F
H3 C D E F 3
Notes:

S§i Mn Cu N C Mo V
LPp=Ct bt ot —— oy —
S I I I I TIM T Ry
2. Susceptibility index — 12 P, + log)y H.

). Susceptibility Index Groupings, A through G, encompass th - com-
bined effect of the composition parametet, P, and hydrogenle el, H,
in accordance with the formula shown in Note 2.

The exact numerical quantities are obtained from the Note 2 ft rmula
using the stated values of P and the following values of H, g ven in
mi/ 100g of weld metal (see X16.2.2, a, b, ¢):

H! — 5; H2 — 10; H3 — 30.
For greater convenience, Susceptibility Index Groupings hav  been

expressed in the table by means of letters, A through G, to co® or the
following narrow ranges:

Susceptibility Index Groupings
A=30;,B=31-15 C=3.6-4.0;
D=4.1-45 E=46-50; F=51-55;
G=56-70
These groupings are used in Table XI-2 in conjunction with re Lraint
and thickness to determine the minimum preheat and int rpass
temperature.
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Figure 20 — Various Types of Cracks
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