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Abstract

A database of mechanical properties for weldment fusion and heat-affected zones was
established for AerMet® 100 alloy, and a study of the welding metallurgy of the alloy was
conducted. The properties database was developed for a matrix of weld processes (electron beam
and gas-tungsten arc) welding parameters (heat inputs) and post-weld heat treatment (PWHT)
conditions. In order to insure commercial utility and acceptance, the matrix was commensurate
with commercial welding technology and practice. Second, the mechanical properties were
correlated with fundamental understanding of microstructure and microstructural evolution in this
alloy. Finally, assessments of optimal weld process/PWHT combinations for confident application
of the alloy in probable service conditions were made. The database of weldment mechanical
properties demonstrated that a wide range of properties can be obtained in welds in this alloy. In
addition, it was demonstrated that acceptable welds, some with near base metal properties, could



be produced from several different initial heat treatments. This capability provides a means for
defining process parameters and PWHT’s to achieve appropriate properties for different
applications, and provides useful flexibility in design and manufacturing. The database also
indicated that an important region in welds is the softened region which develops in the heat-
affected zone (HAZ) and axialysis within the welding metallurgy studies indicated that the
development of this region is governed by a complex interaction of precipitate overaging and
austenite formation. Models and experimental data were therefore developed to describe overaging
and austenite formation during thermal cycling. These models and experimental data can be
applied to essentially any thermal cycle, and provide a basis for predicting the evolution of

microstructure and properties during thermal processing.



Executive Summary

AerMet® 100 Alloy is an alloy recently developed by Carpenter Technology Corporation
and is a very high strength, high fracture toughness alloy designed for use in structural
components in aerospace applications. A variety of possible commercial and military applications
for the alloy have been identified and include armor plate, landing gear, gas turbine main shafts for
military and commercial aircraft, mechanics hand tools, bolts and fasteners, and bicycle frames.
Many of these applications require weldments joining AerMet® 100 to itself, or to another alloy
steel or high temperature alloy. At the outset of this project, however, liitle work had been done to
assess the welding behavior of the alloy, and thus applications within the Department of Energy
(DOE) and the commercial sector were limited to those not requiring welding. Development of
suitable welding technology allows for greater flexibility in DOE designs for a variety of hardware,
and increases the market potential for the alloy in general.

As a result of this need, a cooperative research and development agreement (CRADA) was
established between Carpenter Technology Corporation and Sandia National Laboratories to
evaluate the welding response of this alloy. Carpenter is the developer and sole producer of the
alloy and therefore has a thorough understanding of the basic characteristics of the alloy. Sandia
has expertise in welding science and technology and microstructural analysis. Carpenter supplied
all the materials required for this program and also fabricated all of the test samples and conducted
parallel heat treatment and x-ray analysis studies during the course of the project. Sandia
performed the welding, mechanical testing, and microstructural and metallurgical analyses
pertaining to welding response.

The objectives of the project can be summarized as follows. First, a database of
mechanical properties for weldment fusion and heat-affected zones (FZ and HAZ) was established.
This database was established within a matrix of weld processes (electron beam and gas-tungsten
arc) welding parameters (heat inputs) and post-weld heat treatment (PWHT) conditions. In order
to insure commercial utility and acceptance, the matrix was commensurate with commercial
welding technology and practice. Second, the mechanical properties were correlated with
fundamental understanding of microstructure and microstructural evolution in this alloy. Finally,
determinations of optimal weld process/PWHT combinations for confident application of the alloy
in probable service conditions were made.

The database of weldment mechanical properties demonstrated that high strength levels can
be achieved in either solution treated or aged base plate with either the cold wire feed GTA or EB
welding process. In general, for direct aged (at temperatures near 482°C) welds in either base
plate, the overaged region of the HAZ is the strength limiting factor, while the fusion zone controls
the impact toughness. The data also indicate that within the range of GTA welding parameters and
PWHT conditions evaluated, suitable procedures can be defined which provide useful



combinations of strength and toughness. Compared to the GTA welds in the direct aged condition,
the EB welds generally have somewhat superior strength, but not necessarily superior toughness.
This observation seems to imply that the finer solidification features which are usually associated
with EB welding do not play a dominant role in overall mechanical properties. It is believed that
the underlying reasons for this are likely associated with the martensitic transformation and the
structure that results from it. Thus, the characteristics of the solid state transformation would
appear to dominate over the details of the solidification microstructure. In addition, it was
demonstrated that acceptable welds, some with near base metal properties, could be produced from
several different initial heat treatments, and this provides useful flexibility in design and
manufacturing. The database also provides a means for defining process parameters and PWHT’s
to achieve appropriate properties for different applications.

The mechanical properties database indicated that an important region in welds is the
softened region which develops in the heat-affected zone (HAZ). Weld thermal cycle simulations,
dilatometry, electron microscopy, and austenite fraction measurements indicated that the
development of this region is governed by a complex interaction of precipitate overaging and
austenite formation. This softened region is bounded at lower peak temperatures by the rate at
which precipitate coarsening occurs, and it is bounded at higher temperatures by the formation of
transformable austenite (i.e. austenite which transforms to martensite on cooling). Therefore,
within the welding metallurgy studies, experimental data and models were developed to describe
overaging and austenite formation kinetics during thermal cycling. The aging model is based on
precipitate strengthening theory and classical coarsening kinetics, and, when combined with the
additivity principle, accurately reproduces the softening which occurs during weld HAZ thermal
cycles. Austenite formation kinetics were examined by development of continuous heating
transformation (CHT) diagrams for heating rates between 0.1 and 2500°C/sec, and indicates that
the formation of austenite at high heating rates may occur by a shear transformation. The models
and experimental data can be applied to essentially any thermal cycle, and provide a basis for
predicting the evolution of microstructure and properties during welding, heat treatment, and other
processing. In addition, the models can be used to assess the effects of in-service thermal

exposures, such as fires or other thermal excursions.
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I. Introduction

AerMet® 100 alloy is a 0.23wt % C, 13.4% Co, 3.1% Cr, 11.1% Ni 1.2% Mo proprietary
steel alloy [Refs 1, 2] designed by Carpenter Technology Corporation for aerospace structural
applications. The alloy is designed to exhibit a combination of high strength, high fracture
toughness, and exceptional resistance to stress corrosion cracking. The nominal properties for the
alloy are 285 ksi (1965 MPa) ultimate tensile strength, 115 ksiVin (126.4 MPaVm) K,. and 35
ksiVin (38.5 MPavm) K,__in a 3.5% NaCl solution, and make it a candidate for applications such
as navel aircraft landing gear. The alloy is the most recent development in the family of secondary
hardening Ni-Co-Cr steels which includes the HY 180 and AF1410 alloys. Following normal heat
treatment (solution treating, quenching, and aging), these alloys are low carbon, Fe-Ni lath
martensitic alloys that attain their properties through the precipitation of M,C (where M is Mo and
Cr) carbides during aging. The AerMet® 100 alloy has a high hardenability, and was designed to

Iscc

be air cooled from the solution treatment temperature in section sizes up to 2 in (51 mm). The
normal heat treatment for this alloy consists of solution treatment at 885°C for one hour, air
cooling, refrigeration at —73°C for one hour, air warming, and aging at 482°C for 5 hours.

In comparison to other types of high strength steels, such as the quenched and tempered
steels, the general weldability of the Ni-Co-Cr steels is usually considered to be quite good [Ref
3]. This improvement results primarily from the fact that the martensite which forms in these
alloys is relatively soft and ductile. Thus, in the as-quenched condition, which typifies much of
the weld fusion and heat-affected zones, the alloys are resistant to the problems (particularly cold
cracking) which are often associated with welding of high strength quenched and tempered steels.

Since AerMet® 100 is a relatively recent development, there have been few studies [Refs 4,
5] of its welding behavior. Work by Novotny and Englehart [Ref 5] on gas-tungsten arc welds in
AerMet® 100 indicated that reasonable joint strength and toughness could be achieved in the alloy
by direct aging after welding, and that near base metal properties could be achieved if the welds
were solution treated and aged after welding. The study by Kautz ef. al. [Ref 4] demonstrated that
the alloy is amenable to processing by both electron and laser beam welding, although no
properties data was reported. Given the general similarity between AerMet® 100 and AF1410, it is
likely that both the fabrication weldability (ability to produce defect free welds) and the service
weldability (ability of welds to meet service requirements) would qualitatively be similar. AF1410
was developed specifically for welded applications, and is known to have a relatively low
susceptibility to welding defects. In addition, high joint strength and toughness, relative to the
base metal, can be achieved in AF1410 though appropriate combinations of welding process
procedures and post-weld heat treatment [Refs 6, 7].

The objectives of the project can therefore be summarized as follows. First, a database of
mechanical properties for weldments was established. This database was established within a



matrix of weld processes (electron beam and gas-tungsten arc) welding parameters (heat inputs)
and post-weld heat treatment (PWHT) conditions. In order to insure commercial utility and
acceptance, the matrix was commensurate with commercial welding technology and practice. A
second objective was to develop an understanding of the welding metallurgy of this alloy,
particularly as it pertains to microstructure and properties evolution in the weld heat affected zone.
Toward this end, two major features of the response of the alloy to rapid thermal cycling were
examined. These features are the kinetics of aging and kinetics of austenite formation during
heating. They are important in that they are the primary factors which control the severity and
extent of the softened region of the weld heat-affected zone. Description of these processes, in
relation to welding process parameters and in conjunction with the baseline mechanical properties
data, provide a basis for predicting the evolution of microstructure and properties during welding,
heat treatment, and other processing. In addition, the models can be used to assess the effects of

in-service thermal exposures.
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II. Experimental Procedures

2.1 Welding Matrix and Procedures

In order to facilitate comparisons between the various processing conditions and the
welding metallurgy study, a single heat of 15.9 mm thick AerMet® 100 Alloy plate and a single
heat of matching 1.6 mm diameter weld filler wire were used for the entire project. The
compositions of these materials are shown in Table 1. Both alloy compositions meet the

requirements for Aerospace Materials Specification AMS 6532 and the wire and base plate
compositions are closely matched.

Table 1. Alloy Compositions

Base Plate Weld Filler Wire
Element (Heat 90608) (Heat 90548)

Ni L1 11.03

Co 13.43 13.43

Cr 2.96 2.98

Mo 1.19 1.18

& 0.24 0.24
Mn <0.01 0.01

Si <0.01 <0.01

Al 0.006 0.005

Ti 0.017 0.010

P 0.003 0.003

S 0.0010 0.0007

N <0.0010 <0.0010
(0]} 0.0027 0.0027

For the baseline weldment properties study, a matrix consisting of base plate heat treatment
condition, welding procedures, and post-weld heat treatment conditions was established. In order
to assure commercial utility, the matrix was designed to be commensurate with typical current
practice for similar alloys. Within this matrix, two base plate conditions, solution annealed and
fully heat treated (solution treated plus aged at 482°C for 5 hr), were investigated. Because of the
known need to maintain a high degree of weldment cleanliness in high strength-high toughness
alloys, the welding processes selected were electron beam (EB) and cold wire feed gas-tungsten
arc (GTA) welding. For the EB welding, procedures were developed to produce a full penetration
weld in 15.9 mm thick plate in a single weld pass. For the GTAW process, procedures were
developed to represent both low and high heat input processing. Three basic post-weld heat
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treatment (PWHT) conditions were examined. These conditions were as-welded, direct aged (i.e.
without an re-solution heat treatment), and a low temperature direct age. Direct PWHT aging of
welds in solution treated plate was conducted using the standard refrigeration treatment and age for
AerMet® 100 Alloy (-73°C/1 hr +482°C/5 hr). In order to minimize base plate overaging in the
welds in aged base plate, these welds were heat treated using a slightly lower aging temperature (-
73°C /1 hr + 468°C/5 hr). The low temperature PWHT (direct aging at 204°C for lhr) was
intended to represent a paint curing cycle, and to determine to the effects of cementite precipitation
on weldment properties. In addition, one EB weld and one GTA weld received a full solution
treatment followed by the standard aging heat treatment. All welds were made parallel to the
rolling direction and the full matrix of weldment conditions is summarized in Table 2.

Table 2. Weldment Matrix

Weld Base Plate Welding  Heat Post-Weld
Designation Condition Process  Input Heat Treatment
GSL-AW Solution Anneal GTAW Low As-Welded
GSL-NA Solution Anneal GTAW Low  Direct Age (-73°C/1 hr+482°C/5 hr)
GSL-LA Solution Anneal GTAW Low Direct Age (204°C/1hr)
GSH-AW Solution Anneal GTAW High As-Welded
GSH-NA Solution Anneal GTAW High  Direct Age (-73°C /1 hr+482°C/5 hr)
GSH-LA Solution Anneal GTAW High Direct Age (204°C /1hr)
GAL-AW 482°C/5 hr Age GTAW Low As-Welded
GAL-NA 482°C /5 hr Age GTAW Low  Direct Age (-73°C /1 hr+468°C/5 hr)
GAL-LA 482°C /5 hr Age GTAW Low Direct Age (204°C /1hr)
GAH-AW 482°C /5 hr Age GTAW High As-Welded
GAH-NA 482°C /5 hr Age GTAW High  Direct Age (-73°C /1 hr+468°C/S hr)
GAH-LA 482°C /S hr Age GTAW High Direct Age (204°C /1hr)
ESL-AW Solution Anneal EBW 1 Pass As-Welded
ESL-NA Solution Anneal EBW 1 Pass  Direct Age (-73°C /1 hr+482°C/5 hr)
ESL-LA Solution Anneal EBW 1 Pass Direct Age (204°C /1hr)
EAL-AW 482°C /5 hr Age EBW 1 Pass As-Welded
EAL-NA 482°C /5 hr Age EBW 1 Pass Direct Age (-73°C /1 hr+468°C/5 hr)
EAL-LA 482°C /5 hr Age EBW 1 Pass Direct Age (204°C /1hr)
GSL-SA Solution Anneal GTAW Low Solution Anneal + Normal Age
ESL-SA Solution Anneal EB | Pass Solution Anneal + Normal Age
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Prior to welding, all material was cleaned using a caustic cleaner (Alconox) and abrasive
pads, followed by water and ethanol rinses. Gas-tungsten arc welds were produced in the 15.9
mm thick plates by using the parameters shown in Table 3. A U-groove joint design was used for
weld metal testing and a J-groove design was used to facilitate testing of heat-affected zone (HAZ)
properties. The U- and J-groove designs were selected to have identical cross-sectional areas, so
that the number of fill passes was the same for either joint type. For the parameters shown in
Table 3, 18 and 10 stringer bead passes were required for the low and high heat input schedules,
respectively.

Table 3. GTA Welding Parameters

Low Heat Input High Heat Input

Parameter Schedule Schedule

Arc Current (A) 250 250

Arc Voltage (V) 12 12
Travel Speed (mm/sec) 5.92 2.54
Wire Diameter (mm) 1.6 1.6
Wire Feed Rate (mm/sec) 237 18.6
Shielding, 80He/20Ar (1/min) 16.5 16.5
Trailing Shield, Ar (I/min) 11.8 11.8
Heat Input (J/mm)" 402 945
Interpass Temperature (°C) 150 150

" Assumes an arc efficiency of 0.80

In addition to the trailing shield, aluminum foil dams (approximately 50 mm high and running the
length of the weld) spaced 25 mm on either side of the GTA torch were used in an attempt to
minimize oxide formation during welding. Although oxide formation was minimal, a stainless
steel brush was used to clean each stringer bead prior to deposition of subsequent passes.

Electron beam welding procedures were selected to produce a single pass, full penetration
weld in the 15.9 mm thick plate, while maintaining a weld width of approximately 2.5 mm at the
midsection of the plate. The EB welding parameters are shown in Table 4.

Table 4. EB Welding Parameters

Accelerating Voltage (kV) 100
Beam Current (mA) 75

Travel Speed (mm/sec) 10.2
Heat Input (J/mm) 740

13



In order to assure maximum cleanliness for the EB welds, the vacuum chamber was backfilled
with argon, and re-evacuated prior to welding.

2.2 Analytical Procedures

A typical weld plate and the layout for mechanical test samples is shown in Figure 1. Test
samples included longitudinal base metal tensile samples, transverse and longitudinal tensile
samples, transverse base metal Charpy impact samples, and fusion zone and fusion line Charpy
impact samples. Fusion line Charpy samples were produced by blanking out oversized samples
which were then macroetched, marked, and finish machined. Tensile tests were conducted at

IL‘ 14.01n. A-I |:.I0.5 in.
— — | Longitdinal Base Tensie | [3
] 3
H IF
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R -

(b)

Figure 1. (a) Photograph of test weld plate. (b) Layout of weld
plates and mechanical test samples.

14



room temperature on 6.4 mm diameter by 25.4 mm gage length samples at a strain rate of 10 sec”

using a servo-hydraulic load frame in accordance with ASTM Specification E8. Charpy impact
tests were conducted using a calibrated Satech impact testing machine at room temperature in
accordance with ASTM Specification E23.

Weld thermal cycle simulations were used to assess the HAZ characteristics of AerMet®
100. These simulations were conducted on a Gleeble 1500 thermomechanical simulator and a
variety of thermal cycles, representing various regions of the HAZ, were used. The specific HAZ
thermal cycles were determined from either the Gleeble software or analytical descriptions of weld
thermal cycles and are described in detail in the pertinent results sections. The weld thermal cycle
simulator was also used for short time isothermal aging experiments, as well as dilatometric
measurements of critical temperatures as a function of heating rate. All thermal cycle testing was
conducted on 6.35 mm diameter rods in either the solution heat treated of fully aged condition.

Optical metallography was used to characterize weld metal and HAZ structures. Sample
preparation for the microstructural examinations included mounting and polishing through 0.05
mm colloidal silica using standard metallographic procedures. Analytical electron microscopy
(AEM) was used for further characterization of selected samples. For these analyses, thin foil
specimens were prepared by electrolytic thinning in a 10% perchloric acid in methanol solution at -
40°C and 15 VDC. A Phillips EM30 analytical electron microscope, operating at an accelerating
potential of 300 kV and equipped with an Oxford Instruments energy dispersive spectrometer
(EDS), was used for analysis of the foils. Scanning electron microscopy (SEM) was also used on
selected samples. Samples were generally examined in the secondary electron imaging mode in an
Amray 1645 SEM operating at 20 kV. Identification of microstructural constituents was conducted
by AEM.

Differential thermal analysis experiments were performed using a Netsch STA 429 Thermal
Analyzer. Tungsten (>99.99% purity) was used as the reference material. Both the reference and
the samples were held in high purity alumina crucibles during testing. All tests were run in a
flowing helium atmosphere at heating and cooling rates of 0.33°C/sec. The peak temperature
during testing was approximately 1500°C. Previous experience [Ref 8] with this equipment and
procedures indicated that a reproducibility of approximately 2°C in measured temperatures could be
expected. Interpretation of the DTA curves was conducted using the convention established by
Maclssac et al. [Ref 9].

15



ITI. Results and Discussion

3.1 General Welding Behavior

Cross-sections of the low heat input GTA welds are shown in Figure 2. As noted in
Section 2, the welds were intended to be representative of typical current weld practice, and this

was essentially achieved. Both welds of Figure 2 have the same cross-sectional area and the same

(b)

Figure 2. Cross-sections of low heat input GTA welds. (a) U-
groove. (b) J-groove.

16



number of fill passes. The J-groove joint design provides a reasonably flat interface for testing of
fusion line properties. In general, GTA weld processing of this alloy was found to be quite
acceptable and no solidification or cold cracking was observed. Some difficulties were
encountered in producing a full penetration root pass on the J-groove joint, although this is
primarily a consequence of the joint design and is not thought to be related to any materials
characteristic. Since the tensile and Charpy sample dimensions are much smaller than the plate
thickness, no difficulties were encountered in removing samples well away from the root area of
the J-groove welds. As determined by X-ray radiography, some welds contained occasional lack
of fusion defects at the junctions between stringer passes which was composed of aligned pores.
These defects were rare, but did affect some of the tensile test results and are discussed below.
The macrostructure of the EB welds is shown in Figure 3. The weld width at the
midsection of the plate is approximately 2 mm, and this is considered reasonable for normal joint
fit-up in material of this thickness. As with the GTA welds, no cracking was encountered during
fabrication of the EB welds, and, as might be expected, there were no processing differences

Figure 3. Cross-section of EB weld.
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between the solution treated and fully aged base plates. These observations are in agreement with
earlier work on AerMet® 100 EB welding [Ref 4], where it was found that EB processing of this
alloy is generally favorable.

3.2 Mechanical Properties Database
3.2.1 GTA Weld Tensile Behavior

The results of tensile tests of the weldment matrix are discussed in this section (raw data for
all tensile tests, including the location of failure, are given in Appendix A). The average tensile
properties of AerMet® 100 GTA welds in solution treated and fully aged base plates are shown in
Table 5 and Table 6, respectively. From these data, several comparisons and observations can be
made and, in order to simplify comparisons, this section is divided into several subsections which
are based on sample orientation. In these comparisons, it is important to recognize that
longitudinal tests represents all-weld metal tests while transverse tests sample the fusion zone,
HAZ, and base metal simultaneously.

Table 5. GTA Weld Tensile Results (Solution Base Plate)

Heat Input PWHT Orientation YS. T.8. Elongation R.A.
MPa (ksi) MPa (ksi) (%) (%)

Low As-Welded Trans 1489 (216) 1834 (266) 13.0 58.6
Long 1565 (227) 1923 (279) 14.0 48.1

Low -73/1+482/5 Trans 1765 (256) 2013 (292) 11.2 45.5
Long 1765 (256) 1971 (286) 11.0 37.6

Low 204/1 Trans 1496 (217) 1820 (264) 12.8 56.6
Long 1523 (221) 1937 (281) 11.7 34.2

High As-Welded Trans 1399 (203) 1847 (268) 6.5 423
Long 1427 (207) 1916 (278) 14.2 50.4

High -73/1+482/5 Trans 1744 (253) 1882 (273) 5.1 12.1
Long 1813 (263) 1909 (277) 11.4 43.8

High 204/1 Trans 1482 (215) 1834 (266) 6.4 58.3
Long 1510 (219) 1903 (276) 13.4 50.0

Base Metal Solution Treated  Long 1399 (203) 1861 (270) 15.7 56.3
-73/1+482/5 e 1799 (261) 2013 (292) 13.6 56.2

204/1 * 1413 (205) 1827 (265) 14.0 52.0

Notes: Results are average of three tests.

Transverse tests sample BM,FZ, and HAZ.

Longitudinal tests are all-weld metal.

18



Table 6. GTA Weld Tensile Results (Aged Base Plate)

Heat Input PWHT Orientation Y.S. T.S. Elongation R.A.
MPa (ksi) MPa (ksi) (%) (%)

Low As-Welded Trans 1551 (225) 1923 (279) 6.6 21.5
Long 1565 (227) 1923 (279) 14.0 48.0

Low -73/1+468/5 Trans 1730 (251) 1951 (283) 1.2 25.0
Long 1785 (259) 2034 (295) 8.3 28.9

Low 204/1 Trans 1599 (232) 1930 (280) 8.0 27.1
Long 1544 (224) 1971 (286) 14.4 50.0

High As-Welded Trans 1523 (221) 1868 (271) 5.9 7.4
Long 1427 (207) 1916 (278) 14.2 50.4

High -73/1+468/5 Trans 1737 (252) 1903 (276) s e 18.8
Long 1820 (264) 1965 (285) 12.9 51.6

High 204/1 Trans 1530 (222) 1861 (270) 5:7 11.7
Long 1551 (225) 1916 (278) 14.8 51.2

Base Metal Full Age Long 1758 (255) 2040 (296) 13.7 54.2
-73/1+468/5 £ 1785 (259) 1958 (284) 14.0 57.6

204/1 # 1765 (256) 2034 (295) 14.0 55.6

Notes: Results are average of three tests.

Transverse tests sample BM,FZ, and HAZ.

Longitudinal tests are all-weld metal.

3.2.1.1 Longitudinal Tests

Comparing first the longitudinal (all-weld metal) tests in the as-welded condition, it appears

that heat input generally has only a small effect on weld metal properties. The lower heat input,
however, has a slightly higher yield strength than the high heat input, which is likely due to finer
solidification feature sizes as well as additional aging during the higher number of passes in the

low heat input welds. These values also compare favorably with the base metal in the solution

treated condition. Further, the as-welded properties of the low heat input welds approach the AMS

6532 transverse minimums in the fully aged condition (YS =

1620 MPa, UTS = 1930 MPa,

Elongation = 8%, RA =45%) and this observation implies that as-welded properties may be

acceptable for many applications. Direct aging of all-weld metal (longitudinal) samples at 482°C

for 5 hr results in tensile properties which are comparable with those of fully aged base metal. A

similar observation can be made for samples direct aged at 462°C, although the low heat input

ductility was apparently impaired by weld porosity (discontinuous lack of fusion defects)
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(b)

Figure 4. Examples of typical fractures in GTA welds showing (a)
normal cup-and-cone fracture, and (b) ductility impaired
by porosity.

similar to that shown in Figure 4. Careful inspection of the data for individual samples in
Appendix A indicates that all low ductility tests for low heat input samples are associated with this
type of weld defect. Thus, it is believed that weld defects, rather than an inherent weld metal
characteristic, are responsible for the low ductility observed in some of the testing. Finally, the
low temperature (204°C) aging cycle does not appear to have a significant effect on strength levels

relative to the as-welded condition.
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3.2.1.2 Transverse Tests

Considering now the transverse tests for the solution treated base plate, the as-welded
strength levels are essentially the same as that for the all-weld metal tests. However, in the case of
high heat input welds, the as-welded ductility is comparatively low. Examination of these samples
(Appendix A) indicated that failure had occurred by either localized cup-and-cone fracture near the
edge of the gage length, or in some cases by shear failure. An example of the shear failure is
shown in Figure 5, and was found to be even more prevalent in the high heat input direct aged
(482°C/5 hr) transverse tests. This mode of failure is somewhat surprising, but is thought to be a
consequence of the J-groove joint design used in the transverse tests and the relatively extensive
softened region in the HAZ of the high heat input welds. As will be discussed in detail in Section
3.3, the softened (overaged) region occurs in both the low and high heat input welds, but its width
is substantially greater in the high heat input welds. This softening, coupled with the near 45°
inclination of the fusion boundary relative to the tensile loading axis (see Figure 2) in the current
tests, results in a general tendency for shear failure. Further, upon aging, the fusion zone strength
levels increase while those in the overaged region of the HAZ remain comparatively low. Thus,
the tendency for shear failure is more prevalent in post-weld aged samples. As with reduced
ductility due to porosity, the shear failure is primarily a consequence of the specific weld joint
design and procedures, rather than a limiting materials characteristic. The shear failure does,
however, illustrate the importance of the HAZ overaged region in controlling weldment properties,

and for this reason it is considered extensively in Section 3.3.

Figure 5. Example of shear failure observed in high heat input GTA
weld transverse tests.
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In spite of these difficulties, a number of conclusions can be drawn from the transverse test
data. For example, low heat input weldments in the solution treated base plate exceed the AMS
6532 transverse minimums and approach typical base metal values following direct aging at 482°C
for 5 hr. Similarly, for the aged base plate, the low heat input welds approach AMS 6532
transverse minimums in the as-welded condition, and exceed these minimums in the direct aged
(462°C) condition. It therefore seems apparent that high joint strength efficiencies can be achieved
through suitable selection of weld joint design and GTA welding parameters. The low temperature
direct age has little or no effect on strength levels for the transverse tests.

3.2.2 EB Weld Tensile Behavior

The tensile test results for EB welds in AerMet® 100 plate are summarized in Table 7 and
Table 8, and the raw data for all tests is given in Appendix A. All EB weld tensile tests were
conducted in the transverse orientation. Of the conditions shown in Table 7 and Table 8, the most
likely to be applied in practice are the direct aged welds in solution treated base plate, as-welded in
the aged base plate, direct aged welds in the aged plate, and possibly the low temperature PWHT in
the aged plate.

For the direct aged (482°C) welds in the solution treated base plate, the tensile properties
exceed the AMS 6532 longitudinal minimums, and are essentially equivalent to base plate typical
values. Elongation and reduction of area are quite high, indicating that little or no strain
localization occurs in these transverse tests and that HAZ softening is not a dominant factor for
these welding parameters. As with the GTA welds, the low temperature age appears to have little
effect on the weldment strength.

Table 7. EB Weld Tensile Results (Solution Base Plate)

Condition X.S. i Elongation R.A.

MPa (ksi) MPa (ksi) (%) (%)

As-Welded 1351 (196) 1820 (264) 14.3 60.4

PWHT -73/1+482/5 1785 (259) 1992 (289) 12.3 552

PWHT 204/1 1406 (204) 1813 (263) 16.4 60.0

Base plate  Solution Treated 1385 (201) 1896 (275) 15.9 55.0
-73/1+482/5 1806 (262) 2013 (292) 13.5 53.2

204/1 1406 (204) 1813 (263) 14.5 54.0

Notes: Results are average of three tests.

Transverse tests sample BM,FZ, and HAZ.
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Table 8. EB Weld Tensile Results (Aged Base Plate)

Condition Y8 T8, Elongation R.A.

MPa (ksi) MPa (ksi) (%) (%)

As-Welded 1606 (233) 1992 (289) 12.4 53.3

PWHT -73/1+468/5 1751 (254) 1992 (289) 14.8 60.7

PWHT 204/1 1537 (223) 1861 (270) 0.3 49.5

Base plate Full Age 1765 (256) 2034 (295) 13.9 99,2
-73/1+468/5 1765 (256) 1951 (283) 14.8 60.0

204/1 1765 (256) 2040 (296) 13.7 54.3

Notes: Results are average of three tests.

Transverse tests sample BM,FZ, and HAZ.

In the as-welded condition, welds in the aged base plate approach AMS 6532 transverse
minimums (YS = 1620 MPa, UTS = 1930 MPa, Elongation = 8%, RA = 45%), so that it seems
apparent that as-welded properties may be suitable for many applications. Clearly, this observation
is useful for situations where post-weld heat treatment is not feasible. It is also interesting to note
that the elongation values are quite high, indicating that strain localization, although likely in the
fusion zone, is not a strong factor in these tests. This observation is somewhat surprising given
the fact that the fusion zone in these welds is a relatively small part of the gage length, and is
expected to be in essentially the solution treated condition.

The tensile properties of direct aged (468°C) welds in aged base plate exceed AMS 6532
longitudinal minimums (YS = 1620 MPa, UTS = 1930 MPa, Elongation = 10%, RA = 55%) and
are very similar to the base plate values. Thus, joint efficiencies for this condition are very close to
100%. As observed for all the EB weldments, the softened region of the HAZ does not appear to
play a strong role in determining tensile behavior for these welds, although samples in this
condition fail outside of the weld fusion zone. In addition, the 462°C/5 hr PWHT does not have a
significant effect on the base metal properties.

Interestingly, low temperature PWHT of EB welds in aged base plate appears to result in a
slight degradation of ductility in these tests. This degradation was not as apparent in the GTA
welds in the same condition, in part because of the porosity and shear failure problems discussed
earlier. The loss of ductility in EB welds heat treated at 204°C is thought to result from
precipitation of cementite (Section 3.3) and strain localization in the weld fusion zone during
testing.
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3.2.3 GTA Weld Impact Behavior

The results of Charpy impact tests of the weldment matrix are discussed in this section (raw
data for all impact tests are presented in Appendix B). Table 9 and Table 10 display the average
centerline (weld metal) and fusion line impact energies for GTA welds in solution treated and aged
base metal, respectively. Also shown are the base metal values for each condition. In general, the
toughness of the weld fusion line is always superior to the weld fusion zone for all conditions, so
that the fusion zone region of welds is likely to control toughness for the entire weldment. As
might be expected from the difficulty associated with locating the notch on tests of this type and the
fact that the fusion line is not completely planar, it is also important to note that fusion line tests
are, in general, often scattered.

The as-welded centerline values (in either the solution treated or aged base plate) represent
the basic toughness of the as-deposited weld metal. For this condition, the weld metal has roughly
60-70% of the impact toughness of fully aged base plate, while the fusion line toughness for welds
in either solution treated or aged base plate are approximately 85 and 120%, respectively, that of
normally aged base metal. As was noted in Section 3.5.1, the strength level for as-deposited low
heat input GTA welds approaches that for the AMS 6532 transverse minimums. Thus, the as-
welded condition in aged base plate has reasonable tensile and impact properties relative to

Table 9. GTA Weld Charpy Impact Results (Solution Base Plate)

Heat Input PWHT Base Metal Impact Notch Impact Energy
Energy, J (ft-1b) Location J (ft-1b)

Low As-Welded 61.2 (45.1) Centerline 29.3 (21.6)
Fusion Line 41.4 (30.5)

Low -73/14+482/5 49.2 (36.3) Centerline 25.1 (18.5)
Fusion Line 47.9 (35.3)

Low 204/1 71.9 (53.0) Centerline 22.2 (16.4)
Fusion Line 38.6 (28.5)

High As-Welded 68.5 (50.5) Centerline 26.6 (19.6)

' Fusion Line 35.3 (26.0)
High -73/1+482/5 50.0 (36.9) Centerline 22.8 (16.8)
Fusion Line 52.6 (38.8)

High 204/1 69.6 (51.3) Centerline 22.5 (16.6)
Fusion Line 36.3 (26.8)

Note: Al values are averages of three tests per condition,
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Table 10. GTA Weld Charpy Impact Results (Aged Base Plate)

Heat Input PWHT Base Metal Impact Notch Impact Energy
Energy, J (ft-1b) Location J (fi-1b)
Low As-Welded 45.0 (33.2) Centerline 29.3 (21.6)
Fusion Line 59.0 (43.5)
Low -73/1+468/5 48.3 (35.6) Centerline 22.2 (16.4)
Fusion Line 46.5 (34.3)
Low 204/1 46.0 (33.9) Centerline 26.2 (19.3)
Fusion Line 46.4 (34.2)
High As-Welded 42.7 (31.5) Centerline 26.6 (19.6)
Fusion Line 54.6 (40.3)
High -73/1+468/5 48.3 (35.6) Centerline 21.4 (15.8)
Fusion Line 50.4 (37.2)
High 204/1 41.5 (30.6) Centerline 28.5 (21.0)
Fusion Line 60.3 (44.5)

Note:  All values are averages of three tests per condition.

normally aged wrought material, and is likely to be a useful condition for many applications. In
terms of toughness, the GTA weld heat input has only a small effect on as-welded properties,
although the high heat input welds are generally inferior to the low heat input welds. Note that
only one set of tests was conducted for base plate in the aged condition, and that these values are
reported in both Table 9 and Table 10.

For direct aged (482°C) welds in solution treated plate, the centerline impact toughness is
approximately half that of the base plate following PWHT. Here again, the lower heat input welds
have slightly superior impact toughness in comparison to the high heat input. The fusion line
toughness for this condition is similar to the base metal, so that in terms of toughness the weld
metal is the lowest toughness region of the weldment. As might be expected from the aging data
given by Novotny [Ref 10], direct aging (468°C) of welds in aged base plate results in slightly
lower fusion zone toughness (and higher strength). Therefore there is some latitude in the
selection of PWHT, depending on weld requirements for strength and toughness.

The low temperature PWHT appears to have differing effects on the base metal and weld
metal, depending on base metal condition and welding parameters, but, except for its effect on
solution treated base metal, the effect is relatively slight.
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3.2.4 EB Weld Impact Behavior

Average Charpy impact test results for the EB weldments are shown in Table 11 and Table
12 for the solution treated and aged base plates, respectively (raw data for all tests in included in
Appendix B). Base metal impact values for the corresponding conditions are given in Table 9 and
Table 10.

For centerline tests of the solution treated base plate, the as-welded and the direct aged
(482°C) values are similar to those observed in the GTA welds for the same conditions. Thus,
there is no apparent toughness advantage for the EB welding under the present conditions. For the
reasons noted in Section 3.4.3, fusion line tests are generally somewhat scattered, but invariably
exceed those measured at the weld centerline.

Direct aged (468°C) impact energies in the aged base plate are comparatively low (note that
a retest of this condition resulted in similar values). It is possible that these low values result from
two primary sources. First, the PWHT temperature (which was originally selected to minimize
overaging of the base plate) generally results in lower impact toughness and higher strength. The
aging data given by Novotny [Ref 10] for wrought material shows that impact toughness is a very
strong function of the 5 hr aging temperature for temperatures in the range of 450-510°C. In fact,
for wrought material, the toughness of material aged at 468°C is nominally near 36 J, while that for
material aged at 482°C is usually near 55 J. Second, the low toughness region is confined in the
EB weld impact samples to a very narrow (approximately 2 mm) region along the crack path. It is
believed that the first of these effects is more predominant, and to test this possibility, samples
from EB welds in aged plate were direct aged at 482°C for 5 hr, and the results are included in

Table 11. EB Weld Charpy Impact Results (Solution Base Plate)

Condition Notch Location Impact Energy
J (ft-1b)

As-Welded Centerline 30.0 (22.1)
Fusion Line 48.8 (36.0)
PWHT -73/1+482/5 Centerline 24.0 (17.7)
Fusion Line 39.6 (29.2)
PWHT 204/1 Centerline 42.3 (31.2)
Fusion Line 61.3 (45.2)

Note: All values are averages of three tests per condition.
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Table 12. EB Weld Charpy Impact Results (Aged Base Plate)

Condition Notch Location Impact Energy
J (ft-1b)

As-Welded Centerline 26.7 (19.7)
Fusion Line 37.0 (27.3)
PWHT -73/1+468/5 Centerline 15.7 (11.6)
Retest 13.6 (10.0)
Fusion Line 26.4 (19.5)
PWHT -73/1+482/5 Centerline 25.9 (19.1)
PWHT 204/1 Centerline 39.5 (29.1)
Fusion Line 58.2 (42.9)

Note: All values are averages of three tests per condition.

Table 12. As shown, substantially higher impact values, which are similar to those for the GTA
welds in the same conditions, were obtained. Thus, it seems apparent that the weld metal displays
a similar sensitivity to aging temperature as that observed in wrought material [Ref 10]. Moreover,
it is clear that there is PWHT temperatures must be carefully selected and based on a trade-off
between specific requirements for weld toughness and strength. Of course, the additional aging of
the base plate during PWHT must also be considered.

It is interesting to note that the low temperature (204°C) PWHT has a different effect on EB
weld metal toughness than it does on GTA weld metal toughness. For the GTA welds the 204°C
PWHT resulted in slight reductions in toughness, while the same heat treatment results in an
improvement in centerline toughness for the EB welds (for both base plate conditions). Although
the underlying reasons for this difference are not clear, it is likely that it is a result of the multiple
reheating cycles, which probably exceed 204°C, in the GTA welds. Thus, for EB welding
situations in which a full post-weld aging treatment is not feasible or needed from a strength
perspective, some toughness gain can be realized through a low temperature PWHT.

3.2.5 Fully Re-Heat Treated Weldments

The average tensile properties for fully re-heat treated welds are shown in Table 13 and raw
data for these welds is given in Appendix A. Based on prior work [Ref 5], the GTA welds were
expected to have properties similar to that of the base metal. Unfortunately, however, the GTA
weld tensile samples contained a significant amount of porosity resulting from lack of fusion (see
notes in Appendix A), and thus displayed poor ductility. Electron beam weldments display, as
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Table 13. Tensile Properties for Fully Heat Treated Welds

Welding Heat Specimen Yield Tensile Elong. R.A.
Process Input PWHT  Orientation MPa (ksi) MPa (ksi) (%) (%)
GTAW Low Full Base Metal 1794 (260.2) 1969 (285.5) 14.7 59.1
Transverse 1802 (261.3) 1932 (280.2) 2.1 4.2
Longitudinal 1685 (244.4) 1924 (279.1) 6.9 242
EB 1 Pass  Full Base Metal 1794 (260.2) 1969 (285.5) 14.7 59.1
Transverse 1838 (266.5) 1991 (288.8) 144 60.8

Notes: Full PWHT includes 885°C/1hr, air cool, -73°C/1 hr + 482°C/5 hr.

Values are averages of three tests per condition.

Table 14. Charpy Impact Properties for Fully Heat Treated Welds

Welding Heat Notch Impact Energy
Process Input PWHT Location J (ft-1b)
GTAW Low Full Base Metal 54.1 (39.9)
Centerline 21.6 (15.9)
Fusion Line 23.5 (17.3)
EB 1 Pass Full Base Metal 54.1 (39.9)
Centerline 33.9 (25.0)
Fusion Line 48.1 (35.5)
Notes: Full PWHT includes 883°C/1hr, air cool, -73°C/1 hr + 482°C/5 hr.

Values are averages of three tests per condition.

expected, strength and ductility similar to that of the base plate. Based on the EB results, the data
from direct aged weldments, and from previous work [Ref 5], it is believed that fully reheat treated

GTA welds without defects would also display tensile behavior similar to that for wrought

material.

The results of Charpy impact tests for the fully heat treated welds are shown in Table 14
and the raw data for all tests is given in Appendix B. Centerline values for the GTA weld are

somewhat lower than those obtained for direct aged welds, although the strength levels are similar.
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Thus, it is likely that impact tests were affected by the same porosity encountered in the tensile
tests. The fully treated EB weld shows impact energies which are approximately 63% and 90%,
for centerline and fusion line tests, respectively, that for the base plate and are appreciably higher
than for direct aged (482°C) welds. Therefore, the fully heat treated condition, for cases where it
can be applied, provides some toughness advantage relative to directly aged welds. Of course, full
heat treatment of welds is not always applicable and the potential distortion which is likely to be

encountered during the austenitization step must be considered.

3.2.6 Mechanical Testing Summary

Because of the large number of sample conditions and test configurations, it is appropriate
to summarize some of the basic conclusions which can be drawn from the baseline weld properties
study.

High strength levels can be achieved in either solution treated or aged base plate with either
the cold wire feed GTA or EB welding process. In general, for direct aged (at temperatures near
482°C) welds in either base plate, the overaged region of the HAZ is the strength limiting factor,
while the fusion zone controls the impact toughness. The data also indicate that within the range of
GTA welding parameters and PWHT conditions evaluated, suitable procedures can be defined
which can provide useful combinations of strength and toughness. Compared to the GTA welds in
the direct aged condition, the EB welds generally have somewhat superior strength, but not
necessarily superior toughness. This observation seems to imply that the finer solidification
features which are usually associated with EB welding do not play a dominant role in overall
mechanical properties. It is believed that the underlying reasons for this are likely associated with
the martensitic transformation and the structure that results from it. Thus, the characteristics of the
solid state transformation would appear to dominate over the details of the solidification
microstructure.

For the GTA welding conditions chosen, the welding parameters for the low heat input
welds are probably marginal for reproducibly fabricating defect free welds. Nevertheless, for
those GTA welds which are free from welding defects, the lower heat input welds generally
display superior strength and toughness for the same PWHT conditions. Although the differences
are not large, the data implies that low heat input conditions are preferable. This conclusion is
most apparent in the shear failures of the high heat input welds. Clearly, this type of failure could
be avoided by a more suitable choice of the joint geometry in the high heat input welds, but it is
important to note that shear failure did not occur in the low heat input welds, even though the joint
configuration was the same. Thus, the narrower (and likely higher strength) softened region in the
HAZ of low heat input welds behaves more favorably even in joints with poor geometry.
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3.3 Welding Metallurgy
3.3.1 Melting and Solidification

Initial characterization of the welding metallurgy of AerMet® 100 Alloy included the use of
differential thermal analysis (DTA) to determine the temperature ranges associated with solid state,
melting, and solidification reactions. The result of this analysis for solution treated starting

material is shown in Figure 6. For this heating rate, austenite begins to form in the temperature
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Figure 6. DTA scan for solution treated AerMet® 100 Alloy for heating and
cooling rates of 0.33°C/sec. Temperatures shown are averages
of two tests.

range of 450-500°C (the lower and upper critical temperatures are discussed in more detail in a later
section), and the formation of austenite is complete at approximately 807°C. Melting of austenite
initiates at 1435°C, and continues until the liquidus is reached at 1498°C. On-cooling, and after
some undercooling, solid begins to form at 1466°C, and the on-cooling solidus is reached at
1445°C. The apparent M, temperature for the as-solidified alloy is near 307°C.

From these analyses, several features of the alloy are apparent. First, as might be

expected, the transformation to austenite occurs over a relatively broad temperature range. As will
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be discussed in detail below, however, the transformation to austenite in this alloy is complex and
both the mode and critical temperatures associated with the transformation are strongly dependent
on the heating rate. With respect to welding, the temperatures of primary interest are the on-
heating liquidus and the on-cooling solidus, as these define the temperature range over which weld
solidification occurs and hot cracking can develop. For AerMet® 100 Alloy, this temperature range
is approximately 53°C, which is significantly smaller than the 150-200°C solidification temperature
range normally encountered in hot cracking sensitive alloys. Thus, the narrow solidification
temperature range of this alloy accounts in part, for its apparent resistance to hot cracking.
Conversely, the DTA results show that the alloy solidifies as austenite, and in general alloys which
solidify as austenite have a lower resistance to hot cracking than alloys which solidify as ferrite and
subsequently transform to austenite. This difference is related to the lower solubility of impurity
species (particularly P and S) in austenite, and the segregation of these impurities to the liquid
during solidification. As a result of the toughness requirements for this alloy, however, it is
normally produced from high purity starting materials and with the use of very clean processing so
that the levels of impurity species are quite low (Table 1). Thus, even though the alloy solidifies as
austenite, the narrow solidification temperature range and low impurity contents can be expected to
result in a low susceptibility to solidification hot cracking, as was observed in the fabrication of the
EB and GTA test welds.

The apparent M, temperature of 307°C is significantly higher than the 225°C normally
reported for wrought AerMet® 100 Alloy. This difference, although it was not investigated in
detail, is likely due to composition gradients developed during solidification. For this reason, the
M, temperature for weld fusion zones are likely to be similar to the value measured by DTA.

3.3.2 HAZ Microstructure Evolution

The mechanical response of the GTA welds implies that the evolution of microstructure and
properties in the HAZ of AerMet® 100 Alloy welds is an important feature of the overall service
weldability of the alloy. This implication is further illustrated in Figure 7 which shows the
structure of, and a microhardness traverse across, a single bead-on-plate GTA weld in aged plate in
the as welded condition. Several important regions are apparent in the hardness traverse. In the
fusion zone the hardness is relatively low, and the microstructure consists essentially of fresh
martensite. Thus, the hardness is similar to that for solution treated base metal and the fusion zone
can be expected to respond to post-weld aging treatments (as was observed in the tensile test
results). The near fusion line region of the HAZ also consists of fresh martensite and also
responds to post-weld aging. In locations further out in the HAZ the hardness steadily increases
toward the unaffected aged base plate, but there is a trough in the hardness (in the range of
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Figure 7. (a) Macrostructure of low heat input bead-on-plate GTA weld in aged
plate. (b) Hardness traverse across weld zones.

approximately 3.5-4.5 mm). The region adjacent to, and within, the trough is particularly
important since it does not respond to post-weld aging. As a result, the primary emphasis of the
welding metallurgy study was placed on characterization of the microstructure and properties
evolution in this region of the HAZ. This characterization included determination of the
temperatures and microstructures associated with the trough, as well as development of kinetic

descriptions of the softening and reaustenitization processes.
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3.3.2.1 Gleeble Testing

Gleeble simulations were used to determine the temperatures associated with the hardness
trough in the HAZ. For these simulations, thermal cycles similar to those shown in Figure 8 were
used. The thermal cycles correspond to those expected for the high heat input GTA weld, and
peak temperature was varied between 460 and 910°C. Hardness and microstructure were evaluated
for each peak temperature.

700 . 1 . . ‘ .

600 |- AerMet 100 (Aged) _
24 kJ/in Heat Input
675°C Peak

500 |-

400 |-

300 |-

Temperature (°C)

200 |-

100 |-

i I R S

0 40 80 120 160
Time (sec)

Figure 8. Typical thermal cycle used for Gleeble HAZ simulations. The thermal cycle
corresponds to the high heat input GTA welds and a 675°C peak temperature.

The results of the thermal cycle simulations on both aged and solution treated base plate are
shown in Figure 9. For both the aged and solution treated base plates, the minimum in hardness
occurs for the 710°C peak temperature thermal cycle. In addition, for the aged base plate, post-
simulation aging does not affect the level or temperatures associated with the hardness trough.
This implies that the softening is associated with overaging, although it is also conceivable that the
formation of reverted austenite (discussed in more detail below) also contributes to the softening.
The increase in hardness at peak temperatures of 760°C and above is associated with the formation
of new austenite (and fresh martensite on cooling). It is also interesting to note that some
hardening apparently occurs in the solution treated material at the peak temperatures of 560 and
610°C. This implies that in the temperature range examined, the aging reactions in AerMet® 100
can be quite rapid. Moreover, the steep recovery in hardness at temperatures of 760°C and above
implies that the austenite formation kinetics are also quite rapid in this temperature range for the

heating rates associated with fusion welding.
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Figure 9. Hardness of weld simulation samples as a function of peak temperature.
(a) Aged base plate. (b) Solution treated base plate.

3.3.2.2 Metallographic Analysis

Representative transmission electron micrographs of the HAZ simulations are shown in
Figure 10. In general, the TEM evaluations shown in Figure 10 and additional extraction replica
analyses revealed several important features. First, relatively large elongated (rod like) alloy
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Figure 10. TEM micrographs of HAZ simulation
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carbides were evident in samples cycled to peak temperatures near 660 and 710°C. For samples
treated above this temperature, precipitation was less evident, and those precipitates that remained
were generally spherical in shape. The overall microstructures of the 660 and 710°C samples were
similar, although there was evidence that recovery had proceeded further in the 710°C samples. As
determined by EDS analysis, little reverted austenite formed in the 660°C samples, while austenite
could be detected along martensite lath boundaries in the 710°C simulations.

Attempts to quantitatively determine the room temperature austenite fraction in the Gleeble
simulations were unsuccessful. This difficulty appeared to be the result of the relatively small
sample area available for analysis (although mounts with multiple samples were tried), as well peak
overlap and the very fine scale of the reverted austenite which is present as thin films along the
martensite lath boundaries. In an effort to overcome these difficulties, small (approximately 13
mm cubes) were rapidly heat treated in a salt pot at Carpenter Technology Corporation. For these
experiments, the salt pot was maintained at temperatures replicating the peak temperatures in the
Gleeble experiments. The samples (both solution treated and fully aged) were instrumented with a
thermocouple located at the center of the cube, and were treated by immersion in the salt pot until
the sample temperature reached the bath temperature. This was followed immediately by a water
quench. The heat treatment required only a few seconds, but the heating time was significantly
longer than that for the Gleeble tests. Hardness and fraction austenite were determined for each
peak temperature and the results of these tests are shown in Figure 11. The results indicate that the

5 8 T I T T T T 1 T T T T [ T T L E T T 1 T L) I B T

56

54

LI L I B L

52 | .
50 |

48 | \, / 3

Hardness (HRC)

.3 S Sandia (Solution)

| —e— Sandia (Aged) 14%
44 |- o Cartech {Solution) ./
[ —o— Cartech (Aged) 18% °~15%
42 | P TS S YN I TR L1 L
500 600 700 800 900

Peak Temperature (°C)

Figure 11. Hardness and fraction austenite for salt pot heat treated samples
compared with Gleeble HAZ simulations.
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salt pot heat treatments generally reproduce the softened region observed in the Gleeble
simulations, although the heat treatments at 760°C resulted in lower hardness than those for the
Gleeble simulations. It is believed that the differences at the 760°C peak temperature result from
differences in the mechanism of austenite formation at different heating rates and these differences
are discussed in greater detail in a subsequent section. In any case, an increasing fraction of
reverted austenite is observed with increasing peak temperature in the salt pot treated samples. At
the higher peak temperatures (above 760°C) there is likely much more austenite present at
temperature, but the composition of this austenite is such that it transforms to martensite on cooling
to room temperature [Ref. 10, 11]. The amount of austenite in samples rapidly heated to peak
temperatures above 760-810°C is similar to that observed in material solution treated under normal
conditions.

Thus, the basic microstructural evolution in the softened region of the HAZ consists
principally of precipitate overaging (with the formation of 10-15% reverted austenite and
possibility of some recovery). This softened region is bounded at lower peak temperatures by the
rate at which precipitate coarsening occurs, and it is bounded at higher temperatures by the
formation of transformable austenite. For the HAZ simulations it appears that precipitate
dissolution can lag behind the formation of new transformable austenite, so that at high heating
rates and peak temperatures near 760°C, fresh martensite, which effectively contains preexisting
precipitates, can form. Such a mechanism accounts for the high hardness (relative to the fully
solution treated material) for peak temperatures just above those associated with the hardness
trough (i.e. at a position of about 3.5 mm in Figure 7). Since the softened region is bounded by
two distinct processes, it is appropriate to develop kinetic descriptions of these processes so that
the effects of welding process changes can be estimated numerically.

3.3.2.3 Overaging Kinetics

Description of the overaging process in the HAZ of AerMet® 100 Alloy requires a
numerical model which can be applied to the rapid thermal cycle associated with the welding
process. In this section a semi-empirical model is therefore developed and applied to the thermal
cycles used in the HAZ simulations. The model is based on classical coarsening models, and the
additivity rule is used, Section 3.2.3.4 to apply this model to weld thermal cycles. Aging data for
secondary hardening steels is usually portrayed by means of a time-temperature parameter such as
the Larson-Miller parameter (e.g. by the construction of a master tempering plot). However, such
data cannot easily be adapted to weld thermal cycles because the form of these hardness or strength
versus aging parameter curves are usually complex. In the current work, therefore, an attempt is
made to define a parameter for which the relationship between the parameter and hardness is
simple. Since most available data is in the form of hardness as a function of time and temperature

37



for a variety of aging conditions, the parameter is first developed for AerMet® 100 hardness data
[Ref 10], and then shown to be applicable to strength data.

It is first assumed that hardness is proportional to shear strength and that analysis for the
strengthening effect of incoherent precipitates [Ref 12] applies,

Hoer=22 [
A
where H is the hardness, 7is the shear strength, & is a geometric factor, u is the shear modulus, b
is the burgers vector, and 4 is the interparticle spacing. For overaging, the volume fraction of
precipitates is assumed constant, so that A « r, where r is the precipitate radius and the precipitates
are assumed to be spherical. Thus, in the overaging regime,

Hoc—. (2]

During aging, the precipitates are assumed to follow classical coarsening kinetics [Ref 12] (i.e.
Lifshitz and V. V. Slysov [Ref 13], and Wagner [Ref 14], or LSW kinetics), so that

=7 +Kt, (3]

where T, is the mean initial particle radius and T, is the particle radius at time t. Through direct
measurements of carbide size during isothermal heat treatment, Yoo et. al. [Ref 15] and Lee et. al.
[Ref 16] have shown that the carbide coarsening kinetics in AerMet® 100 Alloy are well
approximated by the cubic dependence of Equation 3. The coefficient K in Equation 3 is generally
given by an equation of the form

_8DOV,Cy() ¢
9 RT

K (¢). [4]
where D is the diffusivity, o is the interfacial energy, V,, is the molar volume of precipitate,
C, (=) is the solubility of the solute, R is the ideal gas constant, T is the temperature, and f(¢) is a

function which depends on the particular coarsening theory (f(¢) = 1 for the LSW theory). Ifitis
assumed that all factors other than the diffusivity are not functions of temperature and the
temperature dependence of D can be represented by
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...Q)

D = Dyexp| — | (3]
? p(RT

then Equation 4 can be written as

CXP(R—T)
K=k —2Ls [6]

where K, is a constant. Combination of Equations 3 and 6 yields an expression for the coarsening

rate as a function of time and temperature:

i =1 +K,

-0
)
—fﬁlm [7]

Substitution of Equation 7 into Equation 2 (with T, = r) and rearranging leads to the result

He K, (8]
where K, has the form
]
K, = 173 [9]
K ,texp(ﬁ)
T+ — ‘Rl
'y

Thus, a plot of H versus K, should be linear. The most direct means to apply this methodology is
to search for values of 7,, K|, and Q which maximize the linearity of the plot. This searching can
easily be accomplished in a spreadsheet application. Alternatively, if values for any of the three
parameters are known, such as an initial precipitate size or the activation energy for the diffusion of
a known precipitating species, these can be used to reduce the number of search parameters.

The procedure described above was used to fit the isothermal aging data for AerMet® 100
given by Novotny [Ref 10], and the results are shown in Figure 12. The optimized fit parameters
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for this data set are T, = 2.47 x 10%, K , =0.02718, and Q/R = 38990, and the hardness can be

represented by a line of the form.

HRC =38.18+4.690x107(K,)  r* =0.9559 [10]

These parameters linearize the data over a wide range of aging conditions, including those
conditions near peak hardening and overaged. The apparent activation energy for the softening,
77,470 cal/mole, is higher than that which might be expected for coarsening of alloy carbides in
AerMet® 100. For example, the activation energy for the diffusion of Mo in ferrite is given [Ref
17] as 57,700-60,000 cal/mole (the diffusion of Cr would be expected to have a similar activation
energy). However, given the assumptions inherent in the model, such as spherical precipitates,
etc., this discrepancy is not thought to be a major drawback with respect to application of the
model. Moreover, the fitting is not exceptionally sensitive to the activation energy within a specific
range. For example, if Q is fixed at 60,000 cal/mole and the fit is optimized by varying only T,
and K, the * for the H vs. K, correlation is 0.9488 (T, = 1.65 x 107, K, = 1.01 x 10™*) which is
similar to the 7 = 0.9559 obtained with the three parameter fit.

As a test, estimates from the model can be compared with additional aging data given by
Novotny [Ref 10]. This data was developed for 5 hr aging over the temperature range from 400 to
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Figure 13. Comparison of overaging model predictions (solid hardness line) with 5 hr
aging data from Novotny [Ref 10]. Dashed lines are 90% prediction limits.

800°C, and was conducted to evaluate the formation of reverted austenite during aging. The range
of temperatures is substantially larger than those used to determine the fit coefficients. The results
of this comparison are shown in Figure 13. Also shown in Figure 13 is the room temperature
austenite fraction as determined by X-ray diffraction. As shown, the model provides accurate
predictions in the temperature range (450-550°C) where little reverted austenite forms during aging,
and provides reasonable predictions in the temperature range (550-700°C) where appreciable
fractions of stable reverted austenite form. As might be expected, for temperatures above
approximately 700°C, where unstable austenite (i.e. fresh solution treated martensite at room
temperature) is formed, the model significantly underestimates the hardness. The overaging model
therefore appears to be generally applicable at temperatures up to approximately 700°C, even for
relatively long aging times. For shorter aging times, such as weld thermal cycles (where less
reverted austenite might be expected to form), the model should provide even better estimates over
this temperature range.

The data of Figure 13 implies that the formation of reverted austenite in the temperature
range between 500 and 700°C does not have a large effect on the hardness of AerMet® 100, and it
is interesting to consider the possible reasons for this observation. Based on qualitative EDS
measurements of martensite laths and austenite in HAZ simulation samples heat treated to peak
temperatures in this range, the compositions of the austenite and martensite are not dramatically
different, with only small differences in the levels of Co, Ni, and Cr observed. Since these
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elements are substitutional in both constituents, it is not unreasonable to expect that the hardness of
both phases would be similar. Moreover, the matrix hardness in this alloy following heating to
this temperature range is likely to be dominated by the lath structure, which is effectively little
changed by the formation of thin austenite films along the lath boundaries. Thus, although the
overaging model does not explicitly incorporate the formation of reverted austenite (or recovery),
this does not appear to have serious implications with respect to its application. The model does
not incorporate the possibility that the carbide precipitate composition is a function of temperature.
Ayer and Machmeier [Ref 18] have shown that the carbide stability in AerMet®100 is dependent on
the aging temperature. However, in the overaged regime for which the current model is primarily
applicable, the precipitates are generally very large and incoherent. Thus, their role in
strengthening is not likely to be strongly dependent on their composition, and this factor would not
be expected have serious implications with respect to application of the model.

3.3.2.4 HAZ Thermal Cycles

Application of the overaging model to weld HAZs requires a means to estimate the
cumulative effect of thermal cycle on the kinetics. A commonly used approach for estimating this
effect is the additivity principle [Ref 19, 20]. To apply the additivity principle, a thermal cycle is
modeled as a series of small isothermal steps. At each step, the time elapsed is a fraction of the
time required, at that temperature, to achieve a given amount of transformation or hardness. When
these fractions sum to unity, the given hardness has been achieved. Formally, this can be written
as

{ dt
= 11
!tam b -

where t is the time and t(T) is the time to reach the given hardness isothermally. For discrete time
steps, Equation 11 can be written in the summation form, or

t

A
2" =

0

From Equation 10, H = H; + mK,, where H, and m are the intercept and slope of the fit to the
isothermal aging data, respectively, it is apparent that



[13]

Or, Upon rearranging

) 2

K, exp(—;—g]

[14]

For an isothermal hold, Equation 14 represents the time required to reach a given hardness, H, at a
given temperature, T. Using a series of small isothermal steps to represent a thermal cycle, the
summation of Equation 12 can be solved by using a goal seeking routine to find the hardness
which satisfies the summation for that thermal cycle. Alternatively, the summation can be solved
sequentially by calculating the softening during a given time step. adjusting the temperature to the
temperature associated with the next time step and adjusting the start time to that which it would
have been had the temperature always been at the new temperature, and iterating this procedure
over the entire thermal cycle. In either case, identical results should be achieved.

Using Equations 12 and 14, together with the coefficients derived from the isothermal
aging data of Novotny [Ref 10] and the actual thermal cycle from the Gleeble HAZ simulations, the
hardness for the HAZ simulations can be estimated. The results of these estimates are shown in
Figure 14, and the agreement between predicted and measured hardness is quite good. Thus, the
overaging model, developed from isothermal aging data and applied to weld thermal cycles through
the use of the additivity principle, appears to provide an appropriate means for estimating the HAZ
softening in AerMet® 100. However, it should also be noted that the accuracy of predictions based
on this model is dependent on the accuracy to which the thermal cycle at any HAZ location is
known. For the Gleeble simulations in Figure 14, the thermal cycle is directly measured and
accurately known. For general application to welds, the thermal cycle at a given HAZ location
must be estimated from thermal models of the weld process and parameters, and in these cases the
accuracy is therefore partially dependent on the accuracy of the thermal model. In addition, real
welds, and in particular multipass welds, can have multiple thermal cycles and complex residual
stress distribution within the HAZ. Although the model should be capable of treating the multiple
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thermal cycles, the potential effect of residual stresses on the softening behavior is not incorporated
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in the current model.

It is also interesting to consider the applicability of the aging model for estimating

properties other than hardness. As shown by Novotny [Ref 10], the ultimate tensile strength of

AerMet® 100 is essentially linearly related to hardness over a wide range. Thus, it might be

expected that tensile strength should also be described by the current model. Figure 15 shows
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UTS data from Novotny [Ref 10] versus K, using the coefficients developed from the hardness
data, Figure 15(a), as well as with coefficients optimized on the UTS data directly, Figure 15(b).
For the correlation using the UTS data, the fit coefficients were T, = 9.02 x 10, K, = 0.000390,

and Q/R = 37750, although the correlation coefficient for the direct UTS fits is only marginally
superior to the correlation using the hardness coefficients (7 = 0.9680 vs. r* = 0.9646). In either
case, however, it appears that the model should be generally applicable for estimating the tensile
strength of AerMet® 100 following thermal cycling.

Correlation with the yield strength is not as promising as that for the tensile strength.
Figure 16 shows YS data from Novotny [Ref 10] versus K, using the coefficients developed from
the hardness data, Figure 16(a), as well as with coefficients optimized on the YS data directly,
Figure 16(b). Although the coefficients linearize the YS data for relative short aging times and/or
lower aging temperatures (high K,), the error associated with significant overaging (low K)) is
appreciable (7 = 0.8379). In order to overcome this difficulty, direct fits of the YS data required
substantial weighting of the data in the overaged regime. For the direct YS fits (f, = 1.95 x 107,
K, = 0.04095, and Q/R = 41130) of Figure 16 the data becomes even more of a bimodal
distribution between low and high K, values. Thus, although a representation of the YS data was
achieved, it is not fully satisfactory and would required additional validation. Nevertheless, it
appears that the current approach is generally applicable to estimating hardness, tensile strength,
and potentially, yield strength.

3.3.2.5 Austenitization Kinetics

As discussed in Section 3.3.2.1, the high temperature edge of the HAZ softened region is
bounded by the formation of new transformable austenite. For this reason, it is important to
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develop a description of the austenite formation kinetics at rapid heating rates, and this is the
subject of this section. In this portion of the work, the austenite formation kinetics were examined
by Gleeble dilatometry at heating rates in the range of 0.1 to 2500°C/sec. Figure 17 shows the
typical dilatation response of solution treated AerMet® 100 for a heating rate of 100°C/sec. In
principal the lower and upper critical temperatures can be estimated from these curves by
determining the initial departure from, and final approach to, the linear portions of the curve
associated with the low and high temperature constituents, respectively. In practice, these
temperatures were determined as the temperatures at which the difference in dilatation between the
curve and the extrapolated linear fit of the curve preceding the initial contraction was either 2 or
98% of the dilatation difference between the low and high temperature linear extrapolations (i.e. a
lever rule approach). A similar approach can be used to estimate the apparent fraction transformed
over the entire transformation range. However, for these determinations it should be noted that the
conversion of dilatation data to fraction transformed is very approximate since the austenite which
forms is likely to have a composition which depends on temperature (as does the decomposing
martensite/ferrite) and therefore a lever rule estimation of the fraction transformed is not strictly
correct. In addition, heating rates of 200°C/sec and higher were found to exhibit unusual features
which further complicate interpretation of the dilatation data. Figure 18 shows the apparent
austenite fraction (determined by lever rule conversion of the dilatation data) for several
representative heating rates. From these curves, several trends are apparent. First, the lower
critical temperature initially increases with heating rate, and then becomes essentially constant at the
higher heating rates. The behavior of the upper critical temperature with heating rate is not,
however, as clearly defined. Finally, for heating rates of 200°C/sec and above, a relatively sharp
and reproducible break (denoted by an x on the curve for 300°C/sec in Figure 18) appears in the
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Figure 17. Typical dilatation curves for solution treated AerMet® 100. (a) Entire heating and
cooling curve. (b) Detail of austenite formation region on-heating.
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curves following an initially rapid transient. It should also be noted that at temperatures above the
break in the 300°C/sec curve shown, the curve becomes extremely jagged. However, this is not
thought to be real, but rather, appears to be an artifact of the data collection equipment and is due to
aliasing of the Gleeble power control and data collection electronics (its appearance can be altered
by varying the data collection rates). As will be discussed in more detail below, it is believed that
the break which occurs for heating rates of 200°C/sec above is the termination of the formation of
austenite, and that the approach to the final expansion line is homogenization of the austenite by
diffusional adjustments. For this reason, in subsequent continuous heating transformation (CHT)
diagrams, the upper critical temperature for heating rates above 200°C/sec is depicted as the
temperature at which the break in the curve appears. The temperature at which the dilatation
reaches the high temperature expansion line is depicted as a separate point on the diagrams.

Figure 19 shows the CHT diagram for solution treated AerMet® 100 for heating rates in the
range of 0.1 to 2500°C/sec. The diagram for this alloy is extremely complex, and appears to
consist of two distinct heating rate regions. The first of these is the lower heating rate range from
0.1 to 25°C/sec, and the other is the range including 50°C/sec and above. These regions are
believed to constitute different mechanisms of austenite formation, and are discussed separately.

Considering the low heating rate regime, the details of which are shown in Figure 20,
several important features are apparent. Both the 98% and apparent 50% austenite boundaries are
approximately isothermal, which implies that for these heating rates the austenite formation (after
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Figure 20. Continuous heating transformation diagram for solution treated
AerMet® 100 for heating rates from 0.1 to 25°C/sec.

nucleation) essentially follows the equilibrium phase boundaries. The lower critical temperature
increases with increasing heating rate, which is typical of the increasing delay in nucleation with
increasing heating rate. Given the rapidity with which aging can occur in this alloy at temperatures
in the range of the lower critical temperature (Section 3.3.2.3), however, it is also conceivable that
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the martensite matrix composition can change during the heating below the critical temperature.
Thus, some variation in the lower critical temperature resulting from changes in the martensite
matrix composition cannot be discounted. This variation would be expected to be different, or
nonexistent, for tests on aged or fully aged material, although heating tests for these starting
microstructures were not conducted in the present work.

The CHT diagram for AerMet® 100 at heating rates of 50°C/sec and above is considerably
more complex and is shown in Figure 21. For the solution treated material, the lower critical
temperature is essentially constant (at approximately 700°C) for heating rates in the range of 50 to
300°C/sec, and decreases monotonically at heating rates above 300°C/sec. Conversely, the
temperature tentatively associated with homogenization increases with heating rate as would be
expected.

The decrease in lower critical temperature with increasing heating rate is interesting and
unusual. For a diffusion controlled transformation, it would normally be expected that the critical
temperature would continue to increase with increasing heating rate, as was observed for the lower
heating rate tests. Moreover, the plateau and decrease in the lower critical temperature are
associated with the region where the break in the dilatation response appears (see Figure 18).
Thus, it seems likely that the mechanism of transformation is different in the high heating rate
regime, and that the redistribution of solute (precipitation of alloy carbides) prior to transformation
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2 o -
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Figure 21. Continuous heating transformation diagram for solution treated
AerMet® 100 for heating rates from 50 to 2500°C/sec. Error bars for
100°C/sec are + 2¢. Open points are from multiple heating rate tests.
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plays an important role in determining the critical temperatures at the high heating rates. As a test
of this possibility, multiple heating rate tests were conducted in which the sample was heated at
50°C/sec to 675°C (i.e. to just below the lower critical temperature for that heating rate), and then
rapidly heated at either 500, 1000, or 2500°C/sec. The results of these tests are shown as open
points on Figure 21. For these tests, the lower and upper critical temperatures are effectively
constant, at 700-710 and 735-740°C, respectively, and the dilatation curve did not show the break
which was characteristic of the single heating rate tests. The formation of austenite in the high
heating rate regime is therefore consistent with a shear (martensitic) type transformation in that it
exhibits constant start and finish temperatures.

It is interesting to consider the possibility that austenite formation at high heating rates
occurs by a massive transformation mechanism. Bibby and Parr [Ref 21] have shown that for
pure iron, the decomposition of austenite can occur by a massive transformation mechanism for
cooling rates intermediate between those resulting in normal nucleation and growth and those
resulting in a martensitic transformation. For the massive transformation, the reaction start
temperature was independent of cooling rate in a manner similar to that for martensitic
transformations (though at a higher temperature). No data was given for the transformation finish
temperature, and no definitive studies of the cooling or heating rate dependence of the finish
temperature for massive transformations could be found. Since the massive transformation
involves a diffusional growth mechanism (albeit very short range), however, it seems unlikely that
the finish temperature would be independent of cooling or heating rate. Moreover, the Fe-Ni
system is known to transform martensitically on heating and cooling, so it is perhaps not
surprising that the Fe-Ni-Co system could as well. Thus, for the present, it is reasonable to
conclude that the on heating transformation to austenite in AerMet® 100 is martensitic-like.

Clearly, additional work is required to unequivocally identify the mechanism of the transformation.

As shown above, the high heating rate transformation start and finish temperatures are
heating rate dependent for the solution treated material. Conversely, it is expected that the start and
finish temperatures for aged or overaged annealed material would be independent of heating rate
and similar to that measured in the multiple heating rate tests (Aged and overaged starting materials
would be expected to have similar matrix compositions since the normal aging procedure is past the
peak aging conditions for this alloy [Ref 10]. Since appreciable aging can occur prior to the
transformation at low heating rates (i.e. less than 50°C/sec) for any initial microstructure, the low
heating rate transformation characteristics of aged or overaged material would be expected to be
similar to that shown in Figure 20.

In any case, the CHT diagram provides a means for estimating the temperature (location) of
the high temperature extreme of the softened region of weld HAZs. For most welding processes
likely to be used for AerMet® 100 (e.g. GTAW, EB), weld HAZ heating rates are above the
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200°C/sec heating rate where the transformation mechanism becomes martensitic-like. Thus,
because the transformation is athermal, the dilatometry data or CHT diagram can be applied directly
to estimate the extent of the softened region. This estimation can be accomplished simply by
superimposing the dilatation curve or critical temperatures from the CHT diagram onto the peak
temperature versus position curve for a weld HAZ. A plot of this type for the HAZ simulations
discussed above (which used a heating rate of approximately 300°C/sec) is shown in Figure 22.

As shown, the data from the CHT diagram provides a reasonable estimate of the high
temperature limit of the softened region. However, it should be noted that the dashed line shown
on Figure 22 is not intended to imply an estimation of hardness due to the formation of the
austenite, but rather that the softening due to overaging is superceded by the formation of austenite.
As with the model for overaging, the accuracy of estimates for austenite formation based on the
CHT diagram are dependent to some extent on the accuracy to which the thermal cycle is known.
In this case, however, the relative insensitivity of the critical temperatures at high heating rates
implies that this should not be a major limitation for estimates of weldment behavior.
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Figure 22. Combined plot of hardness, overaging model predictions, and
austenite formation data for HAZ simulations in aged base plate.
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IV. Summary and Conclusions

The database of weldment mechanical properties demonstrated that high strength levels can
be achieved in either solution treated or aged base plate with either the cold wire feed GTA or EB
welding process. In general, for direct aged (at temperatures near 482°C) welds in either base
plate, the overaged region of the HAZ is the strength limiting factor, while the fusion zone controls
the impact toughness. The data also indicate that within the range of GTA welding parameters and
PWHT conditions evaluated, suitable procedures can be defined which provide useful
combinations of strength and toughness. Compared to the GTA welds in the direct aged condition,
the EB welds generally have somewhat superior strength, but not necessarily superior toughness.
This observation seems to imply that the finer solidification features which are usually associated
with EB welding do not play a dominant role in overall mechanical properties. It is believed that
the underlying reasons for this are likely associated with the martensitic transformation and the
structure that results from it. Thus, the characteristics of the solid state transformation would
appear to dominate over the details of the solidification microstructure. It was demonstrated that
acceptable welds, some with near base metal properties, could be produced from several different
initial heat treatments, and this provides useful flexibility in design and manufacturing. The
database also provides a means for defining process parameters and PWHT’s to achieve
appropriate properties for different applications.

The mechanical properties database indicated that an important region in welds is the
softened region which develops in the heat-affected zone (HAZ). Weld thermal cycle simulations,
dilatometry, electron microscopy, and austenite fraction measurements indicated that the
development of this region is governed by interaction of precipitate overaging and austenite
formation. This softened region is bounded at lower peak temperatures by the rate at which
precipitate coarsening occurs, and it is bounded at higher temperatures by the formation of
transformable austenite (i.e. austenite which transforms to martensite on cooling). Therefore,
within the welding metallurgy studies, experimental data and models were developed to describe
overaging and austenite formation kinetics during thermal cycling. The aging model is based on
precipitate strengthening theory and classical coarsening kinetics, and, when combined with the
additivity principle, accurately reproduces the softening which occurs during weld HAZ thermal
cycles. Austenite formation kinetics were examined by development of continuous heating
transformation (CHT) diagrams for heating rates between 0.1 and 2500°C/sec, and indicates that
the formation of austenite at high heating rates may occur by a shear transformation. The models
and experimental data can be applied to essentially any thermal cycle, and provide a basis for
predicting the evolution of microstructure and properties during welding, heat treatment, and other

processing.
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Appendix A. Weldment Tensile Data

Table Al. GTA Weldment Tensile Data (Solution Base Plate)

Teat | Posi-weld Heat | Speamen | Yield | Tensile | Elongation Redmlme‘ﬁeld Ave Tensile | Ave Elong| Ave Reduct
nput Treatment Orientation | (ksi) (ksi) (%) (%) (ksi) (ksi} (%) (%) Comments
Low |  AsWelded | BaseMewl | 1981 | 276 16.1 564 2013 | 2745 15.9 55.0 CC, COG
190.5 276 | 157 55.4 "
. | 2154 | 2714 | 159 532 . ¥
Transverse | 217.7 | 2654 | 132 | 592 216 265.7 13.0 58.6 CC, EOG
214.1 266.4 128 577 - -
2164 | 2653 | 130 59.0 B .
Longitudinal 2241 | 279.7 147 487 | 2213 | 2794 14.0 48.1 CC, COG
2266 | 279.7 13.3 46.6 . *
2311 | 2787 | 139 | 489 1 &
|
Low | -100F/In+900F/Sh_| BaseMetsl 2669 | 2852 12.3 s10 | 2618 | 2919 | 135 55.2 CC, COG
260.8 295.7 14.0 57.7 | I} "
e 2577 | 2949 143 57.0 | -
M — Transverse | 2609 | 290.2 10.3 4.1 2560 | 2919 112 455 | CC, COG
2598 | 2978 | 118 459 | '
o | 2472 | 2877 114 46.4 | = -
Longidinal 2484 | 286.2 13.7 530 | 2556 | 2860 1.0 36 | CC, COG
| 2517 | 2875 10.6 352 | asymet CC, pore initiation, COG |
2606 | 2842 8.6 245 S=s CC, pore initiation, =COG
Low 400F/Ih | BaseMewl 2037 2628 14.6 55.4 204.2 263.0 14.5 54.0 CC,COG
2047 | 2633 | 140 | 527 | 5 ]
2042 | 26238 14.9 538 &
Transverse 2154 | 2638 12.9 580 | 2169 2635 12.8 56.6 CC.EOG .
2215 | 2633 12.1 532 .
2139 | 2633 13.4 585 -
- | Longimdinal, 2172 | 2803 135 454 | 2212 | 2807 1.7 34.2 CC, COG
2251 | 2811 9.9 21.1 | asymet CC, pore initiation, COG
i} 280.8 36.1 - | asymet CC, pore initiation, COG |
High As-Welded Base Metal | 2043 | 257.1 | 14.7 582 | 2039 | 26658 15.5 57.5 CC, COG
201.1 2714 15.6 564 | i
2063 | 2720 | 16.1 58.0 __
Transverse | 2125 | 267.0 8.2 592 | 2026 | 2678 | 65 42.3 CC, EOG (mm from FL) |
197.7 | 2685 5.8 517 : i
197.7 | 2679 5.5 10.1 SHEAR, EOG (para to FL?)
Longitudinal| 1988 | 284.2 13.8 489 | 2068 | 2780 14.2 50.4 CC, COG
2129 | 270.5 14.4 516 e
2088 | 2792 | 143 | 506 =
| High | -100F/1h+900F/Sh | BaseMeml | 2608 = 2898 | 124 534 | 2603 | 2018 13.6 57.1 CC, COG |
2587 292.3 14.5 59.5 L=
2613 | 2933 | 140 58.5 * i
i 2510 | 2738 45 | 94 2532 | 2731 5.1 12.1 SHEAR, EOG (para to FL?)
- 2536 | M2 6.6 17.7 .
. 2551 2732 4.3 9.3 T
Longitudinal| 2628 | 278.1 10.6 422 | 2628 | 2770 114 43.8 cc, COG B
2628 | 2760 | 117 48.2 — -
2627 | 2769 | 120 409 B -
| High 400F/1h aseMewl | 2095 | 2649 | 153 | 577 | 2065 | 2628 | 155 | 580 CC, COG
2084 | 2603 | 147 57.7 )
2007 | 2633 | 164 58.5 B ¥
Transverse | 2159 | 268.4 5.9 575 | 2154 | 2663 6.4 58.3 CC. EOG
e 2119 | 2664 a7 58.0 - "
. 2183 2642 8.5 59.3 = .
i Longitud 2120 | 2783 | 132 494 | 2188 | 2760 13.4 50.0 CC, COG
2192 2767 133 50.6 '
| 2351 273.0 138 49.9 y

CC = cup and cone fracture, COG = failure near center of gage, EOG = edge of gage,
SHEAR = shear type failure mode.
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Table A2. GTA Weldment Tensile Data (Aged Base Plate)

[Heat | Post-weld Heal pecimen | Yield | Tensile | Elongation] Reduction] Ave Yield] Ave Temsile Ave EJong| Ave Reduct
| input “Treatment Orentation |  (ksi) | (ksi) | (%) (%) (ksi) (ksi) (%) (%) Comments |
Low As-Welded BaseMetal | 2587 | 2947 13.7 54.1 | 2562 295.0 13.9 55.2 CC. COG
2577 | 2942 | 145 58.7 .
e 252.1 296.2 13.5 52.8 '
Transverse 9 276.2 i1 | 86 2253 2792 | 6.6 21,5 | Asymet CC, pore initiation, COG|
| 2258 | 2817 5.7 15.5 I Asymet CC. COG
I 2203 | 2798 1.0 40.5 %
= Longitudinal| 224.1 279.7 14.7 487 | 2213 279.4 | 140 48.1 CC, COG
2266 | 2797 13.3 46.6 "
2311 | 2787 13.9 489 | "
Low | -100F/1h+875F/5h | BaseMetal | 261.8 | 2844 14.9 507 | 2562 | 2836 148 600 CC, COG
2516 | 2829 14.3 58.7 5 [ i
— 2551 | 2834 153 61.7 =
Tra | 2487 | 2820 44 | 78 2514 282.9 7.2 25.4 Asymet CC, COG
[ 2516 | 2837 29 ss | Pore cluster, CC, COG
| 2540 | 2831 144 63.0 CC. C-EQG
Longimdinal  264.9 | 2980 4l 102 | 2591 2952 8.3 28.9 | Asymet CC. pore initiation, COG|
2532 | 2024 | 124 | 416 | CC,COG
|
—— _
Low 400F/5h BaseMetal  254.1 | 2062 138 550 2560 | 2955 13.7 543 CC. COG
1 293.7 13.9 55.5 i s =
— — 296.7 13.4 523 .
Transverse 281.1 11.2 412 2319 2798 8.0 271 Asymet CC, pore initiation, COG
2797 | 76 26.1 CC, COG
2785 5.3 140 _ Pore cluster, CC, COG
Longitudinal| | 2866 | 142 | 483 | 2243 2862 14.4 50.0 CC. COG ]
= 286.0 14.4 50.0 " -
286.0 14.7 517 ?
| High | As-Welded | BaseMetal | 2587 | 2967 134 534 | 2546 | 2962 13.4 532 CC, COG =
T e 251.6 | 2952 13.6 53.9 | = _—
B 253.6 | 2967 131 52.3 el N
Transverse | 219.2 | 2722 6.0 7.1 | 2205 271.1 5.9 7.4 SHEAR, =COG
222.1 2710 6.0 7.1 . - =il
220.1 270.2 5.8 7.9 _ y
Longitudinal] 1988 | 2842 138 48.9 | 2068 | 2780 14.2 50.4 CC, COG =
) 2120 | 2705 144 516 - u
— ] 2088 | 27192 143 50.6 B .
High | -100F/1h+875F/5h _BaseMetal  268.5 | 2854 12.8 555 2620 284.9 13.3 55.1 CC, COG
2639 | 2844 128 s17 _ =
2536 | 2849 143 582 ] y 1l
| T 2528 | 2752 6.2 212 | 2522 2759 55 18.8 SHEAR, =COG
= . 2514 | 2765 5.1 205 2
! 2525 | 2761 | 46 14.6 ) ' _
| Longiudinal| 2644 | 2876 12.9 523 | 2636 2846 129 51.6 CC, 00G
2660 | 286.9 125 49.5 W
2604 | 2794 13.3 53.0 "
High |  400F/sh | BaseMeal | 2503 | 2947 144 577 | 2506 294.7 142 56.9 €C, COG
o 257.2 | 2957 13.2 52.8 ' . B
2623 | 2037 | 151 | 602 i
T se | 2224 | 2731 5.1 9.4 222 270.1 57 1.7 SHEAR, COG
1 2232 | 2679 | 6.2 109 u
2209 | 2693 59 14.7 1 .
Longitudinal| 2244 | 278.1 15.1 512 | 2250 278.5 14.8 512 CC, COG
| 2272 | 2787 14.6 512 | - ® =1
| 223.4 278.6 14.7 51.2 | -

CC = cup and cone fracture, COG = failure near center of gage, EOG = edge of gage,
SHEAR = shear type failure mode.
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Table A3. EB Weldment Tensile Data

w_m Pos-weld Heal | Specimen | Yicld | Tensiie Ewg)mmfamum Ave Yield] Ave Tensile| Ave Elong | Ave Reduct ‘ ;
Condition | Input Treaiment Onentation | (ksi) (ksi) ) | (%) (ksi) ) (%) (%) Commenss
Solution |1-Pass|  As-Welded | BaseMew | 198.1 2% | 160 | 564 | 2013 | 2745 159 55.0 CC, COG
1 o | 1905 | 276 | 157 | 554 | i
2154 | 2714 15.9
= = 14.3 | 143 | 604 CC, EOG
I — 144, <
— . 4.0
Sol 1-Pass| -100F/1h+900F/5h | BaseMeml | 2669 | 2852 | 123 | 510 2618 | 2019 13.5 552 CC, COG
R | 2608 | 2957 | 14.0 51.1 L i : |
C I 1 2577 | 2040 | 143 [ 570 | | o g
Transverse | 2563 | 28715 126 55.5 258.7 288.5 123 35.2 Asymet CC.COG |
L= - 262.8 | 287.5 121 55.0 o
. — ] 2572 | 2906 @ 123 55.0 - "
Solution | I-Pass  400F/1h BaseMewml | 2037 2628 146 554 2042 | 2630 145 54.0 CC. COG
0 2047 2633 | 14.0 52.7 ¥
T i o 2042 2628 | 149 538 | y -
T 2088 | 2623 | 160 60.6 | 2042 | 2627 16.4 60.0 €C, EOG (Double neck) |
- 2038 | 2634 | 164 58.2 ¥
[, 1 2000 | 2623 | 167 61.2 J 3|
| Full Age | |-Pass As-Welded Base Mewl | 258.7 294.7 13.7 | $4.3 | 2562 | 2950 | 13.9 552 CC, COG
2577 | 2942 14.5 58.7 2
. B 2521 | 2062 | 135 528 it ]
| Transverse 2337 | 2859 | 125 53.6 | 2327 | 2895 12.4 533 CC. =COG (Prob HAZ)
| [ 2303 | 2814 [ 127 532 5
: | 2340 | 2011 | 121 532 1 "
| Full Age | |-Pass| -100F/1h+875F/5h | Base Mewl | 261.8 2844 14.9 59.7 | 2562 2836 148 | 600 CC, GOG
3516 | 2829 | 143 58.7 e
! 2551 | 2834 | 153 61.7 S ¥
T 254 290.6 | 14.6 591 | 2543 | 2893 14.8 60.7 CC. = COG (Prob HAZ)
12520 | 2880 | IS0 | 619 | | . J
2564 | 2803 | 147 61.1
Full Age | 1-Pass 400F/Lh BaseMewl | 2541 | 2962 | 138 550 | 2560 | 2953 13.7 54.3 CC. COG ]
2505 | 2937 | 139 55.5 .
2634 | 2967 | 134 523 ¥
Transverse | 2204 | 271.9 9.7 517 | 2226 | 2700 9.3 49,5 CC, COG
2241 | 2674 9.0 48.1 *
2233 | 2706 9.2 488 1 4

CC = cup and cone fracture, COG = failure near center of gage, EOG = edge of gage,

SHEAR = shear type failure mode.
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Table A4. Tensile Properties for Re-Heat Treated Weldments

[T Pl | Welding | Fleat | Posi-Weld Heal | Specimen | vield | rensie | Elonganon] Redoenon | Ave Ve Tenalke | Ave Elong | Ave Reduct
Condition | Process | Input ™ | Orientati (ksi) | (ksi) _(_% 1w (ksi) | ksi) | (%) (%) Comments
Solution | GTAW | Low | 100F/1h+900F/Sh — BaeMaal | 2628 | 2862 | 140 585 | 260.2 2855 14.7 59.1 S o o &0, ¢ S
| 2502 | 2844 150 5949 | $ |
[ | [ LN 2587 | 2860 15.1 589 = % .
| Trmsverse | 2628 | 2803 23 24 2613 | 2802 | 20 | 42 | lackof Fusion
B 2598 | M7 23 = u
= 1 2827 1.7 30 = i ]
i Longitudinall 2504 | 2825 8.9 209 | 2444 | 2790 | 69 242 CC, Pore Initiation, COG |
2384 | 2799 5.9 ' | :
2443 2748 6.0 18.4 CC, Pore Cluster, COG
e = = ore Cluster, COG
| Solution | £B | 1-Pass| 100E/n+900F/Sh | BmcMeal | 2628 | 2862 | 140 | 385 _ 2602 | 2855 | 147 | se1 | €C.COG
259, 2844 15.0 599 .
) 2587 2860 | 15 58.9 4 1
T | 288.5 138 582 | 2665 288.4 144 60.8 ~ CC.CoG 2
| 2639 | 2895 156 65.1 [ [ B
| 2690 | 2885 139 592 | *

CC = cup and cone fracture, COG = failure near center of gage, EOG = edge of gage,
SHEAR = shear type failure mode.
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Appendix B. Weldment Charpy Impact Data

Table Bl. GTA Weldment Charpy Impact Data (Solution Base Plate)

Post-Weld Heat
Treatment

Notch Location

Impact Energy
(fi-1b)

Comments

As-Welded

Base Metal

42.8

Averaﬁe Energy
(ft-1b)
45.1

46.0

46.6

Centerline

20.0

21.6

239

21.0

Fusion Line

29.8

30.5

28.9

32.9

Low

-100F/Th+900F/5h

Base Metal

369

338

36.3

38.2

Centerline

17.5

19.1

19.0

Fusion Line

358

35.3

352

35.0

400F/1h

Base Meial

543

53.0

52.9

5L9

Centerline

16.5

16.4

15.8

Fusion Line

17.0

289

28.5

27.1

29.4

As-Welded

Base Metal

50.1

48.5

53.0

Centerline

22.0

20.9

16.0

Fusion Line

25.1

25.5

27.4

High

-100F/1h+900F/5h

Base Metal

37.0

358

37.9

Centerline

15.1

14.7

20.7

Fusion Line

37.6

38.8

38.9

40.0

 High

Base Metal

55.0

51.3

~50.2

48.8

Centerline

16.3

16.6

16.5

Fusion Line

17.0

28.0

26.8

25.3

27.1
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Table B2. GTA Weldment Charpy Impact Data (Aged Base Plate)

Low

| Heat Input |
[ ] | As-Welded

Post-Weld Heat
Treatment

Notch Location

Impact Energy
(fi-1b)

Average Energy
(ft-1b)

Base Metal

325

332

34.2

328

Centerline

20.0

21.6

239

Fusion Line

21.0

43.0

43.5

448

42.8

100°F/1 h+875°F/5h

Base Metal

388

35.6

34.0

34.0

| Centerline

16.0

16.4

16.2

17.0

Fusion Line

345

343

33.0

355

Base Metal

34.2

33.9

32.0

355

Centerline

20.0

19.3

18.0

19.9

FusionLine |

-

352

34.2

345

33.0

As-Welded

~ Base Metal

31.0

30.5

33.0

Centerline

22.0

19.6

20.9

16.0

Fusion Line

39.4

40.3

39.6

220

| High

100F/1h+875F/5h |

388

35.6

34.0

34.0

15:5

15.8

15.9

16.0

Fusion Line

387

37.2

37.5

353

High

400°F/1h

~ Base Metal

28.2

30.6

32.0

31.5

Centerline

19.9

21.0

74

21.7

Fusion Line

479

45.5

40.0




Table B3. EB Weldment Charpy Impact Data

Base Plate Post-Weld Heat Impact Energy Average Energy |
_Condition _|_Heat Input _ Treamment Notchlocation |  (fb) | (M) | Comments
‘Solution 1-Pass As-Welded | BaseMeal | 428 45.1 __OF |
o) — _[_ —— o 46.0 | d ]
I 46.6 M B
Centerline 245 22.1 OK
i 195 | OK, some glossy, small lip ]
| =5 222 - . ]
B | FusionLine | 388 36.0 oK
- . | 35.0 - "
. B - o 342 ¥ .
| Solution 1-Pass | -100F/1h+900F/Sh BaseMetal | 36 363 o A
. 1 33.8 .
== = = = 38.2 M "
Centerline 19.0 | 17.7 OK, v. small shear lip
. ] N 17.2 - 2 S5
_ 17.0 OK
| Fusion Line 29.0 29.2 e
| 29.0 s
= ] 295 e
Solution 1-Pass 400°F/1h Base Metal | 54.3 53.0 OK ==
N 52.9 b
_ 51.9 "
= Centerline 29.0 31.2 OK
T 30.5 — v ]
| T 342 "
] Fusion Line 46.8 45.2 OK
420 aal T
- | ] 46.8 i
Full Age | 1.Pass | As-Welded BascMetal | 325 33.2 B oK
34.2 .
ShNPest IEESa—— I 32.8 "
| Centerlline | 204 193 OK. small shear lip
18.8 2 =
20.0 =
N [ Fusion Line 334 273 OK
203 "
191 - "
Full Age 1-Pass | -100F/1h+875F/5h Base Metal | 38.8 356 OK
34.0 g
| i I 34.0 . =
N 1 i Centerline 9.9 11.6 glossy cntrline sep, no shear |
] S = 2.0 - e
] _ 13.0 v. small shear fip
Fusion Line 26.2 19.5 OK, small shear lip
1 16.3 =
16.0 i
-100F/1h+875F/5h Centerline 5.1 10.0 glossy cnirline sep, no shear
e ;- -, N —— 14.9 £
]  -100F/1h+900F/5h | Centerline 19.0 19.1 OK
19.1 OK, small amt glossy
Full Age | 1-Pass 400°F/1h Base Metal | 34.2 339 OK ]
32.0 .
B RN o 355 B R
Centerin 28.0 I 201 OK
313 g
I 280 =
| Fusion Line 40.9 29 OK
| _ - M2 | "
- ) 43.5 - == = |
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Table B4. Charpy Impact Data for Re-Heat Treated Weldments

Weld | BasePlate | Welding Post-Weld Heat Average Energy
Designation | congition Hﬂés_l_ﬂgugmu_ | Notch Location (fi-Ib) _(fttb). __ Comments |
Solution Treat Plus
GSL-SA | Souion | GTAW Low - 100F/1h+900F/5h Base Metal 39.9 39.9 0K
i 400 B v
|- | 3e7 TE B il e i
_Centedine | 165 | 159 e OR 2
(- _}______ = 14.9 | a
L ik 16.2 v
S T Fusion Line 250 1 173 Lack of fusion
o | .
| o 140 = |
Solution Treat Plus
| ESL-SA | Soution 5 EB 1-Pass ~100F/1h+900F/5h Base Metal 39.9 39.9 0K
. — e 40.0 ¥
[ - | 39.7 . _
‘; o _% G 35.0 5.0 oK
T T - - 26.0 3
| R - 24.0 T
|— | FusionLine 355 355 oK 3
' | 355 D
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Table B3. EB Weldment Charpy Impact Data

|_Heat Input

Post-Weld Heat
Treamment

Notch Location

Impact Energy
(fi-Ib)

Average Energy

(fi-1b)

Comments |

1-Pass

As-Welded

Base Metal

4.8

45.1

5 —

46.0

"

46.6

Centerline

24.5

22.1

OK

195

OK, some glossy, small lip |

222

Fusion Line

38.8

36.0

OK

35.0

"

34.2

Solution

1-Pass

-100F/1h+900F/5h

Base Metal

36.9

36.3

0K

33.8

382

Centerline

19.0

17.7

OK, v. small shear lip

17.2

17.0

OK

Fusion Line

29.0

29.2

29.0

29.5

Solution

400°F/1h

_ Base Metal

54.3

53.0

52.9

519

Centerline

29.0

31.2

305

34.2

Fusion Line

46.8

45.2

42.0

46.8

Full Age

1-Pass

As-Welded

Base Metal

325

332

34.2

32.8

Centerline

20.4

19.7

OK, small shear lip

18.8

20.0

Fusion Line

334

OK

293

"

19.1

Full Age

1-Pass

-100F/1h+875F/5h

_Base Metal

38.8

35.6

OK

34.0

"

34.0

"

Centerline

9.9

12.0

glossy cntrline sep, no shear

Fusion Line

13.0

v. small shear lip

26.2

19.5

16.3

OK, small shear lip

16.0

-100F/1h+875F/5h

Retest

1

10.0

14.9

| glossy cntrline sep, no shear

~100F/1h+900F/3h

19.0

19.1

OK

19.1

OK, small amt glossy

Full Age

1-Pass

400°F/1h

34.2

39

OK

32.0

355

28.0

29.1

OK

31.3

28.0

Fusion Line

40.9

42.9

OK

PR
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Table B4. Charpy Impact Data for Re-Heat Treated Weldments

Weld Base Plate
| Designation | congition |

Welding
| Process | Heat Input

Post-Weld Heat
Treatment

Impact Energy |~ Average Energy

{fi-1b)

(ft-1b)

GSL-8A Soutien

GTAW Low

Solution Treat Plus
~100F/184900F/5h

Base Metal

39.9

399

40.0

39.7

16.5

15.9

149

16.2

Fusion Line

25.0

17.3

Lack of fusion

13.0

14.0

ESL-5A S

Solution Treat Plus
-100F/1h+900F/5h

Base Metal

39.9

0K

40.0

"

39.7

Centerline

25.0

OK

26.0

20

Fusion Line

355

355

oK

355
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